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Zusammenfassung 

Chinese Hamster Ovary (CHO) Zellen sind der wichtigste Produktionsorganismus in 

der biopharmazeutischen Industrie für Antikörper und therapeutische Proteine. 

Industrielle Prozesse sind heutzutage etabliert. Sie beruhen jedoch häufig auf 

historischen oder empirischen Erkenntnissen und nicht auf einem umfassenden 

Prozessverständnis. Daher konzentriert sich die aktuelle Forschung auf Methoden zur 

kosteneffizienten Prozessentwicklung mit Fokus auf Hochdurchsatzlösungen und 

Online-Messmethoden. 

In dieser Arbeit wurde die Online-Überwachung der Atmungsaktivität über drei 

Größenordnungen für CHO-Zellen etabliert. Die drei verwendeten Zelllinien wurden 

durch die Sauerstofftransferrate (OTR) in Schüttelkolben charakterisiert. Spezifische 

Merkmale des OTR-Verlaufs zeigten, wann Glukose und Glutamin aufgebraucht 

waren. Die Online-OTR-Messung in Schüttelkolben wurde zur Untersuchung des 

Einflusses verschiedener hydromechanischer Spannungsniveaus auf das Wachstum, 

den Stoffwechsel und die Produktion der CHO-Zellen verwendet. Die spezifische 

Wachstumsrate und der Verbrauch der Metaboliten korrelieren linear mit der 

logarithmisch aufgetragenen durchschnittlichen Energiedissipationsdichte. Die 

Produktkonzentration sank unter turbulenten Bedingungen um 40 %. Zur Erhöhung 

des Durchsatzes wurde die OTR-Überwachung für 96-well Mikrotiterplatten mit runder 

und quadratischer Geometrie eingesetzt. Unter Verwendung der maximalen 

Sauerstofftransferkapazität als Scale-down-Parameter konnten identische OTR-

Verläufe erzielt werden. Zwei Beispiele zeigten die breite Anwendbarkeit der OTR-

Überwachung in Mikrotiterplatten. Medienscreening erwies sich als vielversprechend. 

Dies zeigte sich durch Analyse verschiedener Glutaminkonzentrationen. Außerdem 

wurden Kill-Curve-Experimente vereinfacht. Schließlich wurde auf der Grundlage der 

Erkenntnisse aus den geschüttelten Gefäßen ein datengesteuerter Scale-up-Ansatz 

für einen Rührkesselreaktor durchgeführt. Nahezu identische Ergebnisse in Bezug auf 

OTR-Verlauf, Metaboliten- und Produktkonzentrationen wurden von 400 µL bis 

600 mL Arbeitsvolumen erzielt, wobei der durchschnittliche volumetrische 

Leistungseintrag als Scale-up-Parameter verwendet wurde. 

Diese Arbeit ebnet den Weg für eine effiziente Prozessentwicklung mit 

Säugetierzellkulturen vom kleinen, geschüttelten Maßstab bis hin zu 

Rührkesselreaktoren unter Nutzung der online Überwachung der OTR.  



 

 

 

Abstract 

Chinese hamster ovary (CHO) cells are the predominant production organism in the 

biopharmaceutical industry for antibodies and therapeutical proteins. Industrial 

processes are established nowadays. However, they often rely on historical or 

empirical evidence instead of deep process understanding. Therefore, current 

research focuses on tools for cost-effective process development with particular 

interest in high-throughput solutions and online measurement methods. 

This thesis established the use of respiration activity online monitoring over three 

orders of magnitude for CHO cells. The three cell lines used were characterized by 

monitoring the oxygen transfer rate (OTR) in shake flasks. Specific characteristics of 

the OTR progression indicated glucose and glutamine depletion. Online OTR 

monitoring in shake flasks was used to investigate the influence of different 

hydromechanical stress levels on CHO cells’ growth, metabolism and production. The 

specific growth rate and metabolite depletion correlate linearly with logarithmically 

plotted average energy dissipation rate. The product concentration decreased by 40 % 

under turbulent conditions. To increase the throughput, OTR monitoring was 

established for 96-deep-well microtiter plates with round and square geometry. Using 

the maximal oxygen transfer capacity as scale-down parameter, identical OTR 

progressions were achieved. Two examples showed the broad applicability of OTR 

monitoring in microtiter plates. Media screening was shown to be promising by 

analyzing various glutamine concentrations. Additionally, kill curve experiments were 

streamlined. Finally, a data-driven scale-up approach to a stirred tank reactor was 

performed based on the findings from the small shaken vessels. Nearly identical results 

in OTR progression, metabolite and product concentrations were achieved from 

400 µL to 600 mL working volumes utilizing the average volumetric power input as 

scale-up parameter. 

The presented work paves the way for efficient process development with mammalian 

cell cultures from small shaken scales to stirred tank reactors using online monitoring 

of the OTR. 
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1 Introduction 

1.1 Recombinant biopharmaceuticals 

The market share of biopharmaceuticals in the overall pharmaceutical market in 

Germany in 2022 was 32.9 % (17.8 billion €). 59 % of all newly approved 

pharmaceuticals were biopharmaceuticals (Lücke and Bädeker, 2023). This reflects 

the global trend of the increasing importance of biopharmaceuticals in recent years 

(Walsh and Walsh, 2022). Since the production of insulin as the first recombinant 

protein in 1982, it has expanded to many product classes. Products include proteins, 

monoclonal antibodies, growth factors, antisense oligonucleotides for gene and stem 

cell therapies, and bi- and tri-specific monoclonal antibodies (Crommelin et al., 2020; 

Wurm, 2004). Most of these products are produced in mammalian cell cultures. 

Commonly used cell lines are Chinese hamster ovary (CHO) cells, Baby hamster 

kidney (BHK21) cells, and Murine myeloma (NS0) cells. CHO cell lines are among the 

most used mammalian expression systems today (Kim et al., 2012; Li et al., 2010). At 

first glance, the choice of mammalian systems for large-scale production does not 

seem to be sensible, as they are much more difficult to cultivate than bacteria or yeasts, 

for example. They have a comparatively large doubling time and require expensive 

cultivation media (Sindelar et al., 2013). However, they have a decisive advantage, 

which is due to the formation of human-like post-translational modifications (PTMs) 

(Lalonde and Durocher, 2017). Disulfide bridges between cysteine residues and 

glycosylation are particularly important to avoid immune responses in patients (Walsh 

and Walsh, 2022). 

1.2 Chinese hamster ovary (CHO) cells  

CHO cell lines are of particular importance for biopharmaceuticals, as they account for 

around 70-80 % of all proteins produced (Lemire et al., 2021; Li et al., 2010). The origin 

of CHO cells dates to 1957 when Puck first isolated cells from the ovary of an adult 

Chinese hamster (Tjio and Puck, 1958). Since then, numerous sub-cell lines have been 

developed and were adapted to growth in suspension. Three of the major cell lines are 

CHO-K1, CHO DG44, and CHO-S cells (Lewis et al., 2013). Nowadays, CHO cells are 
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mainly used for the production of recombinant proteins and antibodies (Kunert and 

Reinhart, 2016). They have additional advantages compared to other mammalian 

expression systems such as BHK21 or NS0 cells. They grow in suspension and are 

therefore more easily scalable than adherent cell systems. For CHO cells, there are 

chemically defined, serum-free media for cultivation that ensure biologically safe and 

reproducible production and enable high productivity (Dumont et al., 2016). In addition, 

CHO cells are relatively tolerant to fluctuations in process parameters such as pH, 

temperature, pressure, or oxygen level shifts. Thanks to many years of experience in 

production processes with contamination profiles and the low susceptibility of CHO 

cells to viral infections, there is also a certain degree of safety in the production 

processes (Kim et al., 2012; Lai et al., 2013). 

1.3 Key aspects of CHO cell metabolism 

CHO cells are immortalized cells and therefore exhibit typical characteristics of fast-

growing / tumor cells. The main carbon source is glucose. In normal mammalian cells, 

glucose is metabolized to pyruvate and supplied to the citric acid cycle (TCA) to 

produce energy in oxidative phosphorylation. Immortalized cells take up much more 

glucose than normal cells and exhibit increased rates of glycolysis (Ferguson and 

Rathmell, 2008). This is known as aerobic glycolysis or Warburg effect (Warburg, 

1956). At the molecular level, pyruvate kinase is present in its dimeric form in 

immortalized cells. This means that it has a low affinity for its substrate 

phosphoenolpyruvate. Phenotypically, this leads to the intermediate products from 

glycolysis being used for the production of macromolecules (amino acids, 

phospholipids, nucleotides, etc.) (Jang et al., 2013; Mazurek et al., 2005). Pyruvate is 

converted into lactate and not supplied to the TCA cycle. As a result, only 2 ATP 

instead of 36 ATP are obtained from one molecule of glucose (Park et al., 2022). This 

is a fast but inefficient method of energy production. Nevertheless, this is 

advantageous for fast-growing cells, as they have to make a compromise between 

energy production and molecule supply (Ferguson and Rathmell, 2008). To 

compensate for the loss of energy from aerobic glycolysis, immortalized cells have a 

second way of generating energy and a second crucial carbon source: glutamine. 

Depending on the cell line, the culture conditions and the physiological state of the 
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cells about 35 % of energy comes from glutamine (Park et al., 2022). Glutamine is 

metabolized into glutamate and ammonium. Glutamate is then converted to α-

ketoglutarate and supplied to the TCA cycle. It is subsequently used for energy 

generation (Mazurek, 2011). Ammonium is built as a byproduct and has different 

negative effects on CHO cell cultures like a decrease in specific cell growth or antibody 

production (Pereira et al., 2018). Many CHO cells additionally undergo another 

phenomenon, which is called lactate switch. After a phase of lactate production, it is 

consumed again. The mechanism behind is not fully understood but different studies 

dealt with the cause of lactate switch. Hartley et al. (2018) summarized those studies. 

Some of them suggest that lactate consumption begins when glucose is low or 

depleted, others suggest that it starts when glutamine is depleted or that it is triggered 

by the extracellular lactate concentration. However, the lactate switch has a good 

positive correlation with the phenotype of high glycoprotein productivity (Park et al., 

2022). 

1.4 Overview of CHO cell culture processes 

Nowadays, the cultivation of CHO cells in suspension cultures is well-established for 

the production of biopharmaceuticals (Sharker and Rahman, 2021). Industrial cell 

culture processes are conducted in sizes of up to 10 000 L and achieve cell-specific 

productivities up to about 20 pg cell-1 day-1 (Kim et al., 2012; Li et al., 2010). In order 

to achieve these dimensions, research was carried out in various areas of cell culture 

processes over the past decades. A fundamental understanding of processes is crucial 

to enhancing robustness and product quality. The main areas of cell culture process 

understanding comprise: 1. cell line engineering and clone selection, 2. media 

formulations and improvements, 3. bioreactor culture conditions in small and larger 

scales, 4. online and offline sensors providing valuable information about the process, 

5. good process understanding to enable scale-up, 6. downstream applications (Li et 

al., 2010). Over decades, extensive efforts in CHO cell line engineering have aimed to 

increase productivity and product quality by enhancing cell growth, viability, and stress 

resistance. Early strategies focused on overexpressing beneficial genes and inhibiting 

or deleting disadvantageous genes. Recent approaches include methods to improve 

responses to stress and enhance protein production. Additionally, targeted gene 
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knockouts or gene integration enables efficient cell line generation. An elaborate step 

is clone selection after cell line engineering as this requires high-throughput 

instruments (Tihanyi and Nyitray, 2020; Zhang et al., 2022). The use of serum-free, 

chemically defined media is standard for CHO cell cultivations nowadays. Platform 

media are usually utilized for initial screenings. Afterward, well-polished media 

compositions are developed for each process. As there are many components in the 

medium and interactions are crucial, medium optimization is still a time- and labor-

intensive work (Ling, 2020; Ritacco et al., 2018). Bioreactor conditions are decisive for 

a robust and reproducible process. The main parameters to monitor and control are 

temperature, oxygen availability, agitation and aeration, hydromechanical stress, CO2 

concentration, pH value, osmolality, viable cell density (VCD), viability, and metabolites 

(Li et al., 2010; O'Brien and Hu, 2020). There are well-established methods to monitor 

all of them. However, many of those parameters are routinely monitored offline by 

sampling. To streamline processes, there are numerous efforts to invent online or at-

line monitoring solutions – for example, Raman probes, capacitance sensors, or near-

infrared spectroscopy (Kambayashi et al., 2020; Metze et al., 2020; Tanemura et al., 

2023). Understanding the process is not only important to keep productivity and 

product quality constant, but also for scaling up processes. It is mandatory to achieve 

comparable conditions at all scales – from small shaken systems for screening 

approaches to large production scale reactors – to keep growth, productivity, and 

product quality constant over scales. A common tool to study the conditions is scale-

down models (Lemire et al., 2021; Li et al., 2010).  

All in all, CHO cell culture processes are well-established and robust. However, there 

are still numerous possibilities to improve processes and reduce production costs. 

Currently, research focuses on developing high-throughput systems, inventing new 

online process monitoring and control systems, and, the usage of disposable systems 

(Li et al., 2010). 

1.5 Objectives and overview 

As was shown in previous chapters, CHO cell culture processes are well established 

but there are still opportunities to improve processes. This is where this thesis comes 
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in. The aim is to apply online monitoring of the oxygen transfer rate (OTR) to 

mammalian systems at different scales – enabling high-throughput measurements and 

data-driven scale-up processes.  

The first step was to characterize the CHO cell cultures used in this thesis by online 

monitoring of the respiration activity in shake flasks (Chapter 3). Two different 

commercially available media were tested, and three different CHO cell lines were 

compared (CHO-K1, sciCHO, and CHO DP12). 

One decisive parameter that influences mammalian cell culture processes is 

hydromechanical stress. Therefore, the CHO DP12 cell’s behavior to varying 

hydromechanical stress levels in shake flasks was investigated (Chapter 4). Energy 

dissipation rates were varied and the impact on the cells’ activity and metabolism was 

studied by online monitoring of the OTR. Antibody production was further analyzed. 

For monitoring the OTR, a device is available that enables measurement in 96-deep-

well microtiter plates called the micro(μ)-scale Transfer-rate Online Measurement 

(µTOM) device (Dinger et al., 2022). As this represents a high-throughput variant of 

OTR monitoring, the application of the device was transferred to CHO cell cultures, 

and a scale-down of the processes from the shake flask was carried out (Chapter 5). 

The possibilities of µTOM applications in media development issues were shown by 

analyzing different glutamine concentrations. Furthermore, kill curve experiments were 

scaled down from shake flasks to 96-deep-well microtiter plates showing its application 

in screening processes and the field of cell line development.  

Finally, the topic of scale-up was addressed (Chapter 6). With the knowledge of the 

studies on hydromechanical stress (Chapter 4) and the OTR monitoring of cell cultures 

(Chapters 3 and 5), a data-driven scale-up to a stirred tank reactor (STR) was 

performed showing comparability between three orders of magnitude. 
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2 Material and Methods 

2.1 Cell lines and culture media 

In this study, two non-producing CHO cell lines were used. Cell line one is a CHO-K1 

cell line (strain ATCC 61-CCL), which was adapted to suspension. Cell line two was 

obtained from Cell Lines Services GmbH (Eppelheim, Germany) as a suspension cell 

line and is named sciCHO. According to the manufacturer, the sciCHO cell line was 

derived from a non-engineered CHO-K1 subclone and was tested and optimized for 

stable and transient transfection. Moreover, the suspension-adapted cell line 

CHO DP12 (clone#1934, ATCC CRL-12445) was utilized as a model production cell 

line. It produces an anti-IL-8 antibody. 

All cell lines were cultured in the chemically defined TCX6D medium (Sartorius, 

Goettingen, Germany). It was supplemented with 8 mM glutamine (Sigma 

Aldrich/Merck, Darmstadt, Germany) for all cell lines unless otherwise specified. For 

the CHO DP12 cell line, 200 nM methotrexate (MTX, Sigma Aldrich/Merck) was added 

to the pre-cultures to prevent the transgene's loss. MTX was not supplemented to 

main-culture experiments. Pre- and main-cultures of the CHO-K1 and sciCHO cells 

were cultivated in the medium SciNX (Cell Lines Service GmbH) supplemented with 

8 mM of glutamine for one experiment (Chapter 3.2). 

2.2  Cell passaging and pre-cultures 

Vials of all cell lines were stored in the vapor phase of liquid nitrogen. For that, 

1x107 cells were resuspended in 1.5 mL of freezing medium including 90 % (v/v) 

TCX6D medium and 10 % (v/v) dimethylsulfoxide (DMSO) (Sigma Aldrich/Merck). The 

cell suspension was transferred to cryovials. The vials were frozen with a cooling rate 

of -1°C min-1 in a Nalgene Mr FrostyTM freezing container (Thermo Fisher Scientific, 

Waltham, USA) in a -80°C freezer. After 24-48 h the vials were transferred to the liquid 

nitrogen vessel.  

Before cultivations, one vial was rapidly thawed and immediately transferred to 10 mL 

of phosphate-buffered saline (PBS) (Carl Roth, Karlsruhe, Germany) to remove toxic 
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DMSO by washing the cells. The suspension was centrifuged at 200 g for 7 min 

(Rotina 35 R with a swing-out rotor, Hettich, Tuttlingen, Germany). The supernatant 

was discarded under sterile conditions and the cells were resuspended in 15 mL fresh 

culture medium. All cell lines were cultured in 250 mL Corning polycarbonate 

Erlenmeyer flasks (Corning, Glendale, USA) with a vent-cap. The cultivations were 

carried out in an incubator (ISF1-X Kühner AG, Birsfelden, Switzerland) under 

controlled conditions (36.5°C, 70 % humidity and 5 % CO2). The shaking frequency on 

the orbital shaker was set to 140 rpm with a 50 mm shaking diameter. Some pre-

cultures used for the experiments in Chapter 4 were performed on a Kuhner LSB-

shaker (Kühner AG). Cells were cultivated in 250 mL glass TOM flasks (Kühner AG). 

Every glass flask was flushed with a gas mixture of 5 % CO2 in synthetic air (ca. 

19.95 % O2 and 74.1 % N2) by an in-house built construction. The temperature was 

set to 36.5°C. The CHO-K1 cell line was split every 2-3 days to a seeding cell density 

of 1.5x105 cells mL-1, and the sciCHO and CHO DP12 cell lines were split every 3-4 

days to a seeding cell density of 3.0x105 cells mL-1. The filling volumes of the 250 mL 

flasks were between 20-50 mL. 

2.3 Main-culture experiments 

All main-culture experiments were started from the shake flask pre-cultures 

(Chapter 2.2). The seeding cell density was set to 5x105 cells mL-1. All experiments 

were performed at 36.5°C. 

2.3.1 Microtiter plate (MTP) cultivations 

The MTP cultivations were all conducted in the µTOM device (Dinger et al., 2022) 

which was mounted in a Kuhner ISF1-X incubator (Kühner AG). Shaking conditions 

were set to 850 rpm at 3 mm shaking diameter. The µTOM device was flushed with 

gas from a gas cylinder (5 % CO2 in synthetic air with ca. 19.95 % O2 and 74.1 % N2). 

To prevent evaporation, the gas was humidified through a washing bottle. For 

cultivations, 96-deep-well MTPs were used and sealed with a sterile cover (AreaSeal 

film, Excel Scientific, Victorville, USA). In this study, round well plates (Round-Deep 
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well plate, 96 U-bottom well, rimless, height 42.4 mm; VWR, Darmstadt, Germany) and 

square-well plates (Riplate® SW 96, PP, 2 mL; Ritter, Schwabmünchen, Germany) 

were used. Both MTPs were equipped with U-bottoms. Different filling volumes from 

200 µL to 1000 µL were used. If offline analyses (Chapter 2.5) were performed, 3 wells 

per condition were sampled from the MTP in the µTOM device. The MTP was then 

placed back into the device and cultivated further. 

2.3.2 Shake flask cultivations 

The main-cultures were all carried out in the Kuhner incubator ISF1-X and were online 

monitored by the Transfer-rate Online Measurement (TOM) device (Kühner AG). All 

cultivations were performed at 36.5°C, 70 % humidity, and 5 % CO2. According to the 

experiment, 100, 250, or 500 mL glass flasks were used. The 100 and 500 mL 

standard Erlenmeyer flasks (DWK LifeScience, Wertheim, Germany) were closed with 

flex caps (Kühner AG). The 250 mL flasks were TOM flasks (Kühner AG). The filling 

volume for all flasks was 20 % of the nominal flask volume. Standard shaking 

conditions were 140 rpm at 50 mm shaking diameter. According to the experiment, the 

shaking frequency was varied from 140 to 450 rpm, and the shaking diameter was set 

to 50 or 25 mm respectively. For each experiment, six shake flasks were connected to 

the Kuhner TOM device (Kühner AG). Three of these were used solely for online 

monitoring. The other three were sampled daily (1.5 mL) for offline analyses 

(Chapter 2.5).  

2.3.3 STR cultivations 

The STR cultivations were performed in a 1.5 L Applikon ez2-Control reactor (Getinge, 

Gothenburg, Sweden). The filling volume was 600 mL. The aeration rate was set to 

0.2 vvm using a ring sparger and a gas mixture of 5 % CO2 in synthetic air (ca. 

19.95 % O2 and 74.1 % N2). The reactor was equipped with a single six-blade Rushton 

turbine. The stirrer speed was set to 360 rpm for the first cultivation (Chapter 6.3) and 

between 100 and 250 rpm for the second one (Chapter 6.4). The calculation of the 

stirrer speed is described in Chapter 2.8.6. The dissolved oxygen tension (DOT) was 

measured with an Applikon LumiSens sensor (Getinge). Antifoam SE15 (Sigma 
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Aldrich/Merck) was diluted at 1:10 and added on demand. Samples were taken daily 

for offline analyses (Chapter 2.5). 

2.4 Monitoring of the OTR 

The OTR was monitored in all main-culture experiments in MTPs and shake flasks. 

For shake flask cultivations, the Kuhner TOM device (Kühner AG) was used which is 

a slightly modified commercial version of the RAMOS (Respiration activity monitoring 

system) system (Anderlei et al., 2004; Anderlei and Büchs, 2001). The OTR monitoring 

in the 96 deep-well MTPs was conducted in the µTOM device (Dinger et al., 2022). 

The measuring principles of both devices are similar and described elsewhere 

(Anderlei and Büchs, 2001; Dinger et al., 2022). The stop or measuring phase was set 

to 18 min in the TOM device and to 20 min in the µTOM device. The entire measuring 

cycle (stop and flow phases) was 60 min in both devices. These settings were 

proposed by Ihling et al. (2021) who showed the adaptation of the OTR monitoring 

technique from microbial cultivations to mammalian cells. They also demonstrated that 

slightly different measuring phases (like 18 and 20 min) resulted in very comparable 

OTR results. The calculation of the OTR is temperature-dependent. Consequently, 

outliers in the OTR occur after opening the incubator hood for sampling. Those outliers 

were removed from the data and excluded from graphs and further analyses. For the 

STR cultivations, the off-gas analysis BlueVary (BlueSense, Herten, Germany) was 

utilized to measure the oxygen and carbon dioxide concentrations which were then 

used to calculate the OTR.  

2.5 Determination of offline parameters 

2.5.1 Sample preparation 

The culture broth of the main-cultures (Chapter 2.3) was used directly after sampling 

for determination of VCD and viability (Chapter 2.5.2). The leftover culture broth was 

centrifuged at 2000 g for 3 min (mini centrifuge Rotilabo, Carl Roth). For further 

analyses, the supernatant was stored at -20°C. 
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2.5.2 VCD and viability 

VCD and viability were either determined by the Neubauer Chamber method or with a 

CEDEX AS20 device (Roche, Basel, Switzerland), both using the trypan blue exclusion 

method. For the Neubauer Chamber method, samples were stained with erythrosin B, 

which works equal to trypan blue but is not toxic. The average of four quadrants 

manually counted with a Neubauer Chamber (C-Chip, Neubauer improved, Carl Roth) 

was utilized to calculate VCD and viability. The samples measured by the CEDEX were 

automatically stained with 1:2 diluted Trypan Blue Solution (Gibco/Thermo Fisher 

Scientific). 

2.5.3 Glucose and lactate concentrations 

Glucose and lactate concentrations in the supernatant were determined by an HPLC 

method. An organic acid resin column (Rezex ROAOrganic Acid H+ (8 %), 300 × 

7.8 mm, Phenomenex Inc., Torrance, USA) was used for separation. The flow rate was 

set to 0.8 mL min-1 and temperature to 40°C. 5 mM H2SO4 was used as the mobile 

phase and the isocratic mode for separation. For detection, a refractive index detector 

(RefractoMax 520, Shodex, Munich, Germany) was utilized. The HPLC system was 

the Dionex Ultimate 3.000 system (Thermo Scientific). 

2.5.4 Glutamine concentration 

To determine glutamine concentrations in the supernatant, the kit L-Glutamine / 

Ammonia (Rapid) (Megazyme Ltd., Bray, Ireland) was used according to the 

manufacturer’s instructions.  

2.5.5 Antibody concentration 

For determination of the IgG antibody concentration in the supernatant, a Chromolith® 

Protein A column (4.6 x 25 mm, Sigma Aldrich/Merck) with a pore size of 300 Å was 

used with an in-house protocol.  
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2.6 Kill curve experiments 

Kill curve experiments are an intermediate step in mammalian cell line generation. If 

antibiotics are used for selection, the minimal concentration to kill the untransfected 

parental cell line is to be determined (see also Chapter 5.1). In this study, kill curve 

experiments were either conducted in 100 mL shake flasks or 96-deep-well MTPs. The 

general cultivation conditions and the OTR online monitoring are described above 

(Chapters 2.3 and 2.4). Only the antibiotics puromycin (InvivoGen, San Diego, USA) 

or hygromycin B (Carl Roth) were added to the medium in various concentrations at 

the beginning of the cultivation. In the following, the medium exchange is described. 

For shake flask experiments, the cell suspension was transferred to a 50 mL tube and 

centrifuged (Rotina 35 R, Hettich) for 7 min at 200 g every second day. The 

supernatant was discarded under sterile conditions and the pellet was resuspended in 

fresh medium supplemented with 8 mM glutamine and varying concentrations of 

antibiotics. Samples for offline analysis were taken from 100 mL glass offline shake 

flasks, which were cultured in parallel in the same incubator and under the same 

conditions as the online monitored shake flasks. 

For MTP experiments, 11 antibiotic concentrations were added in 8 replicates. Another 

8 wells were filled only with TCX6D medium as a negative control (Figure 1). Every 

second day, the plate was centrifuged at 1150 g for 5 min. The supernatant was 

discarded under sterile conditions and the cell pellets were resuspended in fresh 

medium supplemented with 8 mM glutamine and varying concentrations of antibiotics 

(Figure 1). With every medium exchange, one well per condition was sampled for 

analysis of VCD and viability (Chapter 2.5.2). 
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Figure 1: Experimental strategy for kill curve experiments. One kill curve experiment in a 96-
deep-well microtiter plate was conducted with 11 different antibiotic concentrations (0-X), 
including one reference (ref.) with no antibiotic in eight replicates. Another eight wells were 
used as negative control (NK, yellow) with non-inoculated medium. Every two days, one well 
per antibiotic concentration was sampled for offline analysis. Afterward, the medium was 
exchanged for the remaining wells. A total of four wells per concentration (diagonal-hatched) 
ran over the entire cultivation time of 10 days. Those four wells were taken into consideration 
for the online monitored oxygen transfer rate (OTR) in the µTOM device. 

2.7 Test of antifoam agents  

In this study, different types of antifoams were tested, namely: Pluronic F68 (Gibco), 

Antifoam SE15 (Sigma Aldrich/Merck), Triton X405 (Sigma Aldrich/Merck, 

Plurafac LF1300 (BASF, Ludwigshafen, Germany) and Polypropylenglycol (PGG, Carl 

Roth). Pluronic F68 was bought as pre-sterilized 10 % solution. All other antifoam 

agents were diluted at 1:10 and sterilized. The antifoam was added to cell suspensions 

with a cell density of 5x105 cells mL-1 in round 96-deep-well MTPs in dilutions from 

1:50 to 1:10 000. The MTP was cultivated and online monitored in the µTOM device. 
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2.8 Calculations and correlations 

2.8.1 Determination of P/V, ɛ, Re, and λK in shake flasks 

The volumetric power input (P/V) in shake flasks (Equation (1)) was calculated 

according to Büchs et al. (2000) including the modified Newton number for shake 

flasks (Ne’), the liquid density (ρ) [kg m-3], the shaking frequency (n) [s-1], the 

maximum inner flask diameter (d) [m], the filling volume (VL) [m3] and the 

power (P) [W]. 

(
P

V
)

Ø
= Ne′ ×   ρ  ×  

n3× d4

VL
2/3    with   Ne′ =

P

ρ × n3 × d4 × VL
1/3 (1) 

The corresponding average energy dissipation rate (ɛØ) is defined by Equation (2) 

according to Klöckner and Büchs (2012). 

ɛØ = (
P

V
)

Ø
×

1

ρ
=  Ne′ ×  

n3 × d4

VL
2/3

 (2) 

The Reynolds number (Re) was calculated by using Equation (3) with the dynamic 

viscosity of a fluid (ɳ) [Pa s]. 

𝑅𝑒 = 𝜌 ×  
n × d2

ɳ
 (3) 

For Re > 60 000, the maximal energy dissipation rate (ɛmax) is calculated by 

Equation (4) if the Froud number is > 0.4 and with the shaking diameter (d0) (Klöckner 

and Büchs, 2012). 

ɛmax = 0.1 (π × n × d)3 / h1 (4) 

with   h1 = 1.11 ×  d0
0.18 ×  d−0.11 × n0.44 ×  VL

0.34
 (5) 

Kolmogorov’s length of microscale (λK) is calculated by Equation (6) with the kinematic 

viscosity (ν) [m2 s-1] (Kolmogorov, 1941, 1962). 

𝜆K = √
𝜈3

𝜀𝑚𝑎𝑥

4

 (6) 
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2.8.2 Determination of µmax  

The calculation of the specific growth rate (µ) from the OTR is generally calculated by 

Stöckmann et al. (2003) as shown in Equation (7) when unlimited growth is present in 

the exponential growth phase and the cultivation volume does not change. 

µ =
ln(𝑂𝑇𝑅𝑡) − ln (𝑂𝑇𝑅𝑡𝑛

)

𝑡 − 𝑡𝑛

 (7) 

All calculations in this study were performed in MATLAB® (Mathworks, Inc.). For 

calculation, the data of any individual experiment up to the OTR peak were used. The 

period for calculation was set to five measuring points (corresponding to 5 hours). From 

all calculated values the maximal specific growth rate (µmax) was defined. Only data 

with an R2 (coefficient of determination) greater than 0.9 were considered. Afterward, 

the mean value of the replicates was calculated (Forsten et al., 2024). 

2.8.3 Determination of cell-specific production and uptake rates 

The cell-specific production or uptake rates (q) [pg cells-1 day-1] of the metabolites 

(lactate, glucose, glutamine) and antibody concentrations [pg mL-1] were calculated 

according to Equation (8) with the VCD [cells mL-1]. 

q =
1

VCD
×

𝑑metabolite or antibody

𝑑t
 (8) 

 

2.8.4 Correlations of metabolites, µ, and the antibody concentration with ɛØ 

The time of glutamine and glucose depletion were identified from the changes in the 

OTR progressions. Glutamine depletion leads to a short halt in the increase in the OTR 

while glucose depletion leads to a rapid fall in OTR. The times of depletion were read 

out by drawing a vertical straight line from the characteristic changes in the OTR to the 

x-axis. This method of using the OTR signal to identify depletions and limitations of 

nutrients has been demonstrated in several other applications for microbial cells before 

(Hansen et al., 2012; Kottmeier et al., 2010; Sparviero et al., 2023). In this work, the 
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same principle was used for CHO cells. The time of lactate depletion was determined 

accordingly by using offline lactate data. The time differences of depletions to the 

depletions in standard reference cultivations were calculated for all time points. µmax 

was calculated as described in Chapter 2.8.2. The time differences of glucose and 

glutamine depletion and the lactate switch as well as µmax were plotted against the 

logarithm of ɛØ. A linear fit was applied. The antibody concentrations of the last three 

measurement points (three days) were averaged and plotted against the logarithm 

of ɛØ. 

2.8.5 Calculation of OTRmax in shake flasks and 96-deep-well MTPs 

The maximum oxygen transfer capacity (OTRmax) in shake flasks was calculated by 

the empirical correlation of Meier et al. (2016) (Equation (9)). 

OTRmax,shake flask = 3.27 ∙ 10−7 ∙ Osmol0.05 ∙ n(1.18−
𝑂𝑠𝑚𝑜𝑙

10.1
) ∙ VL

−0.74 ∙ d0
0.33 ∙ d1.88 ∙ pR ∙ yO2

∗  (9) 

Equation (9) comprises osmolality (Osmol) [Osmol kg-1], shaking frequency (n) [rpm], 

filling volume (VL) [mL], shaking diameter (d0) [cm], maximum inner flask 

diameter (d) [mm], reactor pressure (pR) [bar], and the oxygen mole fraction in the gas 

phase (y*O2) [mol mol-1]. 

To calculate OTRmax in round 96-deep-well MTPs, Equation (10) by Dinger et al. (2022) 

can be applied. 

OTRmax,MTP = 0.008 ∙ VL
−1.00 ∙ d0

0.40 ∙ n1.00 (10) 

Equation (10) comprises the filling volume (VL) [mL], the shaking diameter (d0) [mm], 

and the shaking frequency (n) [rpm]. 

2.8.6 Calculation of OTR, OTRmax, kLa, and Ne in STRs 

The OTR for STRs can be calculated by a balance around the gas bubbles 

(Equation (11)) and by a balance around the whole reactor (Equation (12)) using the 

following variables: volumetric mass transfer coefficient (kLa) [h-1], oxygen 

solubility (LO2) [moL L-1 bar-1], reactor pressure (pR) [bar], oxygen mole fraction at the 
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reactor outlet (yO2,out) [mol mol-1], oxygen mole fraction equivalent to the dissolved 

oxygen in the liquid (yL) [mol mol-1], molar gas volume at standard 

conditions (Vm) [L mol-1], volumetric gas flow rate at standard conditions at reactor 

inlet (qin) [vvm], oxygen mole fraction in the gas supply (yO2,in) [mol mol-1], volumetric 

gas flow rate at standard conditions at reactor outlet (qout) [vvm]. Using yO2,out in 

Equation(11) is correct when perfect mixing in the bioreactor can be assumed. That is 

a valid assumption for small bioreactors (but not necessarily for large ones). 

OTRSTR = kLa × LO2 × pR × (yO2,out − yL) (11) 

OTRSTR =
1

Vm

(qin × yO2,in − qout × yO2,out) (12) 

For Equation (11), the assumption of yL = 0 is made as this is true when the OTR is 

maximal. Furthermore, RQ (respiratory quotient) is assumed to be ~1 and therefore 

q = qin = qout. Equation (12) is then inserted into Equation (11)  to calculate OTRmax 

according to Equation (13). 

OTRmax,STR =
kLa ×  LO2 ×  pR  ×  q ×  yO2,in

kLa ×  LO2 ×  pR  ×  Vm + q
 (13) 

The kLa value for STRs can be calculated according to Maier (2002) by Equation (14) 

with the constants C = 0.32, α = 0.74 and β = 0.42. The superficial gas 

velocity ug [m s-1] is calculated by using Equation (15) (pressure (p) = 1 bar, reactor 

diameter (dR) [m]). 

kLa = C × (
P

V
)

α

× ug
β
 (14) 

u𝑔 =
q×VL×p

A×pR
    with     A =

π

4
× dR

2
 (15) 

The ungassed Newton number (Neungassed) is almost equal to the gassed Newton 

number (Negassed) for low superficial gas velocity (Möckel et al., 1990) and can be 

calculated by Equation (16) with the liquid density (ρ) [kg m-3], the stirrer 

speed (nST) [s-1], the stirrer diameter (dST) [m-1] and the filling volume (VL) [m3].  

Neungassed =
Pgassed

ρ ×  nST
3 × d5

=

(
P
V

)
gassed

× VL

ρ × nST
3 × dST

5  
(16) 
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3 CHO cell characterization by online monitoring of the OTR 

3.1 Background 

One current field of research in CHO cell culture processes is the implementation of 

online monitoring methods (see Chapter 1.4). Online monitoring of some parameters 

is often already implemented on the STR scale to get insights into culture’s behavior. 

For mammalian cells, online monitoring on smaller scales is not widely used. However, 

there are various options for small-scale cultures. For shake flasks, Maschke et al. 

(2022a) recently reviewed the possibilities. In general, three measurement principles 

can be distinguished: (i) sensor spots that are glued to the inner shake flask wall 

(Anderlei et al., 2020; Hanson et al., 2007; Wen-Lin Tsai et al., 2012), determining pH 

values as well as oxygen and carbon dioxide concentrations, (ii) backscattered light, 

estimating biomass concentrations (Schmidt‐Hager et al., 2014; Ude et al., 2014) and 

(iii) off-gas analysis, measuring oxygen and carbon dioxide concentrations (Aehle et 

al., 2011; Anderlei et al., 2004; Anderlei and Büchs, 2001). The latter allows to 

determine the oxygen uptake rate (OUR). The OUR is one of the most important 

cultivation parameters because it provides valuable information about cell density, cell 

activity, and the metabolic state of the culture. The OUR can also be used for the 

development of bioprocesses (Martínez-Monge et al., 2019). In contrast to sensor 

spots, off-gas analysis is non-invasive and does not alter the culture broth. The OUR 

equals the OTR, as long as the oxygen concentration in the liquid does not change 

during measurement. This assumption was assessed to be valid for CHO cell cultures 

(Ihling et al., 2021). An appropriate way of monitoring the OTR in shake flasks for 

mammalian cells is by using the RAMOS / TOM systems (see also Chapter 2.4) (Ihling 

et al., 2021; Ihling et al., 2022a; Ihling et al., 2022b). The systems were intensively 

used for characterization of different microorganisms (Gamboa-Suasnavart et al., 

2018; Ihling et al., 2018; Stöckmann et al., 2003) and recently also for CHO cells. Ihling 

et al. (2022a) showed that the OTR is directly correlated to the VCD. Furthermore, 

glucose and lactate concentrations could be calculated from the online data (Ihling et 

al., 2022a). The online data are, for example, useful to compare different cell lines or 

media leading to valuable information for further studies. Hence, the first step of this 

thesis was to characterize the cell lines used by online monitoring of the OTR.  
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3.2 Comparison of different media 

The sciCHO cell line is a derivative of CHO-K1 cells. The supplier of the sciCHO cell 

line recommends cultivation in sciNX medium. In this medium, cell densities of only 

roughly 4x106 cells mL-1 and an OTR of approximately 0.6 mmol L-1 h-1 have been 

achieved in the past (Ihling et al., 2022a). The cell density is very low compared to 

other CHO cells stated in literature (Reinhart et al., 2015; Velugula-Yellela et al., 2018). 

To find out whether it is possible to achieve higher growth rates and VCDs for this 

specific cell line, the cells were cultivated in the medium sciNX and in parallel in the 

medium TCX6D. With this, fast growth and high maximal VCDs can be attained 

(Schmitz et al., 2021). As it was shown that the cell density could be directly correlated 

with the OTR for this cell line, the OTR was chosen as a suitable parameter to compare 

the two media (Ihling et al., 2022a). The OTR curves are depicted in Figure 2 A. 

 

Figure 2: Oxygen transfer rate (OTR) of CHO cells in two different media.  A) sciCHO cells 
and B) CHO-K1 cells cultivated in shake flasks in sciNX (blue line and open squares) and 
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TCX6D (light red line and open circles). The low standard deviations are shown as shaded 
areas and indicate good reproducibility. For clarity, only every 24th measuring point over time 
is marked as a symbol. The lines are drawn through all measured values. The outliers in the 
OTR data due to temperature adaptations after opening the incubation hood were excluded 
from the data. Culture conditions TOM device: 100 mL glass flasks, temperature (T) = 36.5°C, 
shaking frequency (n) = 140 rpm, shaking diameter (d0) = 50 mm, filling volume (VL) = 20 mL, 
5 % CO2, 70 % rel. hum., medium: sciNX or TCX6D + 8 mM glutamine; starting cell density: 
5x105 cells mL-1.  

The OTR curves in Figure 2 A show clearly different progressions. The cells cultivated 

in the medium sciNX reach a maximal OTR of about 0.6 mmol L-1 h-1 as reported before 

(Ihling et al., 2022a). The OTR increases for about 4 cultivation days and drops again 

for 2 days before it stays on a constant level (ca. 0.3 mmol L-1 h-1). In contrast, the cells 

in the medium TCX6D reach an OTR of about 2.1 mmol L-1 h-1 showing two increasing 

phases (from day 0 to 3.5 and from day 3.5 to 6) with different slopes visible until the 

maximum is reached. Afterward, there is a sharp drop of the OTR within one day. This 

experiment clearly showed that the cell line can reach OTRs > 0.6 mmol L-1 h-1 and, 

therefore, higher cell densities in an appropriate medium. To confirm the influence of 

the media, the cell line CHO-K1 was cultivated in parallel in both media. The results 

are illustrated in Figure 2 B and show similar results. The OTR does not exceed 

0.6 mmol L-1 h-1 in the medium sciNX whereas an OTR of roughly 2.5 mmol L-1 h-1 was 

reached in TCX6D. The medium sciNX thus presumably lacks crucial components for 

higher growth. However, further investigation of media components was not part of this 

study. As TCX6D was shown to be an appropriate medium for both cell lines, a more 

detailed characterization of both cell lines is described in Chapter 3.3. 

3.3 Characterization of different CHO cell lines 

The growth behavior and key metabolites of the two non-producing cell lines sciCHO 

and CHO-K1 are illustrated in Figure 3. 
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Figure 3: Characterization of sciCHO and CHO-K1 cells. Cultivation of sciCHO (A-C) and 
CHO-K1 (D-F) cells in shake flasks. The experiments were performed in six (sciCHO) or four 
(CHO-K1) replicates. Three replicates (sciCHO) / two replicates (CHO-K1) were sampled daily 
for offline analysis and the remaining were used for online monitoring only. Data are shown as 
mean values (indicated as error bars or shades for N=3). A) Depicted are the viable cell density 
(VCD) and the viability determined by the Neubauer Chamber method. B) Shown is the mean 
oxygen transfer rate (OTR) already depicted in Figure 2. C) Corresponding glucose, glutamine, 
and lactate concentrations are plotted over time. Depletion of glucose and glutamine is marked 
by dotted vertical lines over all three parts of the figure. Cultivations were performed in a TOM 
device. Culture conditions: 100 mL TOM glass flasks, temperature (T) = 36.5°C, shaking 
frequency (n) = 140 rpm, shaking diameter (d0) = 50 mm, filling volume (VL) = 20 mL, 5 % CO2, 
70 % rel. hum., medium: TCX6D + 8 mM glutamine; starting cell density: 5x105 cells mL-1. 

Figure 3 A and D show the VCD and the viability of the sciCHO and CHO-K1 cultures. 

For sciCHO cells, the VCD increases steadily over roughly 6 cultivation days to about 

1.5x107 cells mL-1 (green line and closed pentagons) before it drops gradually. The 
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viability (pink line and open pentagons) remains on a constant level above 96 % for 

7 cultivation days before it decreases constantly. The VCD of the CHO-K1 cell line 

(Figure 3 D) increases for 5 cultivation days – almost linearly between days 2 and 5. 

The maximal VCD is about 2.3x107 cells mL-1. Afterward, the VCD drops abruptly. The 

viability is between 80 and 100% for the first 5 days before it drops sharply. The pre-

culture for the CHO-K1 cells was performed in sciNX in contrast to the sciCHO cell pre-

culture which was already done in TCX6D. Therefore, the CHO-K1 cells had to adapt 

to the new, better performing medium resulting in a reduced initial viability. Comparing 

both cell lines, the CHO-K1 cell line grows faster and to a higher maximal VCD. The 

OTR curves (Figure 3 B and E) are already described in Figure 2. The OTR increase 

for the sciCHO cell line is slower compared to the one of the CHO-K1 cell line which 

was also already seen for the VCDs. The maximal OTR reached is lower for sciCHO 

cells than for CHO-K1 cells, according to the findings for maximal VCDs. The 

correlation of OTR and VCD was already shown by Ihling et al. with other media and 

cell lines (2022a). The OTR is monitored with a 24-fold higher resolution of measuring 

points than the VCD (once per hour compared to once a day). This results in shoulders 

and kinks in the course of the OTR curve over time which are not visible in VCD and 

can be related to nutrient depletion. Figure 3 C and F demonstrate the relationship of 

the kinks and shoulders to offline parameters. The glucose concentrations (purple line 

and triangles) decrease over the first 6 respectively 5 cultivation days. As soon as this 

carbon source is exhausted, the OTR curve drops sharply. The depletion of glutamine 

(ochre curve and stars) after about 4 respectively 3 days of cultivation is correlated to 

the shoulder in the OTR curves. It should be noted that the sciCHO cell line shows a 

short plateau phase before the second increasing phase starts. The sciCHO cell line 

needs about a half day to adapt to the altered availability of nutrients before it starts 

growing again. This is not seen for CHO-K1 cells. Both cell lines show a typical lactate 

switch. Lactate increases in the first phase (until day 4 for sciCHO cells and day 3 for 

CHO-K1 cells). The maximal amount of lactate is about 2.4 g L-1 for sciCHO and about 

1.7 g L-1 for CHO-K1 cells which are both in a concentration range that should not affect 

growth (Fu et al., 2016). 

A third cell line was used in this thesis as a model organism for antibody-producing 

CHO cells. The CHO DP12 cell line produces an IgG antibody. The results of a 
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standard cultivation are depicted in Figure 4. The cultivation conditions are 250 mL 

shake flasks with a filling volume of 50 mL, shaken at a frequency of 140 rpm, and a 

shaking diameter of 50 mm. The cells were cultivated in TOM glass shake flasks and 

connected to the TOM device. Three replicates were cultivated for online monitoring of 

the OTR only and another three replicates were additionally sampled daily for offline 

analysis.  

 

Figure 4: Cultivation of CHO DP12 cells in shake flasks under standard conditions. The 
experiments were performed in six replicates. Three replicates were sampled daily for offline 
analysis and three were used for online monitoring only. All data are shown as the mean value 
of three biological replicates (indicated as error bars or shades). A) Depicted are the viable cell 
density (VCD) and the viability determined by a CEDEX. B) Shown is the mean oxygen transfer 
rate (OTR). For clarity, only every 24th measuring point over time is marked as a symbol. The 
lines are drawn through all measured values. The outliers in the OTR data due to temperature 
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adaptations after sampling were excluded from the data. In addition, the antibody 
concentration is shown. C) Corresponding glucose, glutamine, and lactate concentrations are 
depicted over time. Depletion of glucose and glutamine is marked by dotted vertical lines over 
all three parts of the figure. Cultivations were performed in a TOM device. Culture conditions: 
250 mL TOM glass flasks, temperature (T) = 36.5°C, shaking frequency (n) = 140 rpm, 
shaking diameter (d0) = 50 mm, filling volume (VL) = 50 mL, 5 % CO2, 70 % rel. hum., medium: 
TCX6D + 8 mM glutamine; starting cell density: 5x105 cells mL-1. 

Figure 4 A displays the VCD and viability of the CHO DP12 cultures. The VCD 

increases steadily over about 6 cultivation days to ca. 1.5x107 cells mL-1 (green line 

and closed pentagons) before it drops gradually until the end of cultivation on day 10. 

The viability (pink line and open pentagons) remains on a constant level above 96 % 

for 5 cultivation days before it decreases constantly which is comparable to the cell 

lines in Figure 3. Additionally, Figure 4 B shows the antibody concentration (blue line 

and closed squares). It rises until cultivation day 6 up to about 250 mg L-1 and stays 

on a nearly constant level until the end of the cultivation. Hereby, literature-known 

values for the antibody titer are reached (Klausing et al., 2013; Strasser et al., 2021). 

The OTR curve (red line and open circles) monitored in this experiment by the TOM 

device rises to a maximum of about 2.8 mmol L-1 h -1. The shape of the OTR curve 

resembles the shape of the VCD curve similar to what was already described for 

sciCHO and CHO-K1 cells. In Figure 4 C the relationship of the kinks and shoulders to 

offline parameters is visible again. The glucose concentration (purple line and 

triangles) decreases over the first 5 cultivation days. As soon as it is depleted, the OTR 

curve drops sharply. The exhaustion of glutamine (ochre curve and stars) after about 

3.5 days of cultivation is correlated to the shoulder in the OTR curve. The 

measurement method of glutamine by using a spectrophotometric kit is error-prone 

and subject to uncertainties. It is especially inaccurate at very low glutamine 

concentrations and when no glutamine is present anymore. This is the case for every 

measuring point after glutamine depletion. The CHO DP12 cell line exhibits a typical 

lactate switch as the two other previously described cell lines. Lactate increases until 

day 3 to about 2 g L-1 before it is consumed again. The experiment was independently 

repeated (see App. Figure 1) resulting in the same findings.  
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3.4 Summary 

The experiments presented show that OTR determination in shake flasks is a simple 

online monitoring method to characterize different CHO cell lines. The growth 

performance in different media can be seen at first glance without the need for any 

sampling. The medium TCX6D was shown to be a high-performance medium, where 

the depletion of key metabolites can be immediately read out from the OTR. All in all, 

it could be demonstrated that OTR monitoring of different CHO cell lines is feasible as 

an alternative to VCD determination providing a lot more information per time. The 

characterization of the cell lines provides a good basis for further investigations by 

online monitoring of the OTR.  
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4 Analysis of hydromechanical stress on CHO cells in shake 

flasks 

4.1 Background 

As described in the introduction (Chapter 1.4), it is crucial to measure and control 

process parameters and stay in a defined operating range in order to achieve robust 

and reproducible processes (Nagashima et al., 2013). Because process development 

and evaluation are often performed in small scales, the process parameters have to 

be kept constant over scales. Thus, scale-independent parameters like O2 transfer, 

CO2 removal, temperature, or the maximum hydromechanical stress are particularly 

suitable for the characterization of a process (Neunstoecklin et al., 2015). 

Nevertheless, many current processes are based rather on historical and empirical 

observations than on a fundamental understanding of those important parameters 

(Chalmers, 2015; Nienow et al., 2013). Already at the beginning of adapting 

mammalian cells to suspension in the 1980s, it was evident that forces by stirring or 

shaking are a decisive parameter (Hu et al., 2011). Due to the lack of a cell wall and 

the comparably big size of mammalian cells, they were considered extremely sensitive 

to stirring or shaking (Chalmers, 2015; Chalmers and Ma, 2015). Consequently, some 

early studies on the influence of stirring on animal cells were conducted, analyzing 

under which conditions cell damage occurs (Al-Rubeai et al., 1995; Kunas and 

Papoutsakis, 1990; Oh et al., 1989). Nowadays, large-scale systems are still stirred 

with low agitation rates resulting in insufficient mixing and gradients of nutrients and 

byproducts (Paul and Herwig, 2020). Chalmers (2015), therefore, even stated that not 

the hydromechanical forces in the bioreactor are responsible for certain effects but the 

insufficient mixing resulting from the low stirring intensities. Thus, the issue arises as 

to whether cells would be able to withstand higher hydromechanical forces. In order to 

approach this question, it will first be considered how hydromechanical stress can be 

quantified, which variables describe it correctly, and how it can be measured. 

Hydromechanical stress arises due to the movement or flow of fluids and comprises 

different types of stresses (Daub et al., 2014; Hu et al., 2011). This is present in stirred 

or shaken bioreactors, but also in hoses or downstream devices (Hu et al., 2011). The 

hydromechanical stress is affected by mixing, aeration (especially bubble forming and 
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bursting), and laminar or turbulent flows within a liquid (Sieck et al., 2013; Sieck et al., 

2014). As hydromechanical stress cannot be measured directly, parameters must be 

found to quantify it. In the literature, the following parameters have become 

established: (1) volumetric power input (P/V) (2) energy dissipation rate (ɛ), and (3) 

Kolmogorov's length of microscale (λK) (Maschke et al., 2022b). The latter describes 

the cascade process of forming smaller eddies out of large-scale turbulent eddies 

(Hunt and Vassilicos, 1991). According to the theory, cell damage occurs if the size of 

the eddies is smaller or similar to the size of the cells (Nienow, 2009). After this theory, 

animal cells should not be sensitive to hydromechanical stress when keeping the eddy 

sizes above roughly 18-20 µm (upper size of CHO cells) (Nienow, 2006). A more 

quantitative concept is the consideration of ɛ [W kg-1] or the corresponding P/V [W m-3]. 

P/V describes the power input per liquid volume into the reactor. ɛ describes the 

irreversible conversion of kinetic energy to heat and is calculated by dividing P/V by ρ 

(Sieck et al., 2013). It is well known that ɛ values strongly depend on their spatial 

distribution in bioreactors (Nienow et al., 2013). Therefore, ɛmax or the quotient of ɛmax 

to ɛØ is considered to be a suitable term for quantifying hydromechanical stress (Daub 

et al., 2014; Henzler and Biedermann, 1996). Up to date, several different methods to 

determine ɛmax have been established: indirect measurements using shear-sensitive 

systems like the maximum stable drop size (Daub et al., 2014; Peter et al., 2006), 

flocculation systems (Henzler and Biedermann, 1996; Panckow et al., 2023), or shear-

sensitive layer aggregates (Villiger et al., 2015) and direct methods like Laser-Doppler 

anemometry, particle image velocimetry or constant temperature anemometry (Villiger 

et al., 2015). For studying the effect of different ɛ on mammalian cells, different 

methods and devices concerning different phases (from upstream to downstream) of 

cultivation were developed and reviewed in detail elsewhere (Chalmers, 2015; Hu et 

al., 2011). Chalmers and coworkers for example developed a microfluidic device where 

they pumped cells through capillaries mimicking different ɛ (Ma et al., 2002). In the first 

studies, where the cells were exposed to hydromechanical stress only once, cell 

damage occurred only at an ɛ of 100 W kg-1  (Ma et al., 2002; Mollet et al., 2004). Later 

on, the authors analyzed exposure to repeated hydromechanical stress to CHO cells 

and reported lethal effects from 6.4x103 W kg-1 and sub-lethal effects from 60 W kg-1 

(Godoy-Silva et al., 2009a; Godoy-Silva et al., 2009b). However, they used 

hydromechanical stress only in a laminar regime in capillaries and achieved very high 
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tolerable values (Nienow, 2006). Nienow and colleagues (2006) found that cells in an 

aerated STR with ɛØ = 25 W kg-1 can grow to the same cell density as in their standard 

operation conditions of ɛØ = 0.01-0.02 W kg-1. Sieck et al. (2013) used a 2 L bioreactor 

as a scale-down model that mimicked the hydromechanical stress of large-scale 

bioreactors. The study included aeration, agitation, and laminar and turbulent flows. 

They observed different sub-lethal effects: In comparison to their standard ɛØ of 

0.01 W kg-1, the productivity decreased by 25 % at an ɛØ of 0.4 W kg-1. The decrease 

was even stronger when the cells were exposed to an ɛØ that was periodically 

oscillating between these two values. The authors did not detect any differences in 

metabolite consumption, byproduct formation, or product quality (Sieck et al., 2013). In 

a second study, they investigated the effect of sparging, aeration, and the combination 

of both individually and identified an influence on viability but not on metabolism, 

productivity, or product quality (Sieck et al., 2014). Neunstoecklin et al. (2015) analyzed 

the influence of hydromechanical stress on CHO and Sp2/0 cells (B lymphocyte cells) 

with a scale-down model consisting of an external loop at a bioreactor with nozzles of 

different diameters. Laminar and turbulent flows were tested in oscillatory manners. 

They observed thresholds of hydromechanical stress where below this value the cells 

do not show any response. Above this threshold, CHO cells reacted with better growth 

but reduced productivity (Neunstoecklin et al., 2015). The authors showed that the 

results obtained from their model were transferable to large-scale fermenters. The 

thresholds observed in 300-L scale were comparable to the ones seen in their previous 

study with 3-L reactors (Neunstoecklin et al., 2016). Up to now, most of the process 

engineering considerations concerning the hydromechanical stress of mammalian 

cells were conducted in STRs or scale-down devices mimicking them. Furthermore, 

only a few of these approaches dealt with the investigation of sub-lethal effects. 

However, the development of CHO production processes normally starts in smaller 

scales like shake flasks or MTPs. The first vessels in seed trains are normally also 

shake flasks (Hernández Rodríguez et al., 2013). Furthermore, efforts are being made 

to bring shaken systems to production scale (Zhang et al., 2009).  

The fundamentals of ɛ and the hydromechanical stress in shake flasks were in detail 

investigated by Büchs and Zoels (2001) and Peter et al. (2006). They established a 

correlation for determining ɛØ and ɛmax in shake flasks and revealed that the shaking 

diameter and the filling volume have no impact on the hydromechanical stress, 
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whereas it is influenced by the flask size and the shaking frequency. They also found 

that the P/V needed for generating the same hydromechanical stress as in STRs is 

tenfold larger in shake flasks (Peter et al., 2006). To the best of my knowledge, only 

two approaches considered the hydromechanical stress on CHO cells in shake flasks 

in a detailed process engineering way up to now. Maschke et al. (2022b) defined 

design spaces using the concept of Kolmogorov’s scale of turbulence where the 

probability of failure for a CHO cultivation is defined. They asserted that a P/V up to 

900 W m-3 is suitable. However, they did not analyze sub-lethal effects (Maschke et 

al., 2022b). Pérez-Rodrigues in contrast studied sub-lethal effects at two different 

shaking frequencies and shaking diameters. However, they used parameters leading 

to out-of-phase conditions and calculated ɛmax even though the criteria for using the 

corresponding equation of a Re > 60 000 was not given (Pérez-Rodriguez et al., 2022). 

Therefore, the results must be considered with caution and are not comparable to this 

and other studies. Hence, a fundamental investigation of the hydromechanical stress 

in shake flasks is of interest. 

The most common parameters in former hydromechanical stress research for CHO 

cells were the VCD or µ (Gaugler et al., 2024; Maschke et al., 2022b; Neunstoecklin 

et al., 2015; Nienow et al., 2013; Sieck et al., 2013). As described earlier (Chapter 3.1), 

both of these parameters are directly correlated to the OUR (Ihling et al., 2021; Ihling 

et al., 2022a; Stöckmann et al., 2003) whereas this was chosen as a suitable 

parameter to analyze hydromechanical stress.  

The purpose of this chapter is to examine the impact of hydromechanical stress on 

CHO cells in shake flasks by varying the energy dissipation in a systematic process 

engineering manner. The impact on the cells' activity and metabolism is studied by 

monitoring the OTR. Furthermore, the impact on productivity will be analyzed.  

4.2 Influence of varying ɛØ on the OTR of CHO DP12 shake flask 

cultivations 

To study hydromechanical stress in shake flasks, the variation of P/VØ or the 

corresponding ɛØ was investigated as a suitable choice (Büchs et al., 2000; Peter et 

al., 2006). As can be seen from Equations (1) and (2), P/VØ and ɛØ should be able to 
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be varied by the nominal shake flask size (inner flask diameter), the shaking frequency, 

and the filling volume. However, Peter et al. (2006) showed the filling volume does not 

influence ɛmax and, thus, the hydromechanical stress. Therefore, the relative filling 

volume was kept constant in the following experiments. The parameters used in this 

study and the corresponding calculated ɛØ and ɛmax are summarized in Table 1. The 

shaking diameter does not affect either parameter. However, it needed to be varied for 

the highest shaking frequencies because otherwise, the liquid volume would overflow 

at the corresponding filling volume. In Table 1, ɛØ and ɛmax are listed. For shake flask 

experiments, ɛmax (P/Vmax) is equal to ɛØ (P/VØ) if Re is < 60,000 (Peter et al., 2006). 

Furthermore, λK was calculated. As can be seen from Table 1, λK is larger than the 

maximal cell size of CHO cells (18-20 µm) for ɛØ ≤ 1.45 W kg-1. According to the theory 

of Kolmogorov, the cells should not be damaged by those cultivation conditions. For 

ɛØ = 3.84 W kg-1, λK is 15 µm and therefore in the range of the cell’s size. Cell damage 

could occur in this range of energy dissipation (Maschke et al., 2022b; Nienow, 2006; 

Nienow et al., 2013). 

Table 1: Characteristic parameters of shake flask cultivations. ɛØ, ɛmax, Re, and λK were 
calculated by using Equations (2)-(6). 

Flask 
size 

[mL] 

VL 

[mL] 

n 

[rpm] 

d0 

[mm] 

ɛØ  

[W kg-1] 

ɛmax  

[W kg-1] 

Re 

[-] 

λK 

[µm] 

100 20 140 50 0.08 0.08 8400 59 

250 50 140 50 0.12 0.12 15423 54 

250 50 200 50 0.32 0.32 22032 42 

250 50 350 50 1.45 1.45 38557 29 

500 100 450 25 3.84 17.0 76508 15 

 

Shake flask experiments for all ɛØ listed in Table 1 were conducted. Hence, a much 

wider range of different ɛØ was tested than in Maschke’s work who tested up to roughly 
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0.9 W kg-1 (Maschke et al., 2022a). The results of the OTR monitoring in this study are 

depicted in Figure 5. 

 

Figure 5: Cultivation of CHO DP12 cells in shake flasks with varying average energy 
dissipation rates (ɛØ).  The mean oxygen transfer rate (OTR) of three replicates is shown with 
standard deviations illustrated as shaded areas. For clarity, only every 24th measuring point 
over time is marked as a symbol. The lines are drawn through all measured data points. The 
outliers in the OTR data due to temperature adaptations after opening the incubation hood 
were excluded from the data. The curves in dark and light red are from the independent 
experiments depicted in Figure 4 and App. Figure 1. Culture conditions: flask size, shaking 
frequency, shaking diameter, and filling volume see Table 1, temperature (T) = 36.5°C, 
5 % CO2, 70 % rel. hum., medium: TCX6D + 8 mM glutamine; starting cell density: 
5x105 cells mL-1. 

As becomes evident from Figure 5, the shape of the OTR curves differentiate for 

varying ɛØ which corresponds to an altered respiratory activity. Thus, the sub-lethal 

effects of hydromechanical stress on CHO DP12 cells can be seen at first glance. For 

example, the maximum reached OTR value decreases with increasing ɛØ while the 

process duration is lengthened. It becomes also apparent that the increase of the OTR 

is slower with higher ɛØ. A detailed analysis of the metabolic differences is described 

in Chapter 4.3. The results are underpinned by VCD and viability analysis (App. 

Figure 2). Here, prolonged cultivation phases and lower maximal reached VCDs are 

visible with increasing ɛØ. Prolonged phases of high viability can also be observed. 

However, due to the higher data density of the online monitored OTR, the impact of 

the ɛØ on the cell’s behavior is much clearer from online monitoring and the online 
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measured values are less error-prone and more independent from the operator than 

the offline analyses. Despite the altered shape of the OTR curves at varying ɛØ, all 

cultivations reached the same final oxygen transfer (integral of the OTR, see App. 

Figure 3). It can be concluded that the cells consumed the nutrients completely in all 

cultivations independently of the hydromechanical forces present. This shows that – in 

contrast to what Maschke et al. (2022b) found in their setup – the CHO DP12 cells did 

not stop growing when reaching an ɛØ of about 0.9 W kg-1. On the other hand, the 

results presented in this work are in accordance with the literature where lethal effects 

only occur at very high ɛØ (Godoy-Silva et al., 2009b; Hu et al., 2011; Tanzeglock et 

al., 2009). In general, it must be mentioned that the different studies are hardly 

comparable with each other, as different cell lines, media, and setups were used. In 

this study, additional experiments were performed where the shaking frequency was 

only increased after two days of cultivation to vary ɛØ (App. Figure 4). From these 

experiments, it can be concluded that the effect of different ɛØ is not due to lengthened 

lag phases, but to different levels of hydromechanical stress. Here, the OTR curves of 

ɛØ up to 1.45 W kg-1 are very close together. The OTR curves of ɛØ = 2.88 W kg-1 and 

ɛØ = 3.84 W kg-1 are noticeably different and show a lengthened cultivation time and a 

reduced maximal OTR similar to the experiments in Figure 5. 

4.3 Influence of varying ɛØ on the metabolism 

The impact of varying hydromechanical stress levels on the CHO DP12 cell line's 

metabolism will be further examined. For this, the OTR curves from Figure 5 were 

analyzed concerning µmax and the two key metabolites glucose and glutamine whose 

consumption is directly visible from the OTR curve as described in Chapter 3.3. The 

results are displayed in Figure 6.  
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Figure 6: Correlation of the maximal specific growth rate (µmax) and the time of glucose and 
glutamine depletion to varying average energy dissipation rates (ɛØ). Analysis of the CHO 
DP12 cultivations from Figure 5. ɛØ is plotted logarithmically. A) µmax calculated from the 
individual replicates of the OTR data in Figure 5. B) Cultivation time difference to the standard 
cultivation with ɛØ = 0.12 W kg-1 of glutamine depletion read out from the glutamine shoulder 
in the OTR data in Figure 5. C) Cultivation time difference to the standard cultivation with 
ɛØ = 0.12 W kg-1 of glucose depletion read out from the glucose drop in the OTR data in 
Figure 5. A linear fit was performed for all figures (shown as a black line). 

Figure 6 A shows the respective µmax for the different tested ɛØ. µmax was calculated as 

described in Chapter 2.8.2. As it becomes evident, µmax decreases with an increasing 

ɛØ from roughly 1 d-1 (black square) for the lowest ɛØ to approximately 0.75 d-1 (orange 

left side triangle) for the highest ɛØ. From the visualization of the data, it is evident that 

µmax is in a good semi-logarithmic correlation (R2 = 0.996) with ɛØ implying that higher 

hydromechanical stress makes the CHO DP12 cells as a whole grow slower. This can 
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be due to two reasons: 1. every single cell is growing slower or 2. some cells do not 

survive because of hydromechanical stress. In literature, effects on µmax were also 

associated with different impacts of hydromechanical stress. In contrast to this study, 

Neunstoecklin et al. (2015) observed better growth with increasing hydromechanical 

stress but overall only slight differences between different stresses. In the setup of 

Maschke et al. (2022b), who used 500 mL shake flasks, a reduced growth rate was 

observed at an ɛØ of approximately 0.9 W kg-1. However, they did not test ɛØ above 

this value.  

The time of glutamine and glucose depletion were set in relation to this time of the 

standard cultivation with ɛØ = 0.12 W kg-1 and plotted against the logarithm of ɛØ 

(Figure 6 B). There is a logarithmic correlation of the time difference values for both 

metabolites with ɛØ. With an increasing ɛØ, glutamine and glucose are depleted later in 

the cultivation process which is a logical consequence of the reduced growth rate. 

Without the online OTR data, the effect would not have been obvious. The offline data 

(see App. Figure 5) confirm the observations but because of the lower data density, 

the trend is less well visible. Additionally, the cell-specific glucose and glutamine 

uptake rates were calculated and shown in App. Figure 6 A and B. For both 

metabolites, there are no significant differences in the specific uptake rates. Thus, 

every single cell has the same metabolic rate for glucose and glutamine. In literature, 

some studies did not see any effect on key metabolites at different levels of 

hydromechanical stress (Godoy-Silva et al., 2009b; Sieck et al., 2013; Sieck et al., 

2014) whereas Keane et al. (2003) even observed an increasing glucose uptake with 

higher hydromechanical stress. 

Summing up, the data provide a detailed insight into the culture behavior and key 

metabolites of CHO DP12 cells at different ɛØ leading to new findings concerning sub-

lethal effects caused by hydromechanical stress. However, the lactate concentration 

was not considered yet. The lactate switch will be analyzed by the offline data shown 

in Figure 7.  
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Figure 7: Analysis of the lactate concentration at varying average energy dissipation rates 
(ɛØ). Analysis of the CHO DP12 cultivations from Figure 5. A) Illustrated are the mean lactate 
concentrations of three biological replicates over time for the cultivations depicted in Figure 5. 
B) The cultivation time difference to the standard cultivation with ɛØ = 0.12 W kg-1 of the lactate 
depletion read out from the offline data in A. ɛØ is plotted in logarithmic scale. Culture 
conditions: flask size, shaking frequency, shaking diameter, and filling volume see Table 1, 
temperature (T) = 36.5°C, 5 % CO2, 70 % rel. hum., medium: TCX6D + 8 mM glutamine; 
starting cell density: 5x105 cells mL-1. 

The offline lactate concentrations are shown in Figure 7 A. They point out that the time 

at which lactate is depleted completely – before it starts rising again – is shifted with 

increasing ɛØ. The shift is distinct enough to be noticeable in the offline data even 

though they were sampled only once a day. For all ɛØ, lactate concentrations rise for 

the first 3-4 cultivation days. For the three lowest ɛØ the lactate concentrations 

decrease rapidly afterward while the concentrations for the two highest ɛØ stay high for 

about three days before they drop again. In Figure 7 B, the time points at which lactate 

dropped to zero were set in relation to the standard cultivation with ɛØ = 0.12 W kg-1 

and plotted against ɛØ in a semi-logarithmic plot. The plot quantifies the lactate switch. 

As becomes evident, the time of lactate switch is correlated to the logarithm of ɛØ 

similarly to glucose and glutamine depletion. In addition, the cell-specific lactate 

production rate was calculated and plotted in App. Figure 6 C. In accordance with the 

results of specific glucose and glutamine uptake, there are overall no significant 

differences in the cell-specific lactate uptake rates.  

When looking at the results as a whole, it can be said that the whole cells grow more 

slowly with increased ɛØ and thus show delayed consumption of key metabolites. As 

mentioned before, this can be due to two reasons: 1. each individual cell doubles more 
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slowly, or 2. not all cells survive under increased hydromechanical stress. The first 

theory is in contrast to the calculated cell-specific uptake and production rates, as these 

do not differ significantly for varying ɛØ. However, the second theory is in contrast to 

Kolmogorov's length of microscale. According to this theory, the cells should only be 

destroyed by the eddies at the highest ɛØ. However, both approaches have 

weaknesses. The determination of the cell-specific uptake and production rates is very 

imprecise, as on the one hand, the individual measurement results are subject to errors 

and on the other hand, the data density is low. Considerably higher sample densities 

would be necessary to make more accurate statements. Kolmogorov’s length of 

microscale is an old, empirical theory that provides guide values for the size of the 

eddies. Therefore, the reason for slowed respiratory activity cannot be answered 

completely. 

Summarizing the effects of varying hydromechanical stress on CHO DP12’s 

metabolism, an increasing ɛØ leads to a delayed depletion of nutrients: the time for 

glucose and glutamine depletion and the lactate switch increase with logarithmically 

increasing ɛØ while µmax decreases. The cell-specific uptake and production rates do 

not differ significantly. The key metabolites are important parameters for a successful 

CHO cultivation process, but productivity is the most essential parameter. Therefore, 

the analysis of the antibody production follows. 

4.4  Influence of varying ɛØ on the antibody production 

The CHO DP12 cell line produces an IgG antibody. Its concentration was measured 

by Protein A chromatography over the whole cultivation process for all experiments 

(see App. Figure 7). To compare the final antibody titers, the last three measured 

values were averaged and plotted against the logarithm of ɛØ. The results are depicted 

in Figure 8.  
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Figure 8: Correlation of the final antibody concentration to the logarithm of varying average 
energy dissipation rates (ɛØ). Analysis of the CHO DP12 cultivations from Figure 5. The mean 
value of the last three cultivation days was calculated. Statistically significant differences 
against the reference cultivation (ɛØ = 0.12 W kg-1) are indicated by stars (*** p < 0.001). 

As becomes obvious from Figure 8, the antibody concentration is similar within the 

standard deviations for all experiments up to ɛØ = 1.45 W kg-1 and reaches the reported 

maximal product titer for this cell line of roughly 250 mg L-1. In contrast, the final 

antibody concentration for the cultivation with the highest ɛØ (3.84 W kg-1) was only 

approximately 180 mg L-1 (orange left side triangle) and is statistically different from 

the other concentrations (p < 0.001). To explain this difference, it is important to 

consider ɛmax. The consideration is irrelevant in shake flasks if the Re number is 

< 60,000. Under these conditions, there is a laminar flow in the shake flask and ɛmax is 

equal to ɛØ (Klöckner and Büchs, 2012). This applies to all cultivations except for the 

one with the highest ɛØ (see Table 1). For the latter, a Re of 76 508 was calculated 

according to Equation (3). That means under these conditions the flow should be 

turbulent. ɛmax was calculated according to Equation (4) and is approximately 

17 W kg-1. Thus, it is about four times greater than ɛØ. Therefore, the hydromechanical 

forces in this cultivation were much higher than in all the other ones and the flow regime 

was different. Nienow et al. (2013) already stated that the flow regime is an important 

factor in the influence of hydromechanical stress on mammalian cells and 

Neunstoecklin et al. (2015) found that CHO cells were more sensitive at turbulent flow 

conditions than at laminar flows. According to Kolmogorov’s theory, the cells should 
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be influenced by the eddies which could also have an influence on antibody production. 

In general, low growth rates of CHO cells are associated with higher productivity 

independently from different ɛ (Kim et al., 2013). Different growth rates caused by 

increasing ɛ did not lead to higher final antibody concentrations in this study. 

Additionally, the cell-specific antibody productivity (see App. Figure 6 D) is not 

statistically different for any of the cultivations. 

To sum up, the final antibody titer is not influenced by varying energy dissipation in the 

laminar flow regime, but if a turbulent regime is present, the final titer declined about 

40 %. 

4.5 Summary 

This chapter examined the influence of varying levels of hydromechanical stress on 

CHO DP12 shake flask cultivations. The energy dissipation was used as a quantifiable 

variable that describes the hydromechanical stress. By varying ɛØ, it could be 

demonstrated that an increase in hydromechanical stress leads to a slowdown in the 

respiration activity and prolongs the cultivation process. The ɛØ range tested 

represents the largest feasible range for shake flask cultures which are limited due to 

the technical specifications of standard shakers. Under these conditions, they cannot 

be operated at higher shaking speeds than 450 rpm. No lethal effects were noticed in 

the entire range. A halt in cell growth was also not observed. The viable maximal cell 

density decreased with increasing ɛØ. A detailed examination of the respiratory activity 

showed that µmax, the time for glucose and glutamine depletion, and the lactate switch 

correlate linear with logarithmically plotted ɛØ. Cell-specific uptake and production rates 

did not statistically differ between the cultivations. The antibody titer reaches the 

highest reported value for this cell line (250 mg L-1) for all cultivations within a laminar 

flow. In the only cultivation within a turbulent flow (ɛØ = 3.84 W kg-1), the final titer was 

reduced by about 40 %.  
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5 Scale-down of CHO cell cultures to 96-deep-well MTPs 

5.1 Background 

The smallest cultivation vessels in common use are MTPs. With MTPs, the cultivation 

volume can be minimized, while increasing the throughput at the same time (Klöckner 

and Büchs, 2012). MTPs are easy to handle, highly parallelized, and cost-effective 

(Hemmerich et al., 2018). Therefore, they are a common tool in early-stage bioprocess 

development and in experiments where high throughput is necessary (Hemmerich et 

al., 2018; Klöckner and Büchs, 2012). At present, several online monitored MTP 

devices are available and reviewed elsewhere (Bareither and Pollard, 2011; 

Hemmerich et al., 2018). For mammalian cells, different fully automated MTP-based 

systems are published, meaning that pipetting and sampling are automatically 

performed. Those devices are mostly used for early clone screening (Markert et al., 

2019; Markert and Joeris, 2017; Mora et al., 2018; Wang et al., 2018; Wutz et al., 

2018). However, among the existing online monitoring MTP devices, there are only a 

few in use with mammalian cells. Chen et al. (2009) established the microbioreactor 

system M24 with a working volume of 5 mL for CHO cells. With this, dissolved oxygen, 

pH, and temperature could be non-invasively online monitored at the individual well 

level. For adherent cells, pH, cell activity, and protein production could be online 

monitored with a silicone optical technology-based spatial filter (Nakashima et al., 

2019). This is an optical absorption measurement method. The spatial filter, created 

with silicone optical technology, reduces noise by selectively transmitting only forward 

light, resulting in an improved signal-to-noise ratio compared to conventional optical 

systems. The filter, a light-emitting diode, and color sensors are components of a 24-

channel plate reader, which enables the continuous monitoring of a 24-well MTP 

(Nakashima et al., 2019). More recently, the OTR of CHO cells has been determined 

by the µRAMOS device (Ihling et al., 2023). The µRAMOS consists of a 48-well MTP 

with a round geometry and an oxygen-sensitive fluorescent dye embedded in a matrix 

that measures the oxygen partial pressure in the gas phase (Flitsch et al., 2016). With 

the µRAMOS, cytotoxicity tests for CHO cells could be performed (Ihling et al., 2023). 

In 2022, the so-called µTOM device, which monitors the OTR for every individual well 

of a 96-deep-well MTP, was published by Dinger et al. (2022). It was shown for 
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microbial cultivations that the measurements in the µTOM device (96 wells) were highly 

comparable to those in the RAMOS device (shake flasks) (Dinger et al., 2022). 

Furthermore, the µTOM device was used to examine batch-to-batch variations of 

media components, to identify suitable substrates and for toxicity tests (Forsten et al., 

2023; Niehoff et al., 2023; Wahjudi et al., 2023). Up to now, the µTOM device has not 

been used with mammalian cells. Nevertheless, it could be an effective device for high-

throughput experiments with mammalian cells. The scope of possible applications is 

wide. It can be, for example, used to screen media components and clones or in early 

process development steps. Two examples with different backgrounds will be 

examined in this study. 

One step of process development is the optimization of culture media. Nowadays, the 

use of commercially available media is common for suspension cells in academic 

research. Key components of cell culture media and the development from early 

formulations to modern chemically defined media are reviewed in detail (Ling, 2020; 

Ritacco et al., 2018). Media development and optimization is elaborate as it consists 

of around 60-80 components (Parampalli et al., 2007). Therefore, high-throughput 

screening devices like the µTOM would be a valuable tool for the development and 

optimization of those media.  

Another crucial step in the development of a CHO production process is cell line 

generation. For mammalian cells, this is still a laborious and time-consuming process. 

The challenges and recent progress are well-reviewed by Ho et al. (2013). Currently, 

the research focus is on cell line stability during long-term cultivations, the site-specific 

integration of product genes, and the development of faster and more effective 

selection- and screening systems (Tihanyi and Nyitray, 2020). The selection of clones 

after transfection is a crucial step in cell line generation. By introducing a selection 

marker with the Gene of Interest (GOI), the transfected cells have a selection 

advantage, compared to the untransfected cells (Lanza et al., 2013). In the 

biopharmaceutical industry, metabolic selection systems, such as the dihydrofolate 

reductase (DHFR) or the glutamine synthetase (GS) selection system, are frequently 

used for CHO cells (Bebbington et al., 1992; Kaufman and Sharp, 1982). An easier 

and more universal way of selection is the use of antibiotics as there is no requirement 

for modified cell lines (Ho et al., 2013). However, if antibiotics are applied for selection, 

it is necessary to perform kill curve experiments. With these experiments, the minimal 
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concentration to kill the untransfected parental cell line is to be determined (Delrue et 

al., 2018; Mortensen and Kingston, 2009). Kill curve experiments are rarely mentioned 

in literature because they are an intermediate step in cell line generation. Nevertheless, 

they are important and are usually still performed in current cell line generation 

research with antibiotic selection. The choice of the antibiotic and its appropriate 

concentration is crucial for cell line generation. One reason is that the selection 

effectiveness directly influences the quality of selected pools of transfected cells and 

the resulting single-cell clones (Lanza et al., 2013). If some untransfected cells survive 

selection, low-producing cell pools will result (Yeo et al., 2017). There are several 

antibiotics with quite different modes of action available for selection. Typical antibiotics 

for mammalian cells are geneticin, blasticidin, zeocin, hygromycin B, and puromycin 

(Lanza et al., 2013; Schiøtz et al., 2011). While geneticin and blasticidin interfere with 

protein synthesis, zeocin intercalates into DNA and cleaves it. Hygromycin B is an 

aminoglycoside antibiotic that inhibits protein synthesis by disrupting translocation and 

promoting mistranslation (Mortensen and Kingston, 2009). The mode of action of 

puromycin was recently investigated by Aviner (2020). It is an aminonucleoside 

antibiotic that inhibits protein synthesis by ribosome-catalyzed incorporation into the 

C-terminus of elongating nascent chains, blocking further extension and resulting in 

premature termination of translation (Aviner, 2020). Because of those differences, 

antibiotics have different efficiencies in selection. In the literature, some comparative 

studies for selection with antibiotics are available: Lanza et al. (2013) took four 

antibiotics analyzing the resulting populations with high productivity. They identified 

zeocin as the best selection agent for the chosen setup and cell lines. For cell lines 

from Atlantic salmon kidneys, kill curve experiments with six different antibiotics were 

performed to find the most potent antibiotic. In this setup, blasticidin and puromycin 

were the best-performing agents (Schiøtz et al., 2011). More recently, exemplary kill 

curves for CHO-DG44 and CHO-S cells with hygromycin B were published (Naddafi et 

al., 2019). Kill curve experiments for suspension cells are often conducted in 

TubeSpin® reactors or shake flasks because a defined minimal volume is necessary 

to allow daily sampling. This results in a high medium consumption and, therefore, in 

significant costs. Furthermore, it is a laborious and time-consuming experiment due to 

the necessity of daily sampling. A solution to simplify the protocols, save time, and 
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decrease medium costs could be online monitoring through the µTOM device. Thus, 

sampling would no longer be necessary and smaller cultivation vessels could be used. 

The following section first describes how the transfer from shake flasks to the MTP 

cultivations in the µTOM device proceeded (Chapters 5.2 and 5.3). Afterward, two 

application examples will show the wide applicability of the µTOM device (Chapters 5.4 

and 5.5). 

5.2 Transfer of online monitoring to 96-deep-well MTPs 

The first step of using the µTOM device is to show whether cultivations of CHO cells 

are possible and if they are comparable to shake flask cultivations. In Figure 9, the 

results of parallel cultivations in the TOM device in glass flasks (black line and filled 

squares) and the µTOM device in round 96-deep-well MTPs (red line and open circles) 

are visualized. All cultivation vessels were started from one master mix with a cell 

density of 5x105 cells mL-1.  

 

Figure 9: Parallel cultivation of CHO-K1 cells in round 96-deep-well microtiter plates and 
shake flasks. The oxygen transfer rate (OTR) was determined by the Kuhner TOM device in 
shake flasks (N = 3; black lines and squares) and in the µTOM device in a round 96-deep-well 
microtiter plate (N = 53; red lines and circles). The low standard deviations are shown as 
shaded areas and indicate good reproducibility. For clarity, only every twelfth measuring point 
over time is marked as a symbol. Culture conditions TOM device: 100 mL glass flasks, 
temperature (T) = 36.5°C, shaking frequency (n) = 140 rpm, shaking diameter (d0) = 50 mm, 
filling volume (VL) = 20 mL, 5 % CO2, 70 % rel. hum., medium: TCX6D + 8 mM glutamine; 
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starting cell density: 5x105 cells mL-1. Culture conditions µTOM device: round 96-deep-well 
microtiter plate, temperature (T) = 36.5°C, shaking frequency (n) = 850 rpm, shaking diameter 
(d0) = 3 mm, filling volume (VL) = 1 mL, 5 % CO2, humidified, medium: TCX6D + 8 mM 
glutamine; starting cell density: 5x105 cells mL-1. All experiments (shake flasks and microtiter 
plate) were started from one master mix. 

The shake flask cultivations were performed with a shaking frequency of 140 rpm at a 

shaking diameter of 50 mm. The MTP cultivation was carried out at 850 rpm at a 

shaking diameter of 3 mm. These operating conditions were chosen to reach a similar 

OTRmax in both types of bioreactors. As a consequence, oxygen limitation, which would 

lead to undesirable side effects and altered cultivation conditions, is prevented. The 

OTRmax for shake flasks was calculated with Equation (9) (Osmol = 0.3 Osmol kg-1, 

n = 140 rpm, VL = 20 mL, d0 = 5 cm, d = 65 mm, pR = 1 bar and y*O2 = 0.21 mol mol-1) 

to about 10.2 mmol L-1 h-1. For the 96-deep-well MTP, Equation (10) was used 

(VL = 1 mL, d0 = 3 mm and n = 850 rpm). In this case, OTRmax is 10.5 mmol L-1 h-1. 

Thus, the OTRmax in both cultivation devices is very close and should lead to similar 

cultivation conditions. Looking at Figure 9, the OTR curves of the shake flask and MTP 

cultivations are essentially equal, meaning that the cells obviously experience the 

same environmental conditions in both scales. With this experiment, it could be shown 

that for a quite fast-growing CHO cell line, the oxygen supply is sufficient in round 96-

deep-well MTPs and the hydromechanical stress is not too high if choosing the right 

cultivation conditions. This is in contrast to the statements by Meyer et al. (2012). They 

claimed that the maximum oxygen transfer capacity in MTPs for mammalian cells is 

not high enough due to the surface tension when simultaneously keeping the 

hydromechanical stress low (Meyer et al., 2012). Additionally, Figure 9 shows that the 

reproducibility of the cultivations is extremely high for both cultivation vessels. This is 

indicated by the almost not visible shades, which represent the standard deviations of 

3 replicates (shake flasks) and 53 replicates (MTP). For 48 well MTPs, this high 

reproducibility was also shown by Ihling et al. (2023). The reproducibility is not only 

verified for the single experiment started from one master mix (meaning cells, medium, 

and glutamine were pre-mixed and then divided into the cultivation vessels), but also 

for experiments performed over three months (App. Figure 8). The shape of the OTR 

curves is the same for experiments performed from different pre-cultures and different 

passages in shake flasks and MTPs. Only the lag phase slightly differs between 
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experiments, leading to time-shifted curves (App. Figure 8 A). If the graphs are shifted 

along the x-axis to compensate for those differences, the curves are again almost 

perfectly aligned (App. Figure 8 B). 

Thus, it could be shown that the µTOM device is in general suitable for OTR monitoring 

of CHO cells and that the MTP cultivations are highly comparable to shake flask 

cultivations for the CHO-K1 cell line.  

In order to verify the scale-down approach between shake flasks and MTPs also for 

CHO DP12 cell cultures, two independent experiments were conducted. In both 

experiments, a round 96-deep-well MTP and shake flasks were inoculated with CHO 

DP12 cells and the OTR was monitored online in both scales. For scale transfer, the 

same parameters were used as described above for the CHO-K1 cell line. The 

experiments are shown in Figure 10. 

 

Figure 10: Oxygen transfer rate (OTR) of CHO DP12 cell cultures in shake flasks and 
microtiter plates. Two independent experiments (1 and 2) were performed. For both 
experiments, a round 96-deep-well microtiter plate and shake flasks were inoculated. The 
µTOM device was used for online monitoring of the microtiter plates (dark red line and circles; 
light red line and triangles) and the TOM device for the shake flasks (black line and squares; 
grey line and diamonds). For clarity, only every 24th measuring point over time is marked as a 
symbol. The microtiter plate experiments were performed in 72 (Experiment 1) and 66 
(Experiment 2) replicates and the shake flask experiments in 3 replicates each. For clarity, the 
low standard deviations are not shown in this figure but can be found in App. Figure 9. Culture 
conditions TOM device: 250 mL glass flasks, temperature (T) = 36.5°C, shaking 
frequency (n) = 140 rpm, shaking diameter (d0) = 50 mm, filling volume (VL) = 50 mL, 
5 % CO2, 70 % rel. hum., medium: TCX6D + 8 mM glutamine; starting cell density: 
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5x105 cells mL-1. Culture conditions µTOM device: round 96-deep-well microtiter plate, 
temperature (T) = 36.5°C, shaking frequency (n) = 850 rpm, shaking diameter (d0) = 3 mm, 
filling volume (VL) = 1 mL, 5 % CO2, humidified, medium: TCX6D + 8 mM glutamine; starting 
cell density: 5x105 cells mL-1. 

As can be seen from Figure 10, the OTR curves of all four cultivations match very well. 

Results are reproducible between different experiments over different scales. The low 

standard deviations of the OTR curves for the single experiments are shown in App. 

Figure 9. The OTR progression is the same as described previously for CHO DP12 

cells (see Chapter 3.3). The cells experience equal conditions in all cultivations 

indicated by the similarity of the measured OTR progressions in shake flasks and 

MTPs. The OTR is directly correlated to the VCD (Ihling et al., 2022a). The VCDs of 

the data presented here are illustrated in Figure 18 and show no statistically significant 

difference (ANOVA, p-value < 0.05). It could thus be shown that an OTRmax based 

scale-up is also suitable for CHO DP12 cells. In the following, it will be investigated 

whether similar results are reachable with working volumes smaller than 1 mL. 

5.3 Minimal filling volume for CHO cell cultivations in 96-deep-well MTPs 

The µTOM device was used to online monitor CHO DP12 cell cultures in 96-deep-well 

MTPs with round and square geometry with different filling volumes. The results are 

shown in Figure 11.  
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Figure 11: Cultivation of CHO DP12 cells in round and square 96-deep-well microtiter plates 
with varying filling volumes. A) Oxygen transfer rate (OTR) curves of cultivations in a round 
96-deep-well plate with different filling volumes (N = 8 for each filling volume) monitored by the 
µTOM device. B) OTR curves of cultivations in a square 96-deep-well plate with different filling 
volumes (N = 3 or 6 for each filling volume). For clarity, only every 24th measuring point over 
time is marked as a symbol. The standard deviations are shown as shaded areas. Culture 
conditions: temperature (T) = 36.5°C, shaking frequency (n) = 850 rpm, shaking diameter 
(d0) = 3 mm, varying filling volume (VL), 5 % CO2, humidified, medium: TCX6D + 8 mM 
glutamine; starting cell density: 5x105 cells mL-1.  

Figure 11 A shows that the OTR curves of the cultivations with 400 to 1000 µL filling 

volume in round well MTPs are essentially equal. The standard deviation of the OTR 

measurement increases with decreasing filling volume. This effect was described by 

Dinger et al. (2022). Regarding two main engineering parameters – OTRmax and P/V –

the equal results can be explained as follows: The OTRmax increases with decreasing 

filling volume (App. Table 1). This means that oxygen limitation does not occur in any 

case. The decisive factor when regarding the OTRmax is that no oxygen limitation 
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occurs. It is not necessary to achieve exactly the same OTRmax values with different 

cultivations. At the same time, P/V increases with lower filling volumes (Büchs et al., 

2000; Montes-Serrano et al., 2022). For 96-well MTPs, this was shown by Montes-

Serrano et al. (2022). However, they also showed that P/V is not the sole criterium 

influencing the conditions in the fluid. Shear rates were simulated by computational 

fluid dynamics (CFD) within their publication. These increase with increasing well size 

whereas P/V decreases with increasing well size. Therefore, the authors conclude that 

no direct inference from P/V on culture conditions can be made. Similar results were 

found by Peter et al. (2006) for shake flasks. They showed that the filling volume has 

no impact on hydromechanical stress whereas it was previously shown that P/V and 

the filling volume behave anti-proportionally (at constant shaking frequency and 

shaking diameter) (Büchs et al., 2000; Peter et al., 2006). For the data shown here, it 

is therefore also explainable why the same OTR curves result from different filling 

volumes. From the data, the thesis can be set up that the change in P/VØ by varying 

the filling volume is not high enough to evoke differences in culture behavior by OTR 

monitoring. The cultivations with 200 and 300 µL slightly differ from the other ones - 

especially at the beginning of the cultivation, when the OTR values are lowest. In these 

two conditions, the gas volume is large compared to the oxygen consumed by the cells. 

This leads to an imprecise measurement of the partial pressure decrease in the wells. 

Therefore, these filling volumes are not recommended without adapting the 

measurement time. To increase the measurement precision for lower filling volumes, 

longer measurement phases are necessary (Dinger et al., 2022). 

Regarding Figure 11 B, in which the same experiment with square well MTPs is shown, 

similar results are seen. The OTR curves of the cultivations with filling volumes of 400 

to 900 µL are again essentially equal. The ones with 200 and 300 µL are again not 

comparable to the other results for the reasons mentioned above. Moreover, 1 mL 

filling volume is not suitable for square well MTPs. It leads to unpredictable and 

unreproducible results as can be seen by the large standard deviations indicated by 

the red shade. When shaking MTPs it is important to ensure full mixing so that the cells 

remain in suspension. Enough force must be generated to ensure that the surface of 

the liquid contacts the bottom of the well. This can be calculated using the liquid angle 

(Duetz et al., 2000; Duetz, 2007). The calculations show that complete mixing should 

no longer be possible from 800 µL upwards for square 96-deep-well MTPs under the 
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cultivation conditions used in this study. However, the calculations are based on wells 

with a flat bottom. Round bottoms were used in this experiment. In addition, 

phenomena such as frictional forces are not considered in calculations and the 

geometry of the wells leads to baffling effects which are not predictable. It can therefore 

be assumed that the force in wells with 1 mL filling volume is no longer sufficient to 

achieve complete mixing, which leads to unreproducible results. When comparing all 

cultivations in round and square well MTPs with filling volumes between 400 and 

900 µL (see App. Figure 10), it becomes obvious that the use of round and square 

geometries leads to very similar results. The OTR increases in both cases for about 

4 days ending in the maximal reached OTR of about 2.7 mmol L-1 h-1. Only the shape 

of the peak is different (App. Figure 10). The reason for the different shapes cannot be 

explained in detail up to now but may be due to different power inputs. Square well 

MTPs are known for higher stress on the cells as the corners function as baffles 

(Hermann et al., 2003). However, as these experiments show, they barely influence 

the OTRs of the tested CHO DP12 cells. 

5.4 Application example: different amounts of the media component 

glutamine 

The first application example of the µTOM device refers to the analysis of media 

components. The common media in use are commercial and the composition is 

unknown. Therefore, an analysis of single media components is difficult. However, the 

amino acid glutamine has to be added to almost any of those media as it is not stable 

over time. Therefore, glutamine concentrations can be easily adjusted and the impact 

can be analyzed. Varying glutamine concentrations were chosen as an example for 

media component analysis. The effect of different initial glutamine amounts in the cell 

culture medium TCX6D was examined. Initial glutamine concentrations of 0 to 20 mM 

in steps of 1 mM were tested with the cell line CHO DP12. The corresponding OTR 

curves are illustrated in Figure 12. 
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Figure 12: Oxygen transfer rate (OTR) of CHO DP12 cells with varying initial glutamine 
concentrations. The low standard deviations (N = 3) are shown as shaded areas. For clarity, 
only every 24th measuring point over time is marked as a symbol. Culture conditions µTOM 
device: round 96-deep-well microtiter plate, temperature (T) = 36.5°C, shaking frequency 
(n) = 850 rpm, shaking diameter (d0) = 3 mm, filling volume (VL) = 1 mL, 5 % CO2, humidified, 
medium: TCX6D + varying concentrations of glutamine; starting cell density: 5x105 cells mL-1. 

As can be seen in Figure 12 A, the OTR curve of the cultivation without any glutamine 

(black line and closed squares) does not increase for the first 4 cultivation days. 

Afterward, it rises to about 0.5 mmol L-1 h-1 until the end of the monitored time of 

6 cultivation days. The cells survive without glutamine but there is hardly any growth. 

Glutamine can be synthesized by mammalian cells but it is, however, often intended 

to be an essential amino acid for CHO cells. It has various functions, e.g. in protein 

synthesis, as an amino acid precursor, and as a carbon and nitrogen source (Zhang et 

al., 2017). The absence of glutamine was reported to lead to a delay in the start of the 

exponential growth phase (Ritacco et al., 2018). A delay in growth is also seen for the 

CHO DP12 cultivation without glutamine from Figure 12 A. When using 1 to 4 mM of 
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glutamine, the OTR curves increase steadily until about day 4.5. This is in contrast to 

the kinks in the OTR curves described earlier (Chapter 3.2 and 3.3) where two phases 

of increase with different slopes are visible and which was related to depletion of 

glutamine. The OTR reaches a maximum of about 2 mmol L-1 h-1. The two decreasing 

phases are comparable to the standard cultivations described before (Chapter 3). 

There is a first decreasing phase before the OTR drops sharply because of glucose 

depletion around day 5 of cultivation. The use of 5 to 9 mM (Figure 12 B) glutamine 

leads to OTR curves that are comparable to the standard cultivations described in 

Chapter 3.3 with two increasing and two decreasing phases. The maximum OTR is 

about 2.2 to 2.5 mmol L-1 h-1. With higher glutamine concentrations (10 to 

14 mmol L1 h-1, Figure 12 C) there are two distinct peaks visible in the OTR curves. 

The time of their appearance is slightly shifted backward with increasing glutamine 

concentrations. Afterward, the typical two decreasing phases occur. Two clear peaks 

in OTR progression are related to a second substrate limitation as described in 

Anderlei and Büchs (2001). Up from 15 mM glutamine to 19 mM, the second peak 

disappears resulting in one increasing OTR phase to a maximum of around 3 mmol L-

1 h-1. A glutamine concentration of 20 mM leads to a slower increase in OTR and to a 

maximum of about only 2.3 mmol L-1 h-1. In comparison to the other curves in 

Figure 12, some kind of toxic effect occurs at 20 mM of glutamine. With the 

metabolization of glutamine to glutamate and α-ketoglutarate ammonium is produced 

(Mazurek, 2011; Pereira et al., 2018). Ammonium can be toxic to mammalian cells. For 

CHO cells, it was reported in two different studies that 5.1 mM of ammonium can lead 

to an inhibition of cell growth or that 8 mM can lead to a reduction of 50 % in growth. 

Therefore, it is recommended to balance the initial amino acid concentrations in the 

medium – especially glutamine – as they lead to ammonium production (Pereira et al., 

2018). Common glutamine concentrations in use are between 2 and 8 mM (Bort et al., 

2010). Research has demonstrated that low glutamine concentrations (about 2.5 mM) 

are optimal for cultivation (Bort et al., 2010; Parampalli et al., 2007). However, this 

study showed that growth is not decreased up to 19 mM of glutamine. In contrast, the 

OTR increased to a higher maximum with concentrations beyond 10 mM indicating 

higher growth. For further assertions and interpretations, ammonium concentrations 

should be measured.  
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One additional aspect that was analyzed for this experiment is the final antibody 

concentration. It is depicted in Figure 13. 

 

Figure 13: Final antibody concentrations for CHO DP12 cultivations with different initial 
amounts of glutamine.The standard deviations of three biological replicates are shown as error 
bars. 

The antibody concentration at the end of cultivation (after 6 days) increases with 

increasing initial glutamine concentrations up to 7 mM to about 225 mg L-1. It is on a 

nearly constant level for higher initial glutamine concentrations up to 13 mM. For higher 

concentrations, it is again constant with about 200 mg L-1. Therefore, higher initial 

concentrations of glutamine than our standard conditions of 8 mM did not lead to 

severe reductions in the final antibody titer. In the literature, it was reported that high 

amounts of ammonium reduce product titer (Pereira et al., 2018; Ritacco et al., 2018). 

However, in this experiment, the high glutamine concentrations obviously did not lead 

to conditions where production was influenced. Another aspect studies have indicated 

is that product quality, especially glycoforms, can be affected (Pereira et al., 2018). 

This needs further investigation in future studies.  

All in all, it could be shown that the µTOM device is a valuable tool for monitoring 

different media conditions in high-throughput. By monitoring the OTR, important 

information on culture behavior is available without any sampling. There is potential for 

further investigation from two perspectives: on the one hand, the question of glutamine 
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concentrations and its impact on cell growth can be further examined. On the other 

hand, the µTOM device can be a useful tool for the analysis of any medium component 

and will be a valuable tool for media optimization.  

5.5 Application example: kill curve experiments 

5.5.1 Online monitoring of kill curve experiments in shake flasks 

Kill curve experiments are traditionally conducted in shake flasks or tubes. Therefore, 

they were performed in 100 mL glass shake flasks with the antibiotic puromycin and 

CHO-K1 cells in the first experiment. Due to the capacity (number of flasks), two 

antibiotic concentrations were selected – a low (2 µg mL-1) and a high (9 µg mL-1) 

concentration. Additionally, a negative control was cultured without puromycin. All 

conditions were cultivated in four replicates. Two flasks per condition were connected 

to the TOM device to monitor the OTR online and two flasks were used for offline 

sampling. The culture volume per flask was set to 20 mL due to two reasons: 1) The 

offline flasks were sampled every two days. It must, therefore, be ensured that the 

liquid volume in the flasks is sufficient until the end of the experiment. 2) To obtain 

reliable OTR data from the CHO cultivation, the filling volume must be at least 20 % of 

the nominal flask volume due to the low respiration activity (Ihling et al., 2021). The 

results of this experiment are depicted in Figure 14.  
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Figure 14: Kill curves of CHO-K1 cells in shake flasks with varying concentrations of the 
antibiotic puromycin. The experiment was performed in four replicates, in total. The medium 
was exchanged every 2nd day (indicated by black arrows) by cell separation through 
centrifugation and resuspension in fresh medium with supplemented puromycin. (A) Depicted 
is the oxygen transfer rate (OTR) determined by a Kuhner TOM device. For clarity, only every 
twelfth measuring point over time is marked as a symbol. The single outlier in the OTR data 
after every medium exchange due to temperature adaptations was removed from the data. For 
original data please refer to App. Figure 11. The two online monitored biological replicates are 
indicated by solid lines and filled symbols or dashed lines and open symbols. (B) Two further 
biological replicates were cultivated offline. The biological replicates of the offline analysis are 
depicted as solid and filled symbols or dashed lines and open symbols. The viable cell density 
(VCD) was determined at each medium exchange by the Neubauer Chamber method from 
offline shake flasks. (C) Viability was calculated from the same samples. Cultivations were 
performed in a Kuhner TOM device. Culture conditions: 100 mL glass flasks, temperature 
(T) = 36.5°C, shaking frequency (n) = 140 rpm, shaking diameter (d0) = 50 mm, filling volume 
(VL) = 20 mL, 5 % CO2, 70 % rel. hum., medium: TCX6D + 8 mM glutamine + varying 
concentrations of puromycin; starting cell density: 5x105 cells mL-1. 
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The OTR of the reference culture without antibiotics increases until cultivation day 5 to 

a maximum of about 6 mmol L-1 h-1 (Figure 14 A, black lines). This high OTR occurs 

because of the regular medium exchange (indicated by black vertical arrows) every 

second day, in contrast to normal batch cultivations (Chapter 3.3). The sharp drop in 

the OTR between days 5 and 6 is due to glucose depletion, as described before 

(Chapter 3.3). The VCD (Figure 14 B), as well as the viability (Figure 14 C), reflect the 

observations from the OTR. The VCD increases over the first six cultivation days, 

before it drops sharply (black lines and squares). The deviations in the two replicates 

are probably caused by the Neubauer Chamber cell count method. This is known as 

quite an error-prone method because of the manual counting. Viability remains 

constant for five cultivation days before it drops.  

The OTR curves of cultivations with 2 µg mL-1 of puromycin resemble the curves of the 

reference cultivations but they are time-shifted (Figure 14 A, green line). The maximum 

OTR of likewise about 6 mmol L-1 h-1 is reached after 7 days instead of 5 days. This 

indicates that the metabolic activity of the cells is somehow influenced, but the cells 

are not killed. The offline data (Figure 14 B, C) show the same results. The VCD 

increases slower than for the reference culture and the viability drops later. The sharp 

drop in the OTR data reveals that the CHO cells die after 7 days due to glucose 

depletion. This conclusion could not be drawn based solely on offline data, which are 

usually taken once a day. With incomparably more effort, e.g. hourly sampling and 

offline analyses, a similar output could be expected. 

The OTR curves of the cultures with 9 µg mL-1 puromycin heavily differ from the other 

ones (Figure 14 A, orange lines). The OTR is at 0 mmol L-1 h-1 after only two cultivation 

days. This reveals that there is no metabolic activity anymore and, therefore, no living 

cells. These results are again reflected by the offline data (Figure 14 B, C).  

All in all, the results of the first experiment show that the influence of different 

puromycin concentrations can be examined by online monitoring of the respiration 

activity. It is, therefore, suitable for performing kill curve experiments. Nevertheless, 

the minimal antibiotic concentration that kills all untransfected cells could not be 

determined in this preliminary experiment. This could be done by choosing more 

antibiotic concentrations between 2 and 9 µg mL-1 in a second experiment. However, 
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this would be laborious and expensive because: 1) the medium exchange is elaborate 

because the shake flasks cannot be centrifuged and the cell suspension must, 

therefore, be transferred to centrifugation tubes every time 2) a lot of resources, like 

medium, tubes, cells, time, space in the incubator, etc. are needed. Therefore, the 

experiments were transferred to the µTOM device in 96-deep-well MTPs. 

5.5.2 Online monitored kill curve experiments in 96-deep-well MTPs 

Firstly, the kill curve experiment with CHO-K1 cells and puromycin from Figure 14 was 

transferred to the round 96-deep-well MTP. Twelve different conditions could be 

cultivated in 8 replicates at once (see Figure 1). Antibiotic concentrations from 0 to 

10 µg mL-1 in steps of 1 µg mL-1 and a negative control (NC), meaning only medium 

without cells, were used. The medium was exchanged every second day by 

centrifugation of the MTP, discarding the supernatant, and resuspension of the cells in 

fresh medium with the corresponding antibiotic concentration. Before every medium 

exchange, one well per condition was sampled for offline analysis of VCD and viability 

(Figure 15 B, C).  
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Figure 15: Kill curves of CHO-K1 cells and sciCHO cells in round 96-deep-well microtiter 
plates with varying concentrations of the antibiotic puromycin. The experiments were 
performed in eight replicates, according to the experimental strategy illustrated in Figure 1. 
The medium was exchanged every 2nd day (indicated by black vertical arrows) by cell 
separation through centrifugation and resuspension in fresh medium with supplemented 
puromycin. With every medium exchange, one well per condition was sampled for offline 
analysis resulting in a single sample per day. (A, D) Depicted is the mean oxygen transfer rate 
(OTR) of 3-4 replicates. The standard deviations are shown as shaded areas. For clarity, only 
every twelfth measuring point over time is marked as a symbol. The outlier in the OTR data 
after every medium exchange due to temperature adaptations was removed from the data. For 
original data, please refer to App. Figure 11 B, C. The viable cell density (VCD) was 
determined at each medium exchange by the Neubauer Chamber method for CHO-K1 cells 
and by CEDEX for sciCHO cells from one sampled well. (C, F) Viability was calculated from 
the same samples. Cultivations were performed in a µTOM device. Culture conditions: round 
96-deep-well microtiter plate, temperature (T) = 36.5°C, shaking frequency (n) = 850 rpm, 
shaking diameter (d0) = 3 mm, filling volume (VL) = 1 mL, 5 % CO2, humidified, medium: 
TCX6D + 8 mM glutamine + varying concentrations of puromycin; starting cell density: 
5x105 cells mL-1. 
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In Figure 15 A, the OTR of four replicates per condition is shown. These are the data 

from the wells that were not sampled and, therefore, ran until the end of cultivation. 

The graph of the cultures without puromycin (black line and squares) rises until glucose 

is depleted. After the medium exchange on day 8, the metabolic activity rises again. 

The graph for the cultivation with 1 µg mL-1 puromycin shows a similar curve at a 

slightly lower level (red line and circles). For 2 µg mL-1 (green line and upward 

triangles), the graph is time-shifted relative to the reference curve, as already observed 

in the shake flask cultivation (see Figure 14). The cultures treated with 3 µg mL-1 

puromycin (blue line and downward triangles) show a much reduced metabolic activity, 

in contrast to the reference, but there is still detectable respiration activity. This means 

that not all cells could be killed with this antibiotic concentration. All cultures with higher 

antibiotic concentrations than 3 µg mL-1 puromycin show similar OTR data. After two 

days at the latest, the OTR is at about 0 mmol L-1 h-1. Thus, there are no living cells 

anymore. With this experiment, the lowest concentration that kills all untransfected 

cells could be determined as 4 µg mL-1. This is in accordance with the literature, where 

exactly the same cell line and puromycin as an antibiotic were used (Hertel et al., 

2022). Comparing the OTR curves to the corresponding VCD and viability graphs, the 

same results can be found. The viability is at 0 % for 4 µg mL-1 or higher concentrations 

and there are no cells detectable at the end. For the cultivation with 3 µg mL-1 

puromycin, the offline measurements are however imprecise because there are very 

few cells. This makes cell counting with the Neubauer Chamber inaccurate and leads 

to outliers like the high viability at day 10 (Figure 15 C, blue line and downward 

triangles). 

A second experiment was carried out to confirm that the kill curve experiment in MTPs 

by monitoring the OTR can be expanded to other CHO cell lines. The experimental 

setup was analogous to the first one, but sciCHO cells were used. The sciCHO cell 

line was derived from a non-engineered CHO-K1 subclone and was tested and 

optimized for stable and transient transfection (see Chapter 3.3). The OTR curves of 

this experiment are depicted in Figure 15 D. Concerning the kill curve experiment, the 

curve progressions are similar to the first experiment with CHO-K1 cells. The cultures 

treated with 1 (red line and circles), 2 (green line and upward triangles), and 3 (blue 

line and downward triangles) µg mL-1 puromycin show slower metabolic activity than 

the reference culture without puromycin (black line and squares). The cultivation with 
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4 µg mL-1 (pink line and diamonds) shows a very low OTR, but there is still metabolic 

activity detected. Conclusively, 4 µg mL-1 puromycin is not sufficient for sciCHO cells 

to kill all untransfected cells. The first concentration at which all the cells are killed is 

5 µg mL-1 (orange line and leftward triangles). This emphasizes that antibiotics have 

different effects on different cell lines, even if they are closely related. For this 

experiment, VCD and viability were measured by the CEDEX. The VCD (Figure 15 E) 

is, in general, lower than for the CHO-K1 cells (Figure 15 B) and increases to a lesser 

extent. That was expected from the OTR curves. The VCD verifies that 5 µg mL-1 is 

the lowest puromycin concentration at which no cells survive. The viability 

(Figure 15 F) is above 60 % for all cultivations treated with 0-4 µg mL-1 puromycin. For 

all other samples, the viability never drops to 0 %. This is not due to living cells, but 

due to the measurement device. The CEDEX has a lower detection limit of 

4x105 cells mL-1. If the concentration is lower, the accuracy drops, and especially the 

measured viability is affected. If only one particle is incorrectly recognized as a viable 

cell, viability is influenced. This is also emphasized by the negative control (yellow line 

and crosses, Figure 15 F), in which a viability of up to 20 % is measured, even though 

there have never been cells in the corresponding wells.  

5.5.3 Transfer of the MTP kill curve method to a second antibiotic 

To confirm the general applicability of performing kill curve experiments in online 

monitored 96-deep-well MTPs, a second antibiotic was tested. For this purpose, 

hygromycin B was chosen. The setup for the experiment was similar to the ones before 

with puromycin, but this time the two cell lines were cultivated simultaneously in one 

MTP (see App. Figure 12). Hygromycin B concentrations from 100-250 µg mL-1 for 

CHO-K1 cells and from 100-350 µg mL-1 for sciCHO cells in steps of 50 µg mL-1 were 

tested. Additionally, a reference culture for both cell lines without hygromycin B was 

cultivated. Figure 16 shows the OTR curves of the cultivations.  
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Figure 16: Kill curves of CHO-K1 and sciCHO cells in a round 96-deep-well microtiter plate 
with varying concentrations of the antibiotic hygromycin B. The experiments were performed 
in eight replicates on a single microtiter plate (see also App. Figure 12). The medium was 
exchanged every 2nd day (indicated by vertical black arrows) by cell separation through 
centrifugation and resuspension in fresh medium with supplemented hygromycin B. With every 
medium exchange, one well per condition was sampled for offline analysis resulting in a single 
sample per day. (A, D) Depicted is the mean oxygen transfer rate (OTR) of 3-4 replicates. The 
standard deviations are shown as shaded areas. For clarity, only every twelfth measuring point 
over time is marked as a symbol. The outlier in the OTR after every medium exchange due to 
temperature adaptations was removed from the data. For original data please refer to App. 
Figure 11 D, E. (B, E) The viable cell density (VCD) was determined at each medium exchange 
by CEDEX from one sampled well. (C, F) Viability was calculated from the same samples. 
Cultivations were performed in a µTOM device. Culture conditions: round 96-deep-well 
microtiter plate, temperature (T) = 36.5°C, shaking frequency (n) = 850 rpm, shaking diameter 
(d0) = 3 mm, filling volume (VL) = 1 mL, 5 % CO2, humidified, medium: TCX6D + 8 mM 
glutamine + varying concentrations of hygromycin B; starting cell density: 5x105 cells mL-1. 
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The OTR curve of the reference culture without hygromycin B (black line and squares) 

differs strongly from all the other ones. It shows a high OTR increase and drops after 

5 days because of glucose depletion. The cultures treated with 100 (red line and circle) 

or 150 (green line and upward triangle) µg mL-1 hygromycin B show a slight increase 

in the OTR signal up to day 4. Afterward, it drops slightly and remains on a constant 

level until the end of cultivation, meaning there is still a low metabolic activity. For 200 

(blue line and downward triangles) and 250 (pink line and diamond) µg mL-1 

hygromycin B, the OTR is on a very low level (< 0.2 mmol∙L-1∙h-1) for the first 6 days of 

cultivation. Afterward, it drops to 0 mmol L-1 h-1. Thus, the lowest concentration that 

kills all cells is 200 µg mL-1 hygromycin B. Analyzing the OTR curves for the sciCHO 

cells in Figure 16 D, it becomes visible that all OTR curves from cultures treated with 

hygromycin B drop to 0 mmol L-1 h-1 during the cultivation time. Therefore, the 

concentration sought here is ≤ 100 µg mL-1. The offline data confirm the online analysis 

for those cultivations depicted in Figure 16 B, C, E, and F. In summary, kill curve 

experiments could be performed for two different CHO cell lines with two antibiotics 

each. For every combination of cell line and antibiotic, a minimal concentration that 

kills all untransfected cells could be found. The results are summarized in Table 2.  

Table 2: Summarized antibiotic concentrations, at which all untransfected cells were killed in 
the experiments performed in this study. 

                  Cell line  

Antibiotics 
CHO-K1 SciCHO 

Puromycin 

InvivoGen (QLL-43-02) 
4 µg mL-1 5 µg mL-1 

Hygromycin B 

Roth (169283353) 
200 µg mL-1 ≤ 100 µg mL-1 

The concentration of either puromycin or hygromycin B is different for the two cell lines, 

which emphasizes that the effectiveness of one antibiotic varies between different cells 

(Lanza et al., 2013). On top of this, the courses of the OTR curves highlight that 

antibiotics have highly different effects on cell cultures. While cells treated with low 

amounts of puromycin show only slower metabolic activities, cells treated with low 



Scale-down of CHO cell cultures to 96-deep-well MTPs 

 

60 

 

amounts of hygromycin B can hardly survive. The different modes of action of 

antibiotics are stated several times in the literature. In short, hygromycin B inhibits 

protein synthesis by disrupting translocation and promoting mistranslation, while 

puromycin inhibits protein synthesis by ribosome-catalyzed incorporation into the C-

terminus of elongating nascent chains (Delrue et al., 2018; Mortensen and Kingston, 

2009; Schiøtz et al., 2011; Yeo et al., 2017).  

Using the µTOM device, it is possible to perform 96 kill curve experiments 

simultaneously in one MTP. In contrast, 96 experiments in commonly used tubes or 

shake flasks would require a considerable amount of additional work, and material, 

and are almost impossible to handle in the laboratory for several reasons: 1. There 

must be sufficient incubation capacity for all cultivation vessels. 2. All cultures would 

have to be centrifuged and sampled individually. 3. The cells would have to be counted 

manually using the Neubauer Chamber or a high-capacity cell counting device would 

have to be available. 4. There would be an extremely high medium consumption and, 

therefore, high costs. In the MTP, 5 mL of medium is used for one well (corresponding 

to one antibiotic concentration without any replicates), including all media changes 

every two days. For one shake flask (or tube) with a filling volume of 20 mL, a total of 

100 mL of medium would be required for the same experimental outcome. This means 

that using the µTOM for kill curve experiments can reduce media consumption by 

95 %. Generally, it is expected that the advantages of the µTOM kill curve method can 

be exploited for various cell types, for example with different metabolic rates.  

5.6 Summary 

To summarize, the µTOM device was shown to be suitable for online monitoring of 

CHO cell cultures. Compared to the two published devices M24 and µRAMOS (Chen 

et al., 2009; Ihling et al., 2023), the 96-deep-well MTPs used in the µTOM allow for a 

reduction of the filling volume to at least 400 µL per well (M24 = 5mL, 

µRAMOS = 2mL). At the same time, the number of wells and, thus, the number of 

parallel cultures increases. The transfer of CHO cultivations from the well-established 

TOM device for shake flasks to the µTOM device based on OTRmax as a scale-down 

parameter showed highly comparable results. The OTR curves for both devices are 
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essentially equal for CHO-K1 and CHO DP12 cells, which indicates the same 

environmental conditions in both devices. On top of this, cultivations of the CHO-K1 

cells in the TOM and µTOM devices were nearly identical over a period of about three 

months, verifying a high reproducibility. Moreover, results demonstrate that the CHO 

DP12 cells can be cultivated in square 96-deep-well MTPs as well. Results are 

comparable to round well MTPs.  

The second part of this chapter dealt with application examples of the µTOM device. 

At first, different amounts of the media component glutamine were analyzed. Varying 

concentrations of glutamine were clearly visible in the progression of the OTR curves 

of CHO DP12 cells. Thus, the µTOM device was shown to be in general a valuable 

tool for analyzing media components. Glutamine concentrations from 1-19 mM 

resulted in well-growing cells. Without any glutamine, growth was delayed for at least 

5 cultivation days. At 20 mM some kind of toxic effect appeared. The final antibody titer 

was at the maximum for this cell line for initial glutamine concentrations between 7 and 

20 mM. For a deeper insight into the biological interpretation of the results, further 

investigation is necessary but was not part of this thesis. The goal of figuring out 

whether the µTOM is suitable for media component screening was achieved. 

The second example of application engaged with kill curve experiments. The influence 

of the antibiotic puromycin on CHO-K1 cells could be successfully monitored through 

online monitoring of the OTR with the TOM device as a proof of concept. Kill curve 

experiments were then transferred to the µTOM device. By testing 10 different 

antibiotic concentrations at once, the minimal concentration that kills all untransfected 

cells could be determined in one step, without requiring any sampling and offline 

analysis. In contrast to similar experiments in shake flasks, 95 % of medium reduction 

could be achieved. Furthermore, the general validity of performing kill curve 

experiments in the µTOM was demonstrated by using a second CHO cell line (sciCHO) 

and a second antibiotic (hygromycin B) for both cell lines. In future investigations, 

dedicated wells are no longer required for verification by offline samples. In this case, 

32 different conditions could be analyzed in triplicates in only one experiment.  

All in all, the presented results highlight the wide application field of OTR online 

monitoring for CHO cell cultures in 96-deep-well MTPs.  
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6 Scale-up of CHO cells from MTPs to a STR 

6.1 Background 

It is becoming increasingly important in the pharmaceutical industry to focus on time- 

and cost-saving methods during process development. Process development in large 

scales is elaborate. Thus, it is normally executed on lab-scale and the process is later 

scaled up to production scale (Heath and Kiss, 2007). Furthermore, it is often not 

feasible to explore the influences of all process parameters in large-scale experiments 

(Li et al., 2006). Therefore, scale-up and scale-down approaches are very common. 

The main goal of scaling up processes is to increase the working volume while keeping 

the product yield and quality as well as cell density and viability similar. On the other 

hand, scale-down models aim to mimic typical phenomena in large-scale vessels (Li 

et al., 2006; Xing et al., 2009). Most of the scale approaches in the literature for 

mammalian cells focus on the scale transfers between differently sized STRs, for 

example in Gaugler et al. (2024), Li et al. (2006), Pan (2018), Tyupa et al. (2021), Xing 

et al. (2009) and Xu et al. (2017). Studies are summarized by Lemire et al. (2021). 

They also describe the most important key process parameters that must be 

considered when scaling up. These comprise aeration, oxygen supply, CO2 stripping, 

mixing time, and hydrodynamic shear stress including power input. Ideally, all these 

parameters should be kept constant between different scales. However, as this is 

technically not possible, one parameter must be chosen as the scale-up/-down 

criterion. The most commonly used parameters in cell culture experiments are a 

constant kLa value, a constant volumetric aeration rate, impeller tip speeds, or a 

constant P/V (Lemire et al., 2021). A constant kLa value considers oxygen supply and 

a constant volumetric aeration rate is based on sufficient CO2 stripping (Lemire et al., 

2021). When using a constant P/V as scale-up parameter, gas transfer and mixing 

phenomena are considered. P/V is a crucial parameter for mammalian cell cultures as 

it is a variable to quantify hydromechanical stress. This is particularly important in STRs 

as P/VØ and P/Vmax occurring behind the stirrer blades have to be distinguished 

(Nienow, 2006; Nienow et al., 2013) (see also Chapter 4).  

Nowadays, miniaturized STRs are a common choice for small-scale experiments. The 

minimal cylindric vessels comprise 250 mL whereas vessels with squared geometry 
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have minimal filling volumes of approximately 10 mL (Hsu et al., 2012; Moses et al., 

2012; Rameez et al., 2014). However, there are other options like shake flasks or 

MTPs as was described in Chapters 3 and 5. For microbial systems, scale-up 

approaches from small shaken devices to larger STRs are a common method and 

reviewed by Marques et al. (2010). To my knowledge, these approaches are barely 

stated in the literature for mammalian cell systems. Scale transfer between MTPs, 

shake flasks and STRs was only found within the three publications briefly described 

in the following. None of them considered MTPs as small as 96-well MTPs and with 

different geometries. Micheletti et al. (2006) performed a scale translation from shaken 

24-well MTPs (800 µL) to conical flasks (100 mL) and a STR (3.5 L) with VPM8 

hybridoma cells. They used a constant P/V as a scale-up parameter and found that the 

MTP cultivations were not completely comparable to larger scales. The growth rate 

was reduced while lactate concentrations were increased. The titer in MTPs was 

almost twice as high as in the STR and shake flasks (Micheletti et al., 2006). In another 

study, a comparison of MTPs (2-4 mL), a miniature bioreactor (500 mL), and a STR 

(5 L) was performed in fed-batch mode with CHO cells. Here, a matched mixing time 

was used as the scale-up parameter. The results of the cultivation in all devices were 

very comparable as long as they were in batch mode. Slight deviations occurred in fed-

batch mode (Sani, 2015). Markert and Joeris (2017) set up an automated MTP-based 

system (6-48 wells) for CHO-K1 cell cultures and compared the results to 1000 L 

STRs. The results shown are very comparable between the scales (VCD, product-, 

and lactate concentration). Unfortunately, however, no cultivation conditions were 

specified for the different scales (Markert and Joeris, 2017). Some other approaches 

focus on the comparability between shaken tubes and STRs (Gomez et al., 2017; 

Rouiller et al., 2016; Tissot et al., 2011). 

For small-scale shaken systems, the low information content is often criticized. 

However, it could be shown previously in this thesis that OTR monitoring is simple to 

implement for shake flasks and MTPs (Chapters 3 and 5). Therefore, OTR monitoring 

is a valuable tool for mammalian cells and seems to be promising for scale-up 

approaches. Thus, the question arises whether it is possible to scale up mammalian 

cell cultivations from MTP scale to a STR cultivation using OTR online monitoring. 

Cell culture media and cultivations foam strongly in agitated systems. Therefore, 

antifoam agents are mandatory in STR cultivations. At the latest, since the 
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development of chemically defined media, this issue is of great interest. There is a 

huge number of antifoam agents commercially available (Routledge, 2012). Chemical 

agents are classified by their formulations. They consist of solid hydrophobic particles, 

an oil, or a mixture of those (Velugula-Yellela et al., 2018). The mechanisms of 

disrupting the foam are different and are summarized in Routledge (2012). Most 

commercially available media contain Pluronic F68 – often in concentrations of about 

0.1 % (Ma et al., 2004; Tharmalingam and Goudar, 2015; Zhang et al., 1992). The 

mode of action of Pluronic F68 was investigated in several studies. For example, it 

incorporates into CHO cell membranes, changes the membrane fluidity, and lowers 

the interfacial tension at the vapor-liquid interface, all resulting in protection of the cells 

from foam or bubble bursting (Tharmalingam and Goudar, 2015). Beyond that, 

Pluronic F68 is used to reduce foam building. However, it was also demonstrated that 

high concentrations can have inhibiting effects on cell growth (Hu et al., 2008). Some 

other studies dealt with the influence of different antifoam agents on CHO cells. 

Velugula-Yellela et al. (2018) tested the influence of the Antifoams 204, C, EX-Cell, 

SE15 and Y-30. While Antifoam 204 and Y-30 are toxic for CHO cells, VCDs are similar 

to each other for the other three antifoams. Flynn et al. (2024) also found that 

Antifoam 204 is toxic for CHO cells. In contrast, Antifoam C leads to a reduction in 

growth, and Antifoam SE-15 shows no inhibition. Furthermore, Antifoam SE-15 was 

demonstrated to reduce foam completely within 2 minutes (Flynn et al., 2024). It is 

known that antifoams influence the kLa value and the DOT (Routledge, 2012). 

However, no detailed investigation of the effect of different antifoams in various 

concentrations on CHO cells is available. As this is important information when using 

the OTR as a database for scale-up processes in STRs, the influence of some antifoam 

agents was studied.  

This chapter first evaluates the influence of different antifoam agents on the OTR of 

CHO DP12 cells. Afterward, the aim is to explore the possibility of scaling up 

cultivations from the small shaken systems (MTP and shake flasks) to a 1.5 L STR. 
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6.2 Influence of antifoam on the OTR of CHO cell cultures 

The use of antifoam agents in STRs is unavoidable for mammalian cell cultivations. As 

this represents a difference to the shaken systems, the influence of different antifoam 

agents on the OTR of the cultivation was tested in advance. This was carried out in 

MTPs with the µTOM device using different amounts of antifoam (dilutions of 1:50 to 

1:10000). The results are shown in Figure 17. 

 

Figure 17: Influence of different antifoam agents on the oxygen transfer rate (OTR) of CHO 
DP12 cells. Depicted is the OTR as the mean value of 3 replicates. Standard deviations are 
shown as shaded areas. For clarity, only every 24th measuring point over time is marked as a 
symbol. Antifoam agents were tested in dilutions from 1:50 to 1:10000. Tested antifoams are 
A) Polypropylenglycol (PGG), B) Plurafac LF 1300, C) Pluronic F68, D) Triton X405, and F) 
Antifoam SE-15. Culture conditions µTOM device: round 96-deep-well microtiter plate, 
temperature (T) = 36.5°C, shaking frequency (n) = 850 rpm, shaking diameter (d0) = 3 mm, 
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filling volume (VL) = 0.8 mL, 5 % CO2, humidified, medium: TCX6D + 8 mM; starting cell 
density: 5x105 cells mL-1. 

In Figure 17 A and B, the OTR progressions of the cultivations with the antifoam agents 

PGG and Plurafac LF 1300 are depicted. Both are non-ionic surfactants and are known 

as strong antifoam agents (Karakashev and Grozdanova, 2012; Koch et al., 1995). 

The reference CHO DP12 cultivation without any antifoam agent shows the same OTR 

progression as described previously (Chapter 3.3). As soon as PGG or 

Plurafac LF 1300 are added, an OTR of nearly 0 mmol L-1 h-1 results. Thus, it can be 

seen that both antifoam agents have a toxic effect on CHO cells and are therefore not 

suitable for cultivations. Other studies with CHO cells and antifoams also found that 

some of them are toxic, for example, Antifoam 204 (Flynn et al., 2024; Velugula-Yellela 

et al., 2018). The OTR progressions of the cultivations with Pluronic F68 are shown in 

Figure 17 C. The progression of all curves with the antifoam in dilutions from 1:100 to 

1:10000 is highly comparable to the progression of the reference culture. Thus, the 

antifoam does not affect the OTR. Solely, the increase of the OTR at a dilution of 1:50 

is slowed compared to the other ones and the maximal OTR is at only 1.5 mmol L-1 h-1. 

In literature, some studies also revealed the toxicity of Pluronic F68 in high 

concentrations (Hu et al., 2008). Pluronic is an essential component of cell culture 

media and is also present in TCX6D. It has various functions in protecting CHO cells 

(Tharmalingam and Goudar, 2015; Zhang et al., 1992). However, it is not as effective 

as other antifoam agents in destroying existing foam (unpublished data). Therefore, 

two other antifoams were tested. One of these is Triton X405 (Figure 17 D). For this, 

slight influences on OTR progression are visible for dilutions from 1:1000 to 1:10000. 

The OTR curve is slightly shifted downwards compared to the reference culture. Triton 

X405 in dilutions from 1:50 to 1:500 leads to heavily reduced growth rates, reduced 

maximum OTR values, or even no growth at all. As Triton X405 impacts the OTR 

already in low concentrations slightly and has severe influence in higher 

concentrations, this one was not chosen for the STR cultivations. For Antifoam SE-15 

(Figure 17 E), the OTR curves with dilutions up to 1:1000 show nearly identical 

progressions to the reference cultivation. In a dilution of 1:500, the OTR curve is slightly 

shifted downwards from cultivation days 3 to 5. In a dilution of 1:100, the increase of 

the OTR has slowed and the maximal reached OTR is about 0.3 mmol L-1 h-1 lower 
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than for the other cultures. In the lowest tested dilution (1:50) the OTR does not 

increase. It stays almost on a constant level over the whole cultivation time indicating 

that the cells do not grow because of toxic effects of the antifoam. Antifoam SE-15 was 

previously already found to be a very good antifoam agent as it was able to remove all 

foam within two minutes. Furthermore, it had no impact on cell growth and antibody 

production (Flynn et al., 2024). This experiment showed that there was almost no 

influence on the OTR in a certain concentration range. Therefore, antifoam SE-15 was 

used for the STR cultivations. The dilution was not lower than 1:1000 meaning that the 

influence of the antifoam on the OTR should be negligible.  

6.3 Scale-up from small shaken vessels to a STR based on OTRmax 

The comparability between MTPs and shake flask cultivations was shown in Chapter 5. 

In this chapter, the question is addressed of whether a scale-up to a STR is also 

possible. The aim here is to reproduce the results shown in Figure 10 in a STR. 

Therefore, a scale-up parameter is needed. In the first approach, OTRmax was used as 

a scale-up parameter as this was already successfully utilized for the scale transfer 

between MTP and shake flasks. For calculations, OTRmax for the STR was fixed to 

3.75 mmol L-1 h-1 because the maximal OTR measured in the shake flask was about 

3 mmol L-1 h-1 (see Figure 10) and the DOT should not fall below 20 % (Lemire et al., 

2021). With this assumption, the kLa value was calculated according to Equation (13) 

and then used to calculate P/V with Equation (14). The resulting P/V is 0.33 kW m-3. 

The Ne for one Rushton turbine is 5.4 in a turbulent flow regime (Re > 104) (Bates et 

al., 1963). Using this and the calculated target P/V, the stirrer speed for the experiment 

can be calculated by using Equation (16). All values needed for calculation are 

depicted in App. Table 2. The resulting stirrer speed is 359 rpm. Therefore, a stirring 

speed of 360 rpm was used for the first scale-up experiment depicted in Figure 18. The 

assumption of a turbulent flow regime was checked by determining Re. As this is >104 

(1.2x104) for the described stirring conditions, the assumption of a turbulent flow 

regime was valid.  
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Figure 18: OTRmax-based scale-up of CHO DP12 cell cultivations. Cultures were cultivated in 
round 96-deep-well plates (dark and light red lines/circles and upward triangle), shake flasks 
(black and gray lines/squares and diamonds), and a stirred tank reactor (STR, blue line and 
pentagon). A) Depicted is the oxygen transfer rate (OTR). The curves of the microtiter plate 
and shake flask cultivations are already shown in Figure 10 and plotted here again for 
improved comparability. The data for the STR are interpolated over 3 hours. The calculated 
OTR values between days 3 and 4 are distorted by a short-term failure of aeration and stirring 
and were therefore excluded from the data. For original data refer to App. Figure 13. The 
dissolved oxygen tension (DOT) (green line and sideward triangle) of the stirred tank reactor 
is also plotted. For clarity, only one measuring point per day is shown. B) Displayed are the 
viable cell densities (VCD) and viabilities for all cultivations. Culture conditions TOM and µTOM 
device: refer to Figure 10. Culture conditions stirred tank reactor: 1.5 L reactor, 
temperature (T) = 36.5°C, stirrer speed (nST) = 360 rpm (Rushton turbine), filling 
volume (VL) = 600 mL, 5 % CO2, aeration = 0.2 vvm (sparged), medium: TCX6D + 8 mM 
glutamine; starting cell density: 5x105 cells mL-1. 

OTR determination in shaken systems works according to the RAMOS principle, i.e. 

the OTR is calculated from the slope of the oxygen partial pressure decrease in the 

measuring phase of the system and is therefore independent of absolute oxygen 

concentration values. Additionally, the measurement precision can be tuned by 
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prolonging the measurement phase (Anderlei et al., 2004). This makes the OTR 

determination more precise compared to the off-gas analysis which uses absolute 

oxygen concentration values. Looking at Figure 18, this difference in accuracy 

becomes obvious when comparing the OTR curves of the already described 

cultivations in MTPs and shake flasks (see Chapter 3.3) with the one of the STR (blue 

line and pentagons). However, it is apparent that the shape of the curves is similar but 

the increase of the STR-OTR curve is slower than the other ones. Additionally, the 

maximum reached OTR for the STR is only about 1.8 mmol L-1 h-1 compared to about 

2.8 mmol L-1 h-1 for the shaken devices. The calculated OTR values between days 3 

and 4 are distorted by a short-term failure (<10 minutes) of aeration and stirring and 

were therefore excluded from the data. Oxygen availability was not influenced as the 

DOT did not drop below 70 % (green line and sideward triangle). For calculations of 

the stirrer speed with the scale-up parameter OTRmax, the requirement was made that 

DOT should not drop below 20 %. The DOT dropped only to 70% which shows that 

the kLa value was higher than assumed initially. The underestimation is probably 

because the calculation has been established for large-scale STRs where surface to 

volume aeration is lower than in smaller STRs and surface aeration may play a role 

(Maier, 2002). 

The VCD and viability in Figure 18 B show the same trend as the OTR curves. The 

increase of the VCD is slower for the STR than for the shaken devices. At the same 

time, viability stays above 80 % for at least 8 cultivation days compared to 6 for the 

shaken devices. Also, the peak VCD with about 12x106 cells mL-1 is the lowest for STR 

cultivation. A slowed depletion of nutrients was also observed. Glucose was depleted 

one day later for the STR than for the shaken devices. The lactate switch occurred 

later as well (see App. Figure 14 B and C). Finally, the antibody concentration did not 

reach the expected maximum of 250 mg L-1 (see App. Figure 14 D). All these 

observations were already discussed for shake flask cultivations with increased P/V 

and respective energy dissipation rates in Chapter 4. Glucose and glutamine depletion, 

the lactate switch and the specific growth rate correlated linearly with logarithmically 

plotted average energy dissipation. Therefore, it was concluded that the cultivation 

conditions chosen here with the scale-up parameter OTRmax led to conditions with too 

high power input. The cells were subjected to hydromechanical stress leading to a 

change in nutrient consumption and slowed growth. Thus, OTRmax based scale-up is 
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not suitable when scaling up cell cultures from shaken devices to a STR but the 

hydromechanical stress in the form of P/V must be considered.  

6.4 Scale-up of CHO cell cultivations to a STR with constant P/VØ 

Due to the findings in Chapter 4, P/VØ was used as a scale-up parameter for the 

second experiment. The aim was to match the P/VØ of 0.12 kW m-3 in STR that prevails 

in the shake flasks under the shaking conditions in this study (see Chapter 4). 

Therefore, Equation (16) was used to calculate the stirring speed with a 

P/VØ = 0.12 kW m-3 and the parameters used before. The resulting stirrer speed is 

about 250 rpm. In STRs, the magnitude of P/V varies depending on the locality. There 

are regions with higher local P/V behind the stirrer blades and regions with lower P/V. 

Each cell experiences different power inputs which are combined in the P/VØ. To not 

expose the cells to a too high P/V at the beginning of cultivation, the decision was 

made to not exceed the maximal local P/V. The cells must adapt to new conditions 

(fresh medium and stirred conditions). Therefore, the cells should be specially 

protected at the beginning of cultivation.  In the literature, different estimations of the 

deviation of P/Vmax from P/VØ are made. Kresta and Wood (1991) for example showed 

that P/Vmax is about 10-fold higher than P/VØ. Therefore, a second criterium was set 

for the beginning phase (as long as DOT was above 80 %) of the cultivation. The upper 

limit of P/V (P/Vmax) should not exceed P/VØ of 0.12 kW m-3 of the shake flask. This 

was used to calculate the stirrer speed with Eq. 8 (n = 117 rpm). The stirring speed 

was consequently started at 100 rpm and then increased to 250 rpm. After reaching 

250 rpm, no further increase was performed to keep P/VØ in the STR in the range of 

P/VØ of the shake flasks. The Re-number is only slightly below 104 (Re = 0.84x104) for 

250 rpm which is why a turbulent flow regime can be assumed. The OTR, VCD, and 

viability curves of the scale-up with constant P/V as a scale parameter are depicted in 

Figure 19. The results from Figure 10 are shown again for better comparability. 
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Figure 19: Scale-up of CHO DP12 cell cultivations with constant P/VØ. Cultivation in round 96-
deep-well plates (dark and light red lines/circles and upward triangle), shake flasks (black and 
gray lines/squares and diamonds), and a stirred tank reactor (blue line and pentagon). A) 
Depicted is the oxygen transfer rate (OTR). The curves of the microtiter plate and shake flask 
cultivations are already shown in Figure 10 and plotted here again for improved comparability. 

Additionally, the curve of the shake flask cultivation with P/VØ = 1.45 W kg-1 from Figure 5 is 
shown. The data for the STR are interpolated over 3 hours. The calculated OTR values 
between days 4 and 5 are distorted by a problem with the off-gas cooler and were therefore 
excluded from the data. For original data refer to App. Figure 13. For clarity, only one 
measuring point per day is shown. B) Displayed are the viable cell density (VCD) and viability 
for all cultivations. Culture conditions TOM and µTOM device: refer to Figure 10 Culture 
conditions stirred tank reactor: 1.5 L reactor, temperature (T) = 36.5°C, stirrer 
speed  (nST) = 100-250 rpm (Rushton turbine), filling volume (VL) = 600 mL, 5 % CO2, 
aeration = 0.2 vvm (sparged), medium: TCX6D + 8 mM glutamine; starting cell density: 
5x105 cells mL-1. 

The OTR curves of all five cultivations in Figure 19 are identical during the first 

increasing phase (ca. 3 days) until glutamine is depleted (indicated by the kink in the 

OTR progression as described in Chapter 3.3). Afterward, the second increasing 

phase starts. The decreasing phase starting at day 4.5 is approximately one day 
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prolonged for the STR compared to the shaken devices. Therefore, the gradual OTR 

drop due to glucose depletion appeared on day 7 for the STR instead of day 6 as was 

seen for the shaken devices. Calculated OTR data between days 4.5 and 5.5 were 

distorted due to a technical problem with the off-gas cooler. Undefined excess water 

in the off-gas stream falsified the calculated OTR data and were therefore excluded 

from the graph. The DOT measurement is displayed in App. Figure 13. The DOT drops 

to a minimum of about 50 % which is absolutely tolerable as oxygen concentrations 

are usually maintained between 10% and 80% for CHO cell cultures (Lemire et al., 

2021). 

The deviations between OTR progression of STR and shake flasks can be explained 

when keeping the difference between P/VØ and P/Vmax for STRs in mind. P/Vmax was 

stated to be about 10 times higher than the P/VØ. Therefore, the results of the STR 

were compared to a shake flask cultivation with a ca. 10-fold higher P/V (1.45 kW m-3) 

from Chapter 4 and shown in Figure 19 (pink line and stars). The OTR drop due to 

glucose depletion at day 7 of the STR is in between those of the reference cultivations 

in the shaken devices (day 6) and the cultivation with increased P/VØ (day 8). The 

results can be confirmed by offline analyses, as shown in the following. 

The VCD shown in Figure 19 B is comparable between the STR and the shaken 

devices. The viability of the STR is at a constant high level for the first three cultivation 

days before there is a slight decrease to around 80 % for the next three days. These 

deviations could be due to the method of VCD and viability determination. They were 

determined by using the manual Neubauer chamber method for the STR cultivation 

while the automated CEDEX device was used for the other cultivations. As the manual 

method is known as imprecise, this could have led to inaccuracies. The time of the 

severe viability decrease is again the same for all cultivations. Next to OTR, VCD, and 

viability, different offline parameters were analyzed for all cultivations and are depicted 

in Figure 20.  
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Figure 20: Offline measured metabolite and product concentrations of the cultivations shown 
in Figure 19. CHO DP12 cell cultivations were performed in round 96-deep-well plates (dark 
and light red lines/circles and upward triangle), shake flasks (black and gray lines/squares and 
diamonds), and a stirred tank reactor (blue line and pentagon). Depicted are A) glutamine 
concentrations B) glucose concentrations C) lactate concentrations and D) IgG antibody titer. 

The glutamine concentrations in Figure 20 A demonstrate that the glutamine 

consumption was identical for all cultivations and is in accordance with the 

observations from Figure 19 where the kink in the OTR curve appears for all of them 

at almost the same time (approximately after 3.5 days). After depletion, the measured 

values increase again (dotted lines) which is only due to uncertainties and inaccurate 

measurements for very low or no glutamine concentrations of the spectrophotometric 

kit used for determining glutamine concentrations. Glucose (Figure 20 B) and lactate 

(Figure 20 C) consumption are in general also comparable between all cultivations in 

shaken devices and the STR even though the time of lactate depletion is slightly shifted 

backward for the STR. The most important aspect of a cultivation is the product 

production. Therefore, antibody concentrations were measured over the whole 
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cultivation time. As can be seen from Figure 20 D, a titer of about 250 mg L-1 was 

reached in all five cultivations. This is the maximum known titer for this cell line stated 

by the supplier. All in all, results show that the scaling strategy using a constant P/VØ 

resulted in highly comparable cultivation conditions during the exponential growth 

phase across two systems with different power-input elements (shaken and stirred), 

spanning three orders of magnitude in scale. 

6.5 Summary 

This study addressed the question of whether a scale-up from small shaken devices 

to a STR is possible for CHO cells. The scale transfer between MTPs and shake flasks 

was already proven to be successful in Chapter 5. For STR cultivations, the use of an 

antifoam agent is required. This is a difference to the cultivations in shaken systems. 

Therefore, different types of antifoam were analyzed regarding their influence on the 

OTR. PGG and Plurafac LF 1300 were toxic to the cells. Pluronic F68 had little impact 

on the OTR. However, it is not the best antifoam agent to destroy existing foam. 

Triton X405 and Antifoam SE-15 are both highly effective antifoams. As Antifoam SE-

15 had less influence on the OTR, this was used as an antifoam agent in the STR 

cultivations. 

Two different approaches of scale-up processes were performed within this study. The 

transfer of cultivation to a STR by using an OTRmax-based scale-up strategy was not 

successful. This strategy focuses on sufficient oxygen supply within cultivation but 

does not concern hydrodynamics, shear forces or power input. The resulting 

hydromechanical stress was too high in the STR and oxygen supply is not an issue in 

mammalian batch cultivations as the cells grow slowly and oxygen is usually available 

in excess. Therefore, a constant P/VØ as scale-up parameter while ensuring a sufficient 

oxygen supply (DOT > 50 %) was shown to be suitable for a scale-up to a STR. With 

this strategy, hydrodynamics and different kinds of forces come into focus. A detailed 

analysis of P/VØ in shake flasks was consulted to perform a data-driven scale-up. The 

cultivation results (OTR progression) were to be expected for the STR when 

considering that an average and maximal local P/V are present in the STR but the 

difference is negligible in shaken devices. Offline parameters like VCD, viability, 
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glucose, lactate, and glutamine concentrations were highly similar in all three 

cultivation devices. Strikingly, also the antibody titer was the same for all cultivations 

when considering that the volumes were varied by three orders of magnitude across 

the scales. Therefore, a scaling strategy with constant P/VØ is more sensible for 

mammalian cells than a OTRmax-based strategy and improves comparability to shaken 

devices. 

This study showed that a data-driven scale-up from 96-deep-well MTPs with a filling 

volume of a minimum of 400 µL to a STR with 600 mL working volume was successful, 

meaning that the same cultivation conditions and the same final antibody titers were 

achieved.   
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7 Conclusion and outlook 

Online monitoring of small-scale mammalian cell cultivations is seldom performed in 

routine process development. However, it provides valuable information about process 

behavior and is a beneficial tool for scaling up processes. CHO production processes 

are well-established in industry nowadays. Thus, Li et al. already stated in 2010 that 

the research focus is now on time- and cost-effectiveness in process development. 

They highlighted high-throughput techniques, online monitoring, and the usage of 

disposables as the three main areas of future research. The here presented thesis has 

made a decisive contribution to at least two of these aspects: online monitoring of the 

respiration activity in different scales combined with high throughput in 96-well MTPs. 

Initially, different CHO cell lines were characterized by online monitoring of the OTR. 

A well-performing medium could be identified easily and without any sampling. 

Depletion of key metabolites is directly visible from the shape of the OTR curve 

progression. As OTR is correlated to VCD, online monitoring is an effective alternative 

without the need for sampling, while providing more information during cultivation. OTR 

monitoring was already shown to be a useful tool in process development. However, 

further development could even improve the information content. The correlation 

between VCD and glucose concentration to the OTR was previously described (Ihling 

et al., 2022a). A routine and automated application of these correlations would simplify 

processes. Real-time adjustments of the cultivation strategy would be facilitated. The 

implementation of different cultivation strategies like fed-batch or pulsed-batch 

fermentations – which would better reflect production processes – would be easier to 

realize. Furthermore, the combination of the OTR monitoring with others like DO and 

pH during cultivation would provide helpful information. Additionally, online monitoring 

of product concentrations (e.g. antibody titers) would be highly interesting as product 

concentration is often the determining factor in CHO cell cultivations. 

The second part of this study analyzed the influence of hydromechanical stress levels 

on CHO DP12 cell cultures in shake flasks using OTR monitoring. The online data 

clearly demonstrated that the growth rate is slowed with increasing average energy 

dissipation rate. Glucose and glutamine depletion and the lactate switch correlate 

linearly with logarithmically plotted average energy dissipation rate. The final antibody 

titer was the same for all cultivations within laminar conditions. In turbulent conditions, 
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the final antibody titer was reduced by 40 %. This study showed that the influence of 

hydromechanical stress on CHO cells in shake flasks can be easily analyzed by using 

OTR monitoring. It already revealed important general relations between 

hydromechanical stress and the culture behavior of CHO cells. However, it would be 

worthwhile to repeat experiments with a high-producing CHO cell line. For future 

investigations, the analysis of antibody activity, glycosylation profiles, and further 

product quality aspects would be of high interest. As the established method is easily 

applicable and shake flasks are time- and cost-effective to handle, the application to 

other, more sensitive cells should be easy to implement. 

The scale-down of CHO cell cultivations from shake flasks to 96-deep-well MTPs was 

examined in the third part of this study. OTRmax was used as the scale-down 

parameter. OTR progressions of shake flask and MTP cultivations were identical with 

the chosen cultivation conditions. In round well MTPs, the filling volumes could be 

reduced from 1 mL to 400 µL leading to the same results. 400 µL to 900 µL filling 

volumes are appropriate in square well MTPs. Even though the scale-down from shake 

flasks to MTPs was highly successful, there is potential for further investigation. On the 

one hand, a characterization of the different MTPs would provide valuable information, 

for example regarding shear rates and power input. This would facilitate the simulation 

of cultivation conditions from larger scales and make MTPs a useful tool as a scale-

down model. On the other hand, it would be of keen interest to further decrease the 

filling volume while obtaining the same results. Two approaches are conceivable for 

that: firstly, the measuring phases of the µTOM device could be adapted for lower filling 

volumes. The measurement accuracy will be improved so that OTR determination of 

lower filling volumes is more precise. The second option would be the implementation 

of shaken low-well MTPs. The ratio of headspace to filling volume would improve and 

the precision of OTR measurement at lower filling volumes would increase. 

Two application examples of the µTOM device were shown within this thesis. One was 

from the research area of cell line engineering. Kill curve experiments were streamlined 

and, experimental procedure was reduced while throughput was increased at the same 

time. Beyond that, there are other applications conceivable in this research area. The 

monitoring technique could, for example, simplify clone selection steps when 

generating new cell lines. In general, the µTOM is an advantageous tool for any kind 

of screening experiment. The second example provided the first proof that media 
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screening and optimization is possible for CHO cells. The influence of different initial 

glutamine concentrations was studied. From this single, simple experiment many 

further biological research questions have emerged. During metabolization of 

glutamine, ammonium is built as a by-product. This is toxic to the cells in high 

concentrations. Therefore, low glutamine concentrations are recommended for CHO 

cell cultivations. However, in the experiment presented here, high glutamine 

concentrations of up to 19 mM did not lead to toxic effects but even improved metabolic 

activity. For further investigation, ammonium concentrations as well as amino acid 

concentrations should be measured. Moreover, a detailed examination of productivity 

and product quality would be necessary. It would be also worth examining the 

phenomenon with other media and other, high-producing cell lines. New cultivation 

conditions could be implemented and similar studies with other media components like 

glucose could be investigated. Starting with this knowledge, OTR databased fed- or 

pulsed-batch strategies could be established.  

Finally, a scale-up of the CHO cell cultivations from the small shaken devices to a STR 

was performed with the knowledge from previous studies in shake flasks and MTPs. 

For this, different antifoam agents were tested concerning their impact on the OTR. 

Antifoam SE-15 was proven to be the best antifoam with the smallest impact on OTR. 

However, there are many other possible antifoams available. They could be tested with 

little effort in the µTOM device. Results could serve as a reference for further use of 

antifoams in mammalian cell cultivations.  

The scale-up approach from small shaken devices to a STR was successful by using 

a constant power input as a scale-up parameter. This may lead to future experiments 

with CHO cells being carried out on a small shaken scale and subsequently being 

predictably reproduced in a STR. It is moreover conceivable that the shaken systems 

are used as scale-down models for larger systems e.g. to simulate heterogeneity 

effects at large scale. The data density of the STR cultivations could be further 

improved, for example, by using different probes such as capacitance, redox, or 

Raman sensors. All experiments in this study were performed in batch mode to prove 

the general feasibility of the methods. However, industrial production processes are 

usually performed in pulsed-batch, fed-batch, extended-batch, or perfusion mode. It 

would therefore be of high interest to transfer results on all scales from batch mode to 

one with feeding. 
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CHO cell culture processes are in general well-established even if there are still many 

details to be explored and processes can be streamlined. However, knowledge from 

these processes including the findings of this study is of high importance for the much 

less explored research areas of cell and gene therapy. Methods should be transferred 

to other mammalian cells like Human embryonic kidney (HEK) or stem cells which are 

the workhorses for cell and gene therapy studies.  

In summary, this thesis established online monitoring of the oxygen transfer rate for 

fast-growing CHO cells in high-throughput in shake flasks and 96-well MTPs. The 

influence of hydromechanical stress on CHO cells was investigated and used as 

database for scale-up experiments into a STR. Therefore, the thesis decisively 

contributed to streamlining process development with CHO cell cultures and laid the 

foundation for improvements with other mammalian cell lines and processes. 
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9 Appendix 

 

App. Figure 1: Cultivation of CHO DP12 cells in shake flasks under standard conditions 

(independent repetition of the experiment in Fig 1). The experiments were performed in six 
replicates. Three replicates were daily sampled for offline analysis and three were used for 
online monitoring only. All data are shown as mean value of three biological replicates 
(indicated as error bars or shades). A) Depicted are the viable cell density (VCD) and the 
viability determined by a CEDEX. B) Shown is the mean oxygen transfer rate (OTR). For clarity, 
only every twelfth measuring point over time is marked as a symbol. The lines are drawn 
through all measured values. The outliers in the OTR data due to temperature adaptations 
after sampling were excluded from the data. In addition, the antibody concentration is shown. 
C) Corresponding glucose, glutamine, and lactate concentrations are plotted over time. 
Depletion of glucose and glutamine is marked by dotted vertical lines over all three parts of the 
figure. Cultivations were performed in a TOM device. Culture conditions: 250 mL TOM glass 
flasks, temperature (T) = 36.5°C, shaking frequency (n) = 140 rpm, shaking diameter 
(d0) = 50 mm, filling volume (VL) = 50 mL, 5 % CO2, 70 % rel. hum., medium: TCX6D + 8 mM 
glutamine; starting cell density: 5x105 cells mL-1. 
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App. Figure 2: Viable cell density and viability of CHO DP12 cells in shake flasks with varying 
average energy dissipation rates (ɛØ). All data are shown as the mean value of three biological 
replicates. A) Depicted is the viable cell density (VCD) and B) the viability, both determined by 
a CEDEX. Culture conditions: flask size, shaking frequency, shaking diameter, and filling 
volume see Table 1, temperature (T) = 36.5°C, 5 % CO2, 70 % rel. hum., medium: TCX6D + 
8 mM glutamine; starting cell density: 5x105 cells mL-1.  
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App. Figure 3: Mean oxygen transfer rate of CHO DP12 cells in shake flasks with varying 
average energy dissipation rates (ɛØ). The mean oxygen transfer (integral of the oxygen 
transfer rate) of the 3 replicates from Figure 5 is shown with standard deviations illustrated as 
shaded areas. For clarity, only every twelfth measuring point over time is marked as a symbol. 
The lines are drawn through all measured data points. Culture conditions: flask size, shaking 
frequency, shaking diameter, and filling volume see Table 1, temperature (T) = 36.5°C, 5 % 
CO2, 70 % rel. hum., medium: TCX6D + 8 mM glutamine; starting cell density: 5x105 cells mL-1. 
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App. Figure 4: Cultivation of CHO DP12 cells in shake flasks with variation of shaking 
frequencies. The experiments started with an average energy dissipation rate (ɛØ) of 
0.12 W kg-1 or 0.16 W kg-1. After roughly two days (see vertical dotted line), ɛ was increased 
to different levels. The mean oxygen transfer rate (OTR) is shown with standard deviations 
illustrated as shaded areas. For clarity, only every 24th measuring point over time is marked as 
a symbol. The lines are drawn through all measured data points. The outliers in the OTR data 
due to temperature adaptations after opening the incubation hood were excluded from the 
data. Culture conditions: flask size, shaking frequency, shaking diameter, and filling volume 
see Table 1, temperature (T) = 36.5°C, 5 % CO2, 70 % rel. hum., medium: TCX6D + 8 mM 
glutamine; starting cell density: 5x105 cells mL-1. 
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App. Figure 5: Glutamine and glucose concentrations of CHO DP12 cell cultivations in shake 
flasks with varying average energy dissipation rates (ɛØ). Mean value of A) glutamine 
concentrations and B) glucose concentrations of three replicates (cultivations depicted in 
Figure 5). Culture conditions: flask size, shaking frequency, shaking diameter, and filling 
volume see Table 1, temperature (T) = 36.5°C, 5 % CO2, 70 % rel. hum., medium: TCX6D + 
8 mM glutamine; starting cell density: 5x105 cells mL-1. 
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App. Figure 6: Cell-specific production and uptake rates of CHO DP12 cell cultivations in 
shake flasks with varying average energy dissipation rates (ɛØ): A) cell-specific glucose uptake 
rate, B) cell-specific glutamine uptake rate, C) cell-specific lactate production rate and D) cell-
specific antibody productivity. Culture conditions: flask size, shaking frequency, shaking 
diameter, and filling volume see Table 1, temperature (T) = 36.5°C, 5 % CO2, 70 % rel. hum., 
medium: TCX6D + 8 mM glutamine; starting cell density: 5x105 cells mL-1. 
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App. Figure 7: Antibody concentrations of CHO DP12 cell cultivations in shake flasks with 
varying average energy dissipation rates (ɛØ). The mean value of three replicates is depicted 
(cultivations shown in Figure 5). Culture conditions: flask size, shaking frequency, shaking 
diameter, and filling volume see Table 1, temperature (T) = 36.5°C, 5 % CO2, 70 % rel. hum., 
medium: TCX6D + 8 mM glutamine; starting cell density: 5x105 cells mL-1. 
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App. Figure 8: Reproducibility of oxygen transfer rate (OTR) determination of CHO-K1 cell 
cultures. The OTR was determined by the µTOM device in a 96-deep-well microtiter plate (Exp 
1) and by a Kuhner TOM device in shake flasks (Exp2 – Exp7). Experiment one (red line and 
open circles) and two (black line and open squares) are the same experiments as in Figure 9. 
The low standard deviations are shown as shaded areas and indicate good reproducibility. For 
clarity, only every twelfth measuring point over time is marked as a symbol. (A) Original OTR-
data. (B) Data corrected for differences in the lag phase by shifting the OTR curves along the 
x-axis. Culture conditions TOM device: 100 mL / 250 mL glass flasks, temperature 
(T) = 36.5°C, shaking frequency (n) = 140 rpm, shaking diameter (d0) = 50 mm, filling volume 
(VL) = 20 / 50 mL, 5 % CO2, 70 % rel. hum., medium: TCX6D + 8 mM glutamine; starting cell 
density: 5x105 cells mL-1. Culture conditions µTOM device: 96-deep-well microtiter plate, 
temperature (T) = 36.5°C, shaking frequency (n) = 850 rpm, shaking diameter (d0) = 3 mm, 
filling volume (VL) = 1 mL, 5 % CO2, humidified, medium: TCX6D + 8 mM glutamine; starting 
cell density: 5x105 cells mL-1. 
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App. Figure 9: Oxygen transfer rate (OTR) of CHO DP12 cell cultures. Figure 10 with the 
corresponding standard deviations indicated as shaded areas. Two independent experiments 
(1 and 2) were performed. For both experiments, a round 96-deep-well microtiter plate and 
250 mL shake flasks were inoculated. The µTOM device was used for online monitoring of the 
microtiter plates (dark red line and circles; light red line and triangles) and the TOM device for 
the shake flasks (black line and squares; grey line and diamonds). For clarity, only every 24th 
measuring point over time is marked as a symbol. The microtiter plate experiments were 
performed in 72 (Exp 1) and 66 (Exp 2) replicates and the shake flask experiments in 3 
replicates each. Culture conditions TOM device: 250 mL glass flasks, 
temperature (T) = 36.5°C, shaking frequency (n) = 140 rpm, shaking diameter (d0) = 50 mm, 
filling volume (VL) = 50 mL, 5 % CO2, 70 % rel. hum., medium: TCX6D + 8 mM glutamine; 
starting cell density: 5x105 cells mL-1. Culture conditions µTOM device: round 96-deep-well 
microtiter plate, temperature (T) = 36.5°C, shaking frequency (n) = 850 rpm, shaking diameter 
(d0) = 3 mm, filling volume (VL) = 1 mL, 5 % CO2, humidified, medium: TCX6D + 8 mM 
glutamine; starting cell density: 5x105 cells mL-1. 
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App. Figure 10: Oxygen transfer rate (OTR) of CHO DP12 cell cultures monitored by the 
µTOM device with different filling volumes. OTR curves of cultivations in a round 96-deep-well  
microtiter plate (N = 8 for each filling volume) are depicted in solid lines. OTR curves of 
cultivations in a square 96-deep-well plate (N = 3 or 6 for each filling volume) are depicted as 
dotted lines. For clarity, only one measuring point per day over time is marked as a symbol. 
The standard deviations are shown as shaded areas. Culture conditions: temperature 
(T) = 36.5°C, shaking frequency (n) = 850 rpm, shaking diameter (d0) = 3 mm, varying filling 
volume (VL), 5 % CO2, humidified, medium: TCX6D + 8 mM glutamine; starting cell density: 
5x105 cells mL-1. 
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App. Figure 11: Original oxygen transfer rate (OTR) data of kill curves including the outliers 
due to temperature adaptations after medium exchange. Kill curves (A) for CHO-K1 cells in 
100 mL glass shake flasks with the antibiotic puromycin, (B) for CHO-K1 cells in 96-deep-well 
microtiter plates with puromycin, (C) for sciCHO cells in 96-deep-well microtiter plates with 
puromycin, (D) for CHO-K1 cells in 96-deep-well microtiter plates with hygromycin B and (E) 
for sciCHO cells in 96-deep-well microtiter plates with hygromycin B. The standard deviations 
are shown as shaded areas. For clarity, only every twelfth measuring point over time is marked 
as a symbol. Culture conditions TOM device: 100 mL glass flasks, temperature (T) = 36.5°C, 
shaking frequency (n) = 140 rpm, shaking diameter (d0) = 50 mm, filling volume (VL) = 20 mL, 
5 % CO2, 70 % rel. hum., medium: TCX6D + 8 mM glutamine + varying concentrations of 
puromycin; starting cell density: 5x105 cells mL-1. Culture conditions µTOM device: 96-deep-
well microtiter plate, temperature (T) = 36.5°C, shaking frequency (n) = 850 rpm, shaking 
diameter (d0) = 3 mm, filling volume (VL) = 1 mL, 5 % CO2, humidified, medium: TCX6D + 
8 mM glutamine + varying antibiotic concentrations; starting cell density: 5x105 cells mL-1.   
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App. Figure 12: Experimental strategy used with the antibiotic hygromycin B. Seven different 
antibiotic concentrations were used with sciCHO cells and five different concentrations with 
CHO-K1 cells in eight replicates each. Every two days one well per antibiotic concentration 
was sampled for offline analysis. Afterward, the medium was exchanged for the remaining 
wells. A total of four wells per concentration (diagonal-hatched) ran over the entire cultivation 
time of 10 days. Those four wells were taken into consideration for the online monitored oxygen 
transfer rate (OTR) in the µTOM device. 
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App. Figure 13: Original OTR and DOT data from stirred tank reactor cultivations. CHO DP12 
cell cultivations in a stirred tank reactor with a stirring speed of A) n = 360 rpm (refer to 
Figure 18) and B) n = 100-250 rpm (refer to Figure 19). Depicted is the oxygen transfer rate 
(OTR) with all measuring points (blue line and pentagons) and the dissolved oxygen tension 
(DOT) (green line and sideward triangle). For clarity, only one measuring point per day is 
plotted. Culture conditions: 1.5 L reactor, temperature (T) = 36.5°C, stirrer speed 
(nST) = 360 rpm or 100-250 rpm (Rushton turbine), filling volume (VL) = 600 mL, 5 % CO2, 
aeration = 0.2 vvm (sparged), medium: TCX6D + 8 mM glutamine; starting cell density: 
5x105 cells mL-1. 
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App. Figure 14: Offline measured metabolite and product concentrations of the cultivations 
shown in Figure 18. CHO DP12 cell cultivations were performed in round 96-deep-well plates 
(dark and light red lines / circles and upward triangle), shake flasks (black and gray lines / 
squares and diamonds) and a stirred tank reactor (blue line and pentagon). Depicted are A) 
glutamine concentrations B) glucose concentrations C) lactate concentrations and D) IgG 
antibody titer. 
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App. Table 1: OTRmax values for different filling volumes in round 96-deep-well microtiter 
plates according to Dinger et al. (2022). 

 

filling volume [µL] OTRmax [mmol L-1 h-1] 

200 52.8 

300 35.2 

400 26.4 

500 21.1 

600 17.6 

700 15.1 

800 13.2 

900 11.7 

1000 10.5 
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App. Table 2: Variables for calculation of the scale-up parameters. 

 

 

 

 

variable value 

LO2 0.00118 mol L-1 bar-1 

pR 1 bar 

 yO2,in 0.21 mol mol-1 

Vm 22.414 L mol-1 

q 0.2 L L-1 min-1 

C 0.32 

 α 0.74 

 β 0.42 

VL 600 mL 

p 1 bar 

dR 105 mm 

d 45 mm 

ρ 1000 kg m-3 
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