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Abstract 

A great share of biopharamceutical products is nowadays derived from mammalian cell 

cultivations. However, the scale-up of cell culture processes is a challenging task, often 

resulting in variable process performances across the scales. Due to the nature of bioreactor 

scale-up it is impossible to maintain all operational conditions equal between small-scale and 

large-scale cultivations. Variations in operational parameters can lead to a physiochemical 

variability with direct influence on cell specific physiological conditions, finally altering 

product quality and process performance. The goal of this thesis was to evaluate the impact of 

large-scale inhomogeneities, that arise during process scale-up, on cell physiology and process 

performance using a scale-down approach. Hereby physiological effects of large-scale 

inhomogeneities were uncovered through application and combination of a decoupled control 

strategy for process parameters (pH, pO2 and pCO2) with multivariate data analysis as well as 

metabolic flux analysis and the establishment of a two-compartment bioreactor system. 

Through this methodology novel process parameter interaction effects as well as intracellular 

metabolic regulations were revealed. Furthermore, the development and application of the two-

compartment bioreactor system led to an improved understanding of the impact of temporary 

pH gradients on cell physiology and process performance. The gathered results demonstrate 

that the used scale-down approach in combination with appropriate investigative methods is 

capable of revealing novel effects that might occur during large-scale mammalian fermentation 

processes. The transferability of these obtained results back to the large-scale is however 

challenging due to the lack of knowledge of the actual large-scale conditions.  
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Zusammenfassung 

Ein grosser Anteil an biopharmazeutschen Produkten wird heutzutage von 

Säugetierzellkulturen hergestellt  Der Scale-up von Zellkulturprozessen ist jedoch eine 

komplexe Aufgabe, die meist in unterschiedlichen Prozessverhalten in den verschiedenen 

Scales endet, da es unmöglich ist während dem scale-up alle Operationsparameter konstant zu 

halten. Variationen in den Operationsparametern können letztendlich zu einer 

physiochemischen Variabilität führen mit direktem Einfluss auf die zellphysiologischen 

Eigenschaften und damit auf die Produktqualität und den Prozess. Das Ziel dieser Arbeit war 

es, den Einfluss von Large-Scale-Inhomogenitäten auf die Zellphysiologie und das 

Prozessverhalten mit Hilfe eines Scale-Down-Ansatzes zu evaluieren. Hierbei wurden 

physiologische Effekte von Inhomogenitäten, mit Hilfe einer entkoppelten Kontrollstrategie für 

die Prozessparameter pH, pO2 und pCO2 und in Kombination mit Multivariater Datenanalyse 

und Metabolischer Flussanalyse sowie der Etablierung eines Zwei-Kompartiment-

Bioreaktorsystems, aufgedeckt. Durch diese Methodik konnten neue Interaktionseffekt von 

Prozessparametern und intrazelluläre Regulationsmechanismen aufgezeigt werden. Des 

Weiteren führte die Entwicklung und Anwendung des Zwei-Kompartiment-Bioreaktorsystems 

zu einem vertieften Verständnis von Effekten temporärer pH-Gradienten auf die 

Zellphysiologie und den Prozess. Die Resultate dieser Arbeiten zeigen, dass der Scale-Down-

Ansatz in Kombination mit den richtigen Experimental- und Analysemethoden dazu in der Lage 

ist neue Effekte, die in Large-Scale-Fermentationsprozessen auftreten aufzudecken.  Die 

Transferierbarkeit der Ergebnisse zurück in die Großfermenter ist allerdings herausfordernd, da 

die tatsächlichen lokalen Begebenheiten in Large-Scale-Bioreaktoren nicht bekannt sind.  
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Introduction and Problem Statement 

Mammalian cell culture in the biopharmaceutical industry 

The importance of mammalian cell culture for the biopharmaceutical industry can be derived 

from the latest biopharmaceutical benchmark by Walsh (2014). He stated that from 2012 to 

2014, around 60% of the total number of biopharmaceutical product approvals derived from 

mammalian cells (Walsh 2014). In contrast to other expression systems mammalian cells are 

capable of human like posttranslational modifications, which are essential for drug safety and 

efficacy. Within mammalian derived products, chinese hamster ovary (CHO) cells are the 

predominant expression system (Zhou and Kantardjieff 2014) due to several factors (Beck et 

al. 2008; Jayapal 2007): 

• CHO cells can be easily transfected, clone selection and gene amplification methods are 

well established  

• Relatively stable clones can be achieved with high extracellular protein expression rates  

• CHO cells are able to grow in suspension which makes them easy to cultivate in large-

scale  

• Several human viruses do not replicate in CHO cells  

•  Posttranslational glycosylation is more similar to humans in contrast to other cell lines 

(e.g. murine cells)  

• Most importantly large-scale upstream and downstream processes, as well as regulatory 

approval processes are already well established  

The most common biopharmaceutical product derived today from mammalian cells are 

monoclonal antibodies (Walsh 2014).   
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A typical production process for monoclonal antibodies 

The genetic information for the monoclonal antibody itself is usually obtained from hybridoma 

technology, phage display or transgenic animals (Nelson et al. 2010) and after potential further 

engineering (e.g. humanization), transfected into a host cell line. After primary screening, single 

cell clones can be obtained (e.g. by limited dilution) which undergo further screening for 

stability, cell growth and productivity (Lai et al. 2013). The final clone will then be used in 

process development and scale-up studies until final production (Wurm 2004). The industrial 

manufacturing process for monoclonal antibody production in chinese hamster ovary cells is 

usually a fed-batch process (Abu-Absi et al. 2014). Subsequently to large-scale production the 

supernatant is usually harvested using centrifugation and depth filtration. The first purification 

step is a protein A chromatography often followed by a viral inactivation step. Afterwards ion 

exchange chromatography (IEC) is mostly performed for impurity removal and further 

polishing. Additional process steps often include viral filtration and diafiltration into final 

buffers for storage until final filling into vials (Vazquez-Rey and Lang 2011). 

Large-scale monoclonal antibody production is a very complex process that involves several 

complicated procedures and needs clever linkage of all process steps. This thesis will only focus 

on the upstream process and more specifically on the challenges that might occur during the 

scale-up of the upstream process. 
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Scale-up induced process variability in mammalian cell culture 

The transition between the early process development and the late stage process 

development/manufacturing stage of a biopharmaceutical product is usually accompanied by a 

dramatic increase in bioreactor scale (Figure 1).  

 

Figure 1. Scale-up from process development to manufacturing process.  Upstream cultivation 

systems increase strongly in scale from early stage process development to the final manufacturing 

process. 

The scale-up of cell culture processes is challenging and deviations between the small-scale 

and large-scale performances are frequently observed (Xing et al. 2009). Variations in e.g. 

operational parameters, media composition or seed train procedures can lead to a 

physiochemical or biological variability with direct influence on cell specific physiological 

conditions and product characteristics (Figure 2). Thus, the two key parameters product quality 

(PQ) and volumetric productivity (rp) of a process can be significantly altered during process 

scale-up.  
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Figure 2. Scale-up induced process variability.  Variability occurs due to several factors influencing 

the cell specific physiological conditions as well as product characteristics and final process 

performance. 

During biopharmaceutical process development, a process design space is defined based on the 

product design space and characterization studies (e.g. Design of Experiments fermentation 

runs) that are usually performed in small-scale fermentation systems. However, these studies 

imply the assumption that the small-scale systems are capable of accurately modelling the large-

scale reactor. Nowadays, small-scale state of the art bioreactor systems are powerful tools in 

cell screening but are commonly performed using similar control strategies (e.g. pH, pO2 set-

points) than in production-scale. Therefore, these systems do not consider large-scale 

phenomena as inhomogeneities (Neubauer and Junne, 2010). 

The goal of this thesis was to evaluate the impact of large-scale inhomogeneities, that arise 

during process scale-up, on cell physiology and process performance using a scale-down 

approach. 
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Bioreactor scale-up and subsequent large-scale inhomogeneities 

Typical scale-up criteria in mammalian cell culture are constant specific power input (P/V) or 

constant volumetric mass transfer coefficient (kla) (Garcia-Ochoa and Gomez 2009; Nienow 

2006; Xing et al. 2009). However, keeping one of those parameters constant, usually results in 

an increased mixing time in large-scale bioreactors. This subsequently results in substrate or 

pH gradients after addition of these components to the bioreactor. Application of constant 

mixing time is not an appropriate scale-up parameter because this results in impractical high 

power inputs (Lara et al. 2006). Constant impeller tip speed or constant Reynolds number are 

two scale-up criteria that would lead to even higher mixing times in large-scale, when compared 

to the P/V or kla-criteria and are therefore not commonly used (Lara et al. 2006).  

Elevated pCO2 values can be often detected in large-scale processes. This can be mostly 

attributed to a decreased volumetric flowrate (vvm) in large-scale when compared to the small-

scale systems (Nienow 2006). Decreased vvm values are usually applied to maintain a certain 

superficial gas velocity (Vs) upon scale-up. This is crucial since elevated superficial gas 

velocities would contribute to foam formation (Pilon and Viskanta 2004) finally resulting in 

cell loss and the need of chemical antifoam addition (Delvigne et al. 2009). Moreover, the 

superficial gas velocity is linked to the volumetric mass transfer coefficient (kla) via Equation 

(1) and is connected to vvm via Equation (2). 

𝑘𝑙𝑎 = 𝑎×(
𝑃

𝑉
)𝑏×(𝑉𝑠)𝑐     [𝑠−1]  (1) 

with a, b and c as empirical constants. 

𝑉𝑠 = (
𝑣𝑣𝑚

60
) × (

𝑉𝑙

𝐴
)    [

𝑚

𝑠
]               (2) 

with Vl being the volume of the culture broth and A being the cross-sectional area of the 

bioreactor. 
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It has to be mentioned that the pCO2 in large-scale is further dependent from the local bioreactor 

conditions since hydrostatic effects and the limited capability of bubbles to take up CO2 have 

to be considered as well (Lara et al. 2006; Sieblist et al. 2011a). This can furthermore result in 

local pCO2 and subsequently pH gradients. 

Oxygen mass transfer is a key parameter during aerobic fermentation processes to supply the 

cells with enough oxygen. The oxygen transfer rate (OTR) can be influenced by the volumetric 

mass transfer coefficient according to Equation (3). 

𝑂𝑇𝑅 = 𝑘𝑙𝑎 ×(𝑐∗ − 𝑐)  (3) 

with c* being the O2 concentration at the phase boundary and c being the O2 concentration in 

the liquid. 

However, kla is dependent on the local power dissipation density and therefore varies inside of 

the bioreactor (Garcia-Ochoa and Gomez 2009; Sieblist et al. 2011b). O2 is usually added to 

the bottom of the bioreactor leading to different oxygen concentrations in the gas phase across 

the bioreactor (Hristov et al. 2001) further contributing to variable OTR values inside of the 

system. Due to the stated phenomena dissolved oxygen gradients are most likely to occur in 

large-scale processes. 

The described effects demonstrate that inhomogeneities in critical process parameters as pO2, 

pH and pCO2 do occur in large-scale production processes. However, in contrast to biological 

effects from different seed train procedures or media preparation influences, which could be 

both detected during small-scale satellite runs parallel to the large-scale studies, effects from 

process parameter inhomogeneities (e.g. in pH, pO2, pCO2) cannot be detected in the usually 

used scale-down model bioreactors. 



Introduction 

 

7 

A scale-down approach to assess large-scale inhomogeneities 

In this thesis, a scale-down approach was used to assess the impact of large-scale 

inhomogeneities on the cell physiology and product attributes. A scale-down approach is 

usually characterized by several steps.  

(i) In a first step the physiochemical variability inside of the large-scale bioreactor has to be 

identified. Actual large-scale bioprocess data of process parameter inhomogeneities are usually 

not available because they would need the application of multiposition sensors or in flow 

follower, which are still under development and far away from industrial application (Bockisch 

et al. 2014; Zimmermann et al. 2013). Mathematical models as compartment models or 

Computational Fluid Dynamics (CFD) models can be strong tools to predict the hydrodynamics 

and mass transfer characteristics of a bioreactor but are very complicated and include many 

challenges as bubble coalescence/break-up prediction and local gas-phase composition 

dynamics (Garcia-Ochoa and Gomez 2009; Hristov et al. 2001; Noorman 2011). Due to the 

lack of inhomogeneity-data from the industrial scale as well as the absence of CFD data in this 

thesis, the physiochemical conditions used in the scale-down studies were finally derived from 

an extensive literature research. 

(ii) The second step is simulating the large-scale conditions in a small-scale setup. Through this 

methodology the effects of large-scale inhomogeneities on cell specific physiological responses 

as well as product quality attributes can be investigated. Hereby the exact simulation of 

temporary large-scale inhomogeneities experienced by cells travelling through the bioreactor, 

is a challenging task which usually requires multi-compartment bioreactor systems (Neubauer 

and Junne 2010). However, general metabolic responses of the cells to changing environments 

can be further derived from pulse experiments or steady-state cultures at different process 

parameter set-points.  
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The first two steps of the scale-down approach were performed within this thesis and build the 

background for the published manuscripts (Figure 3). 

 

Figure 3. The first two steps of a scale-down approach to assess large-scale inhomogeneities.  The 

specific scale-down approach used in this thesis is highlighted in red. Essential methods used in the 

small-scale experiments are shown in conjunction with their related manuscript. Numbers in square 

brackets refer to the manuscripts included in this thesis. 

(iii) After the scale-down experiments, the obtained knowledge and results should be ideally 

transferred back to the industrial scale. Finally leading to an improvement of the large-scale 

process. The third step will be discussed in more detail in the conclusion and outlook chapter 

of this thesis. 
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Goal of the thesis and scientific contribution to the field  

The goal of this thesis was to evaluate the impact of large-scale inhomogeneities that arise 

during process scale-up on cell physiology and process performance using a scale-down 

approach. The thesis includes three peer reviewed manuscripts. The individual novelty aspects, 

achievements as well as author contributions to the manuscripts are shown in Table 1. 

Table 1. Achievements, novelty aspects and author contributions of Matthias Brunner (MBR). 

  Manuscript Title Novelty Achievements 

Author 

contributions 

 of MBR 

M
a
n

u
sc

ri
p

t 
N

o
. 

1
 Investigation of the 

interactions of 

critical scale-up 

parameters (pH, pO2 

and pCO2) on CHO 

batch performance 

and critical quality 

attributes. 

Interactions of scale-

up critical process 

parameters on cell 

physiology and 

product quality 

- A specific control strategy allows 

the analysis of interactions as well as 

decoupled effects of pH, pO2 and 

pCO2 

 

- Interactions of pH and pCO2 on cell 

physiology and product quality have 

to be considered during process 

scale-up 

 

- pH and pCO2 revealed strongest 

effects on process performance 

MBR partially 

designed the 

experiments, 

conducted the 

experiments, 

performed the data 

analysis and drafted 

the manuscript 

M
a
n

u
sc

ri
p

t 
N

o
. 

2
 

Elevated pCO₂ 

affects lactate 

metabolic shift in 

CHO cell culture 

processes.  

Elevated 

pCO2/bicarbonate 

can affect the lactate 

metabolic shift in 

CHO cell culture 

processes 

- pCO2 or bicarbonate concentrations 

respectively affect the lactate 

metabolism during CHO cell culture 

processes                    

               

- The onset of the lactate metabolic 

shift could be correlated to an 

intracellular redox balance via 

metabolic flux analysis 

MBR designed the 

experiments, 

performed the data 

analysis and drafted 

the manuscript 

M
a

n
u

sc
ri

p
t 

N
o

. 
3
 

The impact of pH 

inhomogeneities on 

CHO cell physiology 

and fed-batch 

process performance 

– two-compartment 

scale-down 

modelling and 

intracellular pH 

excursion 

Short-term exposure 

of cells to increased 

pH values affects 

their intracellular pH 

and overall process 

performance 

- A two-compartment scale-down 

model of a 10m3 STR was 

successfully set-up 

 

- Short term intracellular pH changes 

due to extracellular pH variations 

were detected  

 

- Simulation of elevated pH 

inhomogeneities during fed-batch 

processes, using the scale-down 

system, reveled significant effects on 

overall process performance 

MBR designed the 

experiments, 

performed the data 

analysis and drafted 

the manuscript 
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Abstract 

The shift from lactate production to consumption in CHO cell metabolism is a key event during 

cell culture cultivations and is connected to increased culture longevity and final product titers. 

However, the mechanisms controlling this metabolic shift are not yet fully understood. Variations 

in lactate metabolism have been mainly reported to be induced by process pH and availability of 

substrates like glucose and glutamine. The aim of this study was to investigate the effects of 

elevated pCO2 concentrations on the lactate metabolic shift phenomena in CHO cell culture 

processes. In this publication, we show that at elevated pCO2 in batch and fed-batch cultures, the 

lactate metabolic shift was absent in comparison to control cultures at lower pCO2 values. 

Furthermore, through metabolic flux analysis we found a link between the lactate metabolic shift 

and the ratio of NADH producing and regenerating intracellular pathways. This ratio was mainly 

affected by a reduced oxidative capacity of cultures at elevated pCO2. The presented results are 

especially interesting for large-scale and perfusion processes where increased pCO2 

concentrations are likely to occur. Our results suggest, that so far unexplained metabolic changes 

may be connected to increased pCO2 accumulation in larger scale fermentations. Finally, we 

propose several mechanisms through which increased pCO2 might affect the cell metabolism and 

briefly discuss methods to enable the lactate metabolic shift during cell cultivations. 
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1 Introduction 

Monoclonal antibody (mAb)-based products nowadays hold a strong share of overall 

biopharmaceutical product approvals, with Chinese hamster ovary cells (CHO) as their 

predominant expression system [1]. Media development, process optimization as well as the 

development of high and stable producer cell lines have led to optimized high-titer production 

processes [2]. Despite their extensive usage in the biopharmaceutical industry various challenges 

exist, especially during process scale-up [3-5]. One prominent example is the accumulation of CO₂ 

during large-scale and perfusion processes, which can result in reduced cell growth and 

productivity [6-9]. A common feature of mammalian cell culture processes is the metabolic shift 

from lactate production to lactate consumption, which has been shown to be beneficial for culture 

viability and final product titer [10, 11]. However, lactate production often increases in large-scale 

and the metabolic shift to lactate consumption can be reduced or completely absent in comparison 

to small-scale processes [10, 12]. Several methods have been developed to reduce lactate 

accumulation during processes, including the usage of alternative carbon sources, modified cell 

lines with e.g. lactate dehydrogenase-downregulation and specialized process control strategies 

[13-17]. Nevertheless, most of these methods are difficult to implement for large-scale 

bioproduction processes [15]. Moreover, the lactate metabolic shift has been shown to vary with 

media composition and cell lines [16, 18, 19]. 

Process pH has been shown to be capable of inducing the lactate metabolic shift [20] and the 

timing of pH shift is known to influence the time point of lactate consumption as well [21]. 

However, reliable control of the metabolic shift throughout different scales, cell lines and 

processes is not possible until today, due to missing understanding of the mechanisms leading to 

net lactate consumption [16, 22]. Process pCO₂ has been shown before to potentially influence 

specific lactate production [23], but has not been attributed so far to be a critical parameter with 

direct influence on the lactate metabolic shift phenomena. 

In this study, we aimed at analyzing whether elevated pCO₂/HCO₃⁻ concentrations during batch 

and fed-batch cultures can affect the lactate metabolic shift. Through time resolved metabolic flux 

analysis, it was further possible to correlate the onset of lactate consumption to an intracellular 
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NAD⁺/NADH ratio, supporting the hypothesis that this metabolic shift is connected to an 

intracellular redox equivalent balance. The presented results are of high importance for large-

scale and perfusion processes, where increased pCO₂/HCO₃⁻ concentrations are most likely to 

occur and subsequently might lead to a different process performance than expected from small-

scale studies. 

 

2 Materials and Methods 

2.1 Cell line, seed train and fermentation processes 

An industrial CHO cell line producing a monoclonal antibody (mAb) was cultivated in chemically 

defined media. Precultures for fermentation processes were cultivated in shake flasks and 

incubated at 10% (75 mmHg) pCO₂ and 36.5 °C temperature. Exponentially growing cells were 

transferred into 3 L glass bioreactors resulting in an inoculation density of 3 x 105 cells/mL. A 

specific control strategy was used to individually control pO₂, pCO₂ and process pH as described 

earlier in Brunner et al. [8]. pH was measured by an in-line probe (EasyFerm, Hamilton, United 

States) and regulated via addition of HCL and NaOH respectively. pO₂ was controlled by an in-line 

probe (VisiFerm, Hamilton, United States). pCO₂ was measured and controlled by use of an offgas 

sensor (BlueInOne, Bluesens, Germany). Batch cultivations were part of a previous Design of 

Experiments study [8] and processed at 37 °C and different set-points of pH at 7.0 or 7.2, pCO₂ at 

12.5% or 20% (94 - 150 mmHg) and pO₂ at 10% or 25%. Fed-batch cultivations were performed 

at 36.5 °C and pH set-point was set to pH 7.0 (pH deadband 0.03), whereby temperature was 

shifted after 60 hours to 33.0 °C. Control cultivations were conducted at pCO₂ 12.5% (94 mmHg) 

and pO₂ 40 %. Fermentation runs at elevated pCO₂ were cultivated at pCO₂ 20% (150mmHg) and 

pO₂ 25% or 40%. Feed A was added continuously to processes starting on day 4 until day 10 and 

on day 12. Feed B was added continuously starting on day 6 until day 10 and on day 12. Glucose 

was added to processes as soon as its concentration dropped below 2 g/L with bolus addition to 

2 g/L. 
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2.2 In-process analytics, mAb determination and amino acid measurement 

Cultivation samples were taken every 12 h and cell counting/viability determination was 

performed using the automatic picture analyzer Cedex HiRes Analyzer (Roche, Germany). 

Osmolality of supernatant was determined via freeze point depression (Mikro-Osmometer 

TypOM806, Löser, Germany). Analyses of the metabolites glucose, lactate and ammonium were 

performed using the Cedex Bio HT Analyzer (Roche, Germany). Antibody titer determination was 

carried out by HPLC (Ultimate 3000, Dionex, United States) with a Protein A sensor cartridge 

(Applied Biosystems, The Netherlands). Amino acid concentrations were determined by HPLC 

measurement (Ultimate 3000, Dionex, United States; ZORBAX Eclipse Plus C18 column, Agilent 

Technologies, United States). 

 

2.3 Time resolved metabolic flux analysis 
 
Metabolic flux analysis was performed as described before in detail by Zalai et al. [21]. Briefly, 

intracellular metabolic rates were calculated for every point in time of the cultivation using a 

previously published metabolic network of the central carbon metabolism of CHO cells [24, 25]. 

Biomass composition of CHO cells was taken from literature [24, 26]. Specific rates of uptake and 

production of metabolites as well as the specific oxygen uptake rate at sampling time points were 

used as model inputs and detection of gross measurement errors was performed via data 

reconciliation as described in literature [27, 28]. Flux constraints and the stoichiometric matrix of 

the model are presented in the Supporting Information. 

 

2.4 Calculation of specific rates and standard deviations 
 
Calculation of specific cell growth rates and metabolite production or consumption rates was 

performed for every sampling interval and similar to Sauer et al. [29]. Chemical degradation of 

glutamine to ammonia was considered [30]. The specific oxygen uptake rate was calculated via 

the stationary liquid phase balance as described in Ruffieux et al. [31]. Standard deviations of the 

calculated mean specific rates were determined by Monte-Carlo parameter estimation to generate 

multiple time-courses for each fermentation similar to Murphy and Young [32] using MATLAB® 
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(The MathWorks, Inc., USA). Error in prime variables (viable cell density, metabolite and product 

concentrations) for Monte-Carlo simulation were derived from manufacturer specifications, 

repeated measurements and published studies that used the same analytical devices [33-35]. 

Monte Carlo simulation of standard deviations is a useful methodology to capture analytical 

variability, however all biological variability cannot be derived by this method. Errors of the 

intracellular fluxes were assumed to be similar to the closely related greater extracellular fluxes 

as shown by Goudar et al. [36].  

 
3 Results  
 
3.1 Batch cultivations – initial observations 
 
In a previous study, batch fermentations were performed according to a Design of Experiments 

approach at different constant pH, pCO₂ and pO₂ set-points to investigate the effects of process 

parameter interactions on cell physiology and process performance [8]. Besides the reported 

effects, further investigation of the data set with focus on the lactate metabolic shift revealed that 

out of the 14 different set-point variations in pH, pCO₂ and pO₂, only two processes did not switch 

from lactate production to consumption after glutamine was depleted in the media. Remarkably, 

both processes were conducted at high pCO₂ levels (Fig. 1). The presented data-set consists of 

processes at pH 7.0 and pH 7.2 with variations in high (20%) and low pCO₂ (12.5%) as well as 

variable pO₂ set-points. Cell growth was reduced at increased pCO₂, resulting in a lower maximum 

VCD at these conditions (Fig. 1A). We found that processes at elevated pCO₂ did not follow a lactate 

metabolic shift until both glutamine and glucose depleted, whereas processes at lower pCO₂ 

already switched from lactate production to consumption right after glutamine depletion (Fig. 

1B/C/D). However, at pH 7.2 and pCO2 12.5% the data set is not that clear since glutamine and 

glucose depletion occurred close to each other. We have to state that glutamine depletion cannot 

be fully validated by the data-set due to the resolution of the analytical device at very low 

glutamine concentrations used in the DoE-study [37]. However, we will use the term depletion for 

the very low glutamine concentrations measured in the batch studies similar to the results 

presented by Zagari et al. [15]. To further investigate how elevated pCO₂ levels might affect the 



Manuscripts 

 

33 

lactate metabolic shift, additional fed-batch cultivations were conducted and metabolic flux 

analysis was used to reveal intracellular flux distributions.  

 
3.2 Fed-batch cultivations – verification of batch findings 
 
Fed-batch control experiments were conducted at a constant pH of 7.0, pCO₂ 12.5% and pO₂ 40%. 

In parallel to each control run one fed-batch culture was performed at the same pH but at elevated 

pCO₂ levels of 20% and at a pO₂ set-point of 25% or 40%, respectively. The viable cell densities 

were comparable within the two control runs and within fermentation processes at elevated pCO₂ 

concentrations (Fig. 2A). However, viable cell densities were reduced at high pCO2 in comparison 

to the control cultures. Due to the applied feeding strategy, no depletion of glutamine nor glucose 

occurred during the processes (Fig. 2B/C). Cultures at high pCO₂ did produce lactate throughout 

the entire process, whereas both control cultures started to consume lactate around day 5 of the 

process (Fig. 2D). Before the lactate metabolic shift, all cultures stayed at the lower pH deadband 

of 6.97 whereas pH profiles slightly changed after the metabolic shift due to the differences in 

lactate production (data not shown). Hereby cultures at elevated pCO2 stayed at the lower 

deadband whereas the control cultures moved to the upper pH deadband at 7.03. The average 

specific growth as well as metabolite production/consumption rates and average specific oxygen 

consumption of all fed-batch cultures before and after lactate uptake are presented in Figure 3, 

whereby the separation between those two phases is indicated by the dotted line in Figure 2. Rates 

after lactate uptake were calculated until the maximum viable cell density (VCD) of the respective 

process. Maximum viable cell densities were reached in between day 7.5 to day 8.5 for all 

processes. The average rates of the controls and the respective cultures at elevated pCO2 were 

tested for significant differences with a students t-test and results are presented in the Supporting 

Information. Average rates of glucose consumption, lactate production as well as specific growth, 

oxygen uptake rates and specific IgG productivity at elevated pCO₂ were all decreased in 

comparison to the control cultures before lactate uptake occurred (Fig. 3A).  After the occurrence 

of the metabolic shift in the control cultures, specific glucose consumption was higher at elevated 

pCO₂ than in the respective controls, whereas specific cell growth and specific oxygen 
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consumption became more similar (Fig. 3B). Specific productivity stayed at lower values for 

cultures at increased pCO₂ after the metabolic shift. Final product titers were strongly reduced at 

high pCO2 conditions, 1.4 g/L and 1.1 g/L compared to 2.2 g/L and 2.0 g/L respectively, in 

consequence of the reduced integral viable cell density and specific productivity. During the 

control cultures a switch from ammonia production to consumption occurred, which was absent 

in the other fermentations. Moreover, although metabolic rates for glucose consumption and 

lactate consumption of the control cultures after the metabolic shift seemed to be similar, the 

specific rates of these metabolites for the cultivations at high pCO₂ and different pO₂ set-points 

showed several significant differences. Since glutamine has been shown before to be connected to 

the lactate metabolic shift (Fig. 1) and ammonia profiles of the fed-batch cultures differed strongly 

(Fig. 4A), the specific glutamine consumption was investigated in more detail. Shortly after cells 

started to consume lactate in the control cultures, ammonia concentrations started to decline in 

contrast to the cultures at high pCO₂ (Fig. 4A). The specific ammonia production correlates well 

with the specific glutamine uptake rate of the cells (Fig. 4B), regardless of the individual fed-batch 

conditions.  As soon as glutamine consumption rates dropped below approx. 0.12 

[pmol/(cell*day)], indicated by the horizontal dashed line in Figure 4C, ammonia concentrations 

decreased. After the metabolic shift occurred, it seemed that cultures at high pCO₂ showed a 

slightly higher specific glutamine uptake rate than the control cultures (Fig. 4C), however no 

significant differences could be derived through comparison of the average rates.  Subsequently 

metabolic flux analysis was used to generate a more detailed understanding of the metabolic 

behavior of the cells under high and low pCO₂ conditions. 

 

3.3 Metabolic flux analysis  

Metabolic flux analysis was performed for the fed-batch experiments.  A simplified metabolic 

network is presented in Figure 5. The metabolic model consists of fluxes of the central carbon 

metabolism of glycolysis, pentose phosphate pathway and TCA cycle.  Analogous to the 

extracellular rates in Figure 3 average intracellular specific metabolite rates were calculated 

before the uptake of lactate occurred (Fig. 6A) and after the metabolic switch until the end of the 
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growth phase of the respective process (Fig. 6B). The average rates of the controls and the 

respective cultures at elevated pCO2 were tested for significant differences with a students t-test 

and results are presented in the Supporting Information.  In agreement with the results presented 

in Figure 3A reduced glycolytic influx via glucose-6-phosphate isomerase (GPI) and finally 

pyruvate kinase (pk) could be observed at increased pCO₂ levels in comparison to the control 

cultures before the lactate metabolic shift (Fig. 6A). Moreover, TCA cycle fluxes (isocitrate 

dehydrogenase (icdh), alpha-ketoglutarate dehydrogenase (akdh), malate dehydrogenase 

(maldh)) were significantly reduced at high pCO₂. Interestingly several fluxes with CO₂ as a 

reaction product (glucose-6-phosphate dehydrogenase (g6pdh), pyruvate dehydrogenase (pdh), 

icdh, akdh, maldh, phosphoenolpyruvate carboxykinase (pepck)), indicated by the highlighted 

arrows in Figure 5, were lower at elevated pCO₂ conditions, resulting in reduced specific carbon 

dioxide production rates (Fig. 6A). After the metabolic shift, average glycolytic fluxes were higher 

at processes with elevated pCO₂ set-points, whereas all other intracellular fluxes out of Figure 

6Abecame similar to the control reactors (Fig. 6B). Besides the general reduction of the cells 

metabolism (glycolytic fluxes, TCA cycle fluxes and respiration) at increased pCO₂ before the 

metabolic shift, we wanted to further investigate if the activity of certain metabolic pathways 

changed in relation to others (Table 1). The activity of the TCA cycle was defined as the 

cisaconitase flux similar to Wahrheit et al. [38] and the glycolytic activity was defined by the 

pyruvate kinase flux.. Respirational activity was represented by the specific oxygen uptake rate. 

It became evident that not only the overall glycolytic flux decreased under elevated pCO₂, but 

furthermore the ratio of lactate per pyruvate kinase flux, leading to less lactate production per 

consumed glucose. Moreover, the ratio of flux entering the TCA cycle per glycolytic flux, 

represented by the yield of pdh vs pyruvate kinase flux, was increased at high pCO2. However 

respirational activity in comparison to the TCA cycle activity was around 10% higher in the 

control reactors. Since differences in intracellular flux ratios can strongly affect intracellular 

metabolic equilibria and the redox variable R has been shown before to be connected to lactate 

production [21], intracellular NADH and NAD+ production/regeneration were investigated in 

more detail. The redox variable R is defined as the ratio of the cytosolic NADH produced during 
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the glycolysis via glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the mitochondrial 

capacity for NAD+ regeneration via the respiratory chain (Fig. 7). Due to a limited capacity of the 

cell to regenerate NAD+ via the respiratory chain, possibly caused by NADH transfer limitations 

through the malate-aspartate shuttle [39], surplus cytosolic NAD+ can be regenerated via lactate 

formation. R values above 1 imply that the cells keep producing lactate to regenerate cytosolic 

NAD+, whereas an R value below 1 would lead to the complete regeneration of NAD+ via the 

respiratory chain and even subsequent consumption of lactate leading to additional production of 

cytosolic NADH. 

The cytosolic NADH producing flux via GAPDH, the mitochondrial NAD⁺ regeneration and the 

redox variable R over process time are presented for all fed-batch fermentations in Figure 8. The 

cytosolic NADH producing flux before the lactate metabolic shift is higher in the control cultures, 

compared to the fermentation runs at increased pCO₂ which is in accordance with the previously 

investigated specific glucose uptake rates (Fig. 8A, Fig. 3). After the metabolic shift, the control 

cultures showed a reduced cytosolic NADH producing flux due to the lower specific glucose uptake 

rate in comparison to the processes at elevated pCO₂. The average mitochondrial NAD⁺ 

regeneration was higher in the control cultures than in the processes at increased pCO₂ before the 

metabolic shift, however values became more similar after the switch from lactate production to 

consumption (Fig. 8B). The resulting redox variable out of the cytosolic NADH producing flux and 

the mitochondrial NAD⁺ regeneration revealed that cells in the control cultures started to 

consume lactate as soon as the R value became lower than 1 (Fig. 8C). In contrast cultures at 

elevated pCO₂ stayed above the critical R value of 1 and did not switch from lactate production to 

consumption.  

 

4 Discussion 
 
4.1 Batch cultivations 

The results of the conducted batch fermentation experiments at different pCO₂ set-points 

demonstrated that processes at elevated pCO₂ conditions of 20% did not switch from lactate 

production to consumption after glutamine depletion as long as glucose was available in the 
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media. Zagari et al. [16] reported similar effects when cultivating two different clones in a batch 

process. One clone switched from lactate production to consumption after glutamine depletion, 

whereas the other clone did continue to produce lactate until glucose was depleted as well. 

Interestingly, the general metabolic behavior regarding the lactate metabolic shift did not change 

by increasing glucose or glutamine concentrations in their study. In contrast to Zagari et al. [16] 

however the divergences in metabolic behavior in our experiments were observed with the same 

clone and only by variations of the pO₂ and pCO₂ concentrations. Due to these observations, 

additional fed-batch experiments were designed to further investigate the effect of elevated pCO₂ 

on the lactate metabolic shift phenomena. 

 

4.2 Fed-batch cultivations 

During the conducted fed-batch processes, control cultures at 12.5% pCO₂ did switch from lactate 

production to consumption, whereas cultures at elevated pCO₂ of 20% did produce lactate 

throughout the entire fed-batch process. Similar to Martinez et al. [40] and Mulukutla et al. [11] 

data evaluation was split into process phases before and after the lactate metabolic shift. The 

process phase before the lactate metabolic shift displayed reduced glucose uptake, lactate 

production and specific oxygen consumption at elevated pCO₂ concentrations. Differences in the 

cells metabolism occurring before or with the lactate metabolic shift have been hypothesized 

before to be the major causes for the observed lactate divergences with the observations 

occurring after the shift being the cellular response [18]. Furthermore, the reduced specific 

oxygen consumption rate at elevated pCO₂ before the metabolic shift indicates a minor oxidative 

capacity of the cells under these conditions, which has been linked before to be connected with 

continuous lactate production [16, 18]. Average rates of specific oxygen consumption and specific 

cell growth became similar after the shift, whereas control cultures showed a lower glucose 

consumption and consumed lactate and ammonia. Differences in the second process phase might 

be for some part a consequence of the variation in lactate metabolism, but slightly different pH 

profiles and strongly different osmolality values in the second phase (Fig. 4D) have to be 

considered as well. As can be seen in Figure 4D the osmolality values of the control cultures and 
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cultures at elevated pCO2 started to diverge after the metabolic shift and increased osmolality is 

known to potentially affect cell metabolism. Since glutamine metabolism has been shown before 

to correlate with the lactate metabolic shift in the batch cultivations and other studies [16, 41] and 

furthermore ammonia metabolite profiles were strongly different between cultures at low and 

high pCO₂, the role of glutamine was investigated in more detail. Differences in the ammonia 

profiles could be directly linked to variations in the specific glutamine consumption rate. The 

specific glutamine uptake rates (qgln) between the conditions at the time of lactate uptake 

however were not strongly different and qgln continued to decrease throughout processes at high 

pCO₂ without lactate consumption. Furthermore, complete glutamine depletion did not induce the 

lactate metabolic shift during the batch cultures at elevated pCO₂. Therefore, we concluded that 

the observed differences in the lactate profiles between the fed-batch processes at increased pCO₂ 

and the control processes did not only derive from variations in the glutamine metabolism. 

 

4.3 Metabolic flux analysis 

Via time resolved stoichiometric metabolic flux analysis it was possible to investigate intracellular 

flux distributions inside of the cells throughout the entire fed-batch processes. Average glycolytic 

fluxes as well as TCA cycle fluxes were reduced under elevated pCO₂ conditions before the 

metabolic shift and subsequently led to a lower specific carbon dioxide production under these 

conditions. A generally lower TCA cycle activity in cultures that do not switch from lactate 

production to consumption has been observed before by Luo et al. [18], using a metabolomics 

approach. Furthermore, the yield of lactate per pyruvate kinaseflux was increased and the flux 

entering the TCA cycle via pyruvate dehydrogenase in relation to the pyruvate kinase flux, 

decreased under control conditions before the metabolic shift. This led further to an increased 

ratio of TCA cycle activity to glycolytic activity in both cultures at high pCO₂. Lower fluxes from 

OAA to PEP via pepck at elevated pCO₂ seemed to contribute to this metabolic divergence. 

However, reduced yields of lactate from glycolysis most probably derive from a reduced specific 

glucose consumption as described previously by Konakovsky et al. [14] and Zalai et al. [21]. 

Moreover, respirational activity in respect to the TCA cycle flux seemed to be higher in the control 
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cultures, again underlining a correlation of high oxidative capacity and the capability to consume 

lactate [16, 18]. The equilibrium between cytosolic and mitochondrial reduction equivalents, 

NADH and NAD⁺, has been hypothesized before to be connected to the lactate 

production/consumption state [13, 16, 21, 42]. Furthermore a generally reduced intracellular 

NADH/NAD⁺ ratio over process time in a process including a lactate metabolic shift was measured 

in Templeton et al. [43]. NADH and NAD⁺ producing/regenerating fluxes were higher in the 

control cultures before the metabolic shift occurred, whereas NAD+ regeneration became more 

similar after the shift and NADH producing fluxes became even higher in the cultures at elevated 

pCO₂. These findings were in agreement with the observed differences in glycolytic and TCA cycle 

fluxes. However, the ratio of cytosolic NADH and mitochondrial NAD+, expressed by the redox 

variable R, stayed at lower levels in the respective control cultures throughout most of the 

process. Furthermore, both control reactors dropped below the critical R-value of 1 at the same 

time they started to consume lactate, whereas cultures with constant lactate production stayed 

above R-values of 1. Considering the relationship of R and the glycolytic, TCA cycle and 

respirational fluxes, it could be derived that the increased R-values at elevated pCO₂ originated 

mainly from a strongly reduced respirational activity and subsequent decrease of the produced 

mitochondrial NAD⁺ via respiration. Additionally, an increased ratio of TCA cycle 

activity/glycolytic activity contributed further to a reduced mitochondrial NAD+ concentration.  

 

4.4 Possible mechanistic explanations for the observed effects of pCO₂ on cell metabolism  

Deriving a mechanistic explanation of the observed effects is not easy, since in contrast to 

microbial cultures, in mammalian cell culture only a few studies exist concerning pCO₂ effects. 

Moreover, CO₂ in cell culture media readily reacts with water to form HCO₃⁻ (bicarbonate) which 

is further dependent from process pH [44, 45]. Furthermore, batch fermentations out of a 

previous study [8], at pH 6.8 and elevated pCO₂ values (20%) did switch from lactate production 

to consumption, pointing to the fact that not elevated pCO₂ alone but further increased HCO₃⁻ at 

high pH and high pCO₂ might be the dominant factor. Additionally, several pH and pCO₂ 

interaction effects on CHO physiology have been reported before [8, 44]. CO₂/HCO₃⁻ may act as a 
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substrate and product for enzymes and interacts with intracellular pH in mammalian cells, 

furthermore effects on membrane permeability in microbial cultures are reported [45, 46]. 

Regulation of enzymes via CO₂/HCO₃⁻ has been described for yeast by Jones and Greenfield [47]. 

Their review presents inhibitions of glucose-6-phosphate dehydrogenase (g6pdh), malate 

dehydrogenase (maldh) and succinate dehydrogenase at elevated HCO₃⁻ level and they further 

state that an extreme sensitivity of phosphoenolpyruvate carboxykinase (pepck) to elevated pCO₂ 

is expected. pCO₂ related product inhibition of enzymes might also occur in mammalians. HCO₃⁻ 

is one of the key molecules involved in intracellular pH regulation in mammalians [48]. Several 

studies have shown that mammalian cells have efficient mechanisms to regulate their intracellular 

pH  [49, 50], however extreme conditions of elevated HCO₃⁻ concentrations might affect these 

regulation mechanisms. Intracellular pH is known to potentially affect phosphofructokinase, a key 

enzyme of the glycolysis [51]. At last, high concentrations of pCO₂/HCO₃⁻ could react increasingly 

with hydrogenperoxides to form peroxymonocarbonate ion (HCO4⁻) which is an extremely 

reactive oxygen species [52, 53]. Since mitochondria are extremely sensitive to oxidative damage 

[18], the capacity for oxidative phosphorylation could be impaired with increasing HCO4⁻ species.  

 

4.5 Methods to induce/facilitate lactate metabolic shift in mammalian cell culture based on 

the redox variable R 

According to the previously shown results, two general approaches can be stated: 

(I) Strong reduction of the glycolytic NADH producing flux will reduce R and consequently might 

lead to lactate consumption. Low glucose feeding as applied from Konakovsky et al. [14] can 

induce lactate consumption as shown in their study. Furthermore, pH-shifts to lower values can 

strongly reduce glucose consumption rates [8, 54] and have been shown before to induce lactate 

consumption [55].  

(II) Increasing the mitochondrial NAD⁺ regeneration would be the second approach to reduce R 

and initiate lactate consumption. At first the selection of a cell line with a generally high oxidative 

capacity seems to be beneficial [16, 18]. Furthermore, the respiratory capacity could be improved 

by supplying the phosphorylation enzymes with needed cofactors as proposed by Luo et al. [18]. 
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In this context copper concentrations have been shown before to correlate with the lactate 

consumption state [19]. Reduction of the TCA cycle flux without the impairment of glycolytic 

activity would be another possibility to increase mitochondrial NAD+. Glutamine is directly fed 

into the TCA cycle and significantly contributes to cell metabolism. Reduction of its specific uptake 

rate could induce lactate consumption and glutamine depletion has been shown to have the 

potential to induce the lactate metabolic shift in this and other studies [16].  

Based on our results it seems further beneficial to reduce pCO₂/HCO₃⁻ concentrations to assure 

lactate consumption. This is especially interesting for large-scale and perfusion processes where 

high pCO₂ concentrations are most likely to occur. Usage of optimized buffering agents and base, 

e.g. Na2CO3 instead of NaHCO3, can significantly reduce HCO₃⁻ concentrations [9]. Furthermore, 

optimized gassing strategies to reduce pCO₂ accumulation should be used [4, 6]. Finally, we have 

to confine our findings to the used CHO cell line since effects on lactate metabolism may vary with 

different cell lines as observed before in other studies. However, this publication is to our 

knowledge the first one to show that elevated pCO2/HCO3- concentrations can potentially affect 

the lactate metabolic shift mechanism and therefore is intended to draw other researchers 

attention to consider these effects in their experiments.  
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Table 1. Average intracellular yields before the metabolic shift. Control cultures produced 

more lactate per consumed glucose (i) and showed reduced flux from glycolysis into the TCA cycle 

via pyruvate dehydrogenase (ii) (pdh). The ratio of TCA activity to glycolytic activity was higher 

at elevated pCO2 (iii). Furthermore, the ratio of respiratory activity to TCA cycle flux was increased 

at the conditions of the control processes (iv).  

  

(i) Yield 
Lactate/pyruvate 

kinase flux [%] 

(ii) Yield 
pdh/pyruvate 

kinase flux 
[%] 

 (iii) TCA  
activity/glycolytic 

activity 
 [%] 

(iv) Respirational 
activity/TCA 

activity 
 [%] 

Control run 1 62 34 40 338 

pCO₂ 20/pO₂ 25 run 1 52 37 46 298 

Control run 2 57 35 49 329 

pCO₂ 20/pO₂ 40 run 2 51 39 53 298 
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Figure legends 

Figure 1. Viable cell density (VCD) and metabolite concentrations over process time of the 

batch fermentation processes. Processes at elevated pCO₂ started to consume lactate only after 

glucose depletion, whereas processes at lower pCO₂ values consumed lactate early in the process 

after glutamine depletion. 

Figure 2. Viable cell density (VCD) and metabolite concentrations over process time of the 

fed-batch fermentation processes. Cultures at pCO₂ 20% did not switch from lactate production 

to consumption, in contrast to the control cultures at 12.5% pCO₂. No depletion of glucose or 

glutamine occurred during the processes. The time of the metabolic shift is indicated by the 

dashed line. 

Figure 3. Average specific rates of several metabolites (glucose consumption (qgluc), 

lactate production (qlac), glutamine consumption (qgln), ammonia production (qamm)), 

specific productivity (qp), cell growth (µ) and oxygen consumption (qO₂) of the fed-batch 

cultures (A) before and (B) after the metabolic shift. The average rates of the controls and the 

respective cultures at elevated pCO2 were tested for significant differences with a students t-test 

and results are presented in the Supporting Information. (A) qgluc, qlac as well as qp, µ and qO₂ 

were reduced under elevated pCO₂ conditions in comparison to the control cultures. (B) After the 

metabolic shift qgluc was lower in the control cultures than in processes at pCO₂ 20%. In contrast 

to fermentation processes at elevated pCO₂, control cultures switched from lactate and ammonia 

production to consumption of these metabolites. 

 
Figure 4. (A) Ammonia concentration over process time of the fed-batch processes. Shortly 

after the metabolic shift occurred in the control cultures, indicated by the dashed line, processes 

started to show a decline in ammonia concentrations. (B) The relation between specific 

ammonia production (qNH4) and specific glutamine consumption (qGln). The data-set 

consists of data from all fed-batch processes from inoculation until maximum viable cell densities 

were reached. (C) Specific glutamine consumption (qGln) over process time of all fed-batch 
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processes. Only slight differences in the glutamine consumption rates between processes at pCO₂ 

20% and the control cultures could be observed. It seemed that qGln decreased in the control 

cultures after the metabolic shift occurred, indicated by the vertical dashed line. As soon as 

glutamine consumption rates dropped below approx. 0.12 [pmol/(cell*day)], indicated by the 

horizontal dashed line, ammonia concentrations decreased, except from day 9 on in the control 

cultures when alanine is consumed. 

Figure 5. Simplified version of the metabolic network used for the metabolic flux analysis. 

Main intracellular fluxes that produce pCO₂ (G6P to R5P, OAA to PEP, Pyr to AcoA, Cit/Icit to aKG 

and aKG to Suc) are highlighted inred, derived from Goudar et al.  [56]. 

Figure 6. Average specific rates of several intracellular fluxes of the glycolysis (GPI, pk, 

pdh), pentose phosphate pathway (g6pdh) and TCA cycle (icdh, akgdh, maldh, pepck) as 

well as specific carbon dioxide production (qCO₂) of the fed-batch cultures before (A) and 

after the metabolic shift (B). The average rates of the controls and the respective cultures at 

elevated pCO2 were tested for significant differences with a students t-test and results are 

presented in the Supporting Information. (A) Glycolytic and TCA cycle fluxes were reduced under 

elevated pCO₂ conditions in comparison to the control cultures, resulting in lower carbon dioxide 

production rates. (B) After the metabolic shift glycolytic influx via GPI was lower in the control 

cultures than in processes at pCO₂ 20%. TCA cycle fluxes and qCO₂ became similar within all fed-

batch processes after the metabolic shift. 

Figure 7. The redox variable R depends on the ratio of cytosolic NADH via glycolysis and 

the mitochondrial NAD⁺ via respiration and TCA cycle. The NADH/NAD⁺ ratio is tightly 

balanced, therefore R-values above 1 lead to an additional production of lactate and concurrent 

cytosolic NADH consumption. In contrast an R value below 1 would support cytosolic NADH 

production via lactate consumption. 

Figure 8. Cytosolic NADH production, mitochondrial NAD⁺ regeneration and the redox 

variable R over process time of the fed-batch cultivations. The time of metabolic shift is 
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indicated by the dashed line. Presented fluxes are interpolated between the data points via B-

splines. (A) The NADH producing flux via glycolysis is higher at the control cultures in comparison 

to the processes at elevated pCO₂ before the metabolic shift. After the shift fluxes increased at high 

pCO2 when compared to the control runs. (B) Mitochondrial NAD⁺ regeneration was higher in the 

processes at control conditions, however fluxes seemed to become more similar after the 

metabolic shift. (C) The value of the redox variable R stayed above the critical value of 1, indicated 

by the horizontal dashed line, for processes at elevated pCO₂ values. Fed-batch cultures at control 

conditions dropped below an R-value of 1 as soon as the metabolic shift occurred. 
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Figures 

 

 
Figure 1. Viable cell density (VCD) and metabolite concentrations over process time of the 

batch fermentation processes. Processes at elevated pCO₂ started to consume lactate only after 

glucose depletion, whereas processes at lower pCO₂ values consumed lactate early in the process 

after glutamine depletion. 
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Figure 2. Viable cell density (VCD) and metabolite concentrations over process time of the 

fed-batch fermentation processes. Cultures at pCO₂ 20% did not switch from lactate production 

to consumption, in contrast to the control cultures at 12.5% pCO₂. No depletion of glucose or 

glutamine occurred during the processes. The time of the metabolic shift is indicated by the 

dashed line. 
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Figure 3. Average specific rates of several metabolites (glucose consumption (qgluc), 

lactate production (qlac), glutamine consumption (qgln), ammonia production (qamm)), 

specific productivity (qp), cell growth (µ) and oxygen consumption (qO₂) of the fed-batch 

cultures (A) before and (B) after the metabolic shift. The average rates of the controls and the 

respective cultures at elevated pCO2 were tested for significant differences with a students t-test 

and results are presented in the Supporting Information. (A) qgluc, qlac as well as qp, µ and qO₂ 

were reduced under elevated pCO₂ conditions in comparison to the control cultures. (B) After the 

metabolic shift qgluc was lower in the control cultures than in processes at pCO₂ 20%. In contrast 

to fermentation processes at elevated pCO₂, control cultures switched from lactate and ammonia 

production to consumption of these metabolites. 
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Figure 4. (A) Ammonia concentration over process time of the fed-batch processes. Shortly 

after the metabolic shift occurred in the control cultures, indicated by the dashed line, processes 

started to show a decline in ammonia concentrations. (B) The relation between specific 

ammonia production (qNH4) and specific glutamine consumption (qGln). The data-set 

consists of data from all fed-batch processes from inoculation until maximum viable cell densities 

were reached. (C) Specific glutamine consumption (qGln) over process time of all fed-batch 

processes. Only slight differences in the glutamine consumption rates between processes at pCO₂ 

20% and the control cultures could be observed. It seemed that qGln decreased in the control 

cultures after the metabolic shift occurred, indicated by the vertical dashed line. As soon as 

glutamine consumption rates dropped below approx. 0.12 [pmol/(cell*day)], indicated by the 

horizontal dashed line, ammonia concentrations decreased, except from day 9 on in the control 

cultures when alanine is consumed. 
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Figure 5. Simplified version of the metabolic network used for the metabolic flux analysis. 

Main intracellular fluxes that produce pCO₂ (G6P to R5P, OAA to PEP, Pyr to AcoA, Cit/Icit to aKG 

and aKG to Suc) are highlighted inred, derived from Goudar et al. 
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Figure 6. Average specific rates of several intracellular fluxes of the glycolysis (GPI, pk, 

pdh), pentose phosphate pathway (g6pdh) and TCA cycle (icdh, akgdh, maldh, pepck) as 

well as specific carbon dioxide production (qCO₂) of the fed-batch cultures before (A) and 

after the metabolic shift (B). The average rates of the controls and the respective cultures at 

elevated pCO2 were tested for significant differences with a students t-test and results are 

presented in the Supporting Information. (A) Glycolytic and TCA cycle fluxes were reduced under 

elevated pCO₂ conditions in comparison to the control cultures, resulting in lower carbon dioxide 

production rates. (B) After the metabolic shift glycolytic influx via GPI was lower in the control 

cultures than in processes at pCO₂ 20%. TCA cycle fluxes and qCO₂ became similar within all fed-

batch processes after the metabolic shift. 
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Figure 7. The redox variable R depends on the ratio of cytosolic NADH via glycolysis and 

the mitochondrial NAD⁺ via respiration and TCA cycle. The NADH/NAD⁺ ratio is tightly 

balanced, therefore R-values above 1 lead to an additional production of lactate and concurrent 

cytosolic NADH consumption. In contrast an R value below 1 would support cytosolic NADH 

production via lactate consumption. 
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Figure 8. Cytosolic NADH production, mitochondrial NAD⁺ regeneration and the redox 

variable R over process time of the fed-batch cultivations. The time of metabolic shift is 

indicated by the dashed line. Presented fluxes are interpolated between the data points via B-

splines. (A) The NADH producing flux via glycolysis is higher at the control cultures in comparison 

to the processes at elevated pCO₂ before the metabolic shift. After the shift fluxes increased at high 

pCO2 when compared to the control runs. (B) Mitochondrial NAD⁺ regeneration was higher in the 

processes at control conditions, however fluxes seemed to become more similar after the 

metabolic shift. (C) The value of the redox variable R stayed above the critical value of 1, indicated 

by the horizontal dashed line, for processes at elevated pCO₂ values. Fed-batch cultures at control 

conditions dropped below an R-value of 1 as soon as the metabolic shift occurred. 
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Conclusions and Outlook 

Conclusions 

Within this thesis a scale-down approach was used to assess scale-up induced process 

variability due to process parameter inhomogeneities. The specific methodologies used in the 

manuscripts can be seen as a toolset in scale-down studies to understand variations between 

different fermentation scales (Figure 4). 

 

Figure 4. The scale-down approach can improve the understanding of scale-up effects. The specific 

methodologies used in the manuscripts are presented. Numbers in square brackets refer to the specific 

manuscripts included in this thesis. 

The decoupled control of process pH, pO₂ and pCO₂ in combination with the multivariate 

experimental design in manuscript 1 allowed us to reveal significant interaction effects of 

process parameters, in particularly of pH and pCO₂, on cell physiology and product quality 

attributes. Interaction effects of process parameters are usually not considered during process 

scale-up but especially pH and pCO₂ are closely related in mammalian cell culture whereby 

pCO₂ is usually introduced as an acidic reagent to control pH (Abu-Absi et al. 2014). 
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Furthermore, bicarbonate concentrations are dependent from process pH and pCO₂ levels. 

Increased pCO₂ values in large-scale can therefore further result in differences in pH and 

bicarbonate concentration. The interaction effects discovered in manuscript 1 built the basis for 

the investigations in manuscript 2.  

In manuscript 2 we could show that elevated pCO₂/bicarbonate concentrations can change 

metabolic key events during cell culture processes and therefore should be considered during 

process scale-up. Metabolic Flux Analysis was demonstrated to be a relevant tool during the 

scale-down studies to improve the understanding of intracellular flux distributions and overall 

cell metabolism. Through this methodology the onset of lactate uptake could be correlated to 

an intracellular ratio of reducing equivalents. Based on these results, it seems to be beneficial 

to reduce bicarbonate and pCO₂ levels during process scale-up by usage of optimized gassing 

strategies and alternative bases (e.g. NaOH instead of Na2CO3). 

The two-compartment scale-down bioreactor used in manuscript 3 is generally an excellent tool 

to investigate the effect of transient perturbations in process parameters on cell physiology and 

overall process performance (Neubauer and Junne 2010). The results out of manuscript 3 

revealed that even short-term exposure of cells to elevated pH values affects the cells 

intracellular pH and overall process performance. However, the applied settings in this study 

were based on extreme conditions out of literature and are not representing the industrial large-

scale reality. Nevertheless, the results indicate that optimized mixing, the usage of weak bases 

and submerse base addition would be beneficial during large-scale cell culture processes to 

reduce the impact of pH inhomogeneities. 

Finally, the goal of a scale-down approach is not only to generate knowledge of possible scale-

up effects but to further transfer that gained knowledge back to the large-scale (Noorman 2011). 

However, due to the lack of knowledge of the exact large-scale conditions, which would require 

multiposition sensors or in-flow follower (Bockisch et al. 2014; Zimmermann et al. 2013), it is 
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only possible to derive general conclusions out of the scale-down studies. Furthermore, static 

process parameter conditions applied in two out of the three scale-down studies in this thesis 

might provoke different cell responses than the dynamic environmental conditions experienced 

by cells in large-scale processes. However, the applied scale-down approach and individual 

methodologies in this thesis allowed the identification of novel process parameter effects and 

intracellular metabolic regulations that occur during mammalian cell culture process scale-up. 

The results of this thesis finally contribute to an improved understanding of scale-up variability 

and can therefore be applied to improve process scale-up robustness e.g. by application of 

submerse base addition. Furthermore, the scale-down approach and methodologies can be used 

to investigate scale-up effects under the individual large-scale process conditions.  

 

Outlook 

Process parameter interactions of pH and pCO₂ as well as elevated pCO₂/bicarbonate have been 

shown in manuscript 1 and 2 to affect cell physiology, product quality and overall process 

performance. The scale-down studies should be expanded in future work with different cell 

lines and under variable pCO2 conditions to gain deeper understanding of these effects. 

Furthermore, the application of dynamic pCO2 profiles during fed-batch processes might 

provide results that are closer to the large-scale reality. Moreover, the linkage of intracellular 

reducing equivalents with the onset of lactate consumption should be confirmed and evaluated 

in more detail using different cell lines or clones. The two-compartment bioreactor system in 

manuscript 3 is capable of exposing the cells to transient environmental conditions and 

therefore can give a better approximation of the large-scale conditions. The results of the 

presented study suggest that short-term exposure of cells to elevated pH conditions strongly 

affect the cells physiology and overall process performance. Through further optimization of 

the two-compartment system and the knowledge of the actual large-scale conditions this 
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bioreactor system could become an efficient tool to investigate the effect of large-scale 

inhomogeneities and could be furthermore used to screen for cell lines or clones with good 

performance under inhomogeneous conditions (Neubauer and Junne, 2010). 
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