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ABSTRACT 
 

pH is a key parameter in the optimization of animal cell processes, and has be linked to 

specific patterns of consumption and production of extracellular metabolites. However, 

the effect of extracellular pH on intracellular metabolism has not been fully elucidated. 

Metabolic flux analysis is a mathematical method that can be used to generate the 

intracellular flux distributions in cells, e.g. as a function of some environmental 

parameter. In this work, the overall objective was to develop a culture system and 

experimental protocol for cultivation of CHO cells, which can be used to generate data 

for analysis of the relationship between extracellular pH and intracellular fluxes in CHO 

cells by metabolic flux analysis. First, shake-flask culture of an IgG-producing cell line 

was performed to select an academic and chemically-defined medium with known 

composition. This was followed by subsequent adaptation of the cells. It was found that 

the originally selected medium had to be supplemented with a commercial medium to 

produce acceptable growth and viability. Shake-flask culture was also performed to 

evaluate the effect of the biological buffer HEPES on cell growth and viability, and the 

pH-stability during culture. HEPES-concentrations in the investigated range (7.5-45 

mM) did not show an apparent effect on cell growth or viability. The higher 

concentrations gave slightly better buffering capacity at inoculation, however were not 

sufficient to keep pH stable during culture. As a result, the idea of using shake flask 

culture and similar techniques for cultivation of cells at various pH set-points was 

dismissed. Instead, a culture system and protocol based on a 100 mL Spinner flask with 

pH-regulation was custom-designed for the project. Features of the final design included 

continuous monitoring of pH and DO, stable temperature at 37 °C, adjustable agitation 

rate, as well as the option to incorporate inflow of air, O2 and CO2. In addition, the 

possibility to disconnect the flask unit to perform medium exchange and sample 

collection away from the reactor site (i.e. in a laminar flow workbench) was integrated 

into the design and protocol. The system was demonstrated for pseudo-perfusion 

culture with the adapted IgG-producing cell line at pH 7.0 during 24 days. Optimized 

regulation settings were identified. It was shown that the system could support viable 

cell densities of up to 11 MVC/mL and high viability (> 90 %). During the final phase of 

culture, stable growth, at specific growth rates of approximately 0.7 Day-1, was achieved. 

The specific rates of consumption and production of the key metabolites glucose, 

glutamine, lactate and NH4+, as well as 20 amino acids were analyzed. A majority of the 

rates were in accordance with CHO cell metabolism. The expected consumption of a 

majority of the essential amino acids and main carbon sources glucose and glutamine 

were confirmed, as well as the associated production of by-products lactate and NH4+. 

The system and protocol developed in this work can be used in future experiments to 

generate data describing metabolic profiles as a function of various pH-set points. This 

data may then be used in metabolic flux analysis to further elucidate the metabolism 

behind pH effects in CHO cells. 

Keywords: CHO cell, pH effects, pseudo-perfusion, mammalian cell culture, Spinner 

flask, pH-regulation, bioreactor, metabolic modeling, metabolic flux analysis 
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SAMMANFATTNING 
 

pH är en viktig parameter i optimeringen av animalcellsprocesser och har 

sammankopplats med specifika konsumtions- och produktionsmönster rörande 

extracellulära metaboliter. Det extracellulära pH-värdets effekt på den intracellulära 

metabolismen är dock inte fullt klarlagd. Metabolisk flux analys är en matematisk metod 

som kan användas för att generera intracellulära fluxfördelningar i celler, exempelvis 

som en funktion av någon yttre parameter. Det övergripande målet i detta arbete var att 

utveckla ett odlingssystem och experimentellt protokoll för odling av CHO-celler som 

kan användas för att generera data för metabolisk flux analys där målet är att studera 

effekten av pH på den intracellulära cellmetabolismen. En IgG-producerande CHO-

cellslinje odlades först i skakkolv för att välja ut ett akademiskt kemiskt definierat 

medium med känd sammansättning. Därefter följde försök att anpassa cellerna till det 

valda mediet. Det visade sig att ett kommersiellt medium behövde tillsättas för att ge 

godtagbar tillväxt och viabilitet.  Effekten av den biologiska bufferten HEPES på 

cellernas tillväxt och viabilitet, samt pH-stabiliteten under odling, undersöktes också 

genom odling i skakkolv. HEPES-koncentrationer i det undersökta intervallet (7.5 – 45 

mM) hade ingen större effekt på tillväxt och viabilitet. För de högre koncentrationerna 

var buffertkapaciteten något bättre precis vid inokulering.  Dessa koncentrationer var 

dock ej tillräckliga för att ge stabilt pH under odlingen. Baserat på dessa resultat 

övergavs tanken på att använda skakkolvsodling för att odla celler vid olika pH-värden. 

Ett odlingssystem och ett protokoll baserat på en 100 mL Spinnerflaska med pH-

reglering specialdesignades istället för projektet. I det färdiga systemet fanns lösningar 

för kontinuerlig övervakning av pH och DO, stabil temperatur vid 37 °C, justerbar 

omrörningshastighet, samt valmöjligheten att flöda in luft, O2 och CO2. Dessutom 

infördes möjligheten att koppla loss flaskenheten från reglersystemet för byte av 

medium och provtagning. För att demonstrera systemet genomfördes en odling med 

den anpassade IgG-producerande cellinjen enligt principen för pseudo-perfusion vid pH 

7.0. Odlingen pågick under 24 dagar och optimerade reglerinställningar identifierades. 

Det visades att systemet kunde understödja cellkoncentrationer upp till 11 miljoner 

celler per milliliter, samt hög viabilitet (> 90 %). Under den senare delen av odlingen 

uppnåddes stabil tillväxt, vid specifika tillväxthastigheter omkring 0.7 per dygn. Den 

specifika konsumtions- och produktionshastigheten för metaboliterna glukos, glutamin, 

laktat och NH4+, samt 20 aminosyror analyserades. Majoriteten av hastigheterna stämde 

överens med typisk CHO-cellsmetabolism. Den förväntade konsumtionen av majoriteten 

av de essentiella aminosyrorna och huvudsakliga kolkällorna glukos och glutamin 

konfirmerades, såväl som den associerade produktionen av bi-produkterna laktat och 

NH4+. Odlingssystemet och det experimentella protokollet som utvecklades i detta 

arbete kan användas i framtida experiment för att generera data som beskriver 

metaboliska profiler som funktion av extracellulärt pH. Dessa data kan sedan användas i 

metabolisk flux analys för att dra slutsatser om pH-effekter i CHO-celler. 

Nyckelord: CHO-cell, pH-effekter, pseudo-perfusion, mammaliecellodling, 

Spinnerflaska, pH-reglering, bioreaktor, metabolisk modellering, metabolisk flux analys 
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1 INTRODUCTION 
 

Chinese Hamster Ovary (CHO) cells are widely used within biotechnological research 

and industry, in particular for the recombinant production of biopharmaceuticals. The 

cells are cultured in either suspension or attached on microcarriers in large-scale 

bioreactors. Extracellular pH is an important parameter in the optimization of these 

processes. It affects the growth, viability and metabolic activities of the cells [1] [2] and 

can also affect the recombinant protein productivity and quality (e.g. product stability 

and glycosylation patterns) [2] [3]. Typical set-points for pH in CHO cell culture are in 

the range between 6.8 and 7.4. Throughout the culture, strategies to maintain the pH at 

the desired set point are required, since the pH is continuously influenced by the activity 

of the cells, i.e. the production of acidic by-products. Bicarbonate is routinely used as 

buffer in the culture medium, sometimes complemented with the biological buffer 

HEPES.  Online measurement of pH is achieved by the incorporation of pH-probes and 

the pH is automatically regulated by inflow of CO2 and addition of alkali. Historically, pH 

optimization studies have been done in bioreactors. Culture experiments in shake flask, 

small tubes or multi-well plates allow for higher through-put, but are not optimal for pH 

control and regulation [2]. In several studies, the effect of the pH set-point on the 

production and consumption of important metabolites during culture of CHO and other 

types of animal cells has been investigated [1] [3] [4] [5] [6]. Interestingly, at elevated 

pH the consumption of Glc and the associated production of Lac seem to increase. In 

contrast, at lower pH, Gln consumption and the associated production of the by-product 

NH4+ is favored. 

Metabolic flux analysis, abbreviated MFA, is a mathematical method that can be used to 

optimize biotechnological applications by utilizing biochemical knowledge about cells to 

investigate and simulate their metabolism. The method is based on the mathematical 

representation of metabolism in the form of a network, in which a number of 

metabolites are linked together by biochemical reactions. By combining this network 

with equations derived from mass balances, a linear system of equations is created. In 

theory, solving this system produces a vector of flux values, which describes the 

distribution of flux in the network. The application of the method is enabled by applying 

the pseudo-steady state assumption on the intracellular fluxes. This assumption implies 

that there is no accumulation of intracellular metabolites with time. Thereby, it is 

possible to compute the flux distribution in the network solely from experimentally 

determined rates for the extracellular metabolites. MFA can thus be used as a tool to 

investigate metabolic effects in cells by computing the distribution of fluxes as a function 

of various environmental conditions [7]. 

In the present work, the objective was to develop a small-scale culture system and 

experimental protocol, which enables CHO cell culture at various pH set points and the 

generation of data for MFA-based studies of metabolic pH effects in CHO cells. 
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2 CHO CELL CULTURE 

2.1 CELL LINE 

CHO cells originate from the Chinese hamster (Cricetulus griseus) – a rodent that lives in 

the deserts of northern China and Mongolia. The hamster was first introduced into 

research laboratories in 1919, as an alternative to mice. In the following decades, it was 

used in studies of hereditary diseases, genetics and for tissue culture. In 1957, Dr. 

Theodore T. Puck isolated an ovary from a female hamster and started a cell line by 

plate culture. The cell line proved to be well-suited for in vitro culture with fast 

generation times [8]. Over the years, mutants were isolated and sub-cultured which 

produced CHO cell lines with specific nutritional requirements. These were particularly 

well-suited for transfection, with subsequent selection and cloning experiments, to 

produce cells that successfully could express exogenous proteins [9]. Being derived from 

a mammal, CHO cells were particularly useful as host cells for recombinant production 

of biopharmaceutical molecules aimed for use in the human body. In contrast to 

bacterial host cells, CHO cells had the necessary machinery to correctly fold and post-

translationally modify many exogenous proteins into a biologically active form. The first 

drug produced in CHO cells to be approved for clinical use was plasminogen activator in 

1987. Since then, CHO cells have been used to produce drug treatments for various 

types of cancer, infertility and anemia. In 2007, close to 70 % of the recombinant protein 

therapeutics were produced in CHO cells [9]. Since its introduction into research 

laboratories, the CHO cell has also become one of the most widely used model organisms 

in biochemical and genetic research, and is considered to be for mammalian cells what 

Escherichia coli is for bacteria [9]. 

2.2 THE DHFR-MTX SELECTABLE MARKER SYSTEM 

There are several selectable marker systems for mammalian expression vectors. One of 

the most common is the DHFR-MTX system [10]. DHFR, which is short for dihydrofolate 

reductase, is an enzyme involved in the cellular production of purines. MTX is short for 

methotrexate, a chemical substance that acts as a competitive inhibitor of DHFR. Some 

CHO cell lines are DHFR negative (dhfr-1), i.e. they do not have a functioning copy of the 

dhfr gene. The DHFR-MTX system is used on dhfr-1 CHO cells to increase the expression 

of exogenous proteins. First the dhfr-1 CHO cells are transfected with a plasmid 

containing the product gene and a dhfr gene. The cells are then cultured in medium 

supplemented with MTX, and the concentration of MTX is gradually increased over time. 

Cells that host several copies of the introduced plasmid have an advantage over cells 

that have fewer copies and with time, the copy number is amplified in the culture. The 

cells are cloned in multi-well plates to select a final clone that expresses high amounts of 

the product. MTX can then be routinely used in cultures of the clone to apply a selective 

pressure and achieve stable product expression. 
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2.3  METABOLISM 

2.3.1 CENTRAL CARBON METABOLISM 

The major energy and carbon sources for CHO cells are Glc and Gln. These are 

metabolized in the glycolysis, citric acid cycle, and glutaminolysis pathways, with the 

concomitant production of by-products Lac and NH4+. A simplified overview of this 

metabolism is shown in Figure 1. 

 
FIGURE 1 Simplified overview of CHO cell metabolism.  Drawn from [11] and by using the 

software Omix, published by Forschungszentrum Jülich GmbH and available for registered 

academic non-commercial users via https://www.13cflux.net/omix/. For abbreviations, see p.  

v. 

2.3.1.1 Glycolysis 
In the glycolysis pathway, Glc is first taken up by the cell and catabolized into pyruvate. 

Pyruvate may then enter the citric acid cycle in the mitochondria, or become 

transformed to Lac and excreted. Animal cells in general transform 1 mole of Glc into 1-

2 mol of Lac. Only a small fraction of Glc enters into the citric acid cycle [11]. The reason 

is thought to be that the flux to pyruvate is high relative to the capacity of pyruvate 

dehydrogenase, the first enzyme in the citric acid cycle. Excess pyruvate has to be 

https://www.13cflux.net/omix/
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disposed of as Lac to regenerate NAD+, a co-factor which is consumed in large amounts 

during glycolysis [11]. 

2.3.1.2 Glutaminolysis 
Gln is catabolized by the glytaminolysis pathway which results in the formation of by-

products NH4
+ and Ala. In the first step, Gln is transformed into Glu. Then, Glu is 

transformed into α-ketoglutarate by two parallel reactions. In the first reaction, 

catalyzed by glutamate dehydrogenase, ammonium is released. In the other reaction, 

pyruvate and Glu are transformed to alanine and α-ketoglutarate by a transaminase. α-

ketoglutarate enters the citric acid cycle and ends up as pyruvate. Pyruvate can then 

either continue in the citric acid cycle or be used in the transaminase reaction to form 

Ala. 

2.3.1.3 By-products 
In CHO cell culture, Lac, and NH3/ NH4

+ are regarded as inhibitory by-products that are 

negative for growth and product formation. Suggested reasons for inhibition by Lac are: 

intracellular acidification, inhibition of certain enzymes and that the reaction catalyzed 

by lactate dehydrogenase comes to equilibrium at a certain Lac concentration. The latter 

would thus mean that NAD+ can no longer be effectively regenerated and glycolysis 

stops [11]. Suggested mechanisms for inhibition by NH3/ NH4+ are e.g. the formation of 

toxic compounds, intracellular pH changes, an increased demand for maintenance 

energy, disturbance of electrochemical gradients, and the inhibition of enzymatic 

reactions [11]. 

2.3.2 AMINO ACID METABOLISM 

Amino acids are the building blocks for proteins, peptides, DNA and RNA precursor 

molecules as well as number of other small molecules which the cell needs. Bacteria and 

plants can usually synthesize all 20 amino acids. In contrast, for CHO cells the nine 

amino acids His, Ile, Leu, Lys, Met, Phe, Thr, Trp and Val are essential, which means that 

they cannot be synthesized effectively by the cell and must be supplied from other 

sources. A common denominator for all amino acids is that they are related to the 

intermediates in glycolysis, citric acid cycle, and pentose pathway [12]. For example, the 

non-essential Ala can be made from Pyr in one single step and Asp can be made from 

Oxal. Some amino acids can be made from other amino acids. For example the non-

essential Tyr can be made from the essential Phe in one step. 
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2.4 MEDIA 

2.4.1 ANIMAL CELL CULTURE MEDIA 

In comparison to media used for microorganisms, media for animal and CHO cell culture 

are very complex. Typical ingredients of a basal medium include Glc and Gln, amino 

acids, vitamins, inorganic salts, and a pH buffer. Historically, it has been necessary to 

supplement the basal medium with animal-derived serum to successfully culture cells. 

The serum provides the basal medium with additional amino acids, vitamins and trace 

elements, as well as fatty acids, lipids and growth factors [11]. In addition, the serum 

also provides protease inhibition and detoxification effects [13]. Usually, fetal bovine 

serum, abbreviated FBS, has been used for this purpose. 

 

2.4.2 DRAWBACKS OF SERUM-SUPPLEMENTED MEDIA 

Serum-supplemented media are usually universal in the sense that they can promote 

good growth and productivity for different cell types, cell lines and applications. Thus 

little time and effort has to be spent on medium optimization [13]. However, there are 

many negative aspects:  i) variation between batches gives low reproducibility in 

experiments and production [14], ii) the serum is a potential source of contamination 

from viruses, mycoplasma and prions, iii)  the protein content can become a problem in 

down-stream purification steps [15], iv) the serum is costly and v) may not be ethically 

justifiable since it requires a large number of bovine fetuses to be harvested from 

pregnant bovine every year [13]. 

2.4.3 ALTERNATIVES TO SERUM-SUPPLEMENTED MEDIA 

The drawbacks of serum have spurred the development of serum-free alternatives for 

animal cell culture. In some cases, it has been possible to replace the serum by plant 

hydrolysates, which are mixtures of amino acids, peptides, vitamins and trace elements 

extracted from plants [16]. Other necessary components have been produced 

recombinantely to avoid any animal-derived sources. Even if serum could be replaced 

with plant hydrolysate, the problem with batch variation still remained and these types 

of media were ill-suited for metabolic studies [17]. It has thus become necessary to 

develop media that are chemically-defined. In these media, the concentration of each 

component has to be known and not vary between batches. However, the use of 

chemically-defined medium can be time-consuming, since it often requires optimization 

for each specific cell line and application. 

2.4.4 DESIGN OF SERUM-FREE AND CHEMICALLY-DEFINED MEDIA 

Chemically-defined media are usually based on a chemically-defined basal media called 

DMEM/F-12, consisting of 50:50 (v/v) mixture of Dulbecco’s Modified Eagle’s Medium 

(DMEM) and Ham’s F-12 Nutrient Mixture [13]. The DMEM/F-12 medium is then 

supplemented with components that have been identified to be advantageous for the 

cell line and application under interest. Insulin is added to help Glc uptake and growth 

stimulation, Transferrin for iron transport, and selenium which is involved in the 

glutathione metabolism. In addition, various hormones (e.g. hydrocortisone, estrogen), 
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fatty acids, lipids, ethanolamine and different types of growth factors may be beneficial 

[13]. The KTH Animal Cell Technology Group at the Department of Bioprocess 

Technology is running a long-term project that aims toward the development of a 

chemically-defined, serum- and hydrolysate-free media for CHO cells to be used in 

academic research. The medium, based on the basal medium DMEM/Ham-F12, is being 

optimized by the method of reduced factorial design targeting a number or vitamins, 

trace elements and other components [18] [19]. 

2.5 CULTURE VESSELS AND TECHNIQUES 

In cell culture, CHO cells are kept as single cells and do not differentiate [13]. They may 

be cultured as either adherent in monolayer (on plane surfaces or microcarriers), or in 

suspension. Typical culture conditions mimic the conditions of the parental ovary cell in 

vivo: a temperature of approximately 37 C, pH around 7 and osmolality in the range 

between 280 and 320 mOsm/kg. A bioreactor, in the context of animal cell culture, is the 

vessel used to culture the cells in. A variety of bioreactor designs can be used, depending 

on scale and application. 

 

On the industrial-scale, fully instrumented bioreactors of up to 25,000 L are used. 

Temperature, pH, stirring speed, DO and flow of medium are typically controlled. The 

need to identify favorable culture parameters has required scaled-down versions of 

these large systems. An ideal system is one that “match the performance” of the large-

scale bioreactor [20], and at the same time can be run at small scale to minimize 

medium consumption and costs and achieve high throughput. Smaller instrumented 

bioreactors starting at volumes of 0.7 L and systems with parallel reactors for multi-

factorial experiments are available [20]. A less costly alternative are spinner flasks: 

plastic or glass bottles with working volumes between 100 mL and 5 L. These flasks are 

designed with screw-capped arms that function as access ports and with some type of 

magnetic stirrer device. The flask is placed on a magnetic stirrer, either in a room or 

incubator with controlled temperature and atmosphere, and the caps can be slightly 

loosened to allow gas exchange. 

 

Other small-scale and economical techniques are based on simple flasks and tubes. Both 

attached and suspension cells can be cultured in T-flasks while Erlenmeyer flasks, also 

referred to as shake flasks, are routinely used for cell suspension culture in research and 

industry. These flasks are equipped with a screw cap, which can be slightly loosened 

during culture to allow gas exchange. Agitation is achieved by placing the shake- and T-

flasks on shaker platforms that produce orbital shaking. An alternative to shake flasks, 

which was recently invented, is the Spin tube [20]. This is a specially designed culture 

tube that resembles a typical 50 mL centrifuge tube. The main difference is that the Spin 

tubes are equipped with a vented screw cap to allow entry and exit of gases. The typical 

working volume lies between 5 and 10 mL. The tubes can be placed in vertical position 

on a shaking table, and thereby a large number of tubes can be run in parallel during an 

experiment. 

 

Many of the mentioned bioreactors may require quite large volumes of media, costly 

equipment, and are associated with high workload. This has led to the development of 
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disposable multi-well plates with working volumes in the milli-liter and micro-liter 

scale. Even though these plates enable high-throughput, just as for shake flasks and spin 

tubes, the possibility to control parameters like pH and DO is limited. To solve this 

problem and enable high-throughput optimization experiments for process design, 

robotic systems have been invented, e.g. the SimCell System, which can measure and 

regulate pH and oxygen [20] in multi-well plates. 

2.6 MODES OF OPERATION 

Like for microbial fermentations, CHO cells may be cultured according to various modes 

of operation: batch, fed-batch and continuous mode. A typical batch culture is initiated 

by addition of cells to fresh medium. As the cells proliferate, the concentration of viable 

cells increases exponentially, while the concentration of Glc and Gln decreases. NH4+, Ala 

and Lac concentrations increase with time. Eventually, the growth rate decreases as the 

growth factors or other components in the medium become limiting. To achieve 

effective industrial production of recombinant proteins with CHO cells, fed-batch or 

continuous mode is necessary [10]. In the fed-batch mode, additional medium and 

supplements are fed to the culture which pro-longs the cultivation time. Fed-batch can 

also be used to limit the effects of overflow metabolism and associated production of 

inhibitory NH3/NH4+ and Lac by controlling the Glc and Gln uptake rates. The continuous 

mode for animal cell culture is normally run as a perfusion. Medium is continuously 

flown through the reactor while the cells are retained. With a continuous supply of 

nutrients and wash out of inhibitory and toxic compounds, high cell densities and 

productivity can be achieved. An alternative to perfusion is pseudo-perfusion which is 

used in the present project. In this mode, there is no continuous inflow of medium or 

outflow of spent medium. Instead, the medium is frequently renewed at discrete time 

points.  
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3 PH EFFECTS AND PH CONTROL 

3.1 PH IN BIOLOGICAL SYSTEMS 

pH is defined as the negative base-10 logarithm of the hydrogen ion activity in a 

solution. The activity is often assumed to be equal to the concentration. 

                   [  ] 
(1)  

Acid- and base reactions play a key role in biological systems and changes in pH can 

disrupt molecular structures and affect reactions [12]. For example, at extreme pH-

values the DNA double helix is destabilized [12] and proteins generally become 

denatured [21]. The conformation of enzymes can typically be maintained over a range 

of 4-5 pH units. However, the reaction velocity can vary significantly and most enzymes 

have a maximum reaction velocity within a narrow interval [21]. In addition, pH 

gradients over membranes surrounding the cell and membrane-enclosed organelles 

play important roles in cellular function. Various solutions to maintain pH have evolved 

in biological systems. In blood, the pH can be kept at 7.4 partly due to the presence 

buffering components. In animal cells, the intracellular pH is maintained at 

approximately 7.2, by the presence of buffering components and by the action of 

membrane-bound transporters that exchange ions to counteract pH changes caused by 

cellular reactions or extracellular factors. In process optimization, the pH is of special 

importance and the optimum value needs to be identified for each individual process. 

Even small changes in pH can affect growth, metabolism, and productivity [3]. 

Importantly, pH have also been found to affect glycosylation pathways [22] which can 

influence glycosylation patterns on recombinantly produced glyco-protein products like 

antibodies. 

3.2 STRATEGIES FOR PH CONTROL 

3.2.1 BUFFERS 

The most basic strategy to control the variation of pH during CHO cell culture is the 

addition of buffers to the medium. A buffer is “a species whose presence in solution 

resists changes in the pH of that solution due to additions of acid or base” [21]. If acid is 

added to the solution, the buffer reacts with the protons and if base is added, the buffer 

reacts with the hydroxide ions. As a rule of thumb, the buffering capacity is best from 

one pH unit below to one pH unit above the pKa  of the buffer [12]. A buffer system that 

is routinely used in CHO cell culture is the CO2/bicarbonate system. Sodium bicarbonate, 

NaHCO3, is added to the medium and the culture is subjected to an atmosphere with a 

controlled pCO2. The result is the following equilibrium between CO2 and ion species in 

liquid phase: 

 
                      

         
   (2)  
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The pKa–values at 37 °C of H2CO3 and HCO3- are 6.02 and 10.25, respectively [23]. At pH-

values of around 7, only a small amount of CO32- is present in the medium and the 

equilibrium is often simplified to: 

                
   (3)  

As the cells produce acidic compounds, these are neutralized by HCO3
-, CO2 is produced 

and leaves the culture. If the pCO2 in the atmosphere is increased, more CO2 is dissolved 

in the liquid phase and the equilibrium is shifted to the right. This releases more protons 

which results in a decrease in pH. The pCO2 can thus be used to control the pH-value 

downwards. Sodium bicarbonate is considered to be non-toxic, economical and also has 

a nutritional value for the cells. However, it has the best buffering capacity at pH 5.1 – 

7.1, which is not optimal for cell culture that requires slightly higher pH-values. 

Furthermore, due to its dependency on pCO2, special care has to be taken when culture 

pH is analyzed off-line.  If a sample is exposed to room atmosphere, some of the CO2 is 

gassed out and this causes the pH to increase slightly. In addition, the equilibrium is 

temperature-dependent so at room temperature, the pH of the sample will be slightly 

higher than in culture. 

To improve the buffering capacity around physiological pH, HEPES can be added to the 

medium. HEPES is an organic molecule and one of the twelve Good’s buffers selected by 

Norman Good in 1966 as suitable buffering agents in biological research [24]. It is a 

zwitterion and has the pKa 7.31 at 37 °C [25]. The best buffering capacity is achieved in 

the pH-range 6.8 - 8.2. In contrast to bicarbonate, it is not dependent on a CO2-

atmosphere which improves the stability of the pH in samples and cultures that are 

handled in room atmosphere. HEPES is not considered to be of any nutritional value to 

the cells and may even be toxic at high concentrations. According to recommendations, 

HEPES should be used in combination with the CO2/sodium bicarbonate buffer system, 

at double amount, for adequate buffering and nutritional purposes [26] [27]. 

Recommended concentrations are between 10 and 25 mM, while concentrations above 

50 mM may be toxic [26]. It has been found that the toxicity could be related to the 

production of reactive oxygen and nitrogen species [28] and that  HEPES should not be 

exposed to light. 

3.2.2 PH-REGULATION 

Regulation of pH in a culture is based on the following principle: the pH in the culture is 

analyzed and if the value is outside the set point interval an action is taken to adjust the 

pH. For a shake flask culture, a sample from the culture can be analyzed off-line with a 

pH-meter or some type of assay [2].  In instrumented bioreactors, the pH is analyzed on-

line by installation of a pH-probe that continuously logs the pH-value. The adjustment of 

pH is achieved by changing the pCO2, or by addition of acidic or alkaline solutions. In 

general, pCO2 is used to lower the pH and the addition of acidic solution is avoided since 

this causes an increase in osmolality of the medium. The pCO2 of an incubator can be 

changed manually to decrease the pH, while small volumes of alkaline solution can be 

added to the culture in a LAF. This approach was demonstrated by Zhou et al for shake 

flask and multi-well plate cultures [2]. In the case of a bioreactor, the pH is regulated by 

CO2-pulses to the headspace of the reactor and addition of alkaline solution by a pump. 
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This pump, as well as the valve that controls the flow of CO2 into the reactor, are 

controlled by a PID-regulation system (where PID refers to proportional-integral-

derivative), which analyzes the current pH and enforces an appropriate action until the 

pH is within the set point range. 

3.3 METABOLIC PH EFFECTS 

Several studies on CHO cells and other types of animal cells have been performed in 

which the effect of the pH set point the cell metabolism has been investigated. Typical 

parameters that are evaluated are the cell density, growth rate and viability, specific 

uptake rates of Glc and Gln, excretion rates of Lac and NH4
+, yield of Lac from Glc and 

yield of NH4+ from Gln, ratios between Glc and Gln uptake, ratios between Lac and NH4+ 

excretion, product productivity and quality (e.g. glycosylation patterns and stability), 

and uptake and excretion rates for amino acids. As was described in section 2.3, the 

production of Lac is coupled to the consumption of Glc via the glycolysis, while the 

production of NH4+ is coupled to the consumption of Gln via the glutaminolysis. A 

common pattern for culture of various types of animal cells seems to be that an alkaline 

pH set point (pH > 7) favors Glc consumption and Lac production. Acidic pH (pH < 7) 

seems to favor Gln consumption and NH4+ production, while Glc consumption is reduced. 

3.3.1 STUDIES OF THE METABOLIC PH EFFECT IN VARIOUS ANIMAL CELLS 

Already in 1987, Miller et al studied the effect of pH and other parameters on a 

hybridoma cell line during continuous culture. Several pH-values in the range 6.8-7.7 

were investigated and it was found that the specific consumption rates of nutrients were 

elevated at extreme pH. In addition, the consumption of Glc was inhibited at low pH.  In 

1991, Ozturk and Palsson investigated a number of culture parameters, including pH, 

during batch mode culture of some Murine Hybridoma cell lines. Medium pH set points 

between 6.9 and 7.65 were tested during culture in a 1.5 L bioreactor. The specific rates 

for Glc and Lac were found to increase with elevated pH, while the specific rates for Gln 

and NH4+ increased both at acidic and alkaline pH. They compared the consumption of 

Glc and Gln by taking the ratio between the corresponding specific rates. This ratio was 6 

at high pH and 1 at acidic pH. It was also found that the production rates for amino acids 

Ala, Gly and Glu increased with increased pH. Val, Leu and Ile consumption rates 

increased with increased pH. In 1998 McDowell and Papoutsakis investigated the 

relation between pH-set point and expression of a specific surface receptor in HL60 

cells. They made the observation that the Glc consumption rate was lower at pH set 

points 7.0 and 7.2 in comparison to the corresponding value obtained at pH 7.4 [29]. In 

2001, Osman et al studied the response of GS-NS0 Myeloma Cells to pH shifts and 

perturbations. The cells were cultured at pH 7.3 and then subjected to a rapid pH shift to 

different pH-values between 6.5 and 9.0. The results showed that the resulting Glc 

utilization rate was 10 times higher at pH 8.5 in comparison to pH 6.5. It was also noted 

that at pH below 7.5, Lac was consumed even though there was Glc left in the medium. 

In contrast, at pH above 8.0, Lac was produced. The Lac consumption rate was higher at 

6.5 than at 7.5, and Lac production rate was higher at 8.5 than at 8.0.  
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3.3.2 STUDIES OF METABOLIC PH EFFECTS IN CHO CELLS 

In 2005, Yoon et al investigated the effect of culture pH and temperature on production 

of Erythropoietin in CHO cells. The pH-value was varied between 6.85 and 7.80 and it 

was concluded that the specific rate for Glc and Lac increased with increased pH, both at 

temperature 32.5 and 37.0 °C. The group suggested an increased activity of glycolytic 

enzymes to be responsible, or alternatively that a change in membrane potential 

influences the transport of Glc [1] [4]. They pointed out that the molecular mechanism 

needs to be elucidated. In addition, it was observed that the specific consumption and 

production rates of many amino acids were significantly elevated at higher pH. In 2006, 

Trummer et al showed that parameter shifts during a batch culture of CHO cells in a 

bioreactor, while utilizing a biphasic cultivation strategy, could improve volumetric 

productivity and final product concentrations [30]. In 2007, Towler et al investigated 

the effect of pH shifts on CHO cells. The pH was shifted from 7.2 to 6.8 during the 

exponential or the stationary phase of a culture and it was found that this pH down shift 

resulted in lower Glc utilization [5]. 
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4 METABOLIC FLUX ANALYSIS 

4.1 FORMULATION OF METABOLIC NETWORKS 

A metabolic network is a mathematical representation of the cell metabolism. It consists 

of a number of metabolites that are interconnected via a number of reactions, and a 

matrix that defines the stoichiometric relationships within the network. Given a 

network with i metabolites that are interconnected by j reactions, the stoichiometric 

coefficient of metabolite i in reaction j can be denoted aij. For the substrates of a reaction 

aij is < 0, and for products aij is > 0. The stoichiometric matrix organizes all the 

stoichiometric coefficients, so that each column represents a reaction and each row 

represents a metabolite. The matrix is thus of dimension i x j, where i is the number of 

metabolites and j is the number of reactions. Each position in the matrix, here 

denoted  ̅, holds a stoichiometric coefficient aij for metabolite i in reaction j: 

  ̅   [

         

   
         

] 
(4)  

As a matter of illustration, lists of the reactions and metabolites, and stoichiometric 

matrix that were used to formulate a network presented in [31] to study and simulate 

amino acid removal for the purpose of medium optimization are found in Appendix A.1 

(p. 66). The network includes reactions involved in glycolysis, glutaminolysis, citric acid 

cycle and, naturally, amino acid metabolism. The network consists of 35 metabolites, of 

which 25 are extracellular and 10 are intracellular. The metabolites are interconnected 

via 38 reactions, of which 9 are classified as reversible and 29 as irreversible. 

Noteworthy is that biomass and cell death are included as extracellular metabolites. The 

formation of biomass is defined by reaction R37 and is stoichiometrically related to the 

metabolites in the network through the assumed chemical composition of a typical cell. 

The cell death is a product in reaction R38, in which the substrate is biomass. 

4.2 DERIVATION OF A DYNAMICAL LINEAR EQUATION SYSTEM 

If the flux rate by which reaction j proceeds is denoted by vj, the change in the 

concentration of metabolite i with respect to time caused by reaction j is defined as the 

product between the stoichiometric coefficient aij and the reaction flux vj. This 

relationship is described by: 

     

  
       (5)  

Metabolites are usually involved in several reactions. The overall change in 

concentration is therefore calculated as the summation of expression (5), over all 

reactions in the network. For a metabolite ci, this can be expressed as: 

    
  

 ∑     
 

 
(6)  
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By taking advantage of the stoichiometric matrix in (4), and forming column vectors, the 

equations for all i metabolites of the network can be expressed in a compact matrix 

form: 

   ̅

  
  ̅   ̅ (7)  

 

         
  ̅

  
 

[
 
 
 
 
 
 
   
  
  
  
 
  
  ]

 
 
 
 
 
 

  ̅   [

         

   
         

]           ̅  [

  

  

 
  

] 

In addition to (7), various types of constraints can be defined. Usually, the flux rates for 

reactions assumed to be irreversible are constrained to be ≥ 0. 

4.3 COMPUTATION OF FLUX DISTRIBUTIONS FROM EXPERIMENTAL DATA 

If the stoichiometric matrix  ̅ is square and non-singular, the flux vector can be obtained 

from equation (4) by calculating the inverse of  ̅ and solving for  ̅ : 

 
 ̅   ̅   

  ̅

  
 (8)  

An estimated flux distribution, corresponding to a metabolic state under investigation, 

can thus be obtained, given that the rates of change for the metabolites in the network 

have been experimentally determined. The computation of flux distributions is however 

not always straightforward. Based on how the network was defined, the stoichiometric 

matrix might not be square, resulting in an either over-determined (when i > j) or 

underdetermined (when i< j) linear system. For an over-determined system of linear 

equations that lacks a unique solution, the computation of the pseudo-inverse of the 

stoichiometric matrix can be used to obtain a linear least-squares solution. Many 

networks result in underdetermined systems in which multiple solutions are possible. 

How to deal with these systems are explained in section 4.3.2. In addition, it might not 

be practical, or possible, to experimentally determine the rates for all metabolites in 

network. How this is dealt with is explained in section 4.3.1. 

4.3.1 THE QUASI-STEADY-STATE APPROXIMATION 

The quasi-steady-state approximation is based on the assumption that the dynamics of 

the internal reactions occurs at a very fast rate in comparison to the dynamics of the 

reactions involving extracellular metabolites. It is assumed that the intracellular 

reactions quickly reach a situation of steady-state and that the change in concentration 

with respect to time after this point is zero, i.e. there is no accumulation of the 

intracellular metabolites [32]. Thereby, the differential equations describing the 

dynamics of the intracellular reactions can be simplified into a set of algebraic equations 

that are no longer time-dependent. 
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    ̅  

  
   (9)  

 

 
  ̅

  
 [

   ̅  

  
   ̅  

  

]  [
   ̅  

  
 

]  [
 ̅   

 ̅   

]  [
 ̅   

 ̅   
 ] 

(10)  

If i = j, the flux distribution can be obtained from Equation (10) and experimentally 

determined rates for the extracellular metabolites. Equations for calculating the specific 

consumption and production rates during a batch culture from experimentally 

determined concentrations of extracellular metabolites are described in Appendix C.1 

(p. 74). 

4.3.2 HANDLING UNDERDETERMINED LINEAR SYSTEMS 

By using computer algorithms based on convex analysis it is possible to compute a set of 

possible flux distributions for an underdetermined system.  One approach for this is the 

computation of EFMs (Elementary Flux Modes) [32] [33] [34]. The EFMs of a network 

are generated by an algebraic transformation, which transforms the network into a 

reduced model. In this reduced model, only extracellular components are included, 

while the intracellular components have been eliminated. Free software called Metatool 

5.1 can be used for the computation of EFMs. Metatool, which can be used in the Matlab 

environment, analyzes the metabolic network, and finds all possible, minimal and 

independent pathways that are “stoichiometrically and thermodynamically feasible” 

[33]. The following inputs are required: i) the stoichiometric matrix of the internal 

metabolites ii) a vector whose length corresponds to the number of internal reactions 

and defines the reversibility of each reaction (1: irreversible, 0: reversible). The result is 

returned as a data structure consisting of a matrix that defines the EFMs. 

4.4 SIMULATION BY PARAMETER ESTIMATION 

As previously mentioned, metabolic networks can be used in simulations of metabolism. 

One approach uses the principle of parameter estimation. Here, the flux vector is 

replaced by a set of equations, for example algebraic equations or rate equations 

derived from enzyme kinetics. Experimental data is then used to estimate the 

parameters of the equations. In [31], this principle was used to create a model of the 

metabolism during removal of amino acids from the culture medium. The model was 

fitted to experimental data by estimating the maximum velocities in a set of kinetic rate 

equations by least-square methodology. In a recent publication, Nolan and Lee 

described a method to simulate CHO cell metabolism during fed-batch culture and were 

able to accurately predict the effects of temperature shifts and other process variables 

[7]. The kinetic rate expressions for the intracellular reactions were linked to the 

extracellular metabolite concentrations and contained, besides standard kinetic 

parameters (like the maximum velocity, half-saturation and inhibition constants), 

temperature and redox-dependent variables.  
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5 THESIS 

5.1 STARTING POINT AND PREVIOUS WORK WITHIN THE FIELD 

The starting point for the present thesis is based on the previous work and research 

interests of the KTH Animal Cell Technology Group at the Department of Bioprocess 

Technology. The group focuses on a number of themes related to the culture of animal 

cells, i.e. medium development, the effect of high pH in CHO cell culture, perfusion 

culture of CHO cells, and large-scale culture of stem cells. One of the specific goals of the 

group is to study pH effects in CHO cells by using MFA and proteomic techniques. 

pH effects were investigated by Lindqvist in 2009, who focused on the effect of high pH 

and alkali addition in CHO cell culture [23]. MFA was first used in 2009 and the work of 

Gonzales Hosta, who developed a method to simulate CHO cell metabolism for the 

purpose of medium development [35]. In parallel, Zhang developed a methodology and 

analytical method for studying amino acid variation during CHO cell culture [36]. In 

2010, Aliaga and Andersson were able to use the results of the two previous theses to 

study and simulate amino acid removal in two individual projects [19] [31]. 

At the time of the initiation of the present thesis, pH effects had not yet been studied by 

MFA. The idea was that the philosophy used in previous projects could somehow be 

used to develop a method for the study of pH effects by MFA. The core of this philosophy 

is the concept of parallel pseudo-perfusion cultures to generate large amounts of data. In 

practice, a high number of parallel cultures are run, under slightly different conditions, 

in small-scale bioreactors, e.g. Spin tubes or small shake flasks. The medium is renewed 

on a daily basis, so that each day can be considered as a repetition of the previous day. 

Samples are taken to analyze the change in cell number and metabolite concentrations 

against time. As a result, a high number of repeated experiments are obtained for the 

varied conditions, and the generated data can then be used in MFA and simulation. In 

addition, the intention was to use an “in-house” chemically-defined medium with known 

composition, by taking advantage of the most current results from the medium 

development project described in section 2.4.4. 
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5.2 THESIS OBJECTIVE 

The overall objective of the thesis was to develop a method to study the effect of 

extracellular pH on the metabolism of CHO cells by metabolic flux analysis. The project 

objective was broken down into the following intermediate goals: 

 

 Selection of a chemically-defined medium that can support high cell densities, 

growth rates and viability, and adaptation of a CHO cell line to this medium.  

 

 Development of a culture system and protocol which: 

  

o enable culture at different stable pH set-points 

 

o require a minimized working volume 

 

o is small-scale and easy to handle 

 

o may be run at pseudo-perfusion mode, i.e. with daily medium renewal 

 

o produce variation patterns for the concentrations of amino acids and 

other metabolites, representative for the pH-dependent metabolic states 

of the cultured cells, so that the generated culture data can be used in 

future metabolic flux analysis to analyze pH effects 



Development of a culture system for modeling of pH effects in CHO cells, Master’s Thesis, 2011. 17 
 

5.3 OUTLINE 

Initially, the theory of MFA was studied to give a basic understanding for how to 

investigate pH effects by this method. In addition, a CHO cell line was received and 

maintained in exponential growth phase in serum-free medium. A set of experiments to 

select a chemically-defined medium with subsequent adaptation were performed. The 

effect of HEPES buffer on pH-stability, cell growth and viability was also evaluated. In 

parallel, a prototype of a custom-made culture system based on a Spinner flask and an 

instrumented bench-top bioreactor system was developed. This prototype was then 

tested for culture at pH 7.0. It seemed reasonable to divide the experiments of the 

project into two main parts, where Part I consists of Experiments 1-5, and focuses on the 

selection of medium, adaptation of the cells and evaluation of pH-stability in small-scale 

culture systems. Part II, consisting of Experiments 6 and 7, mainly focuses on the 

development and testing of the prototype culture system. A flow-chart overview of the 

project is presented in Figure 2 to illustrate this.  

 
FIGURE 2 Flow-chart overview of experiments. 

Part I: Experiments 1-5 

In Experiment 1, cells were cultured in three chemically-defined media and one of these 

was selected to be used in the project. In Experiment 2, the effect of high concentrations 

of HEPES on pH-stability, cell growth and viability was investigated to evaluate if the 

addition of extra buffer would enable a culture system based on shake flasks or Spin 

tubes. Experiment 3 was performed in parallel, and consisted of an attempt to adapt the 

cells to the medium identified in Experiment 1. A second adaptation attempt was made 
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in Experiment 4. Initially, this adaptation used a similar approach as in Experiment 3. 

Then, a commercial additive medium was identified among three candidates, and used 

for the remainder of the adaptation. In Experiment 5, some final tests were made to 

decide on a medium composition, and to produce cells with good growth and viability. 

Part II: Experiments 6 and 7 

In Experiment 6, a prototype culture system was developed, to enable culture 

experiments at constant pH with daily medium renewal. In Experiment 7, the identified 

medium composition and the corresponding adapted cells from Part I were used for 

culture at pH 7.0, to test the performance of the prototype and establish a final 

experimental protocol. The amino acid variation was investigated with HPLC. Specific 

rates for the variation in metabolite and amino acid concentrations were calculated and 

evaluated. 
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6 Materials and Methods 

6.1 CELL LINE AND MEDIA 

A recombinant IgG-producing CHO cell line was received from the Department of 

Bioprocess Technology. The cell line, named K4 CHO GFP27, was originally started from 

a dhfr-1 clone with amplified plasmids containing the dhfr-gene [18]. A list of the media 

used in the project is presented in Table 1. 

TABLE 1 List of media. The media SF16, SF17 and SF18 are chemically-defined and are 

developed by KTH Animal Cell Technology Group. The rest of the media are commercially 

available. 

Name Manufacturer Catalog No. Description  
Serum-free  
ExCell302 SAFC Biosciences 14326C Serum-Free. Liquid. Without L-Gln.  

PF CHO LS 

w/L-Gln 

Thermo 

Scientific 

SH30359.02. Liquid. Protein-free.  

CHO 

Bioreactor 

Feed 

Supplement  

Thermo 

Scientific 

C1615 Animal-component-free. Plant hydrolysate. 

Liquid. Human recombinant Insulin. 
 

Chemically-defined  
DMEM/F-12 Sigma D0547 A 1:1 mixture of Dulbecco’s Modified Eagles’s 

Medium and Ham’s F-12 Nutrient Mixture. 

Powder. 

 

SF16 KTH - Chemically defined. Developed in [18]. Based on 

DMEM/F-12. Prepares from SF10. 
 

SF17 KTH - Chemically defined. Developed in [18]. Based on 

DMEM/F-12. Prepared from SF10. 
 

SF18 KTH - Chemically defined. Based on DMEM/F-12. A 1:1 

mixture of SF16 and SF17. 
 

IS CHO-CD XP Irvine Scientific 94110 Hydrolysate-free. Serum-free. Animal-component-

free. Chemically defined. Prepared from powder. 

2.2 g/L sodium bicarbonate. 

 

Biowhittaker 

Power CHO-1 

CD 

Lonza 12-77OQ 

 

Serum-free. Non-animal origin. Hydrolysate-free. 

Protein-free. Contains HEPES. Chemically-defined. 
 

Biowhittaker 

Power CHO-2 

CD 

Lonza 12-771Q Serum-free. Non-animal origin. Hydrolysate-free. 

Protein-free. Contains HEPES. Chemically- 

defined. 

 

 

All of the media were received in liquid form, except for IS CHO-CD XP and SF16, SF17 

and SF18. IS CHO-CD XP was prepared from powder and distilled water, according to the 

instructions provided by the manufacturer (Irvine Scientific). SF16 and SF17 were 
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prepared from the medium SF10 1 by addition of trace elements, vitamins and other 

compounds according to the recipes defined by Ruiz Arlandis in [18]. The pH was 

adjusted to 7.0-7.1 by addition of 1 M HCl. At first, SF18 was prepared by mixing equal 

volumes of SF16 and SF17. SF18 was then prepared in larger volumes from DMEM/F-12 

powder, distilled water and stock solutions of trace elements, vitamins and other 

components. The preparation protocol for SF18 and the composition of media SF16, 

SF17 and SF18 are found in Appendix B (p. 69). 

6.2 GENERAL INSTRUMENTATION 

All sterile work was performed in a Laminar Flow Workbench (Holten LaminAir Model 

1,2). Media were pre-warmed to 37 °C in a HYBAID shake n’ stack heat cabinet (Thermo 

Electron Corporation, USA). Three different incubators were used for shake flask and 

Spin tube culture: one incubator from LabRun Klimat AB (Sweden) and two Minitron 

Incubators from INFORS HT (Switzerland). Cell suspensions were centrifuged at 1000 

rpm, equivalent to 180g, for 5 min in a Jouan BR4i centrifuge (VWR International). 

Samples were centrifuged at 1000 rpm, equivalent to 94 g, for 5 min in the table-top 

centrifuge SiGMA 1-15 (LABEX Instrument AB, Sweden). Cells were observed in a 

microscope from Nikon, Japan. Samples were routinely analyzed by using a BioProfile 

FLEX analyzer (Nova Biomedical, USA).  Off-line analysis of pH was performed with a 

7easy pH-meter from Mettler Toledo (Switzerland). 

6.3 CULTURE MAINTENANCE IN SHAKE FLASK 

The cells were continuously maintained in exponential growth phase by culture in 125 

and 250 mL Erlenmeyer shake flasks. The flasks were kept in incubators at 37 C, 5 % 

pCO2 and orbital shaking at 100 or 200 rpm. During the initial part of the project, the 

cells were maintained in ExCell302 supplemented with 4 mM L-Gln. During the later 

part, the medium was changed to IS CHO-CD XP supplemented with 4 mM L-Gln. The 

cells were passaged after 2 - 4 days of culture by transfer of an appropriate volume of 

cell suspension to fresh warm medium. 

6.4 PART I: SELECTION OF MEDIA AND ADAPTATION (EXPERIMENTS 1-5) 

6.4.1 EXPERIMENT 1: TEST OF MEDIA SF16, SF17 AND SF18 

Cells maintained in ExCell302 were used for a set of batch cultures in SF16, SF17 and 

SF18 media supplemented with 4 mM L-Gln and 5 mg/mL Human Recombinant Insulin. 

The cultures were performed in 125 mL Erlenmeyer flasks (working volume: 20 mL) 

kept in an incubator at 37 C, 5 % pCO2 and 100 rpm during 7 days. The cell density and 

viability were analyzed every 1-2 days by diluting samples with trypan blue and 

counting the cells in a Bürkner counting chamber with a microscope. Dead cells were 

stained blue and viable cells were stained yellow. 

  

                                                             
1 SF10 prepared by Gemma Ruiz Arlandiz 2010-04-15. 
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6.4.2 EXPERIMENT 2: EFFECT OF HEPES 

ExCell302 was supplemented with 4 mM Gln and HEPES to final concentrations ranging 

from 7.5 to 45 mM. After equilibration at 37 C and 5 % pCO2, the pH of each medium 

mixture was analyzed and adjusted to 7.00 ± 0.05 by addition of 1 M NaOH or 1 M HCl 

and the mixtures were sterile filtered (Hydrophilic Minisart Syringe Filter 0.2 μm, 

Satorius Stedim Biotech GmbH, Germany) into sterile 125 mL shake flasks. Batch 

cultures were initiated by inoculating the flasks with cells maintained in ExCell302 and 

4 mM L-Gln, aiming at starting densities of 0.3 MVC/mL. Samples were collected every 

1-3 days and analyzed for pH, viable cell density and viability with the Bioprofile FLEX. 

The experiment was performed two times with slightly different approaches. In Trial 1, 

the cells were inoculated by transfer of 2 mL of cell suspension into each shake flask. 

The cells were cultured for 7 days and samples were taken on day 0, 1, 4, 5, 6 and 7. In 

Trial 2, the cells were inoculated by first centrifuging the cell suspension (5 min, 1000 

rpm) and then dissolving the pellet in the medium mixture (passage by centrifugation). 

The cells were cultured for 7 days and samples were taken on day 0, 1, 3, 4 and 7. 

6.4.3 EXPERIMENT 3: ADAPTATION I 

Cells maintained in ExCell302 with 4 mM L-Gln were transferred to a mixture of 

ExCell302 and SF18 supplemented with 4 mM Gln and 5 mg/L Human Recombinant 

Insulin in a 125 mL shake flask.The shake flask was kept in an incubator at 37 C, 5 % 

pCO2 and 100 rpm. After 4 days, the cells were passaged to SF18 with 4 mM Gln and 5 

mg/mL Human Recombinant Insulin. During the following 21 days, the cells were 

passaged to fresh medium every 2-4 days. During the first part of the adaptation, 

passage was done by transfer of cell suspension. During the latter part, passage was 

done by centrifugation. At each passage, some supernatant (spent medium) was added 

in addition to the fresh medium. Starting densities were kept at approximately 0.3 

MVC/mL throughout the experiment. 

6.4.4 EXPERIMENT 4: ADAPTATION II 

6.4.4.1 4a: Adaptation to SF18 
A similar method as the one described in Experiment 3 was used, however, with the 

following alterations: 

 passage every 1-3 days 

 start densities were > 0.3 MVC/mL 

 from day 13 and on, the cells were passaged by centrifugation to fresh medium 

without any supernatant and kept at 200 rpm instead of 100 rpm 

This adaptation was called NA14 2.  

6.4.4.2 4b: Selection of a Commercial Additive for SF18 
Cells, maintained in IS CHO CD-XP with 4 mM L-Gln, were cultured in three different 

medium mixtures. The experiment was performed in Spin tubes with a working volume 

of 5 mL. The composition of each mixture is described in Table 2. The mixtures were 

                                                             
2 The name NA14 were based on that it was a new adaptation from the 14th passage of the back-
up culture. 



Development of a culture system for modeling of pH effects in CHO cells, Master’s Thesis, 2011. 22 
 

supplemented with 25 mM HEPES, 4 mM Gln and 5 mg/L Human Recombinant Insulin. 

The tubes were kept vertically in an incubator at 37 C, 5 % pCO2, at 200 rpm during 6 

days. The cells were cultured according to a pseudo-perfusion mode by passaging them 

to fresh medium by centrifugation on Day 2, 3 and 4. The pH of each mixture was 

adjusted to approximately 7.0 before passage by the same method that was described in 

section 6.4.2. Samples were collected every 1-2 days and analyzed for pH, viable cell 

density and viability with the Bioprofile FLEX. 

TABLE 2 Composition of the three medium mixtures. The values refer to percentage of volume. 

Medium mixtures in tubes A-C consisted of 75 % SF18 and 25 % of a commercial additive, while 

tube D was used as a reference with 100 % IS CHO-CD XP. 

Media 
  Tube   

  A B C D   

SF18 

 

75 75 75 0 
 

Power CHO CD 1 

 

25 0 0 0 
 

Power CHO CD 2 

 

0 25 0 0 
 

IS CHO-CD XP   0 0 25 100   

 

6.4.4.3 4c: Continued Adaptation to SF18 with Commercial Additive 
The adaptation described in 4a was continued, however, the SF18 medium was 

supplemented with 25 % IS CHO CD XP (on Day 30). After 47 days, the cells were 

cryopreserved in a liquid nitrogen tank for two weeks. The mixture of 25 % IS CHO-CD 

XP and 75 % SF18 (supplemented with 4 mM Gln and 5 mg/L Human Recombinant 

Insulin) is from now on referred to as XS25. 

6.4.5 EXPERIMENT 5: FINAL SELECTION OF CELLS AND MEDIUM 

6.4.5.1 5a: Cell Stability 
The cells that were cryopreserved in Experiment 4c were thawed and cultured in shake 

flasks with passage by centrifugation to fresh XS25 medium every 2-3 days. The cells 

were divided into three flasks with different medium compositions referred to as XS25, 

XS10, and XS25-MTX, where XS10 corresponds to a mixture of 10 % IS CHO-CD XP and 

90 % SF18 and XS25-MTX corresponds to XS25 supplemented with 100 nM of MTX. In 

addition, a vial of the original K4 CHO GFP27 cell line (from now on referred to as K4 

GFP27) was thawed and adapted to XS25 with 100 nM MTX. First, the cells were 

cultured in Hyclone medium supplemented with 5 % C1615 feed supply. In the next 

passage 100 % Hyclone was used. After a few passages, the medium was changed to IS 

CHO CD XP with 100 nM MTX. Then, cells were passaged to XS50 with 100 nM MTX, and 

eventually to XS25 with 100 nM MTX. Passage was done every 2-3 days to fresh medium 

by centrifugation. The subcultures of cell lines NA14 and K4 GFP27 are illustrated in 

Figure 3. 
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FIGURE 3 Illustration of subcultures of the NA14 adaptation line (previously adapted to 

XS25) and K4 GFP27 (newly thawed original cell line) in various medium mixtures.  The stars 

indicate subcultures that were used in Experiment 5b. (A) NA14 which was first thawed in XS25 

and then divided in the three subcultures XS25, XS10 and XS25-MTX. (B) K4 GFP27 which was 

first thawed in Hyclone medium, and then passaged to IS CHO -CD XP with MTX. This was 

followed by changing the medium to XS50-MTX, i.e. introducing 50 % SF18. Then, a parallel 

subculture in XS25-MTX was started, i.e. the percentage of SF18 was further increased to 75 %.  

6.4.5.2 5b: Growth at Higher Cell Densities 
Cells from the NA14-line and the newly adapted K4 GFP27-line were tested for growth 

at higher cell densities. The cells were cultured in 125 mL shake flasks kept in an 

incubator at 37 C, 5 % pCO2 and 200 rpm for 7 days. The cells were taken from the 

following cultures (also see Figure 3): 

 NA14-line subcultured in XS25-MTX 

 K4 GFP27-line subcultured in XS25-MTX 

 K4 GFP27-line subcultured in XS50-MTX 

The cells were cultured according to a semi-perfusion mode by passaging them to fresh 

medium by centrifugation on Day 1, 2, 3 and 6. The viable cell density and viability were 

analyzed by the Bioprofile FLEX. 

6.4.6 CALCULATIONS 

For all experiments, the specific growth rate was calculated according to equation (15) 

in Appendix C.1.3 (p. 74). In some experiments, the viable cell densities were 

normalized to be able to compare cultures with slightly different start densities. This is 

further explained in Appendix C.2 (p. 76). 
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6.5 PART II: DEVELOPMENT AND EVALUATION OF THE SPINNER-REACTOR 

CULTURE SYSTEM (EXPERIMENTS 6 AND7) 

6.5.1 EXPERIMENT 6: DESIGN AND CONSTRUCTION 

6.5.1.1 Design 
A culture system for CHO cells with pH-regulation was custom-designed for the project. 

It was created by combining a 100 mL spinner flask (µ-carrier Spinner Flask 1965-

00100, BELLCO Biotechnologies/BELLCO glass) with a bench-top bioreactor system 

(Belach Bioteknik AB, Sweden). The chosen model of Spinner flask was originally 

designed for working volumes of 100 mL and had two screw-capped side arms and a 

screw-cap lid lined by rubber cap liner. It offered a solution for agitation based on 

magnetic stirring that was made up of an assembly consisting of a glass rod, magnet 

holder, silicone plug, paddle and magnet. The assembly could be mounted through the 

lid. 

The bench-top bioreactor system consisted of a 5.0 L glass stirred-tank-bioreactor (not 

used) and a set of units designed to achieve automatic control of pH, DO, temperature 

and a number of other parameters by PID-regulation (PID = proportional-integral-

derivative). When connected to pH- and DO-probes submersed in the culture liquid 

phase, the system could be used to down-regulate pH by pulses of CO2-gas. Up-

regulation could be achieved by the action of a pump that controls the addition of alkali. 

The DO could be regulated by inflow of air and/or O2. In addition to the Spinner flask 

and bench-top bioreactor system, a magnetic stirrer and a temperature-regulated water 

bath were available, as well as various materials typically used in animal cell culture, e.g. 

tubes, clamps, connecters, filters, etc. A list is presented in Appendix E.1.1 (p. 91). The 

final design of Spinner-reactor culture had to feature solutions for: 

 Stable temperature at 37 °C 

 Agitation 

 Gas exchange 

 Mounting of pH- and DO-probes 

 Delivery of alkali 

 The possibility to carry the flask to a LAF and a protocol for sample collection 

and medium exchange 

6.5.1.2 Assembly and Sterilization 
The DO-probe was calibrated with N2-gas (0 %) and room atmosphere (100 %). The pH-

probe was calibrated with calibration solutions of pH 4 and 7. All tubes were fastened by 

cable ties. The inside of the reactor was protected from the outside environment by 

three filters. The reactor and alkali flask were filled to about 30 % with 1X PBS and 

autoclaved in an autoclave plastic bag. After this procedure, the flask was only opened in 

a sterile LAF by using the access arm and at all other times kept closed. 
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6.5.2 EXPERIMENT 7: CULTURE EXPERIMENT AT PH 7.0 

6.5.2.1 Culture Protocol 
Cells adapted for growth in XS25-MTX were cultured in the prototype Spinner-reactor 

culture system according to pseudo-perfusion mode (further explained in Figure 4) 

during a period of 24 days. The cells were inoculated at a starting density of 0.5 

MVC/mL in 100 mL XS25 (prepared from SF18 with 1.2 g/L bicarbonate and 25 mM 

HEPES). The medium was completely renewed on a daily basis (with exception of Day 

12). At medium exchange, the cell suspension was centrifuged (1000 rpm, 5 min, BR4i 

Jouan centrifuge) and the pellets were dissolved in fresh warm medium (37 °C). 

Different start viable densities were used throughout the experiment. 

6.5.2.2 Sample Collection and Analysis 
Samples were taken before and after medium exchange and analyzed with Bioprofile 

FLEX for the viable cell density, viability, pH, and the concentrations of Glc, Lac, Gln, Glu 

and NH3 
3. Samples for amino acid analysis were taken before and after medium 

exchange from Day 7 and on. The principle is illustrated in Figure 4. Approximately 2.2 

mL cell suspension was centrifuged in two Eppendorf tubes (1000 rpm, 5 min, SiGMA 1-

15 LABEX Instrument AB, Sweden). The supernatants were divided into five Eppendorf 

tubes and stored frozen at -20 °C. 

6.5.2.3 Regulation 
The following parameters related to the regulation of pH and DO were evaluated and 

adjusted to optimize the system performance during cell culture: 

 Gas flow rates (CO2, air and O2) 

 PID-parameters (CO2 and air/O2)  

 Set point interval for pH  

 Stirrer rate 

The optimization of the system was not done according to a systematic protocol, but 

rather by a trial-and-error approach. The current and historical values of pH, DO and 

temperature could be read from the BioPhantom software while the viable cell density, 

viability, specific growth rate, major metabolite concentrations and pH were monitored 

off-line by sample analysis. The parameters listed above were adjusted, the effect was 

observed and additional adjustments were made until the performance was satisfactory. 

The experimental range for the set-points is specified in Table 3. 

 

                                                             
3 Concerning NH3/NH4

+: the notation NH4
+ (ammonium ion) was mostly used in the previous 

sections since this is the dominant species at physiological pH. In the established HPLC methods, 
NH3 (ammonia) is the notation for the detected metabolite. As a consequence, this notation is 
used in the remainder of the report. 
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FIGURE 4  Principle for sample collection during culture in pseudo-perfusion mode. The 

medium is renewed at discrete time points . Samples are collected before medium exchange 

(medium exchange sample) and after medium exchange (zero sample). The individual plots 

show the expected pattern for the viable cell density, and the concentration o f substrate and 

product metabolites against time in a situation in which the cells grow, consume and produce at 

constant specific rates. (A) Viable cell density. At each medium exchange, the same number of 

cells is retained. (B) Consumption of a metabolite. (C) Production of a metabolite.  

 

  

A 
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TABLE 3 Experimental range for various culture parameters during optimization of the 

Spinner-reactor culture system. 

Parameter Experimental range 

Temperature 37 °C 

Stirrer speed 200 – 270 rpm 

Working volume 100 mL 

DO set point 37- 43 % 

Air flow 10-35 mL/min 

O2 flow unknown 4 

CO2 flow 20 – 60 mL/min 

Alkali 0.5 M Na2CO3 

PID Base Cy: 5.0-10.0 

Kc: 1.0 

Ti: 10.000 

Td: 0.000 

PID CO2 Cy = 5.0-10.0 

Kc = 1.0 - 50.0 

Ti = 0.000 - 50.000 

Td = 0.000 

PID O2 Cy =5-10 

Kc = 1.0 - 50.0 

Ti = 0.000 - 10.000 

Td = 0.000 

Base pump 0.3 

pH set point (Biophantom) 

 

low sp = 7.0-7.2 

high sp = 7.05-7.06 

CO2 sp = 7.05-7.06 

 

6.5.2.4 Amino Acid Analysis 
Amino acids analysis was performed with reversed-phase High Performance Liquid 

Chromatography (HPLC). Each sample was treated by protein precipitation followed by 

amino acid derivatization, and was then analyzed by two complementary HPLC-

methods to estimate the concentrations of 21 amino acids and NH3  Method 1 was 

originally designed for analysis of cultivation media, while Method 2 was designed for 

analysis of protein hydrolysates. The steps are described in the following sections. 

6.5.2.4.1 Protein Precipitation 

First, the internal standard -aminobutyric acid (AABA) was added to each sample. 

Then, the remaining proteins in the samples were precipitated with trichloroacetic acid 

(TCA) and separated from the samples by centrifugation (1300 rpm, 10 min, 4 °C). 

Finally, the resulting supernatants were put in separate tubes and the pH was adjusted 

to pH 6.8-7.2 by addition of 2 M NaOH. The samples were stored frozen at -20 °C. 

6.5.2.4.2  Derivatization 
The Waters AccQ-Tag Reagent Kit (Cat No. WAT052880), which is a precolumn 

derivatization technique for peptide and protein hydrolysate amino acids, was used to 

derivatize the amino acids in the samples. The samples were thawed and mixed with 

borate buffer and a solution of the AccQ-tag (6-aminoquinolyl-N-hydroxysuccinimadyl 

carbamate). The mixture of each tube was then separated into two vials, one for each 

HPLC-method. External standard solutions were derivatized in parallel. The standard 
                                                             
4 The rotameter used initially was of such scale that the flow rate could not be read. 
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solutions consisted of the 21 amino acids, NH3 and the internal standard AABA at known 

concentrations (500 µM). 

6.5.2.4.3 Amino Acid Separation and Quantification 
The methods were run separately on two Waters HPLC systems from MILLIPORE. Each 

sample thereby resulted in two chromatograms, one from each method. The methods 

are described in Table 4. 

TABLE 4 HPLC METHODS. 

 Method 1 Method 2 

Instrumentation Waters 510 HPLC pump (3) 

Pump Control Module 

Waters 715 ULTRA WISP Sample 

Processor 

Waters 486 Tunable Absorbance 

detector 

RF-551 Spectrofluorometric 

detector 

TCM Waters Millipore 

Temperature box 

Waters 626 Pump 

Waters 600S Controller  

Waters In-Line Degasser  

Waters 486 Tunable Absorbance Detector 

Waters 717plus Autosampler  

Waters Temperature Control Module 

Stationary phase Nova-PakTM 4 μm C-18 column Nova-PakTM 4 μm C-18 column 

Mobile phases A: 100mM NaAc, 5.6 mM 

Triethylamine, adjusted to pH 5.6 

using phosphoric acid. 

 

B: 100 mM NaAc, 5.6 mM 

Tirethylamine, adjusted to pH 6.8 

using phosphoric acid 

 

C: 100 % MeCN 

A: Waters eluent A concentrate diluted 

1:11 which results in a pH between 5.00 

and 5.05 

 

B: 60 % MeCN 

Separation principle pH-gradient and polarity-

gradient 

pH-gradient 

Temperature 39 °C 37 °C 

Detection Wavelength 248 nm 254 nm 

Software Millenium32 Chromatography 

Manager 

EmpowerTM Software 

 

6.5.2.4.4 Calculation of Concentrations 
The peaks in each chromatogram were identified manually by retention time and peak 

order, and integrated using the software specified in Table 4. The values were exported 

to Excel and used to estimate the corresponding amino acid concentrations. Further 

details are found on p. 76. 
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7 RESULTS AND DISCUSSION FOR PART I 

7.1 RESULTS  

7.1.1 EXPERIMENT 1: TEST OF MEDIA SF16, SF17 AND SF18 

The results of Experiment 1 are presented in Table 16, Appendix D.1 (p. 78). Figure 5 

shows cell growth and viability profiles against time. Up until Day 3, the three media 

showed similar performance in terms of growth and viability. However, from Day 4 and 

on, SF18 proved superior over SF16 and SF17. SF18 resulted in the highest final cell 

density, was able to promote the highest growth rates and was selected for the 

continued project. 

     
 

 
FIGURE 5   Cell density, viability and specific growth rate profiles during batch cultures in the 

three chemically-defined media SF16, SF17 and SF18. (A) Normalized viable cell density 

(normalization is against the start density and is explained in Appendix C.2 (p. 76)). (B) 

Viability. (C) Specific growth rate.  
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7.1.2 EXPERIMENT 2: EFFECT OF HEPES 

The results of Experiment 2 are presented in Table 17 and Table 18, Appendix D.2 (p. 

79-80). Figure 6 shows cell growth and viability profiles against time for the various 

HEPES concentrations, plotted separately for the two trials. Growth and viability were 

quite similar between the cultures.  The pH varied considerably with time, even at the 

higher HEPES concentrations. The maximum and minimum viability, specific growth 

rate and pH obtained during each culture were identified and are presented in Figure 7, 

in which the maximum and minimum values are plotted against HEPES concentration 

for the two trials. The maximum viability was similar between all cultures. Over all, the 

viability was high up until Day 6 when it started to decline. The minimum viability was 

obtained after Day 6 for all cultures except for one culture in Trial 1 that had the HEPES 

concentration 35 mM. This culture had its lowest viability on Day 0 (see Table 17).  The 

maximum specific growth rates were obtained on Day 4 in Trial 1, and on Day 2 in Trial 

2. The maximum specific growth rates were consistently higher in Trial 2. In Trial 2, the 

cells were inoculated by centrifugation and thereby had a slightly higher concentration 

of ExCell302. The maximum pH was obtained right after inoculation in both trials, 

despite the fact that the pH of the medium had been adjusted to approximately 7.0 

before inoculation. As can be seen in Figure 7, the pH increase was more apparent at 

lower buffer concentrations, while the pH at concentrations 35 and 45 mM did not vary 

as much. The minimum pH was similar between all cultures and was reached on Day 4 

or 5 in both trials. Overall, it was observed that HEPES concentrations in the 

investigated range did not seem to have a negative effect on growth rate and viability, 

and that addition of HEPES to the medium seemed to keep the pH more stable at 

inoculation. 
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FIGURE 6 Viability, specific growth rate, and pH profiles against time obtained during batch 

cultures in ExCell302 medium supplemented with various concentrations of HEPES. 1 = Trial 1. 

2 = Trial 2. (A) Viable cell density. (C) Specific growth rate. (B) Viability. (D) pH. 
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FIGURE 7 Maximum and minimum of viability, specific growth rate, and pH obtained during 

batch cultures in ExCell302 medium supplemented with various concentrations of HEPES. T1 = 

Trial 1. T2 = Trial 2. (A) Maximum and minimum specific growth rate  (µ). (B) Maximum and 

minimum viability. (C) Maximum and minimum pH. 
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7.1.3 EXPERIMENT 3: ADAPTATION I 

The results of Experiment 3 are presented in Table 19, Appendix D.3 (p. 81). Figure 8 

shows the viable cell density, viability and specific growth rate profiles against time.  

Between Day 0 and Day 4, the cells increased from 0.3 to almost 3.5 MVC/mL and the 

viability was > 99 %. After this point, the growth and viability started to decline until the 

cell density was stable around 0.3 MVC/mL and the specific growth rate was close to 

zero or even negative. During the latter part of the experiment, it was observed that the 

cells formed aggregates when samples were analyzed with the BioProfile FLEX. After 26 

days, the aggregation had increased and white flakes of aggregated cells could be 

observed in the cell suspension by visual inspection. The experiment was discontinued. 

In total, the cells had been passaged 9 times over a period of 25 days. 

7.1.4 EXPERIMENT 4: ADAPTATION II 

7.1.4.1 4a Adaptation to SF18 
The results of Experiment 4a are presented in Table 20, Appendix D.4 (p. 82). Figure 9 

shows the viable cell density, viability and specific growth rate profiles against time. 

During the first 5 days growth and viability was high. After Day 5, growth and viability 

started to decline. However, from Day 7 and on the viable cell density was kept > 0.7 

MVC/mL, and after Day 20, a momentary increase in viable cell density and viability 

could be observed. No flakes were observed during the experiment. 

7.1.4.2 4b Selection of a Commercial Additive for SF18 
The results of Experiment 4b are presented in Table 21 in Appendix D.4 (p. 83). Figure 

10 shows the viable cell density (logarithmic scale) and viability profiles against time.  

Tube C, corresponding to the addition of 25 % IS CHO-CD XP, was discontinued on Day 

4. During the first 4 days of the experiment, the growth and viability were similar for the 

three mixtures and the reference. Between Day 4 and 6, the reference tube was better at 

sustaining high viability than Tubes A and B. Overall, these results showed that all three 

mixtures were potentially good additives to SF18. IS CHO-CD XP was selected as an 

additive to SF18. 

7.1.4.3 4c Continued Adaptation to SF18 with Commercial Additive 
The adaptation was continued (Day 30) by supplementing SF18 with 25 % IS CHO-CD 

XP and the result is presented in Table 22, Appendix C (p. 84). The result is also shown 

in Figure 11. It was observed that the viability, cell density and specific growth rate 

started to increase. On Day 40, it was discovered that the shaking table had stopped 

working at some point during the night. The medium was renewed and the shake flask 

was moved to another incubator. During the following days, the growth and viability 

decreased temporarily, however, was able to recover after a few days. On Day 44, the 

cells reached 5.7 MVC/mL and a viability of 92.7 %. On Day 47, the cells were 

cryopreserved and stored in a liquid nitrogen tank for 2 weeks. Since the start of 

Adaptation II, the cells had been passaged 22 times. 
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FIGURE 8 Viable cell density, viability, and specific growth rate (µ) against time during 

adaptation to SF18 (Adaptation I).  

 

 
FIGURE 9 Viable cell density, viability, and specific growth rate  (µ) against time during 

adaptation to SF18 (Adaptation II).   
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FIGURE 10  Cell growth and viability profiles during batch culture with frequent medium 

renewal in three medium mixtures (75 % SF18 and 25 % of a commercial chemically-defined 

medium) and reference with 100 % IS CHO-CD XP. (A) Viable cell density (logarithmic scale).  

(B) Viability. 

 
FIGURE 11 Cell density, viability and specific growth rate against time during the continued 

adaptation to SF18 (Adaptation II) . The graph shows the adaptation from Day 30 when SF18 

was supplemented with 25 % IS CHO-CD XP. Day 40 it was discovered that the shaking table 

had stopped working. 
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7.1.5 EXPERIMENT 5: FINAL SELECTION OF CELLS AND MEDIUM 

7.1.5.1 5a: Cell Stability 
The result of Experiment 5a is found in Table 23, Table 27, Appendix D.5(p. 88). Figure 

12 shows bar charts of the average growth rate and viability for all five subcultures with 

error bars that corresponds to the standard deviations. There were no obvious 

differences in either growth or viability between the subcultures. The presence of MTX 

at 100 nM did not seem to have a negative effect on the growth and viability of the NA14 

cells. There was no major difference between the NA14 cells and the K4 GFP27 cells.  

 

 

FIGURE 12 Average specific growth rate and viability for five subcultures. The average values 

are calculated over a period of 16 days (K4-GFP27 cells in XS50-MTX and XS25-MTX), 23 days 

(NA14 cells in XS25 and XS10) and 26 days (NA14 cells in XS25-MTX) when the cells were 

maintained in exponential growth phase by passaging them to fresh medium every 2 -3 days. 

The error bars correspond to the standard deviations. ( A) Average specific growth rate. (B) 

Viability. 

The subculture of K4 GFP27 cells in XS50-MTX and then XS25-MTX can be considered in 

the terms of adaptation. This is illustrated in Figure 13.  The cells were passaged from IS 

CHO-CD XP to XS50-MTX on Day 10, and then to XS25-MTX on Day 16. As can be 

observed, the K4 GFP27 cells were readily adapted to XS25-MTX. The decline in growth 

rate and viability that was observed in previous adaptations was not seen.  
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FIGURE 13  Cell density, viability and specific growth rate against time during the subculture 

of K4 GFP27 illustrated as an adaptation. The cells were passaged from IS CHO-CD XP to XS50-

MTX on Day 10 and to XS25-MTX on Day 16. 

7.1.5.2 5b: Growth at Higher Cell Densities 
The results of Experiment 5b is found in Table 28, Appendix D.5 (p. 90). Figure 14 shows 

the cell growth and viability against time. All three cell lines could grow to high cell 

densities in their corresponding medium. During the three first days, the medium was 

renewed on a daily basis. The specific growth rates were in the range between 0.44 and 

0.69 Day-1 and on Day 3 the cell densities had increased to 6-7.5 MVC/mL. There was no 

major difference between the cultures. Between Day 3 and 6 the media were not 

renewed. During this period, the K4 GFP27 cells in XS50-MTX medium had higher 

specific growth rate and better viability than the two others. However, after medium 

renewal on Day 6, the specific growth rate of the two cell lines in XS25-MTX increased. 

The viability was high throughout the experiment. At the end of the experiment, the 

NA14 cells in XS25-MTX had a viability of 96.7 % and had grown from the previous day 

with a specific growth rate μ = 0.71 Day-1. These cells were selected to be used in 

Experiment 7 to test the prototype culture system, and were kept and expanded for this 

purpose. 
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FIGURE 14    Growth and viability profiles against time during batch 

cultures with frequent medium renewal at high cell densities.  (A) Viable 

cell density (logarithmic scale).  (B) Viability. 
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7.2 DISCUSSION 

7.2.1 SELECTION OF AND ADAPTATION TO THE NEW MEDIUM SF18 

SF16 and SF17 were developed by Ruiz Arlandiz in [18] and were at that time the two 

media with best performance in the long-term medium development project of the KTH 

Animal Cell Technology Group. In the present project, SF18 was created by mixing equal 

amounts of SF16 and SF17, and was then selected for the project based on its 

performance in Experiment 1. Being a 1:1 mixture of SF16 and SF17, SF18 probably 

benefited from the good properties of the two individual media. To be able to use this 

medium in culture experiments, the cells first needed to be adapted. During the two 

adaptation attempts, the shortcomings of SF18 became apparent. After about 5 days into 

adaptation, cell growth and viability started to decrease and subsequently dropped to 

low levels. Experiment 3 even had to be discontinued due to cell aggregation, which is 

an indication of “sub-optimal growth conditions” during which cells form “clusters 

around decaying and dead cells” [37]. Experiment 4 showed that with more frequent 

passage and higher cell densities, the aggregation problem could be avoided and the 

adaptation continued for a longer time. Put together, these observations point towards 

that one or several components are missing in SF18, alternatively that the concentration 

of one or several components is not optimal. 

7.2.2 THE XS25 MEDIUM MIXTURE 

As a compromise, it was decided to mix SF18 with a commercial chemically-defined 

medium. In Experiment 4b, all the additive candidates showed quite similar 

performance, so the choice of IS CHO-CD XP was mainly based on availability. The 

mixture between 75 % SF18 and 25 % IS CHO-CD XP was denoted XS25. The cells from 

the second adaptation attempt recovered from the ceased growth and low viability after 

changing the medium from SF18 to XS25. It was shown in Experiment 5 that cells from 

the original cell line could be readily adapted to this mixture. The medium could also 

support growth at high cell densities for both NA14-cells and the freshly adapted cells. 

Unfortunately, even though IS CHO-CD XP is chemically-defined, the exact composition 

is confidential, and as a result the final composition of XS25 was unknown. 

7.2.3 STABILITY 

A general recommendation in animal cell culture is to limit the number of passages of 

recombinant cells. While the cells are maintained in culture, they can lose plasmids and 

undergo genetic changes. Since they were received and started as a back-up culture, the 

cells used in the present project, and that eventually became the NA14-line, were 

passaged about 40 times without MTX. During adaptation, the cells were subjected to 

rather extreme conditions, i.e. a medium unable to support good growth and viability. It 

was uncertain whether these cells were equivalent to the original cell line. In 

Experiment 5a, it was demonstrated the NA14-cells were able to grow in XS25 with 100 

nM MTX, just as well as in XS25 without MTX. In addition, NA14-cells and freshly 

adapted cells of the original cell line K4 GFP27 showed similar performance in XS25 

with MTX.  These findings pointed towards that the NA14-cells, at least to some extent, 

had kept plasmids with dhfr-genes. However, additional tests are required to fully 

confirm that these cells were equivalent to the original cell line. 
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7.2.4 THE EFFECT OF HEPES 

According to recommendations, HEPES concentrations > 50 mM can be toxic to cells 

[26]. In this project, the highest concentration tested was 45 mM. Firstly, there was no 

apparent relationship between HEPES concentration and the growth and viability of the 

cells within the tested range. In retrospective, higher concentrations of HEPES should 

have been assayed to find the critical concentration when HEPES has an effect on cell 

growth and viability. Secondly, the pH during culture was not stable for any of the tested 

concentrations, although a high HEPES concentration seemed to improve the buffering 

capacity of the medium at inoculation. Based on these results, the following implications 

for the continuation of the project were identified: i) HEPES could possibly be used at 

concentrations 7.5-45 mM to improve the medium buffering capacity, and ii) HEPES 

concentrations ≤ 45 mM were not sufficient to keep pH stable during culture in shake 

flask and similar small-scale systems. It was thereby concluded that some type of pH-

regulation might be necessary for development of the culture system. 
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8 RESULTS AND DISCUSSION FOR PART II 

8.1 RESULTS 

8.1.1 EXPERIMENT 6: DESIGN AND CONSTRUCTION 

Figure 15 shows a photo of the reactor site, while the final design of the prototype 

culture system is illustrated in Figure 16.  

 

FIGURE 15 Photo of the reactor site during culture. From the left: BioPhantom software on 

control computer, the CP400 Analog Interface connected to the DO, pH and temperature probes, 

the CP410 I/O-Interface with pump head (blue) for alkali addition, water bath with Spinner 

flask unit on top of the magnetic stirrer, the  CP601 Gas Panel connected to supplies for CO 2, air 

and O2 with adjustable gas flow and pressure.  

8.1.1.1 Working volume and Temperature Control 
The working volume of the Spinner-reactor was defined to be 100 mL. The liquid phase 

was kept at a stable temperature of 37 °C by placing the spinner flask in a temperature-

regulated water bath filled with deionized water (see Figure 16). The temperature-

probe was positioned in the water bath close to the flask. The set point on the water 

bath thermostat was calibrated so that an external thermometer placed in an equivalent 

spinner flask filled with water showed temperature 37 °C for the liquid phase in the 

flask. This corresponded to a temperature probe value of 36.9-37 °C. Some of the water 

evaporated overnight and needed to be replenished on a daily basis to ensure that the 

water level was sufficient. 

8.1.1.2 Mounting of Probes and Ports 
Two fittings for the pH- and DO-probes, a connector functioning as an alkali port and a 

fitting to hold the metal rod were mounted through the screw-cap lid. This required 

some modifications of the materials. First, the diameter of the circular cap liner was 

reduced to approximately 6.7 cm. Four holes were drilled in the screw-cap lid according 

to Figure 17, and corresponding holes were made in the cap liner. The tube fitting for 

the DO-probe was grinded to increase the inner diameter slightly. A port for entry of gas 

was created by attaching a thick silicone tube on one of the arms.



Development of a culture system for modeling of pH effects in CHO cells, Master’s Thesis, 2011. 42 
 

 

 
FIGURE 16 Drawing of the Spinner-reactor culture system with the spinner flask unit 

positioned at the reactor site. Exact dimensions may differ between drawing an actual system. 

(1) Spinner flask. (2) Alkali bottle. (3) pH-probe. (5) DO-probe. (6) Access port. (7) Pump head 

on the CP410-unit.  (8) Alkali tube (PharMed BPT).  (9) Exhaust condenser tube. (10)Exhaust 

gas filter. (11) In gas filter. (12) Alkali bottle filter. (13) Hollow metal rod for exit of gas.  (14) 

Magnetic stirrer. (15) Quick connectors. (16) Water bath. 

8.1.1.3 Agitation and Gas Exchange 
A device that combined the exit of gas with a solution for agitation was constructed. 

First, the paddle was cut to an appropriate size and shape with rounded edges as 

described in Figure 17. Then, the glass rod was shortened to a length of approximately 

6.4 cm. Finally, the top section of the glass rod and the bottom section of the metal rod 

were covered in several layers of silicone tubing and attached to each other with two 

cable ties, see Figure 17. As illustrated in Figure 16 and shown in Figure 15, the water 

bath was placed on top of a magnetic stirrer. The rotational speed was manually 

adjusted by turning a knob and could be read from a digital display. It was confirmed 

experimentally that this value was identical or very close to the actual stirrer speed of 

the impeller, at least within the range 100-170 RPM. Corresponding tip speeds were 

calculated. This is further described in Appendix E.1.3 (p. 94).
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FIGURE 17  (A) Screw-cap lid with custom-made holes to fit tube fittings for DO and pH-

probes, the metal rod for exit of gas and the alkali connector. (B) Cap liner with reduced 

diameter and custom-made holes corresponding to the ones on the screw-cap lid. (C) Labeled 

top view of the screw-cap lid. (D) Device for gas exit and agitation.  

8.1.1.4 Sample Collection and Medium Exchange 
A procedure for sample collection and medium exchange was established. First, the flask 

was liberated from the reactor site by: i) inactivation of regulation in BioPhantom, ii) 

clamping of the alkali tube and liberation of the tube from the pump head, iii) 

disconnection the pH and DO-cables, iv) clamping the gas inlet and outlet tubes and 

disconnection of the tubes. The flask was then removed from the water bath and carried 

together with the alkali bottle to the site of the LAF, sprayed with 70 % and placed 

inside. 

D A 

B 

C 
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FIGURE 18 Procedure for sample collection and medium exchange.  (A) Drawing of the 

Spinner-flask unit when disconnected from the reactor site. The dashed lines represent 

tightened slider clamps. (B) Photo of insulation coat with Spinner flask. The insulation was 

built by wrapping cotton wool with aluminum foil.  

The withdrawal and addition of cell suspension and medium were based on the use of 

disposable plastic pipettes and autoclaved pieces of 14 cm long silicone tubes. Small 

volumes in the range of 0.1-5 mL could be withdrawn from the culture through the 

access arm with plastic pipettes of corresponding sizes. Larger volumes (5 – 50 mL) 

could be withdrawn by attaching one of the autoclaved silicone tubes to the tip of the 

pipette so that the tube could enter the flask through the arm and reach the liquid phase 

and bottom of the flask. Addition of medium or cell suspension could be done by using 

pipettes of any size. The procedure was further developed by placing a heat block inside 

of the LAF with an insulation coat on top (see Figure 18). The flask could then be placed 

on top of the block with its bottom half covered by the warm insulation. The following 

equation was established to estimate the volume of cell suspension to centrifuge, to be 

able to retain a desired density of cells in the system at medium exchange: 

 

 
   

         

          
 (11)  

where Cv,s, is the desired viable density after medium exchange, Cv,z is the viable cell 

density that was analyzed after the last inoculation, μ is the last calculated specific 

growth rate, Δt is the time that has passed since the inoculation and Vp is the resulting 

volume of cell suspension to centrifuge. The final protocol is presented in Appendix 

E.1.2 (p. 93). 

  

A B 
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8.1.2 EXPERIMENT 7: CULTURE AT PH 7.0 

8.1.2.1 Optimization of Regulation 
The logged parameters linked to DO, pH, CO2-pulses, alkali addition and temperature are 

presented as plots in Figure 28, Appendix E.2.1. 

The temperature of the water bath was stable throughout the culture. The average 

temperature registered by the temperature probe was 36.93 °C with standard deviation 

0.07 °C. As can be seen in Figure 28 on p. 96 in Appendix E.2.1, the temperature 

momentarily dropped when the water bath was filled with fresh water. This was done at 

medium exchange while the flask unit was disconnected from the reactor site.  

DO was calibrated to maximum saturation at 200 rpm and 10 mL/min inflow of air.  The 

DO had to be set to 84 % instead of 100 %, and thus 84 % corresponded to what usually 

is considered to be 100 % saturation. pH 7.0 was defined as the pH shown on the display 

of the CP400-unit. After measuring the pH externally with the BioProfile FLEX, the pH on 

the CP400 was adjusted 0.084 units downwards (Day 1). It was noted that the 

BioPhantom software displayed a pH-value approximately 0.02-0.03 units higher than 

the CP400-unit.  

Initially, a continuous flow of air at 10 mL/min was used. Several settings for regulation 

of pH and DO were tested. During Day 0-2, DO was not regulated and remained > 30 %. 

On Day 3, DO-regulation by air was started. Different DO-set-points around 40 % were 

tested, the stirrer speed was varied between 200 and 270 rpm, and flow rates (air pulse) 

were varied between 10-30 mL/min. Finally, the DO-set-point was defined to 37 %. On 

Day 7, regulation by O2 was introduced. Initially, the DO-signal oscillated with large 

amplitude. After adjustments of flow rate (O2 pulse) and PID-parameters, the amplitude 

was reduced. On Day 11, O2 was temporarily unavailable, and the regulation was 

changed to air. On Day 13, O2 was reintroduced. 

It was noted that the DO-regulation had a negative effect on the stability of pH and the 

pH-regulation. The actions of alkali addition and pulsing of CO2-gas were done 

interchangeably, leading to a situation in which alkali was added frequently between the 

time points of medium renewal. The PID-parameters of O2 and CO2, as well as flow rates 

were adjusted to avoid the problem. On Day 20, final settings were defined. The 

following adjustments were made: i) the branch point at which the CO2 and O2 met 

before entering through the gas inlet was moved closer to the flask and ii) the 

continuous flow of air was increased from 10 to 35 mL/min. During Day 21-24, the 

problem with pH-regulation was minimized. This is illustrated in Figure 19. After have 

been varied between 200-270 rpm, from Day 17 and on, the stirrer speed was kept at 

approximately 270 rpm. The final settings used during the last phase of the culture are 

presented in Table 5. 
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FIGURE 19 pH-regulation during culture at pH 7.0. Changes were made at the batch time 

483.3 hours (Day 20). 

 

TABLE 5 Final settings for culture at pH 7.0.  

Parameter Final Parameter Final 

Temperature 37 °C PID Base Cy = 10.0 

Kc = 1.0 

Ti = 10.000 

Td = 0.000 

Stirrer speed 270 rpm PID CO2 Cy = 5.0 

Kc = 5.0 

Ti = 50.000 

Td = 0.000 

Working volume 100 mL   

DO set point ≥ 37 % 

 

PID O2 Cy = 5.0 

Kc = 5.0 

Ti = 1.000 

Td = 0.000 

Air flow 35 mL/min   

O2 flow not necessary   

CO2 flow 30 mL/min Base pump 0.3 

Alkali 0.5 M Na2CO3 pH set point low sp = 7.0 

high sp = 7.05 

CO2 sp = 7.05 
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8.1.2.2 Growth, Viability and Variation in Key Metabolites 
Culture data from Experiment 7 are found in Table 31, Appendix E.2.2. The viable cell 

density, viability and specific growth rate against time are presented in Figure 20.  In 

terms of viable cell density, the culture can be divided into two phases. Phase 1 

corresponds to Day 0-17. During this time, the cell density, specific growth rate and 

viability varied considerably while different regulation settings were tested. Phase 2 

corresponds to Day 17-24, when the cell density was kept between approximately 4.5 

and 9 MVC/mL. During this last phase the viability and growth rate were high. Figure 21 

shows the concentration profiles against time for the five metabolites Glc, Gln, Glu, Lac 

and NH3. Generally, the Glc and Gln concentrations decreased between the zero samples 

and medium exchange, while the concentrations of and Lac, NH3 and Glu increased. For 

several samples taken at medium exchange, the BioProfile FLEX was unable to analyze 

the concentration of Glu and indicated that the concentration range was too low. 

8.1.2.3 Amino Acid Analysis and Variation 
The concentrations of amino acids (and NH3) analyzed by HPLC are presented in Table 

32, Appendix E.2.3 (p. 99), which also includes concentration profiles against time. For 

several amino acids, the concentrations were consistently higher in the zero samples 

compared to samples at medium exchange. This was the case for Cys, Gln, Gly, Ile, Leu, 

Lys, Met, Phe, Pro, Ser, Thr, Trp, Tyr and Val. The opposite was true for Ala, Glu and NH3. 

For Gly and Asp, the patterns were not obvious, although for Gly the concentration 

seemed to increase with time. The concentration of His was difficult to determine. 

According to the calculation method used, the concentration decreased between zero 

sample and medium exchange. However, several concentrations were estimated as 

negative. 

8.1.2.4 Specific Rates of Consumption and Production 
The specific rates of metabolite consumption and production were calculated from the 

concentrations analyzed by HPLC and the BioProfile FLEX. The results are presented in 

Appendix E.2.4. Figure 22 shows the specific rates of the two main carbon sources 

against time. The specific rates are consistently negative which indicates that these 

metabolites were consumed (q = - qS). The only exception is the specific rate for Glc 

between Day 1 and 2. Figure 23 shows the specific rates for the key metabolic by-

products Lac, Ala and NH3. These values are consistently positive, which indicates that 

these metabolites were produced (q = qP). The specific rates for the essential amino 

acids (with exception for His) are presented in Figure 24. These values are consistently 

negative which indicates consumption. The non-essential amino acids are presented in 

Figure 25. Here, the values for Asn, Arg, Cys Pro and Ser are negative which indicates 

consumption. The values for Glu are positive which indicates production. Gly and Asp 

varies between consumption and production. For several amino acids, the specific 

consumption or production rate seemed to be considerably higher between Day 21 and 

22 in comparison to the culture as a whole. 
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FIGURE 20 Cell density, viability and growth rate profiles against time during pseudo-

perfusion cultures in the prototype culture system (Experiment 7). (A) Viable cell density. The 

dashed lines indicate viable cell density at 4.5 and 9 MVC/mL, which was the goal start end 

final viable cell density during the last phase of the experiment. (B) Viability. (C) Specific 

growth rate. The dashed line indicates a specific growth rate of 0.693 Day -1 which would 

correspond to a doubling in the viable cell density during 24 h.  
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FIGURE 21 Glc, Lac, Gln, NH3 (ammonia)  and Glu concentration profiles against time during 

pseudo-perfusion culture in the prototype culture system (Experiment 7), analyzed by the 

BioProfile FLEX. y-axis: concentration in mM, x-axis: time in Day. The dashed lines indicate the 

the highest and/or lowest concentration that the BioProfile FLEX is specified to analyze.  
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FIGURE 22 Glc and Gln specific rate profiles against time during pseudo -perfusion culture in 

the prototype culture system (Experiment 7). y-axis: specific rate in mmol/Day, 109 cells, x-

axis: time in Day. 

  

  
FIGURE 23 Lac, NH3 and Ala specific rate profiles against time during pseudo -perfusion 

culture in the prototype culture system (Experiment 7). y -axis: specific rate in mmol/Day, 109 

cells, x-axis: time in Day. 
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FIGURE 24 Specific rate profiles for essential amino acids against time during pseudo-

perfusion culture in the prototype culture system (Experiment 7). y -axis: specific rate in 

mmol/Day, 109 cells, x-axis: time in Day. 
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FIGURE 25  Specific rate profiles for non-essential amino acids against time during pseudo-

perfusion culture in the prototype culture system (Experi ment 7). y-axis: specific rate in 

mmol/Day, 109 cells, x-axis: time in Day. 
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8.1.2.5 Variation in Specific Rates of Consumption and Production 
The average specific rates with standard deviations were calculated over various time 

periods of the culture. The resulting values are presented in Table 35, in Appendix A.1.1 

(p. 105), and illustrated as bar charts in Figure 26. The time periods were: i) the culture 

as a whole and ii) phase 2, when the viable cell density was kept between 4.5 and 9 

MVC/mL and growth and viability was high. The specific rates between Day 21 and 22 

were not used to calculate the average values but are represented by separate bars in 

the charts. For many metabolites, the standard deviation was lower during Phase 2 than 

during the culture as whole. This was the case for Glc and Gln consumption, Lac and NH3 

production, and the consumption of amino acids Ser, Cys, Arg, Leu and Met. In contrast, 

the standard deviations were larger for Phase 2 for many of the essential amino acids 

like for example Lys and Thr. The specific rates for Asp and Gly varied between 

consumption and production and were also associated with large standard deviations. 
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FIGURE 26 Average specific rates. y-axes are the specific rates in unit mmol/Day, 10 9 cells, 

except for the growth rate µ which is in Day -1. The error bars correspond to the standard 

deviations. BioP = based on results analyzed by the BioProfile FLEX. The average values 

calculated from BioP results for the whole culture were actually for Day 1 -24, however are 

presented as for Day 8-24 in the charts. (A) Average specific consumption rates (-qS) for the 

main carbon sources Glc and Gln. (B) Average specific production rates (qP) for the by-products 

Lac, NH3 and Ala, and the specific growth rate.  (C) Average specific consumption rates (-qS) for 

the essential amino acids.  (D) Average specific consumption/production rates (-qS  and qp)  for 

non-essential amino acids.  
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8.2 DISCUSSION 

8.2.1 DESIGN STRATEGY AND REALIZATION 

Based on the results in Experiment 2, as well as general observations concerning pH-

stability in Experiment 4b, it was apparent that pH-regulation was crucial to be able to 

culture cells at various pH-set points for the purpose of analyzing pH effects in CHO 

cells. Two directions for the continuation of the project were identified. The first was to 

use a similar approach as described in [2], in which cells can be cultured in parallel, in 

shake flask or Spin tubes, and where the pH is analyzed and adjusted regularly by 

addition of alkali (up-regulation) or by changing the pCO2 of the incubator (down-

regulation). Alternatively, this high-throughput approach could be sacrificed in favor of 

an instrumented bioreactor system with automatic regulation of pH. Since a bench-top 

bioreactor system was available, as well as a variety of Spinner flasks, small-scale 

bioreactors and accessories, it was decided to custom-design a small bioreactor for the 

purpose of the project. 

It was determined that the final design had to borrow features from a fully instrumented 

laboratory-scale bioreactor, and at the same time require a minimized working volume 

to reduce the consumption of medium. Additionally, to enable pseudo-perfusion with 

daily medium renewal, it had to be possible to disconnect the culture vessel from the 

reactor site and carry it to a LAF. The 100 mL Spinner flask was selected based on its 

small working volume and the innate flexibility of its design. The number of features to 

incorporate was reduced to: stable temperature, stable agitation and automatic PID-

regulation of pH and DO. The latter implied the use of pH and DO-probes, a port for 

addition of alkali and ports for inflow and outflow of gas. In addition, an access port for 

medium exchange and sample collection was a required. 

The screw-capped arms were a natural choice for access ports. One key issue was the 

removal of cell suspension from the flask since the 25 mL and 50 mL plastic pipettes 

routinely used for this purpose were two large to fit in the arms. As previously 

described, the solution became to use sterile pieces of silicone tubes to elongate the 

pipette and be able to reach to the bottom of the Spinner flask. Another key issue was 

the limited area of the screw-cap lid. It proved impossible to fit fittings for three probes 

(temperature, DO and pH) and the agitation device, as well as connectors for one alkali 

port and two ports for gas exchange. In the final design, this crucial issue was solved by 

introducing three main ideas: i) the inflow of gas was located to one of the arms, ii) the 

agitation and outflow of gas were combined into one device and iii) the temperature 

was regulated externally. These three solutions freed enough space on the lid to fit the 

pH- and DO-probes, as well as the alkali port and the fitting for the combined agitation- 

and gas-outlet-device. 

Having initially considered Spin tubes as possible culture vessels, the intention was to 

use only a fraction of the maximum working volume of the Spinner flask, i.e. about 50 

mL. However, to be able to cover the bottom parts of the pH- and DO-probes (as wells as 

the impeller) with liquid, it proved necessary to use 100 mL. The medium consumption 

of the system for a protocol with daily medium renewal thus became 0.7 L per week and 

3 L for a 30 day long experiment. 
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8.2.2 GROWTH, VIABILITY AND REGULATION DURING CULTURE AT PH 7.0 

The prototype was demonstrated for cell culture at pH 7.0. High cell densities up to 11 

MVC/mL could be achieved. It may be possible to reach even higher, however, due to the 

low Glc concentration in spent medium at these levels it was decided to define 9 

MVC/mL as the upper limit. The viability was > 90 % throughout the whole culture, > 95 

% during the final phase (Phase 2) and 98.6 % at the end of culture. The growth rate 

was good, especially during Phase 2 when the cell density literally doubled in 24 hours. 

Sterility was kept throughout the experiment which shows that the design and protocol 

are sufficient to avoid contamination, despite the fact that the flask was situated in a 37 

°C water bath in a non-sterile environment, and also opened in a LAF every day. The 

variation in in growth and viability during the initial Phase 1 can be attributed to the 

disturbance caused by the optimization of regulation.  The DO-regulation had to be 

tuned to reduce the oscillation in the DO-signal. The change between air and O2 also 

produced disturbances. DO-regulation was found to have a possibly a negative effect on 

pH-stability. The following pattern could be observed: 

1. Decrease in DO due to consumption of oxygen triggers pulses of O2. There is a 

delay between the initiation of the pulses and the response in DO, since it takes 

time for the O2-gas to travel from the gas mixer to the head space, and dissolve 

into the liquid phase. 

2. When the DO-set point has been reached, O2-pulses cease. However, there is still 

O2-gas in the head space and this causes the DO to increase further above set-

point. 

3. The increased amount of dissolved O2 causes the pH to increase. The pH-

regulation responds by giving CO2-pulse. This causes the pH to drop. 

Simultaneously, the DO has reached a maximum and starts to fall as more 

oxygen is consumed and the O2 in the headspace is flushed out. 

4. The drop in DO causes the pH to drop even further. The pH-regulation now 

responds by addition of alkali. The pH increases. Simultaneously, the DO has 

dropped under its set point and another O2-pulse is given. The pattern is 

repeated. 

The long-term consequence for the culture is the addition of alkali throughout the 

culture, not always due to production of acidic metabolites by the cells, but rather as an 

indirect consequence of DO-limitation. Repeated additions of alkali is negative since it 

increases the concentration of ions and thereby the osmolality of the culture medium. 

Another negative aspect is that the pH-value fluctuates, and is frequently out of the set 

point range. In the final phase of the Experiment 7 it seemed as if the continuous flow of 

air at 35 mL/min was sufficient to sustain DO above set-point. The need for DO-

regulation was eliminated and thereby the problem was avoided. 

In this project, it was assumed as a rule of thumb to only subject the cells to agitation 

that was equivalent to a tip speed of < 0.7 m/s. This corresponded to a stirrer speed of 

approximately < 300 rpm. 270 rpm was defined as a final set-point. The choice is further 

enforced by a literature reference. In 1992, O’Conner and Papoutsakis investigated the 

effect of agitation on CHO cell culture in suspension in the type of 100 mL Spinner used 

in the present project. It was found that cell viability and growth was negatively affected 
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at stirrer speeds 300 and 340 rpm, while at 270 rpm the growth and viability were good 

[38]. 

The temperature in the water bath during culture was stable. During the initial part of 

the experiment, the decrease in viability and growth was interpreted as an effect of the 

exposure of cells to room temperature at medium exchange. This led to the introduction 

of the heat block and insulation coat, and a determination to limit the time the flask 

spent away from the water bath. 

8.2.3 VARIATION IN METABOLITE CONCENTRATION AND ESTIMATION OF SPECIFIC 

RATES 

The high cell densities and growth rates obtained produced variation in metabolite 

concentrations that enabled calculation of the average specific rates with reasonable 

standard deviations for a majority of the analyzed metabolites. The patterns of 

consumption and production were in accordance with CHO cell metabolism for the key 

metabolites Glc, Gln, Lac, Ala and NH3 and essential amino acids were consumed. The 

patterns of Gly and Asn variation were not clear. In addition, it was difficult to estimate 

the concentrations of His since this amino acid was co-eluted with other metabolites in 

both the HPLC-methods. According to the calculation method chosen for His, this 

essential amino acid was consumed throughout the experiment (not shown in Figure 

26), however, negative concentrations were obtained and the result was not considered 

to be reliable. Nevertheless, one may assume that His was actually consumed since it is 

an essential amino acid. On several occasions, the BioProfile FLEX was unable to analyze 

the concentration of Glu and indicated that the range was too low. 

The variation in specific rates may reflect that the state of cell metabolism was not 

constant. As was previously described, the optimization of the system required changes 

to be made from day to day which seemed to influence cell growth, viability and most 

probably the metabolism as a whole. The variation may also be related to the inability of 

the analytic methods and protocols (BioProfile FLEX and HPLC) to accurately detect 

metabolite concentrations.  

The cell densities reached with the developed protocol and culture system are 

considerably higher than the levels of previous projects that utilized the concept of 

pseudo-perfusion and chemically-defined in-house media (e.g. SF18 predecessors SF10, 

SF12 and SF14) [31]. It was realized that even though higher cell density may produce 

good variation for many metabolites, there is a risk that some components (amino acids, 

Glc and Gln) are completely consumed between zero sample and medium exchange. The 

final concentration may become so low that it cannot be detected, essentially zero. 

Importantly, the time point when this concentration was reached will remain unknown 

and the equations in Appendix C.1.4 (p. 75) are not valid. The lowest estimated 

concentrations in the culture experiment were of amino acid Met between Day 16 and 

17 (0.4 μM) and between Day 18 and 19 (0.2 µM). The viable cell density on Day 17 and 

19 were 11.3 and 9.5 MVC/mL, respectively. 
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9 FINAL CONCLUSIONS AND FUTURE PROSPECTS 

9.1 CONCLUSIONS 

In the presented thesis, the overall objective was to develop a method to study the effect 

of extracellular pH on the metabolism of CHO cells by metabolic flux analysis. The first 

intermediary goal was to select a chemically-defined medium that could support high 

cell densities, growth rates and viability, and then adapt a CHO cell line to this medium.  

First, a new medium called SF18 was identified that showed better performance than 

previously developed in-house chemically-defined media. However, it was concluded 

that adaptation to the medium was difficult, and that the composition is not yet fully 

optimized to support good growth and viability of CHO cells. The medium performance 

was improved by addition of a commercial additive, and the adaptation could be 

completed to generate adapted cells. Thereby, the first intermediary goal was fulfilled. 

The only shortcoming was that the composition of the final medium mixture was 

unknown. 

 

The second intermediate goal of the thesis aimed towards the development of a culture 

system and experimental protocol, to generate data for metabolic flux analysis as a 

function of various pH set points. Initially, the idea was to culture cells in shake flasks or 

Spin tubes by increasing the buffering capacity of the medium. However, it was 

concluded that pH could not be efficiently maintained at a constant value during culture 

in these small-scale systems. Even though HEPES-buffer did not seem to influence cell 

growth and viability in a negative way, HEPES at concentrations up to 45 mM were not 

sufficient for pH control. This led to the development of the Spinner-reactor system and 

an experimental protocol, which was demonstrated and optimized for culture at pH 7.0. 

To summarize, this newly developed system (and protocol): 

 can be run at various pH-set points thanks to incorporation of a pH-probe and 

regulation by CO2-pulses and alkali addition 

 requires a working volume of 100 mL, which is higher than the volumes used in 

shake flask culture, however much smaller than the volumes used in typical 

laboratory bioreactors 

 is portable and can be disconnected form the reactor site and handled in a LAF 

 can be run at pseudo-perfusion mode with daily medium renewal, which was 

proven by the demonstration culture at pH 7.0 

 can, using the identified optimized regulation settings, support good growth and 

viability at high cell densities (~ 4-9 MVC/mL) 

 offers the possibility to include DO-regulation by pulsing of O2 or air, even 

though the regulation may have to be further adjusted to ensure pH-stability 

 produces variation in the concentrations of amino acids and other metabolites 

so that culture data can be used in future metabolic flux analysis to analyze pH 

effects. The results from the culture experiment at pH 7.0 showed that it is 

possible to calculate the specific rates for important metabolites; however, that 

concentration and rates for a few metabolites were difficult to determine. 

9.2 RECOMMENDATIONS FOR FUTURE USE OF THE EXPERIMENTAL PROTOCOL 
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Some of the insights obtained during the development and testing of the experimental 

protocol can be summarized to provide recommendations for future use. At the end of 

culture, the settings defined in Table 5 were used and since these were related to a good 

pH-regulation, while DO-regulation was not necessary, these settings are recommended. 

The protocol defined in Appendix E.1.2 (p. 93) can be followed for medium exchange 

and sample collection. It should be added that it is probably important to perform these 

procedures efficiently, and thus limit the time the flask unit is away from the water bath 

and also the time the cells are exposed to reduced temperatures. To be able to reduce 

the variation in specific rates caused by other factors than the pH-set point, the 

following recommendations are given in terms of the culture protocol: 

 The total medium volume used during the experiment should be prepared in one 

batch to ensure that the cells are exposed to the same medium composition 

every day. In the present project, new mixtures of XS25 were prepared on 

average every 5 days (from batches SF18 and IS CHO-CD XP) which was not 

ideal. 

 The settings should be kept as constant as possible throughout the experiment. 

 Cell densities should be varied between the same values, e.g. between 4 and 8 

MVC/mL. 

 Medium exchange and sample collection should be performed at the same time 

every day, if practically possible. 

 The osmolality could be monitored. 

 Once the culture seems to have stabilized at a specific pH-set point, samples for 

HPLC-analysis may be collected. The set-point should be maintained during 

several medium exchanges to generate enough data to characterize the 

metabolic state. 

The quality of the generated data can be further optimized by considering these 

principles related to metabolite variation and HPLC-analysis: 

 For metabolites concentrations, it is essential to stay within the detection range 

of the analytical equipment (here the BioProfile FLEX and HPLC). To some 

extent, this can be controlled by the chosen cell density level. In case a 

metabolite concentration is too high, the sample can be diluted. If the 

concentration is too low it may be possible to increase the injected sample 

volume in the HPLC (e.g. reduced dilution during sample derivatization 

procedures). Another option is to increase the initial concentration of the 

component in the medium. 

 It is important to obtain a large variation between zero sample and medium 

exchange samples for those metabolites that are undoubtedly produced or 

consumed during culture. High specific growth rates and high viable cell 

densities should in theory be associated with large variation in these metabolite 

concentrations. In this context, it should however be noted that a potentially 

accurate result could be the absence of variation between zero samples and 

medium exchange samples for some metabolites, even at very high cell densities. 
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9.3 FUTURE PROSPECTS 

9.3.1 MEDIUM SELECTION AND DEVELOPMENT 

The SF18 medium has, since it was identified in the present project, been used as a basis 

in parallel medium development projects. If these projects are successful, missing 

components and optimal concentrations may be identified and a new, improved version 

can be defined. In the future, it may also be possible to find a chemically-defined 

commercial medium with known composition. This would reduce the workload 

associated with medium preparation. Finally, the selection will have to take into 

consideration factors like the cost of medium and medium chemicals, the workload 

associated with medium preparation, and the time that is spent on adaptation. 

9.3.2 FURTHER DEVELOPMENT OF THE SPINNER-REACTOR CULTURE SYSTEM 

DESIGN AND REGULATION OPTIMIZATION 

If future applications require DO-regulation by O2-pulses, a possibility would be to 

incorporate a sparger device to enable delivery of O2 into the liquid phase. This could be 

practically achieved by introducing a thin needle that enters the flask through one of the 

arms, is bent at an angle to follow the wall of the flask and opens up near the bottom to 

release gas bubbles. In the current design, O2 and CO2 are mixed before they enter the 

flask and thus share a common tube. To improve pH-stability, it could be beneficial to 

keep these two gas flows separated. 

9.3.3 EXPERIMENTAL DESIGN 

To improve through-put, it is possible to run experiments in parallel reactors. The 

bench-top bioreactor system used in the present project can handle up to three 

bioreactors simultaneously. For example, each reactor can be run at a specific pH set 

point. Alternatively, all reactors can be run at the same pH and the results can be 

compared. Other environmental factors than pH could be investigated. A natural choice 

would be DO, since there is a DO-probe and PID-regulation of DO in place. The pseudo-

perfusion mode requires frequent medium renewal. In this project, the medium was 

changed on a daily basis, which requires that a person comes in to the laboratory every 

day of the week to change medium and take samples. To reduce the workload, an option 

could be to renew the medium every other day. 

9.3.4 ANALYTICAL TOOLS AND ASSAYS 

Future projects would benefit from further optimization of the amino acid analysis by 

HPLC. At present, some peaks are co-eluted which can lead to less accuracy in 

estimation of concentrations. In particular, the method for estimation of His 

concentration could be further investigated. In the presented project, some key 

metabolites and amino acids were detected. In the future, additional analytical tools can 

be utilized to detect other metabolites, e.g. pyruvate and urea by the use of enzymatic 

kits or metabolic co-factors and ATP. Proteomic techniques can be used to further 

elucidate the mechanisms behind metabolic pH effects, e.g. by generation of pH-specific 

profiles by mass spectrometry or the use of cDNA microarrays to detect expression 
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patterns of specific enzymes. These results could then be compared to the results 

obtained in MFA-studies. 

9.3.5 ANALYSIS AND MODELING OF PH EFFECTS WITH MFA 

The exact configuration of network to use, i.e. which metabolites or reactions to include, 

needs to be further evaluated. Once several sets of data for various pH-set points have 

been generated, the method described in [32] could be used to generate the EFMs of 

each metabolic state to draw conclusions about the pH effects. In terms of simulation, 

the networks and method developed by Gonzalez Hosta [35], and applied by Aliaga [31], 

do not include variables related to pH or hydrogen ion concentration. It may be possible 

to use a similar approach as the one in [31], and introduce pH-dependent parameters in 

kinetic rate equations based on the pH-dependencies of enzymes. 
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Appendix A METABOLIC FLUX ANALYSIS 

A.1 EXAMPLE NETWORK FOR CHO CELL METABOLISM 

TABLE 6  Metabolites of a metabolic network of CHO cell metabolism [31]. 

Extracellular   Intracellular 

No. Symbol Name   No. Symbol Name 

1 Glc glucose   26 G6P glucose-6-phosphate 

2 Lac lactate   27 3-phos. 3-phosphoglycerate 

3 NH4 ammonium   28 Pyr pyruvate 

4 Gln glutamine   29 AcCoA acetyl-CoA 

5 Glu glutamate   30 Cit citrate 

6 Arg arginine   31 KG α-ketoglutarate 

7 His histidine   32 SucCoa succinate-CoA 

8 Ile isoleucine   33 Suc succinate 

9 Leu leucine   34 Mal malate 

10 Lys lysine   35 Oxal oxaloacetate 

11 Met methionine      

12 Phe phenylalanine      

13 Thr threnonine      

14 Trp tryptophan      

15 Val valine      

16 Ala alanine      

17 Asn asparagine      

18 Asp aspartate      

19 Cys cysteine      

20 Gly glycine      

21 Pro proline      

22 Ser serine      

23 Tyr tyrosine      

24 Biomass biomass      

25 Cell death cell death      
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TABLE 7  Reactions in a metabolic network of CHO cell metabolism [31]. In the reversibility 

vector: 1 = irreversible and 0 = reversible. 

Symbol Formula 
Reversibility 

vector a 

R1 Glc  G6P 1 

R2 G6P  2·3phosphaglycerate 1 

R3 3phosphoglycerate  Pyr 1 

R4 Pyr  Lac 0 

R5 Pyr  AcCoA + CO2 1 

R6 AcCoA + Oxal  Cit 1 

R7 Cit  KG + CO2 1 

R8 KG  SucCoA + CO2 1 

R9 SucCoA  Suc 1 

R10 Suc  Mal 1 

R11 Mal  Oxal 1 

R12 Mal  Pyr + CO2 1 

R13 Thr  Gly + AcCoA 1 

R14 Trp  Ala + NH4 +2·AcCoA 1 

R15 Lys  NH4 + KG 1 

R16 Ile  Glu + AcCoA + SucCoA 1 

R17 Leu  2·AcCoA + 2·CO2 1 

R18 Tyr  Mal + Oxal + CO2 1 

R19 Ser + Met  Cys + NH4 1 

R20 Val  SucCoA + KG 1 

R21 Glu + Oxal  Asp + KG 0 

R22 Glu   KG + NH4 0 

R23 Glu + Pyr  Ala + KG 0 

R24 Cys  Pyr 1 

R25 Ser  NH4 + Pyr 1 

R26 Gly  NH4 + CO2 1 

R27 Ser + Thr  SucCoA 1 

R28 Glu + 3phosphoglycerate  Ser + KG 1 

R29 Ser  Gly 0 

R30 Phe Tyr 0 

R31 Asn  Asp + NH4 0 

R32 Gln  Glu + NH4 0 

R33 Arg  Glu 1 

R34 Glu  Pro 0 

R35 His  Glu + NH4 1 

R36 Gln + Asp  Glu + Asn 1 

R37 

0.0208·Glc + 0.0377·Gln + 0.0006·Glu + 0.007·Arg + 0.003·Hist + 0.0084·Ile + 

0.0133·Leu + 0.0101·Lys + 0.0033·Met + 0.0055·Phe + 0.008·Thr + 0.004·Trp + 

0.0096·Val + 0.0133·Ala + 0.026·Asp + 0.0004·Cys + 0.0165·Gly + 0.0081·Pro + 

0.0099·Ser + 0.0077·Tyr  Biomass 

1 

R38 Biomass  Cell death 1 
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TABLE 8 Stoichiometric matrix of a metabolic network of CHO cell metabolism [31]. 

  R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15 R16 R17 R18 R19 R20 R21 R22 R23 R24 R25 R26 R27 R28 R29 R30 R31 R32 R33 R34 R35 R36 R37 R38 
'Glc' -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.0208 0 
'Lac' 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

'NH4' 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 1 0 0 1 1 0 0 0 0 1 1 0 0 1 0 0 0 
'Gln' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 -1 -0.0377 0 
'Glu' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 -1 -1 -1 0 0 0 0 -1 0 0 0 1 1 -1 1 1 -0.0006 0 
'Arg' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 -0.007 0 
'His' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 -0.0033 0 
'Ile' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.0084 0 

'Leu' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.0133 0 
'Lys' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.0101 0 
'Met' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.0033 0 
'Phe' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 -0.0055 0 
'Thr' 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 -0.008 0 
'Trp' 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.004 0 
'Val' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.0096 0 
'Ala' 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.0133 0 

'Asn' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 1 0 0 
'Asp' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 -1 -0.026 0 
'Cys' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 -0.0004 0 
'Gly' 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 1 0 0 0 0 0 0 0 -0.0165 0 
'Pro' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 -0.0081 0 
'Ser' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 -1 0 -1 1 -1 0 0 0 0 0 0 0 -0.0099 0 
'Tyr' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 -0.0077 0 

'Biomass' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 
'Cell death' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

'G6P' 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
'3-phosph.' 0 2 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0 0 0 

'Pyr' 0 0 1 -1 -1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 -1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
'AcCoA' 0 0 0 0 1 -1 0 0 0 0 0 0 1 2 0 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

'Cit' 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
'aKG' 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 1 0 0 0 0 0 1 1 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

'SucCoA' 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
'Suc' 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
'Mal' 0 0 0 0 0 0 0 0 0 1 -1 -1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

'Oxal' 0 0 0 0 0 -1 0 0 0 0 1 0 0 0 0 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Appendix B MEDIUM 

B.1 MEDIUM COMPOSITIONS OF SF16, SF17 AND SF18 

TABLE 9 Concentrations of inorganic salts in chemically-defined media DMEM/F-12 (Cat no: 

D0547-1L, Sigma), SF16, SF17 and SF18. 

Component 

Concentrations 
mg/L 

DMEM/F
-12    SF18   SF17   SF16 

Final 
 

Add Final 
 

Add Final 
 

Add Final 

Inorganic salts 
          Ammonium Molybdate 

• 4H2O 0.00618 
  

0.00618 
  

0.00618 
  

0.00618 
Ammonium 
Metavandate 0.00058 

  
0.00058 

  
0.00058 

  
0.00058 

Calcium Chloride 116.6 
 

50 166.6 
 

0 116.6 
 

100 216.6 

Cupric Sulfate • 5H2O 0.0013 
  

0.0013 
  

0.0013 
  

0.0013 

Ferric Nitrate • 9H2O 0.05 
  

0.05 
  

0.05 
  

0.05 

Ferrous Sulfate • 7H2O 0.417 
  

0.417 
  

0.417 
  

0.417 

Manganese Sulfate 0.000151 
  

0.00015
1 

  

0.00015
1 

  
0.00015 

Magnesium Chloride • 
6H2O 61.2 

  
61.2 

  
61.2 

  
61.2 

Magnesium Chloride • 
6H2O 0 

 
86 86 

 
0 0 

 
172 172 

Magnesium Sulfate 
(anhydr.) 48.84 

 
25 73.84 

 
50 98.84 

 
0 48.84 

Nickel Chloride 0.00012 
  

0.00012 
  

0.00012 
  

0.00012 

Potassium Chloride 311.8 
 

450 761.8 
 

900 1211.8 
 

0 311.8 

Sodium Bicarbonate 0 
  

0 
  

0 
  

0 

Sodium Chloride 6996 
  

6996 
  

6996 
  

6996 
Sodium Metasilicate • 
9H2O 0.0142 

  
0.0142 

  
0.0142 

  
0.0142 

Sodium Selenite 0.00519 
 

0.0085 0.01369 
 

0 0.00519 
 

0.017 0.02219 
Sodium Phosphate 
Dibasic (anhydrous) 71.02 

  
71.02 

  
71.02 

  
71.02 

Sodium Phosphate 
Monobasic 
(anhydrous) 54.3 

  
54.3 

  
54.3 

  
54.3 

Stannous Chloride • 
2H2O 0.00011 

 

0.00027
5 

0.00038
5 

 
0.00055 0.00066 

 
0 0.00011 

Zinc Sulfate • 7H2O 0.432 
  

0.432 
  

0.432 
  

0.432 
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TABLE 10 Concentrations of amino acids in chemically-defined media DMEM/F-12 (Cat no: 

D0547-1L, Sigma), SF16, SF17 and SF18 

Components 

Concentrations 
mg/mL 

DMEM/
F-12     SF18  

  
SF17  

  
SF16 

Final  Add Final  Add Final  Add Final 

Amino Acids 
          L-Alanine 4.45 

 
7.5 11.95 

 
0 4.45 

 
15 19.45 

L-Arginine • HCl 147.5 
  

147.5 
  

147.5 
  

147.5 

L-Asparagine • H2O 7.5 
  

7.5 
  

7.5 
  

7.5 

L-Aspartic Acid 6.65 
  

6.65 
  

6.65 
  

6.65 

L-Cystine • 2HCl 31.29 
  

31.29 
  

31.29 
  

31.29 

L-Cysteine • HCl • H2O 17.56 
 

23.2 40.76 
 

23.2 40.76 
 

23.2 40.76 

L-Glutamic Acid 7.35 
  

7.35 
  

7.35 
  

7.35 

L-Glutamine 365 
  

365 
  

365 
  

365 

Glycine 18.75 
  

18.75 
  

18.75 
  

18.75 

L-Histidine • HCl • H2O 31.48 
 

37.5 68.98 
 

0 31.48 
 

75 106.48 

L-Isoleucine 544.7 
  

544.7 
  

544.7 
  

544.7 

L-Leucine 59.05 
  

59.05 
  

59.05 
  

59.05 

L-Lysine • HCl 91.25 
  

91.25 
  

91.25 
  

91.25 

L-Methionine 17.24 
  

17.24 
  

17.24 
  

17.24 

L-Phenylalanine 35.48 
  

35.48 
  

35.48 
  

35.48 

L-Proline 17.25 
  

17.25 
  

17.25 
  

17.25 

L-Serine 26.25 
  

26.25 
  

26.25 
  

26.25 

L-Threonine 53.45 
  

53.45 
  

53.45 
  

53.45 

L-Tryptophan 9.02 
  

9.02 
  

9.02 
  

9.02 
L-Tyrosine • 2Na • 
2H2O 55.79 

  
55.79 

  
55.79 

  
55.79 

L-Valine 52.85 
  

52.85 
  

52.85 
  

52.85 
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TABLE 11 Concentrations of vitamins and other components in chemically -defined media 

DMEM/F-12 (Cat no: D0547-1L, Sigma), SF16, SF17 and SF18 

Components 

Concentrations 
mg/mL 

DMEM/
F-12     SF18  

  
SF17  

  
SF16 

Final  Add Final  Add Final  Add Final 

Vitamins 
          D-Biotin 0.0035 

  
0.0035 

  
0.0035 

  
0.0035 

Choline Chloride 8.98 
 

12.5 21.48 
 

0 8.98 
 

25 33.98 

Folic Acid 2.65 
  

2.65 
  

2.65 
  

2.65 

myo-Inositol 12.6 
 

60 72.6 
 

60 72.6 
 

60 72.6 

Niacinamide 2.02 
  

2.02 
  

2.02 
  

2.02 

D-Pantothenic Acid 2.24 
  

2.24 
  

2.24 
  

2.24 

Pyridoxal • HCl 2 
  

2 
  

2 
  

2 

Pyridoxine • HCl 2.031 
  

2.031 
  

2.031 
  

2.031 

Riboflavin 0.219 
  

0.219 
  

0.219 
  

0.219 

Thiamine • HCl 2.17 
  

2.17 
  

2.17 
  

2.17 

Vitamin B12 0.68 
  

0.68 
  

0.68 
  

0.68 

Nicotinamide 4 
  

4 
  

4 
  

4 

Tocopherol Vit E 0.5 
  

0.5 
  

0.5 
  

0.5 

Retinoic acid Vit A 1.1 
  

1.1 
  

1.1 
  

1.1 

Calciferol Vit D 0.305 
  

0.305 
  

0.305 
  

0.305 

Ferric citrate 0.25 
  

0.25 
  

0.25 
  

0.25 

           Other 
          D-Glucose 3150 

  
3150 

  
3150 

  
3150 

HEPES 0 
  

0 
  

0 
  

0 

Hypoxanthine 2.1 
 

20 22.1 
 

20 22.1 
 

20 22.1 

Linoleic Acid 0.042 
  

0.042 
  

0.042 
  

0.042 

Phenol Red • Na 8.63 
  

8.63 
  

8.63 
  

8.63 

Putrescine • HCl 0.081 
 

0.95 1.031 
 

0.95 1.031 
 

0.95 1.031 

Pyruvic Acid • Na 110 
  

110 
  

110 
  

110 

DL-Thioctic Acid 0.105 
  

0.105 
  

0.105 
  

0.105 

Thymidine 0.365 
 

5 5.365 
  

0.365 
  

0.365 

Hydrocortisone 0 
 

0.025 0.025 
  

0 
 

0.025 0.025 

Oxaloacetate 0 
 

50 50 
 

50 50 
 

0 0 
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B.2 SF18 PREPARATION PROTOCOL 

 

Day 1 

1. Prepare stock solutions according to Table 12. Sterile filter the solutions into 

sterile tubes (0.2 µm Hydrophilic Minisart Syringe Filter, Satorius Stedim 

Biotech GmbH, Germany). Store at 4 °C. 

Note: Retinoic acid should be stored at -70 °C and handled in darkness. 

Oxaloacetate should be prepared freshly and kept on ice. 

2. Autoclave one 2 L Duran flask. 

 

TABLE 12 Stock solution concentrations 

and solvents. 

Component Conc. Solvent 

  mg/L   

L-Alanine 1.500E+04 dH2O 

L-Histidine 2.500E+04 dH2O 

Nicotinamide 2.000E+03 dH2O 

Myo-Inositol 3.000E+04 dH2O 

Choline cloride 2.500E+04 dH2O 

Ferric citrate 5.000E+03 dH2O 

MgCl2 7.200E+04 dH2O 

Sodium Selenite 1.070E+03 dH2O 

CaCl2 1.000E+05 dH2O 

KCl 9.000E+04 dH2O 

MgSO4 5.000E+04 dH2O 

Hydrocortisone 1.660E+03 dH2O 

Oxaloacetate 8.000E+04 dH2O 

Tocopherol (Vit E) 5.000E+03  

Calciferol (Vit D) 9.000E+03  

L-Cysteine·HCl·H2O 4.640E+04 dH2O 

SnCl2·2H2O 2.020E+01 dH2O 

Putrescine·HCl 2.000E+03 dH2O 

D-Biotin 4.170E+02 2 M NaOH 

Hypoxanthine 1.905E+04 0.2 M NaOH 

Thymidine 2.000E+03 0.1 M NaOH 

Retinoic acid (Vit A) 1.000E+04 DMSO? 

 

TABLE 13 Volumes for stock solution 

mixtures. 

Component Vol. 

  μL 

  Mix 1 
 L-Alanine 1000.0 

L-Histidine 3000.0 

Nicotinamide 4000.0 

Myo-Inositol 4000.0 

Choline cloride 1000.0 

Ferric citrate 100.0 

MgCl2 2388.9 

Sodium Selenite 15.9 

CaCl2 1000.0 

KCl 10000.0 

MgSO4 1000.0 

Hydrocortisone 30.1 

Oxaloacetate 1250.0 

Tocopherol (Vit E) 200.0 

Calciferol (Vit D) 67.8 

  Mix 2 
 L-Cysteine·HCl·H2O 1000.0 

SnCl2·2H2O 27.2 

Putrescine·HCl 950.0 

  Mix 3 
 D-Biotin 48.0 

Hypoxanthine 2100.0 

Thymidine 5000.00 

  Add separately 
 Retinoic acid (Vit A) 220.0 
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Day 2 

1. Collect > 2 L of freshly distilled H2O. 

2. Put a magnet in a clean 2 L Duran flask. Weigh 2 L of H2O in the flask and mark 

the level. Remove approximately 400 mL of H2O from the flask. 

3. Place the flask on a magnetic stirrer and add the contents of two bottles of 

DMEM/F-12 (Cat no: D0547-1L, Sigma) while stirring gently. 

4. Add the following components to desired concentration: 

a. Sodium bicarbonate 

b. Pluronic F-68 

c. HEPES (optional) 

d. Mix 1 

e. Mix 2 and Mix 3 

5. Bring the flask into a dark room. Thaw retinoic acid and add. 

6. Analyze pH and osmolality. Adjust the pH by addition of 1 M NaOH or 1 M HCl to 

a value between 6.9 and 7.1. Adjust the osmolality by addition of distilled H2O 

(down) or salt (up) to a value between 290 and 320 mOsm/kg. If it is difficult to 

maintain pH when adding distilled H2O, osmolality values < 340 mOsm/kg are 

acceptable. 

7. Sterile filter the medium into the autoclaved 2 L Duran flask. Label and store at 4 

°C. 
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Appendix C CALCULATIONS 

C.1 DYNAMICS OF BATCH CULTURE 

C.1.1 PARAMETERS 

Symbol Description Unit 

   Total cell density MTC/mL 

    Viable cell density MVC/mL 

   Dead cell density MDC/mL 

  Specific growth rate Day-1 

     Viability % 

  Time Day 

  Biomass MVC/mL 

    Doubling time Days 

  Substrate concentration mM 

  Product concentration mM 

   Specific consumption rate mmol/Day,109 cells 

   Specific production rate mmol/Day, 109 cells 

 

C.1.2 CELL DENSITY AND VIABILITY 

The following relationship exists between the total, viable and dead cell density: 

           (12)  

 

The viability is defined as the ratio between the viable cell density and total cell density: 
 
 

     
  

  
      

  

     
     (13)  

 

C.1.3 GROWTH 

Assuming that the cells grow exponentially and that the rate of cell death is low in 

relation to the growth rate, the dynamics of growth is described by the following 

equation that can be derived from mass balance of a batch culture [11] [32]: 

   

  
     (14)  

Integration of Equation (14) yields an expression for the specific growth rate μ: 

 
  

          
⁄  

       
 

(15)  

Rearrangement of Equation (14) results in an expression that can be used to estimate 
the future cell density: 
         

    (16)  
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The subscripts of t refer to the consecutive time points for sample collection, where t2 > 
t1. The corresponding doubling time can be calculated by Equation (17): 
 
 

    
    

 
 (17)  

 

C.1.4 CONSUMPTION AND PRODUCTION OF METABOLITES 

 

Assuming a constant specific growth rate, the dynamics of metabolite consumption and 

production are described by the following equations that can be derived from mass 

balance for a batch culture [11] [33]: 

   

  
       

(18)  

   

  
      

(19)  

Integration of equations (18) and (19) yields expressions for the specific consumption 

and production rates: 

 
     

(       )

(       )
 

(20)  

 
    

(       )

(       )
 

(21)  

Equations (18) and (20) can be rearranged and combined with Equation (15) to obtain 
expressions that can be used to estimate the future metabolite concentrations. 
 
     

   

 
(       )      

   

 
   ( 

     ) (22)  

 
     

  

 
(       )      

  

 
   ( 

     ) 
(23)  

Assuming that the specific rates are constant throughout the cultivation and do not 

change as a function of cell density, a proportional relationship between ΔS and ΔX, and 

between ΔP and ΔX can be derived: 

            
   

 
   (24)  

            
  

 
   (25)  
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C.1.5 YIELDS 

The yield between a metabolite product and substrate may be calculated by taking the 

ratio between the corresponding specific production and consumption rates. 

 
     |

  

  
| (26)  

 

C.2 NORMALIZATION 

To be able to compare culture data when the cultures in practice have been inoculated 

at slightly different start densities, the experimentally analyzed densities throughout the 

experiment can be normalized against the start density for each specific culture. The 

following expression was used to normalize the viable cell densities for a specific 

culture: 

          
    

    
      

       is the normalized viable cell density at time t,      was the theoretical viable cell 

density that was intended at inoculation,       is the actual viable cell density analyzed 

right after inoculation, and      is the viable cell density analyzed at time t. 

C.3 AMINO ACID CONCENTRATIONS 

TABLE 14 The order of eluted peaks during amino acid analysis with HPLC for Method 1 and 2. 

AMQ corresponds to water molecules that have reacted with the AccQ -tag. Aaba is the internal 

standard. 

Peak # System 1 System 2 

1 Asp AMQ 

2 Glu Asp 

3 AMQ Ser + Asn 

4 Ser Glu 

5 Asn Gly 

6 Gly His + Gln 

7 Gln NH3 

8 His Thr + Arg 

9 NH3 Ala 

10 Thr Pro 

11 Arg + Ala Aaba 

12 Pro Tyr + Cys/2 

13 Aaba Val 

14 Tyr Met 

15 Cys/2 Lys 

16 Val Ile 

17 Met Leu 

18 Ile Phe 

19 Leu 
 20 Lys + Phe 
 21 Trp   
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The amino acid concentrations were calculated from Equation (27). The results from the 

two methods were combined into final estimated concentrations according to Table 15. 

 
            

         

         
 (27)  

 

Symbol Description Unit 

     concentration of the amino acid in the sample  

   dilution factor  

     concentration of the amino acid in the external standard  

     area of the amino acid peak in the sample  

     area of the internal standard peak (Aaba) in the external standard  

     area of the amino acid peak in the external standard  

     area of the internal standard peak (Aaba) in the sample  

 

TABLE 15 Equations for calculating the final amino acid concentrations by combining the 

concentrations obtained in Method 1 and 2. The subscripts refer to by which method the 

concentration was obtained. The amino acid abbreviations refer to the corresponding 

concentrations. 

Amino acid Equation 

Ala        

Arg                   

Asn        

Asp [             ]  ⁄  

Cys/2          

Gln        

Glu [             ]  ⁄  

Gly [             ]  ⁄  

His                   

Ile [             ]  ⁄  

Leu [             ]  ⁄  

Lys        

Met [             ]  ⁄  

NH3        

Phe        

Pro [             ]  ⁄  

Ser        

Thr        

Trp        

Tyr        

Val [             ]  ⁄  

 

  



Development of a culture system for modeling of pH effects in CHO cells, Master’s Thesis, 2011. 78 
 

Appendix D PART I: SELECTION OF MEDIUM AND 

ADAPTATION (EXPERIMENTS 1-5) 

D.1 EXPERIMENT 1: TEST OF MEDIA SF16, SF17 AND SF18 

TABLE 16 Cell growth and viability during batch culture in the  three chemically-defined 

media SF16, SF17 and SF18. 

t 
 

Cv 
 

Norm. Cv 
 

Viab 
 

µ 

Day 
 

MVC/mL 
 

MVC/mL 
 

% 
 

Day-1 

  
 SF16 SF17 SF18 

 
SF16 SF17 SF18 

 
SF16 SF17 SF18 

 
SF16 SF17 SF18 

0.00 
 0.567 0.429 0.364 

 
0.500 0.500 0.500 

 
99.6 100.0 99.4 

    2.99 
 2.674 2.489 1.898 

 
2.359 2.902 2.604 

 
98.3 98.6 98.4 

 
0.520 0.589 0.553 

4.03 
 3.473 4.305 3.887 

 
3.065 5.019 5.332 

 
92.9 94.3 95.7 

 
0.251 0.526 0.688 

5.03 
 3.764 4.449 4.566 

 
3.322 5.187 6.264 

 
89.1 90.9 93.8 

 
0.080 0.033 0.161 

6.91   3.650 4.748 5.420   3.221 5.536 7.436   77.2 86.4 85.1   -0.016 0.035 0.091 
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D.2 EXPERIMENT 2: EFFECT OF HEPES 

TABLE 17 Cell density, viability, specific growth rate and pH during batch cultures in 

ExCell302 medium supplemented with various concentrations of HEPES, Trial 1. 

cHEPES t Cv Norm. Cv Viab μ pH 

mM Day MVC/mL MVC/mL % Day-1 
 

7.5 

0.00 0.316 0.300 99.3 
 

7.432 

0.80 0.452 0.429 98.2 0.445 7.009 

3.65 3.014 2.861 98.7 0.666 6.697 

4.66 3.606 3.423 98.2 0.178 6.686 

5.69 3.510 3.332 96.6 -0.026 6.735 

6.96 3.451 3.276 94.6 -0.013 7.059 

15 

0.00 0.266 0.300 98.8 
 

7.256 

0.80 0.427 0.482 98.1 0.589 6.954 

3.65 2.575 2.904 98.7 0.630 6.697 

4.66 2.977 3.358 97.4 0.144 6.617 

5.69 3.085 3.479 96.8 0.035 6.656 

6.97 2.451 2.764 93.0 -0.181 6.878 

25 

0.00 0.311 0.300 98.8 
 

7.298 

0.80 0.423 0.408 98.1 0.382 6.922 

3.66 2.387 2.303 98.1 0.607 6.582 

4.66 3.067 2.959 96.9 0.248 6.598 

5.69 3.101 2.991 94.8 0.011 6.622 

6.98 3.061 2.953 91.3 -0.010 6.879 

35 

0.00 0.258 0.300 98.0 
 

7.185 

0.80 0.377 0.438 96.0 0.472 6.938 

3.66 2.587 3.008 98.5 0.674 6.593 

4.66 3.088 3.591 98.5 0.177 6.606 

5.69 2.872 3.340 96.2 -0.070 6.632 

6.98 2.878 3.347 94.9 0.002 NA 

45 

0.00 0.279 0.300 97.5 
 

7.066 

0.80 0.452 0.486 96.2 0.602 6.861 

3.65 2.780 2.989 98.4 0.637 6.593 

4.66 3.046 3.275 97.5 0.091 6.605 

5.65 3.217 3.459 94.4 0.055 6.618 

6.97 1.698 1.826 91.5 -0.486 6.795 
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TABLE 18 Cell density, viability, specific growth rate and pH during batch cultures in 

ExCell302 medium supplemented with various concentrations of  HEPES, Trial 2. 

cHEPES t Cv Norm. Cv Viab μ pH 

mM Day MVC/mL MVC/mL % Day-1 
 

7.5 

0.00 0.332 0.300 97.4 
 

7.608 

0.80 0.500 0.452 99.0 0.513 7.077 

1.98 1.593 1.439 98.1 0.982 6.741 

4.08 3.475 3.140 97.0 0.372 6.612 

6.79 3.346 3.023 86.5 -0.014 6.965 

15 

0.00 0.340 0.300 95.3 
 

7.390 

0.79 0.438 0.386 98.9 0.319 6.982 

2.00 1.596 1.408 99.2 1.074 6.703 

4.07 3.548 3.131 98.2 0.385 6.600 

6.79 3.257 2.874 92.7 -0.032 6.845 

25 

0.00 0.239 0.300 97.0 
 

7.275 

0.80 0.472 0.592 99.6 0.856 6.987 

2.00 1.467 1.841 98.9 0.941 6.716 

4.07 3.847 4.829 97.7 0.466 6.613 

6.78 3.662 4.597 93.3 -0.018 6.861 

35 

0.00 0.329 0.300 93.1 
 

7.229 

0.79 0.492 0.449 98.9 0.512 6.996 

1.98 1.474 1.344 98.4 0.922 6.751 

4.07 3.334 3.040 98.3 0.390 6.645 

6.79 4.320 3.939 93.5 0.095 6.897 
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D.3 EXPERIMENT 3: ADAPTATION I 

TABLE 19 Viable cell density, viability, specific growth rate and doubling time during adaptation to SF18 (Adaptation I).  The cell density after passage was 

calculated from the previous value and thus not analyzed by the Bioprofile FLEX.  

t Passage 
Days since 

Passage 
Cv Viab µ PDT Comments 

Day P = Yes Day MVC/mL % /Day Days   

0.00 P 0 0.298 
   

Passage by transfer. 14% ExCell302. 

3.83 
  

3.294 99.2 0.628 1.10   

3.95 P 4 0.296 
   

Passage by transfer. 100% SF18 

5.94 
  

1.144 97.3 0.680 1.02 
 

6.78 
  

1.179 95.2 0.487 1.42   

6.78 P 3 0.295 
   

Passage by transfer. 100% SF18 

7.76 
  

0.400 94.6 0.311 2.23 
 

10.88 
  

0.498 88.6 0.128 5.42   

10.88 P 4 0.294 
   

Passage by centrifugation. 25% Supernatant, 75% SF18 

11.92 
  

0.309 79.9 0.048 14.30 
 

13.88 
  

0.342 87.7 0.051 13.69   

13.88 P 3 0.251 
   

  

17.66 
  

0.315 75.3 0.060 11.61   

17.66 P 4 0.389 
   

Working volume is now 15 mL. Passage by centrifugation. 33% supernatant. 

19.61 
  

0.268 66.9 -0.191 -3.64 The shake flask had been moved to another incubator and the lid was not loose. 

19.61 P 2 0.262 
   

New batch of SF18 (by EH 101028). Passage by centrifugation. 33% supernatant. 

20.64 
  

0.352 77.1 0.286 2.42 
 

21.59 
  

0.286 71.7 0.045 15.48   

21.59 P 2 0.259 
   

Passage by centrifugation. 33% supernatant. 

24.63 
  

0.340 82.7 0.089 7.79   

24.63 P 3 0.317 
   

Passage by centrifugation. 33% supernatant. 
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D.4 EXPERIMENT 4: ADAPTATION II 

D.4.1 4A ADAPTATION TO SF18 

TABLE 20 Cell density, viability, specific growth rate and doubling time during adaptation to 

SF18 (Adaptation II). The cell density after passage was calculated from the previous value and 

thus not analyzed by the Bioprofile FLEX. 

t Passage 
Days since 

Passage 
Cv Viab µ PDT 

Day P = YES Day MVC/mL % /Day Days 

0.00 P 0 0.606 
   

0.99 
  

1.375 99.2 0.830 0.83 

1.93 
  

3.287 99.4 0.875 0.79 

1.93 P 2 0.411 
   

4.98 
  

2.444 99.3 0.586 1.18 

4.98 P 3 0.815 
   

7.15 
  

1.355 97.4 0.234 2.96 

7.15 P 2 1.299 
   

9.11 
  

1.378 94.4 0.030 22.89 

9.11 P 2 1.292 
   

11.96 
  

1.341 91.8 0.013 52.94 

11.96 P 3 1.313 
   

13.03 
  

1.156 90.4 -0.119 -5.81 

13.95 
  

1.092 85.0 -0.092 -7.49 

13.95 P 2 1.047 
   

15.25 
  

0.815 82.3 -0.193 -3.59 

16.00 
  

1.050 85.6 0.002 425.43 

16.00 P 2 1.313 
   

18.96 
  

0.788 71 -0.172 -4.03 

18.96 P 3 0.760 
   

20.97 
  

0.689 70.1 -0.049 -14.13 

20.97 P 2 0.665 
   

22.15 
  

0.629 76.6 -0.047 -14.64 

23.13 
  

0.965 83.3 0.173 35.18 

23.13 P 2 0.864 
   

25.95 
  

1.593 85.4 0.217 3.20 

25.95 P 3 1.481 
   

27.02 
  

1.300 83.3 -0.123 -5.64 

27.02 P 1 1.209 
   

27.94 
  

1.083 72.1 -0.119 -5.81 

27.94 P 1 1.007 
   

30.17 
  

0.534 61.2 -0.284 -2.44 
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D.4.2 4B SELECTION OF A COMMERCIAL ADDITIVE TO SF18 

TABLE 21 Viable cell density, viability, specific growth ra te and pH during batch culture with 

frequent medium renewal in three medium mixtures (SF18 with 25 % of a commercial 

chemically-defined medium) and reference IS CHO-CD XP. 

Tube A: 25 % Power CHO 1-CD 

 

Tube B: 25 % Power CHO 2-CD 

t Cv Viab pH μ 
 

t Cv Viab pH μ 

Day MVC/mL % 
 

Day-1 
 

Day MVC/mL % 
 

Day-1 

0.00 0.538 98.3 6.980 
  

0.00 0.739 98.4 7.089 
 

0.73 0.912 98.3 6.670 0.719 
 

0.73 1.242 98.1 6.740 0.707 

1.72 1.784 95.5 6.596 0.679 
 

1.72 2.008 95.5 6.578 0.581 

1.94 0.920 93.3 7.172 
  

1.94 1.234 97.3 7.252 
 

2.98 1.852 95.4 6.794 0.671 
 

2.98 2.762 96.8 6.709 0.778 

3.15 1.472 93.6 7.152 
  

3.15 2.204 97.4 7.204 
 

3.92 2.579 95.2 6.703 0.724 
 

3.94 3.691 96.8 6.633 0.652 

4.01 1.848 94.5 7.119 
  

4.01 3.205 96.6 7.143 
 

5.71 3.839 89.3 6.710 0.432 
 

5.71 5.118 92.2 6.606 0.275 

           Tube C: 25 % IS CHO-CD XP 
 

Tube D: 100 % IS CHO-CD XP 

t Cv Viab pH μ 
 

t Cv Viab pH μ 

Day MVC/mL % 
 

Day-1 
 

Day MVC/mL % 
 

Day-1 

0.00 0.849 98.8 7.137 
  

0.00 0.898 98.2 7.258 
 

0.74 1.504 98.7 6.768 0.778 
 

0.74 1.500 98.4 6.916 0.691 

1.72 2.380 97.7 6.634 0.465 
 

1.72 2.777 98.5 6.690 0.629 

1.94 1.125 97.3 7.332 
  

1.94 1.304 98.2 7.462 
 

2.98 2.155 97.7 6.761 0.628 
 

2.98 2.413 98.7 6.864 0.594 

3.15 1.900 97.0 7.226 
  

3.15 1.908 98.6 7.372 
 

3.94 3.616 97.1 6.665 0.816 
 

3.94 3.405 98.4 6.800 0.734 

- - - - - 
 

4.01 2.918 98.9 7.244 
 

- - - - - 
 

5.71 7.284 98.3 6.658 0.537 
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D.4.3 4C CONTINUED ADAPTATION TO SF18 WITH COMMERCIAL ADDITIVE 

TABLE 22 Cell density, viability, specific growth rate and doubling time during adaptation to 

XS25 (Adaptation II continued).  The cell density after passage was calculated from the previous 

value and thus not analyzed by the Bioprofile FLEX.  

t Passage Days since Passage Cv Viab µ PDT 

Day P = YES Days MVC/mL % Day-1 Days 

30.17 P 2 0.515    

31.18 
  

0.525 64.2 0.018 37.49 

32.94 
  

0.805 77.0 0.161 4.30 

32.94 P 3 0.749 
   

34.26 
  

1.167 84.9 0.335 2.07 

35.02 
  

1.896 89.6 0.445 1.56 

35.02 P 2 1.763 
   

35.95 
  

3.058 94.0 0.593 1.17 

36.09 P 1 1.582 93.5 
  

36.97 
  

2.415 94.0 0.479 1.45 

36.97 P 1 0.900 
   

40.00 
  

1.256 62.7 0.110 6.28 

40.00 
  

1.429 78.3 0.153 4.53 

40.12 P 3 1.168 
   

41.93 
  

1.762 82.3 0.227 3.06 

41.93 P 2 1.639 
   

43.96 
  

5.703 92.7 0.615 1.13 

43.96 P 2 0.485 
   

47.10 
  

1.996 96.6 0.451 1.54 
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D.5 EXPERIMENT 5: FINAL SELECTION OF CELLS AND MEDIUM 

D.5.1 5A CELL STABILITY 

TABLE 23 Viable cell density, viability, specific growth rate and doubling time during batch 

culture of subculture NA14 cells in medium XS25.  tSub refers to the time since start of the 

specific subculture while t is the time since thaw of NA14-cells. 

Subculture tSub t Passage Cv Viab μ PDT Comment 

 
Day Day P = Yes MVC/mL % Day-1 Days   

NA14 in XS25 
 

0.00 0.00 P 0.682 96.5 
  Thaw Day 0 

0.88 0.88 
 

1.095 97.0 0.538 1.29 

 0.88 0.88 P 1.000 
   Thaw Day 1 

1.90 1.90 
 

1.658 98.1 0.497 1.39 

 1.90 1.90 P 0.976 
   Thaw Day 2 

3.13 3.13 
 

1.225 97.7 0.184 3.76 

 3.87 3.87 
 

1.657 96.2 0.411 1.69 

 3.87 3.87 P 0.900 
   

 6.87 6.87 
 

4.766 97.4 0.555 1.25   

NA14 in XS25 
 

0.00 7.11 P 0.437 97.2 
  

 1.74 8.86 
 

1.157 98.2 0.558 1.24 

 1.90 9.01 P 0.596 96.8 
  

 3.73 10.84 
 

1.194 96.9 0.380 1.83 

 3.91 11.02 P 0.547 95.8 
  

 6.76 13.87 
 

2.619 97.4 0.550 1.26 

 7.01 14.12 P 0.604 94.4 
  

 8.75 15.86 
 

1.735 95.8 0.605 1.15 

 8.88 15.99 P 0.599 95.2 
  

 10.80 17.91 
 

1.812 97.7 0.577 1.20 

 11.01 18.12 P 0.589 97.8 
  

 13.78 20.89 
 

2.272 97.8 0.489 1.42 

 14.06 21.17 P 0.659 97.0 
  

 15.79 22.90 
 

1.754 98.2 0.568 1.22 

 16.07 23.18 P 1.230 98.6 
  

 17.80 24.91 
 

4.023 98.7 0.686 1.01 

 18.14 25.25 P 0.705 97.2 
  

 20.82 27.93 
 

4.204 98.0 0.666 1.04 

 21.08 28.19 P 0.693 97.6 
  

 21.86 28.98 
 

0.898 97.2 0.329 2.11 

 22.78 29.89 
 

2.236 98.4 0.688 1.01   
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TABLE 24 Viable cell density, viability, specific growth rate and doubling time during batch 

culture of subculture NA14 cells in medium XS10. tSub refers to the time since start of the 

specific subculture while t is the time since thaw of NA14-cells. 

Subculture tSub t Passage Cv Viab μ PDT Comment 

 Day Day P = Yes MVC/mL % Day-1 Days   

NA14 in XS10 
 

0.00 7.10 P 0.425 97.7 
  

 1.75 8.85 
 

1.248 98.4 0.616 1.13 

 1.89 9.00 P 0.511 97.6 
  

 3.73 10.84 
 

1.055 96.4 0.394 1.76 

 3.94 11.04 P 0.527 96.8 
  

 6.77 13.87 
 

1.972 94.3 0.466 1.49 

 7.02 14.12 P 0.546 93.6 
  

 8.77 15.87 
 

1.147 95.5 0.426 1.63 

 8.92 16.03 P 0.672 95.9 
  

 10.82 17.92 
 

1.777 96.3 0.513 1.35 

 11.03 18.13 P 0.546 95.8 
  

 13.78 20.88 
 

2.150 98.3 0.498 1.39 

 14.08 21.18 P 0.700 98.4 
  

 15.80 22.90 
 

1.520 98.2 0.451 1.54 

 16.07 23.17 P 1.287 98.6 
  

 17.80 24.91 
 

3.165 98.3 0.519 1.34 

 18.15 25.25 P 0.590 97.6 
  

 20.91 28.01 
 

2.659 96.3 0.544 1.27 

 21.08 28.18 P 0.571 94.2 
  

 21.87 28.97 
 

0.727 95.4 0.307 2.26 

 22.79 29.89 
 

1.512 98.4 0.569 1.22   
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TABLE 25 Viable cell density, viability, specific growth rate and doubling time during batch 

culture of subculture NA14 cells in medium XS25-MTX. tSub refers to the time since start of the 

specific subculture while t is the time since thaw of NA14-cells. 

Subculture tSub t Passage Cv Viab μ PDT Comment 

 Day Day P = Yes MVC/mL % Day-1 Days   

NA14 in XS25-MTX 
 

0.00 7.11 P 0.458 97.1 
  

 1.76 8.87 
 

1.365 98.7 0.620 1.12 

 1.90 9.00 P 0.540 97.2 
  

 3.74 10.84 
 

1.739 98.4 0.635 1.09 

 3.93 11.03 P 0.601 98.6 
  

 6.76 13.86 
 

2.569 98.2 0.513 1.35 

 7.03 14.13 P 0.732 98.6 
  

 8.77 15.87 
 

1.921 98.4 0.554 1.25 

 8.91 16.02 P 0.465 97.3 
  

 10.79 17.90 
 

2.009 98.2 0.779 0.89 

 11.03 18.13 P 0.652 97.7 
  

 13.77 20.87 
 

2.292 97.0 0.459 1.51 

 14.08 21.19 P 0.637 97.1 
  

 15.79 22.89 
 

1.365 97.2 0.447 1.55 

 16.07 23.18 P 1.241 97.5 
  

 17.79 24.90 
 

3.396 97.2 0.585 1.18 

 18.13 25.23 P 0.500 a 
   

 20.89 28.00 
 

3.240 93.9 0.676 1.03 

 21.07 28.18 P 0.603 93.9 
  

 21.87 28.98 
 

0.896 95.1 0.495 1.40 

 22.79 29.90 
 

2.360 99.3 0.794 0.87 

 23.08 30.19 P 0.661 98.8 
  

 24.80 31.91 
 

2.119 97.6 0.676 1.03   
a Estimated value. 
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TABLE 26  Viable cell density, viability, specific growth rate and doubling time during thaw of 

subculture of K4 GFP27 cells and subsequent batch culture in medium IS CHO-CD XP and XS50-

MTX. tSub refers to the time since start of the specific subculture while t is the time since thaw 

of NA14-cells. 

Subculture tSub t Passage Cv Viab μ PDT Comments 

 
Day Day P = Yes MVC/mL % Day-1 Days   

K4 GFP27 
 

0.00 1.94 P 0.757 94.6 
  Thaw Day 0 

1.18 3.13 
 

1.411 97.5 0.527 1.32 

 1.18 3.13 P 1.000 
   Thaw Day 1 

1.93 3.87 
 

1.498 98.5 0.543 1.28 

 1.93 3.87 P 0.300 
   Thaw Day 2 

4.92 6.86 
 

3.030 97.5 0.773 0.90   

K4 GFP27 in 
XP-MTX 

4.92 6.86 P 0.300 
   Passage to IS CHO-CD XP 

7.96 9.91 
 

1.703 98.7 0.570 1.22 

 8.06 10.00 P 0.299 96.2 
   

11.91 13.86 
 

2.687 97.3 0.570 1.22  

12.17 14.12 P 0.850 97.1 
   

13.93 15.88 
 

2.461 98.0 0.603 1.15  

14.89 16.84 
 

3.777 97.6 0.446 1.55  

14.89 16.84 P 0.300 
    

18.93 20.88 
 

3.843 97.6 0.631 1.10  

K4 GFP27 in 
XS50-MTX 

 

0.00 10.01 P 0.383 97.7 
   

3.85 13.86 
 

3.424 98.0 0.568 1.22  

4.10 14.11 P 0.673 94.7 
   

5.88 15.88 
 

2.370 98.4 0.710 0.98  

6.09 16.10 P 0.540 97.1 
  Parallel subculture in XS25-MTX 

6.84 16.84 
 

0.913 99.0 0.702 0.99  

7.85 17.86 
 

1.755 98.4 0.643 1.08  

8.11 18.12 P 0.662 98.0 
   

10.86 20.86 
 

3.577 98.6 0.615 1.13  

11.15 21.16 P 0.535 96.4 
   

12.88 22.88 
 

1.669 98.8 0.661 1.05 

 13.09 23.10 P 1.241 96.8 
  

 14.85 24.85 
 

3.078 95.7 0.517 1.34 

 15.25 25.26 P 1.031 92.5 
  

 17.89 27.90 
 

2.612 93.4 0.353 1.97 

 18.19 28.20 P 0.666 95.3 
  

 19.00 29.01 
 

0.867 95.9 0.324 2.14 

 19.91 29.92 
 

1.099 98.5 0.291 2.38   
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TABLE 27 Viable cell density, viability, specific growth rate and doubling time during 

subculture of K4 GFP27 cells in XS25-MTX. The subculture was started from K4 GFP27 cells in 

XS50-MTX (see the previous table). tSub refers to the time since start of the specific subculture 

while t is the time since thaw of NA14-cells. 

Subculture tSub t Passage Cv Viab μ PDT  

 Day Day P = Yes MVC/mL % Day-1 Days  

K4 GFP27 in 
XS25-MTX 

 

0.00 16.10 P 0.494 98.6    

0.76 16.86  0.917 99.1 0.819 0.85  

1.77 17.87  1.945 98.2 0.744 0.93  

2.02 18.12 P 0.629 97.1    

4.76 20.86  1.726 95.8 0.368 1.88  

5.07 21.17 P 0.631 96.6    

6.79 22.89  1.387 97.6 0.458 1.51  

7.00 23.10 P 1.285 96.8    

8.76 24.86  2.019 88.0 0.257 2.69  

9.16 25.26 P 0.719 89.7    

11.80 27.90  2.612 93.4 0.488 1.42  

12.09 28.19 P 1.210 93.3    

12.89 28.99  1.503 95.0 0.273 2.54  

13.81 29.91  2.644 96.4 0.456 1.52  

14.09 30.19 P 0.738 97.4    

15.88 31.98  2.015 96.9 0.562 1.23  
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D.5.2 5B GROWTH AT HIGHER CELL DENSITIES 

TABLE 28 Viable cell density, viability , specific growth rate and doubling time during batch 

cultures with frequent medium renewal at high cell densities  of subcultures of NA14 cells in 

XS25-MTX, K4 GFP27 cells in XS50-MTX and XS25-MTX. tSub refers to the time since start of the 

specific subculture for high cell density test.  

Subculture tSub Passage Cv Cv Viab μ 

 Day P = YES MVC/mL MVC/mL % Day-1 

NA14 in XS25-MTX 

0.00 P 1.754 1.700 97.7 
 

1.03 
 

2.955 2.864 96.8 0.509 

1.20 P 2.688 2.605 97.4 
 

2.28 
 

5.379 5.213 97.4 0.639 

2.36 P 4.333 4.200 97.4 
 

3.26 
 

6.424 6.226 97.9 0.437 

3.39 P 1.031 0.999 94.8 
 

6.16 
 

2.894 2.805 93.1 0.374 

6.32 P 2.489 2.412 94.6 
 

7.17 
 

4.563 4.423 96.7 0.712 

K4 GFP27 in XS50-MTX 

0.00 P 1.708 1.700 97.7 
 

1.02 
 

3.426 3.410 98.6 0.685 

1.20 P 3.263 3.248 98.9 
 

2.27 
 

5.869 5.842 98.4 0.548 

2.36 P 4.587 4.566 98.8 
 

3.26 
 

7.525 7.490 98.6 0.548 

3.38 P 1.15 1.145 97.1 
 

6.16 
 

5.135 5.111 98.6 0.537 

6.32 P 3.333 3.317 97.7 
 

7.18 
 

4.848 4.825 98.8 0.437 

K4 GFP27 in XS25-MTX 

0.00 P 1.592 1.700 97.8 
 

1.02 
 

3.038 3.244 97.2 0.633 

1.21 P 3.076 3.285 98.1 
 

2.26 
 

4.866 5.196 97.6 0.436 

2.36 P 4.39 4.688 97.9 
 

3.26 
 

7.621 8.138 97.9 0.613 

3.39 P 1.031 1.101 97.1 
 

6.19 
 

3.151 3.365 95.2 0.398 

6.32 P 2.66 2.840 96.3 
 

7.18 
 

4.199 4.484 96.7 0.531 
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Appendix E PART II: DEVELOPMENT AND EVALUATION 

OF THE SPINNER-REACTOR CULTURE SYSTEM 

(EXPERIMENTS 6-7) 

E.1 EXPERIMENT 6: DESIGN AND CONSTRUCTION 

E.1.1 MATERIALS 

TABLE 29  Materials required for construction of the Spinner-reactor culture system. 

Material 
Manufacturer 

(when available) 

Cat. no./Identification 

(when available) 

Spinner flask   

Flask with two sidearm screw-caps BELLCO glass 1965-00100 

Screw cap lid BELLCO glass A-523-203 

Cap liner BELLCO glass A-523-209 

Glass rod BELLCO glass 1969-70250 

Magnet holder BELLCO glass A-523-201 

Magnet BELLCO glass 1975-00158 

Paddle BELLCO glass A-523-198 

Silicone plug BELLCO glass A-523-200 

   

Bench-top Bioreactor Units   

CP400 Analogue Interface Belach Bioteknik AB  

CP410 I/O-Interface Belach Bioteknik AB  

CP106 Gas Panel Belach Bioteknik AB  

BioPhantom Software Belach Bioteknik AB  

Temperature probe Belach Bioteknik AB  

   

Probes   

Polarographic DO-sensor    

Gel-glass pH-electrode 

 

HAMILTON  

Miscellaneous   

Aluminium foil   

Cotton wool   

Water bath thermostat Precitherm PFV CLINICON International 

Gmbh 
 

Water bath container CLINICON International 

Gmbh 

 

Magnetic stirrer LD-14 LABINCO Laboratory 

Instruments 

 

Stainless steel tube fittings Swagelok See Figure 27 

Various plastic connectors   

Two pairs of ¼” flow APC series couplings 

(quick connectors) 

Colder Products 

Company 
 

Two filters (0.22 μm, ⦰: 4.5 cm) 

One filter (0.22 μm, ⦰: 7.5 cm) 
  

Ty-Fast and Ty-Rap cable ties Thomas & Betts TY100-18-100, TY524MR, 

TY525MR 

Silicone tubes of various dimensions   

PharmMed BPT tube SAINT-GOBAIN PPL R6502-26BPT 
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Hollow metal rod (length: 19 cm, inner ⦰: d: 6 

mm, external ⦰: 4 mm) 
  

100 mL Duran flask with screw-cap lid and cap 

liner 
  

Three slide clamps   

 

 

FIGURE 27 Swagelok stainless steel tube fittings with accessories. The two large fittings were 

used to hold the pH- and DO-probe. The small fitting was used to hold gas out metal rod. The 

fittings are made of stainless steel.  
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E.1.2 PROTOCOL FOR MEDIUM EXCHANGE AND SAMPLE COLLECTION 

 

1. Prepare the following: 

a. 100 mL XS25 medium at 37 °C.  

b. label 10 Eppendorf tubes for HPLC-samples 

c. get ice in frigolite box 

d. prepare two sterile 50 mL centrifuge tubes, two 50 mL pipettes, two 5 mL 

pipettes, two 2 mL pipettes and a sterile tube 

e. place heat block in LAF with insulation and set at 40 °C 

2. Calculate the passage volume from the following equation: 

 

 

   
         

          
 

(28)  

Cv,s is the desired start density in MVC/mL.  Cv,z is the viable cell density of the most 

recent zero sample in MVC/mL. µ is the specific growth rate in Day-1. Δt is the time in 

days that has passed between the last zero sample and the planned passage. 

3. Note down appropriate information in the log sheet. Disconnect alkali tube, pH, DOT, 

clamp and disconnect gas inlet and outlet, alkali inlet and turn off the magnetic stirrer. 

4. Carefully remove the flask from the water bath. Move the alkali flask and spinner flask to 

the LAF, after spraying with 70 % ethanol. Place the flask on top of the heat block in the 

insulation. 

5. Open the screw cap. Take 2   1.5 mL samples. 

6. Use a pipette and autoclaved tube to remove all the liquid from the flask and transfer the 

calculated volume (Vp) to the centrifuge tubes. 

7. Centrifuge the tubes at 1000 rpm for 5 min. 

8. Load one sample in the Bioprofile FLEX and place the other sample on ice. 

9. Add deionized water to the water bath to the specified level. 

10. Remove the tubes from the centrifuge. Discard the supernatants. Dissolve the pellets in 

the warm medium and add to the flask. Transfer the rest of the warm medium to the 

flask. 

11. Screw the cap back on the arm. Remove from LAF and place the flask in the water bath 

and connect the pH and DO-probes and the gas inlet.  Attach the alkali tube to the pump 

head. Loosen the clamps and start the magnetic stirrer. 

12. Prime the alkali tube. 

13. Centrifuge the remaining sample volumes at 1000 rpm for 5 min. Divide the 

supernatants into 5 labeled Eppendorf tubes and freeze at -20 °C.  

14. Wait for a specified time or until the system is stable. Repeat steps 3-5, 8 and 11-13 to 

collect zero samples. 
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E.1.3 AGITATION 

The stirrer was set at a specific stirrer speed set point. The number of rounds was 

counted during 30 sec. The corresponding tip speed in m/s was calculated from the 

following equation: 

 
            

       

  
 (29)  

where 2R corresponds to the impeller diameter (here  the length of the magnet which 

was approximately 4.2 cm). Table 30 shows the results. 

TABLE 30 Tip speed at various stirrer speeds, measured for 103-170 RPM and calculated for 

200-300 RPM. 

Stirrer speed 
set point 

Counted 
rounds 

Time Stirrer Speed Tip speed 

RPM  sec RPM m/s 

Measured     

103 51 30 102 0.22 

160 80 30 160 0.35 

170 84 30 168 0.37 

Calculated     

200 - - - 0.44 

250 - - - 0.55 

300 - - - 0.66 
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E.2 EXPERIMENT 7: CULTURE AT PH 7.0 

E.2.1 LOGGED PARAMETERS 

 

 

 
 

Continued on next page. 

  

B 

A 

C 
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Continued from previous page. 

 

 
FIGURE 28 Logged parameters. Data points were collected at 1 min intervals. Day 0.0 

corresponds to the batch time 1.9 hours, while Day 24.0 corresponds to batch time 577.9 

hours. The extreme peaks in the signals generally correspond to the time points for medium 

exchange and sample collection when the flask unit was disconnected from the reactor site. 

(A) CO2 given as output in % for the gas mixer (CP601)  (B) Addition of alkali given as output 

in seconds, i.e. how long time the alkali pump has been active . (C) pH. (D) DO given as output 

in %, where 84.1 % corresponds to full saturation at 200 rpm and 10 mL/min flow of air. (E) 

Temperature.

D 

E 
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E.2.2 CULTURE DATA 

TABLE 31 Cell density, viability, growth rate, doubling time, pH, DO, stirrer speed, and concentration of Glc, Lac, Gln, Glu and NH 3 during pseudo-perfusion 

cultures in the prototype culture system (Experiment 7), day 0 -24. BioP = Analyzed by Bioprofile FLEX. CP400 = read from the display of the CP400 -unit. EX = 

sample taken before medium exchange. ZS = sample taken after medium exchange. S = sampl e taken between ZS and EX. NA = value not available. Empty 

positions were not registered/analyzed. 

t Type Cv Ct Cd Viab µ PDT pH pH pH 
Stirrer 
speed 

DO Glc Lac Gln Glu NH3 

  
BioP BioP BioP 

   
CP400 BioP BioP 

 
CP400 BioP BioP BioP BioP BioP 

Day 
 

MVC/mL MTC/mL MDC/mL % /Day Days R0 - pH-CP R0 - pH-P R0 - pH-B RPM % mM mM mM mM mM 

0 ZS 0.500 0.519 0.019 96.5 
  

7.02 7.05 6.864 205 74.3 25.28 5.54 5.64 0.20 0.48 
0.82 EX 0.927 0.945 0.018 98.2 0.750 0.925 7.02 7.05 6.908 205 57.1 22.86 8.92 NA 0.22 1.42 

0.98 ZS 0.915 0.929 0.014 98.4 

  

7.00 7.02 7.034 207 65.6 20.69 5.41 1.52 NA 0.58 

1.90 EX 1.290 1.331 0.041 96.9 0.375 1.850 7.00 7.04 7.052 207 49.4 21.23 10.88 NA 0.35 2.00 

1.96 ZS 1.417 1.449 0.032 97.8 

  

7.01 7.04 7.011 204 71.8 22.29 5.42 NA 0.14 0.41 

2.67 S 1.578 1.626 0.048 97.1 0.152 4.571 7.01 7.04 7.036 206 31.8 20.49 11.39 3.91 0.37 NA 

2.96 EX 2.201 2.248 0.047 97.9 0.444 1.562 7.01 7.04 7.031 270 37.2 21.61 13.72 3.22 0.48 2.42 

3.10 ZS 1.905 1.929 0.024 98.8 

  

7.00 7.02 7.004 205 63.3 25.03 6.69 5.11 0.19 0.42 

3.96 EX 2.563 2.723 0.160 94.1 0.345 2.010 7.00 7.03 7.050 250 40.0 19.54 13.80 3.25 0.29 2.40 

3.99 ZS 2.423 2.541 0.118 95.4 

  

7.00 7.03 6.990 201 59.9 22.21 5.03 5.13 0.13 0.41 

5.01 EX 4.227 4.439 0.212 95.2 0.548 1.264 7.02 7.05 7.082 230 35.4 11.62 20.62 2.31 NA 3.26 

5.02 ZS 4.033 4.189 0.156 96.3 

  

7.02 7.05 NA 200 50.0 20.63 6.38 5.09 0.16 NA 

5.79 EX 6.625 6.809 0.184 97.3 0.638 1.087 7.01 7.02 7.000 272 36.8 7.91 25.63 1.33 NA 3.71 

5.89 ZS 3.554 3.650 0.096 97.4 

  

7.02 7.05 NA 212 51.8 21.17 7.65 4.78 NA 0.71 

6.90 EX 6.386 6.580 0.194 97.0 0.581 1.193 7.02 7.05 7.041 259 35.5 7.38 29.81 0.66 0.48 4.13 

6.98 ZS 3.137 3.221 0.084 97.4 

  

7.01 7.03 7.017 250 53.3 23.58 8.47 4.85 0.27 0.72 

7.91 EX 4.432 4.594 0.162 96.5 0.371 1.866 7.02 7.05 NA 218 36.9 14.24 18.82 1.35 0.47 3.77 

7.96 ZS 4.408 4.551 0.143 96.8 

  

6.99 7.03 7.006 212 51.1 23.48 6.71 4.58 NA 0.66 

8.73 EX 6.157 6.418 0.261 95.9 0.431 1.609 7.00 7.03 7.071 250 36.0 10.53 25.63 1.22 0.59 4.04 

8.86 ZS 6.119 6.271 0.152 97.3 

  

7.01 7.03 7.045 220 39.3 20.48 11.37 4.36 0.26 1.30 

9.66 EX 9.000 9.253 0.253 97.3 0.486 1.427 7.00 7.03 7.098 251 32.2 6.57 20.06 0.00 0.51 4.22 

9.70 ZS 4.977 5.127 0.150 97.1 

  

7.01 7.04 7.085 230 44.9 18.10 6.82 4.85 0.21 0.77 

10.63 EX 7.685 7.953 0.268 96.6 0.464 1.492 7.02 7.05 7.088 251 38.6 8.85 27.88 0.64 0.50 4.20 

10.69 ZS 1.673 1.727 0.054 96.9 

  

7.01 7.04 7.093 207 61.6 26.09 6.42 5.11 NA 0.60 

             Continued on next page. 
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             Continued from previous page. 
12.70 EX 3.329 3.590 0.261 92.7 0.341 2.033 7.04 7.07 7.140 250 27.6 10.58 23.70 0.33 NA 4.68 
12.87 ZS 3.034 3.217 0.183 94.3 

  

7.02 7.05 7.058 210 49.5 22.78 9.89 4.59 0.37 1.06 

13.80 EX 3.780 4.132 0.352 91.5 0.237 2.927 7.01 7.04 7.106 230 41.3 11.70 25.27 2.15 0.68 3.42 

13.89 ZS 3.883 4.164 0.281 93.3 

  

7.00 7.03 7.062 218 45.9 22.87 9.51 4.86 0.31 0.86 

14.97 EX 5.161 5.650 0.489 91.3 0.262 2.641 7.00 7.03 7.125 229 40.2 7.74 29.50 0.98 0.68 4.04 

15.04 ZS 5.510 5.900 0.390 93.4 

  

7.00 7.03 7.068 233 36.5 22.75 9.75 4.64 0.36 1.00 

15.84 EX 7.878 8.401 0.523 95.0 0.447 1.550 7.01 7.04 7.105 250 39.1 4.29 28.20 0.54 0.30 4.09 

15.90 ZS 7.375 7.978 0.603 93.6 

  

7.00 7.04 7.045 248 41.4 19.82 9.58 4.16 NA 1.01 

16.76 EX 11.291 11.715 0.424 96.4 0.496 1.397 6.99 7.01 7.069 270 36.2 1.92 32.50 0.00 0.46 4.09 

16.83 ZS 11.172 11.638 0.466 96.0 

  

NA NA 7.057 270 NA 17.71 8.73 4.00 0.05 1.04 

16.90 EX 11.152 11.718 0.566 95.2 

  

7.01 7.04 7.021 266 38.2 20.72 14.79 3.80 0.40 1.96 

16.97 ZS 5.195 5.461 0.266 95.1 

  

6.98 7.01 7.028 219 38.9 24.56 9.11 4.73 0.27 0.73 

17.92 EX 9.519 9.954 0.435 95.6 0.639 1.085 7.00 7.03 7.043 270 35.0 1.94 34.98 0.00 0.37 NA 

17.94 ZS 4.232 4.436 0.204 95.4 

  

7.02 7.05 7.044 269 54.1 26.62 7.86 4.93 0.28 NA 

18.93 EX 8.642 8.905 0.263 96.6 0.724 0.957 7.02 7.05 NA 270 39.3 4.74 33.03 0.22 0.38 NA 

18.96 ZS 4.696 4.815 0.119 97.5 

  

7.02 7.05 NA 271 52.0 21.53 7.15 3.97 0.18 NA 

19.93 EX 8.422 8.671 0.249 97.1 0.605 1.145 7.00 7.05 NA 272 36.5 2.92 34.71 0.14 0.43 3.84 

20.06 ZS 4.012 4.119 0.107 97.4 

  

7.02 7.05 NA 272 54.4 21.78 10.66 4.29 0.34 0.96 

20.73 S 6.641 6.777 0.136 98.0 0.748 0.926 7.01 7.04 NA 270 56.2 6.67 31.61 1.48 0.45 3.09 

20.96 EX 8.424 8.616 0.192 97.8 0.824 0.841 7.00 7.03 NA 270 53.5 2.83 35.70 0.53 0.41 NA 

21.00 ZS 4.637 4.747 0.110 97.7 

  

7.00 7.03 NA 270 66.3 21.00 8.50 4.54 0.21 NA 

21.92 EX 8.889 9.078 0.189 97.9 0.706 0.982 7.00 7.03 NA 274 44.7 1.68 36.15 0.34 NA NA 

21.96 ZS 3.817 3.861 0.044 98.9 

  

6.99 7.02 NA 274 60.1 23.54 7.91 4.70 0.26 NA 

23.02 EX 8.250 8.350 0.100 98.8 0.727 0.953 7.01 7.04 7.007 270 39.7 NA NA NA NA 3.84 

23.09 ZS 4.594 4.658 0.064 98.6 

  

7.01 7.04 7.021 269 62.7 NA NA NA NA 0.81 

23.93 EX 7.259 7.364 0.105 98.6 0.540 1.285 7.00 7.03 6.989 271 67.1 NA NA NA NA 3.75 
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E.2.3 AMINO ACID ANALYSIS 

TABLE 32 Amino acid concentrations during pseudo-perfusion cultures in the prototype culture system (Experiment 7), analyzed by HPLC and calculated 

according to Appendix C.3. 

t Type cAla cArg cAsn cAsp cCys/2 cGln cGlu cGly cHis cIle cLeu cLys cMet cNH3 cPhe cPro cSer cThr cTrp cTyr cVal 

Day  mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM 

6.98 ZS 0.5262 2.0839 0.6954 0.4476 0.3552 5.4539 0.2412 0.4668 0.2852 0.6718 0.7770 1.0962 0.1787 0.7976 0.3351 0.5710 0.8678 0.8881 0.1099 0.2730 0.7445 

7.91 EX 1.2238 1.6786 0.3866 0.3941 0.1719 1.6639 0.3394 0.6304 -1.3220 0.4003 0.4101 0.7518 0.0758 4.9388 0.2095 0.3384 0.3651 0.6154 0.0600 0.1799 0.4592 

7.96 ZS 0.4805 2.1908 0.7270 0.3917 0.3754 5.4715 0.2394 0.4939 0.3819 0.6730 0.7782 1.0949 0.1911 0.7106 0.3446 0.5807 0.9292 0.9425 0.1113 0.3125 0.7781 

8.73 EX 1.7661 1.7771 0.4285 0.4083 0.1293 1.4820 0.4558 0.6261 -1.3211 0.4087 0.3889 0.7123 0.0689 4.9282 0.1919 0.3569 0.4775 0.6527 0.0671 0.1822 0.4567 

8.86 ZS 0.8463 2.0071 0.6469 0.4395 0.2943 4.6748 0.2959 0.5309 0.1201 0.6013 0.6865 1.0616 0.1631 1.5009 0.3229 0.5453 0.7980 0.8546 0.1000 0.2792 0.7074 

9.66 EX 2.0634 1.7081 0.2687 0.4892 0.0775 0.6145 0.4428 0.5571 -1.5026 0.2841 0.2151 0.5346 0.0350 5.4020 0.1175 0.2503 0.3322 0.5266 0.0461 0.1259 0.3145 

9.70 ZS 0.5547 2.0730 0.6243 0.3675 0.3098 5.2978 0.2317 0.4665 0.3350 0.6486 0.7614 1.1027 0.1775 0.8093 0.3460 0.5751 0.8533 0.8719 0.0803 0.2836 0.7561 

10.63 EX 1.5359 1.5126 0.2503 0.3556 0.0973 0.8529 0.2853 0.4822 -1.3981 0.2842 0.2368 0.5437 0.0343 4.9875 0.1358 0.2504 0.3146 0.5039 0.0301 0.1281 0.3150 

10.69 ZS 0.3679 2.1322 0.6839 0.4212 0.3844 5.6061 0.2181 0.4351 0.3384 0.6852 0.8001 1.1004 0.1812 0.6517 0.3650 0.5745 0.8843 0.8933 0.0994 0.2985 0.7693 

12.70 EX 1.4610 1.7237 0.2938 0.4337 0.1478 1.1115 0.3975 0.6706 -1.8016 0.3884 0.3727 0.7288 0.0701 5.9904 0.1971 0.3421 0.2715 0.6222 0.0696 0.1836 0.4421 

12.87 ZS 0.6080 2.3770 0.7154 0.4258 0.3892 5.4930 0.3158 0.6036 -0.1878 0.6613 0.7724 0.9862 0.1843 0.9898 0.3617 0.6060 0.8730 1.0532 0.1121 0.3403 0.7330 

13.80 EX 1.5397 2.2533 0.5369 0.4498 0.1915 2.3433 0.5401 0.7369 -1.8027 0.4607 0.4727 0.7291 0.0923 3.6191 0.2459 0.4270 0.6749 0.7984 0.0885 0.2373 0.5288 

13.89 ZS 0.5089 2.2164 0.6846 0.4541 0.3399 5.4514 0.2583 0.5170 0.3038 0.6500 0.7679 1.0858 0.1803 0.9872 0.3324 0.5637 0.9072 0.8872 0.1024 0.3003 0.7529 

14.97 EX 1.8496 1.6602 0.2728 0.4334 0.1226 1.1053 0.4927 0.5595 -1.2727 0.3412 0.2993 0.6289 0.0513 4.9908 0.1488 0.2959 0.3250 0.5730 0.0519 0.1511 0.3797 

15.04 ZS 0.6058 2.0556 0.6537 0.4526 0.3511 5.0371 0.2669 0.4799 0.2047 0.6194 0.7175 1.0473 0.1682 1.0547 0.3185 0.5553 0.8499 0.8682 0.0975 0.2844 0.7181 

15.84 EX 2.2861 1.6669 0.2470 0.4656 0.1026 0.7532 0.5030 0.5029 -1.2856 0.3250 0.2517 0.5438 0.0341 4.7939 0.1323 0.2610 0.3300 0.5742 0.0483 0.1336 0.3316 

15.90 ZS 0.6956 2.0944 0.5978 0.4476 0.3366 5.0173 0.2520 0.4648 0.2012 0.6072 0.7049 1.0398 0.1645 1.0662 0.3291 0.5322 0.7840 0.8878 0.0972 0.2782 0.7035 

16.76 EX 2.1029 1.4872 0.1235 0.4374 0.0493 0.1363 0.4583 0.4381 -1.3448 0.1745 0.0851 0.3351 0.0004 4.7462 0.0729 0.1531 0.2664 0.4135 0.0270 0.0769 0.1745 

16.83 ZS 0.9903 2.1103 0.5648 0.3608 0.3146 4.6407 0.2708 0.4716 0.1748 0.6159 0.6818 0.9953 0.1593 1.2583 0.3242 0.5342 0.7135 0.8830 0.0897 0.2865 0.7065 

16.90 EX 1.3781 1.7181 0.4729 0.4100 0.2594 3.5784 0.3287 0.5352 -0.3210 0.5343 0.5760 0.9583 0.1403 2.3388 0.2789 0.4555 0.6422 0.7769 0.0828 0.2490 0.6093 

16.97 ZS 0.5374 1.9997 0.6545 0.4258 0.3329 5.0575 0.1914 0.3798 0.4737 0.6155 0.7074 0.9702 0.1661 0.7115 0.3094 0.5366 0.8606 0.9697 0.0771 0.2718 0.6857 

17.92 EX 2.2382 1.5201 0.1601 0.3592 0.0775 0.2990 0.3090 0.3937 -1.2901 0.2232 0.1189 0.3794 0.0002 4.5206 0.0803 0.1751 0.2619 0.4462 0.0246 0.0922 0.2204 

17.94 ZS 0.4953 2.4439 0.7347 0.4488 0.4305 5.9985 0.2301 0.4638 -0.0265 0.7058 0.8107 1.1218 0.1948 0.5638 0.3121 0.5886 0.9695 1.0108 0.1182 0.3536 0.7801 

18.93 EX 1.8890 1.8383 0.2563 0.3907 0.1335 0.5820 0.3592 0.5020 -3.4741 0.2638 0.1918 0.5190 0.0154 5.5849 0.1138 0.2167 0.3736 0.5106 0.0371 0.1429 0.2776 

Continued on next page.  
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Continued form previous page. 
t Type cAla cArg cAsn cAsp cCys/2 cGln cGlu cGly cHis cIle cLeu cLys cMet cNH3 cPhe cPro cSer cThr cTrp cTyr cVal 

Day  mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM mM 
18.96 ZS 0.5934 2.0404 0.6020 0.4103 0.3549 5.2730 0.2523 0.4702 0.3636 0.6358 0.7487 1.0999 0.1711 0.6989 0.3244 0.5582 0.7848 0.8609 0.0939 0.2838 0.7402 

19.93 EX 2.3459 1.6113 0.2759 0.4573 0.1232 0.5603 0.4162 0.5496 -1.3297 0.2872 0.2186 0.5245 0.0149 4.8511 0.1213 0.2484 0.3450 0.5276 0.0426 0.1304 0.3006 

20.06 ZS 0.6941 1.8858 0.6659 0.3881 0.3313 4.6614 0.2371 0.4921 0.1272 0.5966 0.6890 1.0760 0.1680 1.0882 0.3119 0.5414 0.8119 0.8087 0.0880 0.2673 0.6849 

20.73 S 2.2375 1.5023 0.3967 0.4222 0.1697 1.6236 0.3987 0.5054 -1.0091 0.4007 0.3678 0.6776 0.0584 3.7018 0.1781 0.3480 0.5543 0.6262 0.0544 0.1704 0.4228 

20.96 EX 2.0894 1.2664 0.2573 0.3222 0.0996 0.6978 0.3620 0.3897 -0.8611 0.2696 0.2092 0.4481 0.0209 3.3010 0.1104 0.2187 0.3446 0.4696 0.0373 0.1140 0.2746 

21.00 ZS 0.7846 2.7416 0.8985 0.5391 0.4540 7.2447 0.2864 0.5996 0.4856 0.8794 1.0172 1.4680 0.2368 0.8201 0.4305 0.7676 1.1321 1.2083 0.1348 0.3869 1.0035 

21.92 EX 2.3094 1.3927 0.2312 0.3284 0.0991 0.6773 0.3867 0.3956 -0.9626 0.2916 0.2125 0.4595 0.0155 3.6465 0.1016 0.2207 0.3436 0.4814 0.0527 0.1229 0.2786 

21.96 ZS 0.4442 2.3386 0.7439 0.4851 0.4033 5.8479 0.2539 0.4571 0.5049 0.7214 0.8472 1.1838 0.1930 0.5693 0.3698 0.6279 0.8752 0.9845 0.1389 0.3179 0.8152 

23.02 EX 2.7250 1.7657 0.2261 0.4571 0.1283 0.9422 0.5557 0.5321 -1.2683 0.3840 0.3070 0.6334 0.0274 4.9306 0.1507 0.3081 0.4552 0.6669 0.0615 0.1575 0.3999 

23.09 ZS 0.5517 2.2609 0.7342 0.4335 0.3603 5.6685 0.2303 0.4744 0.3976 0.6620 0.7779 1.1050 0.1766 0.7317 0.3261 0.5778 0.9400 0.9364 0.0995 0.3124 0.7642 

23.93 EX 2.4630 1.8269 0.2907 0.4477 0.1428 1.5169 0.5463 0.5198 -1.2542 0.4094 0.3688 0.7278 0.0567 4.6917 0.1832 0.3443 0.5553 0.6973 0.0545 0.1766 0.4608 
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FIGURE 29 Amino acid concentration profiles during pseudo-perfusion in the prototype culture system (Experiment 7). y-axis is concentration in mM. x-axis is 

time in Day. Samples were collected from Day 7 and on.  
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E.2.4 SPECIFIC RATES FOR METABOLITES 

TABLE 33 Specific consumption and production rates during pseudo-perfusion in the 

prototype culture system (Experiment 7), Day 0-24, calculated from the concentrations 

analyzed by the BioProfile FLEX. Each rate is presented at the time of the medium exchange 

sample EX (or S for samples taken between ZS and EX)  and corresponds to the rate between 

that day and the previous day. All rates are in mmol/Day, 10 9 cells. 

t Type qGlc qLac qGln qGlu qNH3 

Day       

0.82 EX -4.248 5.933 NA 0.035 1.650 

1.90 EX 0.540 5.466 NA 0.350 1.419 

2.67 S -1.695 5.623 NA 0.217 NA 

2.96 EX -0.385 4.698 NA 0.192 1.138 

3.96 EX -2.877 3.726 -0.975 0.052 1.038 

5.01 EX -3.220 4.740 -0.857 -0.040 0.867 

5.79 EX -3.129 4.735 -0.925 -0.039 NA 

6.90 EX -2.830 4.548 -0.846 0.099 0.702 

7.91 EX -2.678 2.968 -1.004 0.057 0.875 

8.73 EX -3.190 4.660 -0.828 0.145 0.833 

9.66 EX -2.345 1.465 -0.735 0.042 0.492 

10.63 EX -1.586 3.612 -0.722 0.050 0.588 

12.70 EX -3.193 3.558 -0.984 0.000 0.840 

13.80 EX -3.517 4.882 -0.774 0.098 0.749 

14.97 EX -3.107 4.105 -0.797 0.076 0.653 

15.84 EX -3.487 3.485 -0.774 -0.011 0.584 

16.76 EX -2.268 2.904 -0.527 0.058 0.390 

17.92 EX -3.342 3.822 -0.699 0.015 NA 

18.93 EX -3.592 4.132 -0.773 0.016 NA 

19.93 EX -3.022 4.476 -0.622 0.041 NA 

20.73 S -4.300 5.962 -0.800 0.031 0.606 

20.96 EX -3.540 4.678 -0.702 0.013 NA 

21.92 EX -3.206 4.589 -0.697 -0.035 NA 

23.02 EX NA NA NA -0.043 NA 

23.93 EX NA NA NA NA 0.595 
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TABLE 34 Specific consumption and production rates during pseudo-perfusion in the prototype culture system (Experiment 7), for Day 8-24, calculated from 

the concentrations analyzed by HPLC. Each rate is presented at the time of the medium exchange sample EX and corresponds to the rate between that day and 

the previous day. All rates are in mmol/Day, 109 cells. 

t 
 

qAla qArg qAsn qAsp qCys/2 qGln qGlu qGly qHis qIle qLeu qLys qMet qNH3 qPhe qPro qSer qThr qTrp qTyr qVal 

Day 
 

                     

7.91 EX 0.200 -0.116 -0.089 -0.015 -0.053 -1.087 0.028 0.047 -0.461 -0.078 -0.105 -0.099 -0.030 1.188 -0.036 -0.067 -0.144 -0.078 -0.014 -0.027 -0.082 

8.73 EX 0.317 -0.102 -0.074 0.004 -0.061 -0.983 0.053 0.033 -0.419 -0.065 -0.096 -0.094 -0.030 1.039 -0.038 -0.055 -0.111 -0.071 -0.011 -0.032 -0.079 

9.66 EX 0.205 -0.050 -0.064 0.008 -0.037 -0.684 0.025 0.004 -0.274 -0.053 -0.079 -0.089 -0.022 0.658 -0.035 -0.050 -0.079 -0.055 -0.009 -0.026 -0.066 

10.63 EX 0.168 -0.096 -0.064 -0.002 -0.036 -0.762 0.009 0.003 -0.297 -0.063 -0.090 -0.096 -0.025 0.717 -0.036 -0.056 -0.092 -0.063 -0.009 -0.027 -0.076 

12.70 EX 0.225 -0.084 -0.080 0.003 -0.049 -0.925 0.037 0.048 -0.441 -0.061 -0.088 -0.076 -0.023 1.099 -0.035 -0.048 -0.126 -0.056 -0.006 -0.024 -0.067 

13.80 EX 0.296 -0.039 -0.057 0.008 -0.063 -1.000 0.071 0.042 -0.513 -0.064 -0.095 -0.082 -0.029 0.835 -0.037 -0.057 -0.063 -0.081 -0.008 -0.033 -0.065 

14.97 EX 0.275 -0.114 -0.085 -0.004 -0.045 -0.893 0.048 0.009 -0.324 -0.063 -0.096 -0.094 -0.026 0.822 -0.038 -0.055 -0.120 -0.065 -0.010 -0.031 -0.077 

15.84 EX 0.317 -0.073 -0.077 0.002 -0.047 -0.809 0.045 0.004 -0.281 -0.056 -0.088 -0.095 -0.025 0.706 -0.035 -0.056 -0.098 -0.056 -0.009 -0.028 -0.073 

16.76 EX 0.178 -0.077 -0.060 -0.001 -0.036 -0.618 0.026 -0.003 -0.196 -0.055 -0.079 -0.089 -0.021 0.466 -0.032 -0.048 -0.066 -0.060 -0.009 -0.026 -0.067 

17.92 EX 0.251 -0.071 -0.073 -0.010 -0.038 -0.703 0.017 0.002 -0.261 -0.058 -0.087 -0.087 -0.025 0.563 -0.034 -0.053 -0.088 -0.077 -0.008 -0.027 -0.069 

18.93 EX 0.229 -0.099 -0.079 -0.010 -0.049 -0.889 0.021 0.006 -0.566 -0.073 -0.102 -0.099 -0.029 0.824 -0.033 -0.061 -0.098 -0.082 -0.013 -0.035 -0.082 

19.93 EX 0.285 -0.070 -0.053 0.008 -0.038 -0.765 0.027 0.013 -0.275 -0.057 -0.086 -0.093 -0.025 0.674 -0.033 -0.050 -0.071 -0.054 -0.008 -0.025 -0.071 

20.73 S 0.439 -0.109 -0.077 0.010 -0.046 -0.865 0.046 0.004 -0.323 -0.056 -0.091 -0.113 -0.031 0.744 -0.038 -0.055 -0.073 -0.052 -0.010 -0.028 -0.075 

20.96 EX 0.261 -0.116 -0.076 -0.012 -0.043 -0.740 0.023 -0.019 -0.185 -0.061 -0.090 -0.117 -0.027 0.413 -0.038 -0.060 -0.087 -0.063 -0.009 -0.029 -0.077 

21.92 EX 0.253 -0.224 -0.111 -0.035 -0.059 -1.090 0.017 -0.034 -0.240 -0.098 -0.134 -0.167 -0.037 0.469 -0.055 -0.091 -0.131 -0.121 -0.014 -0.044 -0.120 

23.02 EX 0.374 -0.094 -0.085 -0.005 -0.045 -0.805 0.050 0.012 -0.291 -0.055 -0.089 -0.090 -0.027 0.716 -0.036 -0.052 -0.069 -0.052 -0.013 -0.026 -0.068 

23.93 EX 0.387 -0.088 -0.090 0.003 -0.044 -0.841 0.064 0.009 -0.334 -0.051 -0.083 -0.076 -0.024 0.802 -0.029 -0.047 -0.078 -0.048 -0.009 -0.027 -0.061 
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TABLE 35 Average specific rates with standard deviations of consumption, production and 

growth calculated between Day 1-24 or 8-24 and Day 18-24, without taking Day 22 into 

consideration. All rates are in unit mmol/Day, 109 cells, except for the specific growth rate 

which is in unit Day -1. Stdv = Standard deviation. BioP = Analyzed by the BioProfile FLEX. 

 
Day 8-24  Day 18-24  

 

Average Stdav Stdav (%)  Average Stdav Stdav (%)  

HPLC         

qAla 0.275 0.077 28.121  0.318 0.081 25.489  

qArg -0.087 0.023 26.222  -0.092 0.018 19.140  

qAsn -0.074 0.011 15.300  -0.076 0.012 15.345  

qAsp -0.001 0.008 908.035  -0.002 0.009 392.546  

qCys/2 -0.046 0.008 17.713  -0.043 0.004 9.613  

qGln -0.836 0.125 14.988  -0.801 0.068 8.515  

qGlu 0.037 0.018 47.612  0.035 0.018 49.922  

qGly 0.013 0.019 142.678  0.004 0.011 279.824  

qHis -0.340 0.110 32.216  -0.319 0.119 37.379  

qIle -0.061 0.007 11.726  -0.059 0.007 11.654  

qLeu -0.090 0.007 8.078  -0.090 0.006 6.670  

qLys -0.093 0.011 11.877  -0.097 0.014 14.987  

qMet -0.026 0.003 11.871  -0.027 0.003 9.560  

qNH3 0.767 0.210 27.371  0.677 0.145 21.398  

qPhe -0.035 0.002 7.062  -0.034 0.003 9.395  

qPro -0.054 0.005 9.701  -0.054 0.005 9.251  

qSer -0.091 0.024 25.799  -0.081 0.011 13.229  

qThr -0.063 0.011 17.755  -0.061 0.013 21.920  

qTrp -0.010 0.002 22.411  -0.010 0.002 21.246  

qTyr -0.028 0.003 10.829  -0.028 0.003 11.184  

qVal -0.072 0.006 8.696  -0.072 0.007 9.436  

BioP Day 1-24  Day 18-24  

μ 0.521 0.177 33.935  0.687 0.097 14.108  

qGlc -3.083 0.680 22.047  -3.559 0.470 13.219  

qLac 3.908 1.074 27.482  4.614 0.821 17.803  

qGln -0.767 0.124 16.141  -0.719 0.070 9.716  

qGln 0.039 0.046 116.991  0.012 0.029 236.708  

qGlu 0.655 0.153 23.400  0.601 0.008 1.287  

 


