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STELLINGEN 

1 Experimenten die veel gebruikte, maar nooit aangetoonde aannames 

bevestigen zijn essentieel voor een goed gefundeerd onderzoek. 

Dit proefschrift. 

2 Meet- en regelsystemen verschaffen zoveel informatie over het te regelen 

proces dat je er een proefschrift mee zou kunnen vullen. 

3 Ook onderzoekers zijn gebaat bij de richtlijnen over uitvoering en verwerking 

van experimenten zoals die zijn opgesteld in de GMP-richtlijnen (Good 

Manufacturing Practice). 

4 Veel experimenten zouden overbodig zijn als men de tijd zou nemen om 

meetresultaten gedegen te evalueren. 

5 Angst voor de biotechnologie ontstaat voornamelijk door onvoldoende 

voorlichting en wordt versterkt door de irreele voorstelling van de 

biotechnologie in diverse science fiction films. 

6 Het tijdstip waarop iemand 's ochtends met werken begint is omgekeerd 

evenredig met de afstand tussen woon- en werkplek. 

7 Een vrouw moet twee keer zo goed zijn om half zo goed gevonden te 

worden. Gelukkig is dat niet moeilijk. 

Charlotte Whitton. 

8 Door de grotere onzekerheid en de daaruit voortvloeiende stress, zal een 

projectmedewerker op den duur slechter functioneren dan iemand in vaste 

dienst. 

9 Het aannemen van werknemers in tijdelijke dienst zorgt ervoor dat er 

onnodig veel kennis verloren gaat en dat de voortgang van langdurige 

projecten gevaar loopt 



10 Als kruiwagens nooit waren uitgevonden, zou de wereld er totaal anders 

uitzien. 

11 De wereld zou in een paradijs veranderen als alle gelovigen zich aan hun 

eigen regels zouden houden. 

12 Snelheidsbeperkende maatregelen zoals verkeersdrempels en scherpe 

bochten verminderen de veiligheid van verkeersdeelnemers. 

Stellingen behorende bij het proefschrift 'Software sensors as a tool for 

optimization of animal-cell cultures'. 

Richard C. Dorresteijn 

Maarssen, 8 december 1996. 



Voor mijn vader 



VOORWOORD 

Promoveren is afzien. Zeker aan het begin van het promotieonderzoek is dit een 

veel gehoorde stelling. Natuurlijk heeft iedere promovendus de nodige tegenslagen 

gehad tijdens zijn of haar onderzoek. Het hoort er bij. Promoveren zonder 

tegenslagen is als autorijden met alleen een theorie-examen op zak. In theorie weet 

je precies wat je moet doen, maar je mist de ervaring om de theorie in praktijk om 

te zetten. Wat dat betreft heb ik veel geluk gehad. Door problemen met apparatuur 

heeft mijn onderzoek vooral in de beginperiode veel vertraging opgelopen. Al die 

problemen leverden uiteindelijk wel een publikatie op over een van de 

analysemethoden die ontwikkeld moest worden voor mijn onderzoek (hoofdstuk 2). 

Toen eindelijk alle benodigde apparatuur goed functioneerde, verliep het onderzoek 

voorspoedig. Helaas was er van de vier jaar nog maar de helft over. Het was 

natuurlijk niet zo dat er in de tussentijd niets is gebeurd. Behalve dat er drie 

artikelen zijn geschreven (hoofdstuk 2, 3 en 4 van het proefschrift), ben ik ook 



betrokken geweest bij allerlei RIVM zaken, zoals de ontwikkeling van meet-en 

regelsystemen, uitbreiden van fermentrol software en oplossen van technische 

problemen in de produktie. Naar mijn mening is dit zowel een voordeel als een 

nadeel van het buiten de universiteit gestationeerd zijn. Doordat ik betrokken was 

bij het welzijn van het lab, investeerde ik daar zeker in de beginperiode relatief veel 

tijd aan. 

Dankzij de financiele bijdrage van Fisons Instruments, als schadeloosstelling 

voor de vertraging die was ontstaan door de problemen met de massaspectrometer, 

werd mijn contract met drie maanden verlengd. Hierdoor heb ik de praktische 

werkzaamheden op tijd af kunnen krijgen ronden. 

Er is ook nog een aantal mensen die ik graag wil bedanken. Als eerste 

natuurlijk mijn promotor, Hans Tramper en mijn co-promotoren, Kees de Gooijer en 

Coen Beuvery. Tijdens de besprekingen die meestal 's avonds bij Hans thuis 

plaatsvonden, heb ik regelmatig bruikbare adviezen van hun gekregen. Bovendien 

waren deze besprekingen uitermate geschikt om ervoor te zorgen dat planningen 

werden gehaald. Gelukkig hebben ze mij in het onderzoek veel ruimte gegeven om 

eigen ideeen uit te werken. Dit heb ik enorm gewaardeerd. 

lemand die ook heel belangrijk is geweest voor mij, is Gerhan Wieten. Hij 

heeft altijd achter mij gestaan en mij gesteund. Zijn integerheid en manier van 

omgaan met mensen is een goed voorbeeld voor menig leidinggevende. Inhoudelijk 

heeft Gerhan ook nog een bijdrage geleverd aan hoofdstuk 2 van dit proefschrift. 

Luc Berwald wil ik ook heel erg bedanken. Niet alleen voor zijn vele werk aan 

de HPLC waarmee hij de grondlegger is geweest voor hoofdstuk 2 van dit 

proefschrift. Wat voor mij het belangrijkste is geweest, is de manier waarop Luc en 

Sohnlita mij hebben opgevangen toen ik plotseling op een nogal onvriendelijke 

manier uit mijn woning in de Bankastraat in Utrecht werd gezet. Ik heb bijna 9 

maanden bij hun mogen wonen, totdat ik een andere woning kreeg aangeboden van 

de gemeente. 

Ook Stef Vermeij stond in die barre tijden altijd voor mij klaar. Zijn technisch 



inzicht en praktische ideeen hebben mijn werk aanzienlijk vergemakkelijkt. Verder 

heb ik van de zeiltochtjes met Stef en Dineke altijd enorm genoten. Bedankt 

hiervoor. 

Marvin Philippi, Stef Vermeij en Ben van der Laan waren lange tijd mijn 

kamergenoten. De droge humor van Marvin kon ik altijd waarderen. Ook zijn 

inbreng in mijn onderzoek heb ik zeer op prijs gesteld. Helaas zijn de uitstapjes die 

we regelmatig organiseerden toen we nog in G10 werkten, verwaterd. Wat dat 

betreft, was de verhuizing naar gebouw U geen vooruitgang. Ten slotte wil ik 

Marvin nog bedanken voor zijn hulp bij een van mijn grootste "hobby's" , namelijk 

verhuizen. 

Ben van der Laan is bij de laatste verhuizing een enorme hulp geweest. Met 

wat amateuristische hulp van mij, heeft hij net hele huis behangen. Ook is hij al die 

jaren een hele fijne collega geweest die altijd voor mij klaar stond. 

Om het rijtje 'verhuizers' maar direct af te ronden wi l ik Giny Timman 

bedanken voor haar hulp op de Bankastraat. Ik geloof dat zo langzamerhand bij 

iedereen wel het besef begint te komen dat jij voor de afdeling een onmisbare 

kracht bent. 

Marcel Thalen heeft vooral bij mijn eerste artikel (hoofdstuk 3) een 

belangrijke bijdrage geleverd, door de tekst kritisch door te nemen op het gebruik 

van nengels. Ik heb hier ook bij de volgende artikelen veel baat bij gehad. 

Henk van der Kuil en Jan van de Brink hebben mij de praktische kennis van 

het omgaan met dierlijke cellen bijgebracht. Tiny van de Velden en Richard van der 

Meer wil ik bedanken voor de manier waarop zij Gebouw H beheerden. Richard van 

der Meer is in de laatste periode in G10 en in gebouw U mijn kamergenoot 

geweest. Dit heeft regelmatig voor de nodige commotie gezorgd, omdat men vaak 

niet wist welke Richard bedoeld werd. 

Dirk Martens is -net als ik- in het avontuur gedoken om bij het RIVM het 

promotieonderzoek uit te voeren. Dit is hem bijzonder goed gelukt. Vooral tijdens 

de besprekingen in de beginperiode van ons onderzoek hebben we het nodige 



kunnen bijdragen aan elkaars onderzoek. 

Jos van Hertrooij is iemand waarmee ik vooral in de laatste periode van mijn 

werkzaamheden op net RIVM te maken neb gehad. Ik wil hem bedanken voor de 

prettige manier waarop wij hebben samengewerkt aan de ontwikkeling van 

recepten voor de automatisering van de produktiekweken. 

Ook Bas Romein wil ik bedanken. Hij was altijd bereid om mee te denken en 

oplossingen te verzinnen voor 'wetenschappelijke' problemen. 

Wie in dit lijstje van bedankjes missen, zijn de studenten. Ik heb ze helaas 

ook moeten missen. Door de problemen aan het begin van mijn onderzoek en door 

ruimtegebrek op het moment dat ik wel de gelegenheid had om delen van mijn 

onderzoek uit handen te geven, heb ik helaas geen gebruik kunnen maken van nun 

inzet. 

Verder wil ik nog een speciaal iemand bedanken. Ik heb haar leren kennen 

toen ze via de tweede fase opleiding BODL contractresearch deed bij LGV. Al snel 

bleek dat we elkaar wetenschappelijk erg veel te bieden hadden. Behalve haar 

celbiologische kennis waar ik op dat moment om zat te springen, heeft ze mij ook 

geholpen een opstartmethode te bedenken voor de celkweken. Een probleem met 

het kweken van dierlijke cellen is, dat dit bijna niet reproduceerbaar te doen is. 

Door haar opstartmethode was ik in staat om celkweken volledig reproduceerbaar 

uit te voeren. Hierdoor kon en mocht ik de resultaten van verschillende kweken met 

elkaar vergelijken. Zoals het wel vaker gaat, groeide uit deze wetenschappelijke 

samenwerking een hele goede vriendschap en een ongelofelijk sterke liefde voor 

elkaar. Dit heeft er uiteindelijk toe geleid dat Karolien Harbrink Numan en ik zijn 

gaan samenwonen en dat wij sinds kort zijn getrouwd. Dit heeft overigens onze 

samenwerking alleen maar versterkt. Tot diep in de nacht zaten wij af en toe te 

discussieren en ideeen uit te wisselen. Karolien heeft mede door haar celbiologische 

kennis een essentiele rol gespeeld in de laatste 2 artikelen (hoofdstuk 5 en 6). 

Naast deze bijdrage was ze ook in staat mij te motiveren op het moment dat ik het 

even niet meer zag zitten. 



Ten slotte wil ik alle andere (ex)medewerkers van GVV, LGV en LPO 

bedanken voor hun praktische en sociale inbreng. Het feit dat jullie niet met naam 

en toenaam genoemd worden, betekent absoluut niet dat ik jullie vergeten ben. 

Richard C. Dorresteijn 

Maarssen, november 1996 
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Chapter 1 

INTRODUCTION 

Since the introduction of bioreactors for the cultivation of animal cells, much effort 

has been put in the optimization of the cultivation process. For this, information is 

required about the cell behaviour, the medium composition, and about the physical 

conditions inside the bioreactor such as dissolved-oxygen concentration, 

temperature, and pH. This information can be obtained from off-line analysis 

techniques like cell counts, from equipment coupled through on-line sampling 

systems like Flow Injection Analyzers ' ' ' and from sensors like pH-probes. 

The need for optimization of animal-cell cultures becomes clear, looking at 

the benefits. Animal cells, like all living organisms, have optimal physical conditions 

at which they perform best. If these conditions are sustained and the nutrient 

supply is adequate, the conditions for the cells are optimal. However, during cell 

growth, nutrients are utilized. Hence, to maintain optimal conditions for cell 

growth, these nutrients have to be supplemented to the cultivation medium. This 

causes more problems than might be expected. If for instance a large excess of 

glutamine, one of the major energy sources and the major nitrogen source of 

most animal cells, is added to the cultivation medium this will reduce the 

performance of the cul t ivat ion1 , 8 , 1°. Next to the excretion of ammonia due to 

glutamine consumption, glutamine also spontaneously decomposes into ammonia 

and pyrrolidone-carboxylic ac id 5 , 1 3 , 1 8 . Since ammonia inhibits cell g r ow th 7 , 1 2 , 1 6 , 

addition of large amounts of glutamine will also inhibit cell growth. Because of this 

decomposition, glutamine cannot be supplemented at once to the cultivation 

medium in the amount that the cells require during the whole cultivation. One way 

to overcome this problem is controlled addition of glutamine throughout the 

cultivation. This way glutamine is present during the complete cultivation while the 

glutamine concentration is kept to an acceptable low level. This type of control can 
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Introduction of software sensors 

significantly reduce the formation of ammonia, especially since the specific 

production rate of ammonia also depends on the glutamine concentrat ion6 , 2 1 . The 

same strategy can be applied to reduce the lactic-acid concentration, which is also 

a cell-growth inhibitor. For cell types such as hybridoma's, the specific lactic-acid 

production rate is proportional to the glucose concentration. Hence, reduction of 

the glucose concentration results in a reduced lactic-acid formation ' -9 '1 0 '1 2 '2 1_ 

As already mentioned, there are several ways to gain information about the 

cultivation process. Off-line analysis of samples withdrawn from the cultivation 

broth is often used to obtain information about the cultivation process. 

Unfortunately, these data are not appropriate for direct control of animal-cell 

cultivations, since the sample frequency is low and the analysis results are obtained 

some time after the sample has been withdrawn from the reactor. Depending on 

the type of analysis, it can take up to a few days to get the results (e.g. virus 

titrations). Analyzers that are coupled to the bioreactor through an automated 

sampling device can be used for control purposes. However, in general these 

techniques are both expensive and prone to failures. Additionally, the sampling 

system can block and problems can arise with the sterility of withdrawn samples. 

A third option is using sensors that are placed inside the bioreactor. These provide 

information about the analyzed component without delay. Therefore, sensors are 

a priory suitable for control purposes. However, there are only a few sensors 

available that can withstand sterilization. Sensors for important parameters such 

as glucose are being developed, but they still lack reliability15 '1 .To overcome this 

problem, software sensors can be used. Software sensors are models, 

implemented in the software of the measurement and control unit, that predict the 

course of parameters that cannot be measured on-line. They can fill up the gap that 

exists between the sensors that are commercially available and the sensors that are 

required to optimize the production process. 

13 



Chapter 1 

DEVELOPMENT OF SOFTWARE SENSORS 

The software sensors described in this thesis are developed with the intention to 

increase knowledge about the cultivation process. With this increased knowledge, 

it should be possible to improve the cultivation process in such a way that the cell 

density increases and that the production of toxic metabolites is minimized. This 

might be achieved by developing a method to control nutrient concentrations at a 

predefined level, throughout the cultivation. With this, both the occurrence of 

nutrient limitation and the production of toxic metabolites can be minimized. To 

achieve this, information is required about the biomass activity, about the utilization 

rate of glucose and glutamine, and about the production rate of the toxic waste 

products ammonia and lactic acid. To obtain this information, software sensors are 

used that are based on physiological aspects of the cell culture. This has the 

advantage that their responses are valid, irrespective of the type of animal cell that 

is cultivated. In this thesis, the volumetric oxygen uptake rate (OUR) and the 

volumetric acid production rate (APR) are the physiological parameters used to 

define the software sensors. To estimate the OUR, information about gas f low, gas 

composition, stirrer speed, culture volume, bioreactor dimensions and dissolved-

oxygen concentration is needed. All these parameters can be measured accurately. 

In addition to this information however, information is required about the oxygen 

transfer coefficient (kLa) from gas to liquid phase and about the solubility of oxygen 

in the cultivation medium (SD ). In general, both are considered constant throughout 

the cultivation. However, this might not be the case. Hence, to determine the OUR 

accurately, first the variation of both kLa and S0 during cultivation has to be 

studied. If necessary, even on-line measurement methods have to be applied to 

correct for changes in either of them. 

The estimation of the APR is less complicated. The APR is determined from 

14 
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the amount of base utilized to maintain a constant pH. If it can be shown that the 

build-up of a bicarbonate buffer during the cultivation has no significant effect on 

the base utilization rate, it can be assumed that the amount of base utilized equals 

the amount of acid produced. Using the assumption that lactic acid is the only 

acidifying component that the cells produce in significant amounts, this base 

utilization approximates the lactic-acid production. 

From the OUR and the APR, other software sensors can be derived. In this 

thesis, the glucose consumption rate, the lactic-acid production rate and the 

biomass activity, defined as the total energy requirement of the cultivated cells, are 

derived from these two parameters. Furthermore, software sensors have been 

developed to estimate the glutamine consumption rate and the ammonia production 

rate during the exponential growth phase of the cell culture. The latter are only 

based on the APR. Contradictory to the other software sensors, these have been 

determined experimentally by correlating them to the acid-production rate. 

OUTLINE OF THE THESIS 

In this thesis the development and the application of software sensors for the on­

line estimation of biomass activity, consumption rates of glucose and glutamine, 

and production rates of lactic acid and ammonia are discussed. Special attention 

is paid to the validation of the software sensors. 

The first part of the thesis describes the tools that have been developed for 

validation of the software sensors. Chapter two presents an optimization method 

for HPLC analysis of primary amino acids. The HPLC method developed proved to 

be essential in the final part of this research. Chapter three presents an off-line 

method to determine the solubility of oxygen and the oxygen transfer coefficient 

15 
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of cultivation media. As already mentioned, both parameters normally are assumed 

to be constant throughout the cultivation. However, for the verification of the 

software sensors, this assumption is checked first. Chapter three shows that the 

oxygen transfer coefficient can vary during cultivation whereas the oxygen 

solubility remains approximately constant. Therefore an on-line method is 

developed to determine the oxygen transfer coefficient during cultivation. This 

method is presented in chapter four. 

After development of the verification tools, the software sensors are tested. 

Chapter five presents the development of the software sensors for oxygen uptake 

rate, lactic-acid production rate and biomass activity. In that chapter, the estimated 

oxygen uptake rate is compared to the results of a direct measurement of the 

oxygen uptake rate using mass spectrometry. In chapter six the software sensors 

developed are used for the optimization of a Vero-cell batch culture. Software 

sensors for glucose and glutamine consumption and for ammonia production are 

introduced and verified in that chapter too. 

Finally, in chapter seven future trends in plant automation are discussed and 

put in the context of the regulations drawn up by governmental institutions like the 

Food and Drug Administration. 
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Chapter 2 

ABSTRACT 

This paper presents a systematic approach to determine the optimal reaction 

conditions, wi th respect to accuracy and sensitivity, of the quantitative 

determination of primary amino acids in a single run, using o-phthalaldehyde/-

2-mercaptoethanol derivatization. For this, an experiment was designed in which 

the effects of reaction t ime, concentration of 2-mercaptoethanol and type of 

solvent were determined simultaneously. The response of all parameters tested was 

found to be interrelated: the effect of a change in one reaction condition also 

depended on the other reaction conditions. The reaction conditions determined in 

this research resulted in an accuracy better than 0.25 /JM, an average 

reproducibility of 0 .6% and an average sensitivity of 136 fmol. 

INTRODUCTION 

In animal cell cultivations it is common practice that large amounts of interrelated 

samples have to be analyzed that are taken over longer periods of t ime. Since trend 

analysis is very important, the analysis method has to obtain highly reproducible 

results during several days. Next to this, it is important that the method can 

determine all primary amino acids in a single run and is accurate in a wide 

concentration range. This excludes optimization methods that focus on single 

amino acids. 

The derivatization of amino acids using o-phthalaldehyde (OPA) is the most 

frequently applied HPLC method for the quantitative determination of primary amino 

acids. This method was introduced by Roth in 1971. Since then, many 

modifications have been proposed. These involved the composition of the mobile 
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phase consisting of either methano l 5 , 9 , 1 1 , 1 3 , 1 5 or acetonitr i le4 , 6 , 1 0 , 1 4 , different 

combinations of OPA w i th 2-mercaptoethanol8"15, ethanethiol4 ,15 or 

3-mercaptopropionic ac id5 , 6 , and either precolumn4"6 ,9"11 ,13"15 or postcolumn8 

derivatization. In addition, a wide range of reaction conditions is applied for the 

amount of 2-mercaptoethanol (0.8 - 2.5 //l/mg OPA 1 , 6 , 8 , 1 0 , 1 1 , 1 4 , 1 5 ) , for the 

reaction time (0 - 3 minutes1 , 2 , 9"1 1 , 1 3"1 5) and for the solvent used (dilution of the 

samples with wa te r 4 , 6 , 1 0 , 1 3 , 1 4 , borate buffer1 ,10 or acid (commercial standards)). 

This short summary of applied derivatization conditions indicates that it is still 

unclear what the optimal conditions are for this derivatization method. In spite of 

what might be expected, only little research has been done to establish these 

optimal condit ions3 , 7 , 1 2 . Decomposition 

OH 

CH, 
I 
OH 

Decomposition 0 ^T -

RSH 

I 

Stable complex 

Figure 1 : Simplified reaction scheme of the possible reactions of o-phthalaldehyde 
(OPA) with amino acids (H2NR') and 2-mercaptoethanol (RSH): OPA hydrolyzes, it is 
stabilized using 2-mercaptoethanol and it reacts with 2-mercaptoethanol and amino 
acids, producing fluorescing derivatives that spontaneously decompose. 

23 



Chapter 2 

The reason for the wide range of derivatization conditions used, can be found in 

the possible reactions of OPA with amino acids and 2-mercaptoethanol. Figure 1 

shows a simplified reaction mechanism for the three possible reactions that can 

occur: hydrolyses of OPA, stabilization of OPA by 2-mercaptoethanol and reaction 

of OPA with 2-mercaptoethanol and amino acids, producing fluorescing derivatives 

that spontaneously decompose. The complexity of this reaction mechanism makes 

it difficult to predict the optimal derivatization conditions. Three conditions can be 

considered crucial: the pH of the reaction mixture, the concentration 2-

mercaptoethanol and the reaction t ime. The pH is important since the reaction rates 

may depend on the pH. Since the pH-dependency of each reaction may be 

different, it can be expected that there is an optimal pH at which the production 

rate of the fluorescing derivatives is much higher than its decomposition rate. The 

2-mercaptoethanol concentration determines the stability of the OPA/2-

mercaptoethanol complex. Since this is an equilibrium reaction, addition of 2-

mercaptoethanol results in a reduction of the amount of OPA that is directly 

available for the reaction with amino acids. Finally, the reaction time is important 

to allow the reaction of OPA with amino acids to complete. 

This paper presents a method to determine the settings for the OPA 

derivatization for which the average response of all important amino acids is 

optimized. For this, an experimental set-up was designed in which the interaction 

was determined of the accuracy and the sensitivity of the analysis method wi th the 

reaction t ime, the 2-mercaptoethanol concentration and the pH. All three 

parameters were found to be essential in the optimization of the OPA method. 
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EXPERIMENTAL 

Equipment 

The HPLC system used was a Waters system (Waters, Division of Millipore, 

Milford, MA, USA) consisting of a Model 600E system controller wi th a single 

pump gradient system, a Model 715 Ultra WISP sample processor and a Model 470 

fluorescence detector. The detector was operated using an excitation wavelength 

of 335 nm and an emission wavelength of 425 nm. The column was kept at 35 °C 

using a Model CHM column heater module and a Model TCM temperature control 

module. The system was coupled to a NEC Powermate 80386SX 16 MHz 

computer fitted with Maxima 820 Chromatography Workstation software, version 

3.30 (Millipore, Milford, MA, USA). 

A f low rate of 1 ml/min was used throughout all experiments. To determine the 

response, the peak area was used. 

Column 

The amino acids were separated using a 1 50 x 3.9 mm I.D. 85711 Waters Resolve 

5 JJ spherical C-18 column, protected by a Waters 15220 Nova-Pak 4 / / spherical 

C-18 guard-column. 
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Reagents 

LiChrosolv quality Methanol, 2-mercaptoethanol and o-phthalaldehyde were all 

purchased from Merck, Darmstadt, Germany. Borate buffer (0.4 N) and a standard 

solution of amino acids containing Asp, Glu, Ser, Gly, Arg, Ala, Tyr, Met, Val, Phe, 

lie, Leu, and Lys were purchased from Hewlett Packard, Waldbrunn, Germany. 

Individual amino acids were purchased from Sigma, St. Louis, MO, USA. A Milli-Q 

water purification system (Millipore, Milford, MA, USA) was used to obtain HPLC-

grade water. 

Sample preparation 

Preparation of the OPA derivatization solution 

To 100 ml borate buffer, 500 mg OPA and the required amount of 

2-mercaptoethanol were added. The mixture was allowed to dissolve overnight, 

after which it was filtered through a 0.45 jjm membrane filter. The OPA solution 

was stored in the dark at 4 °C. 

Preparation of the mobile phase 

The mobile phase consisted of 32 % (v/v) methanol and 20 mmol/l phosphate, 

dissolved in Milli-Q water (pH = 6.8). 
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Preparation of the samples 

A mixture containing 20 //mol/ml of Asp, Ser, Gly and Ala dissolved in 0.1 M 

H 2 S0 4 , was diluted with either borate buffer, Milli-Q water or 0.1 M H 2 S0 4 until 

the required concentration was reached. From these samples 15 //I was injected on 

the column, together with 30//I OPA reagent using the auto-addition method of the 

WISP. This auto-addition method involves: 

Rinsing the needle 

Acquire OPA-reagent in needle 

Rinsing the outside of the needle 

Acquiring sample in needle 

Injection of mixture on the column 

Choice of experimental conditions 

It was our intention to determine the optimal settings for the OPA derivatization 

during a routine analysis run of samples containing primary amino acids. This 

means that not the response of a single amino acid is important, but the average 

response of all primary amino acids that are to be determined. This paper presents 

the results of an experiment in which three reaction conditions have been varied. 

Since the effect of varying one reaction condition can depend on the other reaction 

conditions, the experiment has been set up in a matrix form. This results in 36 

different combinations of the reaction conditions to be tested. Therefore, if the 

combined effect of the amount of 2-mercaptoethanol, the reaction time and the pH 

is to be determined, this will result in extensive experimental work. Side effects like 

decomposition of OPA in the stock solution would probably disturb these 
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experiments because of this long run time. Therefore, an alternative method was 

applied, using samples containing only Asp, Ser, Gly and Ala in a range from 1 to 

40 fjM. This significantly reduced the total analysis time from 1 hour to 9 minutes. 

Since the overall time required for these experiments could now be limited to days 

rather than weeks, both the OPA solution and the mobile phase could be 

withdrawn from one stock solution, ensuring identical conditions throughout the 

experiments. 
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Figure 2: Comparison of the average response of a sample containing Asp, Ser, Gly and 
Ala with the average response of a standard solution, containing Asp, Glu, Ser, Gly, 
Arg, Ala, Tyr, Met, Val, Phe, He, Leu and Lys. In both cases Milli-Q water was used as 
solvent. For both sets of amino acids, the effect of reaction time, 2-mercaptoethanol 
concentration and injection volume was determined on the RSD. ( • Reaction time = 2 
min.;K3 Reaction time = 4 min.fH Reaction time = 6 min.). 
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RESULTS AND DISCUSSION 

Selection of amino acids 

An important demand for this experimental set-up is that the average behaviour of 

the four selected amino acids is comparable to the average behaviour of a sample 

containing most amino acids to be determined. Figure 2 shows that this is indeed 

the case. In this figure, the effect of reaction time (bars), amount of 2-

mercaptoethanol (x-axis) and sample volume (three different sections in the figure) 

on the RSD (y-axis) is displayed for the four selected amino acids (top section) and 

for a commercially available amino acid standard containing Asp, Glu, Ser, Gly, 

Arg, Ala, Tyr, Met, Val, Phe, lie, Leu, and Lys (bottom section). Fast degrading 

amino acids like Gin were not included, since their response would disturb this 

experiment. To compare both sets of amino acids, the residual standard deviation 

(RSD) was used. The RSD is a measure for the accuracy of a calibration curve, and 

therefore for the absolute error of a measurement. It is determined from the 

absolute deviation between the true concentration of a known sample and the 

concentration obtained with the calibration curve, using Formula 1. 

RSD residual sum of squares ^ B ^ m J . a u m ^ „*,"'"•<"• = SD(Y)> i (1 - r<) 

\| degrees of freedom \ n - 2 

n ~ 1 M _ r2> (1) 

In this formula, SD(y) is the standard deviation of the y-value of the calibration 

curve, n is the number of measurement points, and r i s the correlation coefficient. 

To determine the RSD, samples with amino acid concentrations of 10, 25, 100, 

250 and 800 /vM were analyzed in duplicate. In this case, Milli-Q water was used 

as solvent Figure 2 shows that the trend in RSD of the average response of the 

four amino acids does not markedly differ from the trend in RSD of the average 
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response of the commercial standard containing 13 amino acids. Therefore, the 

mixture containing Asp, Ser, Gly and Ala can be used to determine the optimal 

settings for the complete set of amino acids. 

Effect of 2-mercaptoethanol 

In literature it is stated that the amount of 2-mercaptoethanol does not markedly 

influence the fluorescence of alanine12. Because it is assumed that this is also true 

for the other amino acids, small amounts of 2-mercaptoethanol are added to the 

OPA reagent every few days to stabilize the OPAreagent3 ,9 , , 1 5 . This assumption 

was verified for a sample containing 25 JJM of each of the four amino acids. To be 

sure the reaction of OPA with the amino acids was complete, a reaction time of 3 

minutes was selected. Performing the experiments with borate buffer, Milli-Q water 

and 0.1 M H 2 S0 4 , the 2-mercaptoethanol concentration was varied in a range from 

0.01 to 4.8 //l/mg OPA. These three solvents were selected for two reasons. 

Firstly, in literature these three solvents are used most often. Secondly, applying 

these solvents results in a different pH of the complete reaction mixture. This way 

the effect of the pH on the overall reaction of OPA with amino acids and 2-

mercaptoethanol can be determined. Figure 3 shows the effect of the 

2-mercaptoethanol concentration on the normalized peak area of the individual 

amino acids. The normalization was achieved by defining the maximum peak area 

of the individual amino acids in the different solvents as 100 %. Figure 3 shows 

that the effect of the 2-mercaptoethanol concentration depends on the solvent 

used. Furthermore, Figure 3 clearly shows that the response is different for each 

amino acid. However, for each amino acid the maximum peak area is reached at 

a low concentration of 2-mercaptoethanol. The behaviour of the OPA derivatives 
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2-Mercaptoethanol [Ml/mg OPA] 

Figure 3: Effect of the 2-mercaptoethanol concentration and the solvent on the 
fluorescence of the OPA-derivatives of Asp (-A-), Ser (-O-), Gly (-O-) and Ala {-
D-) at a reaction time of 3 minutes. The response has been normalized by 
defining the maximum peak area of the individual amino acids in the different 
solvents as 100% 
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can be explained by the stabilizing effect of 2-mercaptoethanol on OPA (Figure 1). 

With a large excess of 2-mercaptoethanol the equilibrium resides at the stabile 

OPA-mercaptoethanol complex. If an amino acid is added to this complex, OPA is 

not eager to react with this amino acid. Therefore, with an increasing amount of 

2-mercaptoethanol, OPA reacts more readily with 2-mercaptoethanol than with the 

amino acid. The amount of fluorescence will therefore decrease with increasing 

concentration 2-mercaptoethanol. From Figure 3 three concentrations of 

2-mercaptoethanol were selected to test the accuracy and the sensitivity of the 

analysis method: 0 .14, 1.6 and 4.8 /vl/mg OPA. 

Determination of the sensitivity of the analysis method 

Next to the variation in the 2-mercaptoethanol concentration, also the reaction time 

and the solvent were varied to determine the sensitivity of the analysis method. For 

the experiments, reaction times of 0, 1, 3 and 9 minutes were tested, where 0 

minutes stands for instant injection on the column. Finally, borate buffer, Milli-Q 

water and 0.1 M H 2 S0 4 were used as solvent. The pH-values of the reaction 

mixtures are shown in Table I. Figure 4 shows the relative area of a sample 

containing 5 /vM of the 4 amino acids. This relative area is determined by defining 

the maximum peak area of each amino acid as 100 %. The amino acids were not 

normalized per solvent since this would make comparison of the sensitivity 

between the different solvents impossible. To check the reproducibility, the 

experiments were performed in sixfold. The standard deviation of these samples is 

presented as error bars in Figure 4 . Figure 4 clearly shows that the relative area 

depends on the solvent, the reaction time and the amount of 2-mercaptoethanol. 

The solvent affects the pH of the reaction mixture (Table I), and therefore the 
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Figure 4: Effect of reaction time, 2-mercaptoethanol concentration and solvent on the 
normalized area of Asp. Ser, Gly and Ala. The error bars show the standard deviation of 
each experiment (n = 6). ( • Reaction time = 0 min.;K3 Reaction time = 1 min. ;0 
Reaction time = 3 min.;M Reaction time = 9 min.). 
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reaction conditions. Figure 4 shows that using a solvent with an increased pH 

results in an increase of the relative area. This is probably due to the increase in 

reaction rate of the reaction of OPA with amino acids. At a reaction time of 0 

minutes, the reaction of OPA with amino acids in the presence of borate buffer is 

already completed, whereas in Milli-Q water and in acid the reaction still continues. 

Also the decomposition rate increases with increasing pH. This is best shown if the 

decrease in area with increasing reaction time in borate buffer is compared to the 

response in Milli-Q water and in acid. In borate buffer, a very rapid decrease of area 

is observed with increasing reaction t ime. In 0.1 M H 2 S0 4 the area is less 

dependent on the reaction time. Finally, the stabilization reaction of OPA with 2-

mercaptoethanol depends on the pH and on the 2-mercaptoethanol concentration. 

At a high concentration 2-mercaptoethanol, less OPA is available to react wi th 

amino acids, causing the area to decrease. Also, wi th decreasing pH, more OPA 

reacts with 2-mercaptoethanol. This also causes the area to decrease. 

Table I: pH values of the reaction mixtures using 0.1 M H2S04, Milli-Q water and Borate buffer as 

solvent. 

Solvent Concentration 2-mercaptoethanol 

U/l/mg OPA] 

0.14 1.6 4.8 

Borate buffer 

Milli-Q water 

0.1 M H2S04 

9.74 

9.68 

8.32 

9.21 

9.15 

8.17 

8.88 

8.77 

8.02 

34 



Determination of amino acids 

O 

E 
Q. 
Q 
CO 
DC 

Borate buffer Milli-Q 0.1 M H2S04 

0.14 1.6 4.8 0.14 1.6 4.8 0.14 1.6 4.8 

2-Mercaptoethanol [|jl/mg OPA] 
Figure 5: Effect of reaction time, 2-mercaptoethanol concentration and solvent on the 
average Residual Standard Deviation (RSD) of Asp, Ser, Gly and Ala. The RSD is 
obtained from a quadratic curve fit. ( • Reaction time = 0 min.;K2 Reaction time = 1 
min.CI] Reaction time = 3 min.;H Reaction time = 9 min.) 

Determination of the accuracy of the analysis method 

Figure 5 shows the average RSD of the four calibration curves as a function of the 

2-mercaptoethanol concentration, the reaction time and the solvent. For this, the 

same conditions were used as in the previous experiment. The calibration curves 

were generated with a quadratic curve fit and were based on six different samples 

containing 1.25, 2.5, 5, 10, 20 and 40 / /M of the different amino acids. All 

samples were analyzed in duplicate. To obtain a reliable calibration curve, the RSD 

should be as small as possible. Figure 5 shows that the smallest RSD values are 

obtained using Milli-Q water as a solvent. In borate buffer, the RSD increases wi th 

increasing reaction time and with increasing 2-mercaptoethanol concentration, 
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whereas in Milli-Q water the RSD is independent of reaction t ime. Also the 2-

mercaptoethanol concentration has no significant effect on the RSD. In 0.1 M 

H 2 S0 4 the effect on the RSD is more complicated. The RSD increases with 

increasing 2-mercaptoethanol concentration, but the effect of the reaction time also 

depends on this concentration. These effects can be explained looking at Figure 4. 

It shows that for a specific solvent, the RSD increases with decreasing peak area. 

So, to obtain a high accuracy and sensitivity, the peak area should be as high as 

possible, but as independent as possible from the reaction t ime, the 2-

mercaptoethanol concentration and the solvent. 

Linearity of the calibration curves 

As mentioned before. Figure 5 shows the RSD values of quadratic curve f its. As 

can be seen in Table II, especially the calibration curve in Milli-Q water has a non­

linear behaviour. In Table II, the average RSD-values for each solvent are shown, 

together wi th their standard deviation. The RSD-values are presented for both 

quadratic and linear curve f its. Table II shows that the calibration curves in borate 

buffer and in 0.1 M H 2 S0 4 are linear, whereas in Milli-Q water they are quadratic. 

However, even the linear calibration curve through the Milli-Q data provides very 

accurate results. This non-linear behaviour of Milli-Q water is an important 

observation, since it means that the shape of the calibration curve depends on the 

solvent used. 
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Table II: Average RSD values for the quadratic and linear curve fits of the calibration curve [/JMJ. 

Quadratic Linear 

Borate buffer 

Milli-Q water 

0.1 M H2S04 

RSD 

0.71 

0.15 

0.74 

SD 

0.49 

0.09 

0.61 

RSD 

0.80 

0.49 

0.81 

SD 

0.44 

0.26 

0.66 

CD 
W 
c 
o 
Q . 
CO 
CD 
i _ 
CD 
O 
C 
CD 
O 
CO 
CD 
i _ 
O 
3 

J J 

B 

A. 
o 10 20 30 40 

100 

80 

60 

40 

^20 

0 
50 

Time [min] 

CQ 

c 
0 
> 

o 
CO 

Figure 6: Typical chromatograms of a 5 //M amino acid standard (A) and DMEM 
cultivation medium containing 7.5 % bovine serum and 2.5% foetal calf serum (B), 
applying the reaction conditions defined in this paper (Reaction time 1 minute. Solvent 
- Milli-Q water, 2-mercaptoethanol concentration = 1.6 //g/ml OPA). Chromatographic 
conditions: Flow rate = 1 ml/min, temperature = 35 °C, injection volume = 15//I 
sample + 30//I reagent. Eluent A: 1/6 dilution of Eluent B with MilliQ-water, Eluent B: 
65% (v/v) Methanol in 20 mM phosphate buffer (pH = 7.5). The broke lines indicate the 
solvent gradient composition. 
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Real-life test 

From the data presented, the optimal settings for our analysis method could be 

determined accurately. Milli-Q water was preferred because the results were, 

compared to borate buffer and H 2 S0 4 , relatively independent of the amount of 

2-mercaptoethanol and the reaction t ime. A 2-mercaptoethanol concentration of 

1.6 /vl/mg OPA was selected because the OPA reagent is more stable with an 

increased concentration of 2-mercaptoethanol. However, since the reaction of OPA 

with amino acids is slowed down by 2-mercaptoethanol, a further increase of the 

amount of 2-mercaptoethanol would mean a loss of sensitivity. Stability 

experiments showed that an OPA-stock solution containing 1.6 //I 2-

mercaptoethanol/mg OPA is stable for at least one month, provided it is kept dark 

and cool. Finally a reaction time of 1 minute was selected, because after 1 minute 

all amino acids have reached their maximum fluorescence. Selecting a reaction time 

of 0 minutes would mean that some amino acids have not finished their reaction 

wi th OPA. On the other hand, selecting 3 or 9 minutes reaction time would mean 

that the amino acid-OPA derivatives have more time to decompose. These setting 

lead to an accuracy better than 0.25 /vM (Figure 5). 

Figure 6 shows two typical chromatograms applying the reaction conditions 

defined in this paper. The reproducibility and sensitivity of the method were 

determined using standard solutions of 5 and 1.25//M respectively. Results are 

shown in Table III. It shows that the average limit of sensitivity (signal to noise 

ratio of 3) and reproducibility of this method are 136 fmol and 0 .6% respectively. 
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Table III. Limit of sensitivity determined on a 1.25 fjM sample (S/N = 3) and Confidence Interval 

of a stock solution containing 5 fjM of each amino acid (n = 14) 

Amino Acid Limit of sensitivity (fmol) Confidence interval (//M) 

Asp 

Glu 

Asn 

Ser 

Gin 

His 

Gly 

Thr 

Arg 

Ala 

Tyr 

Trp 

Met 

Val 

Phe 

lie 

Leu 

Lys 

49 

71 

89 

125 

136 

426 

224 

266 

78 

107 

47 

64 

50 

50 

70 

71 

101 

426 

5 ± 0.010 

5 ± 0.011 

5 ± 0.015 

5 ± 0.025 

5 ± 0.033 

5 ± 0.023 

5 ± 0.092 

5 ± 0.040 

5 ± 0.016 

5 ± 0.017 

5 ± 0.012 

5 + 0.046 

5 ± 0.012 

5 ± 0.013 

5 ± 0.027 

5 ± 0.016 

5 ± 0.016 

5 ± 0.111 

CONCLUSIONS 

The determination of amino acids using HPLC in combination wi th OPA as a 

derivatization agent provides a very useful method. However, to obtain a reliable 

method, care must be taken with the treatment of the samples and the standard 

solutions, because the linearity of the calibration curve depends on the solvent 

being used. The use of linear calibration curves does not always coincide with the 

real response of the OPA amino-acid derivatives. If Milli-Q water is used as solvent, 
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a quadratic calibration curve is required to produce accurate results. All three 

parameters tested - the 2-mercaptoethanol concentration, the reaction time and the 

solvent used - were found to be crucial for the optimization of the amino acid 

analysis method. Therefore, a regular addition of 2-mercaptoethanol to the OPA 

solution should be avoided. This addition will lower the peak area which will result 

in a decrease of the sensitivity. Since the calibration curves will also change by this 

addition, the reproducibility of the analysis method will also decrease. 

Applying the optimal reaction conditions for the quantitative determination 

of amino acids as determined in this research results in an accuracy better than 

0.25 JJM. The average limit of sensitivity (signal to noise ratio of 3) and 

reproducibility of this method are 136 fmol and 0 .6% respectively. Table IV shows 

a summary of sensitivity and reproducibility data obtained from the literature cited, 

together with the results presented in this paper. Compared to the literature cited, 

the method developed in this research is both sensitive and reproducible. 

Table IV. Comparison of sensitivity and reproducibility obtained in this research and extracted from 

cited literature. 

Sensitivity (pmol) Reproducibility (%) 

Literature (S/N = 2-2.5) 0.2-10 (avg = 2.30) 0.4-8 (avg=4.8) 

This method (S/N = 3) 0.05-0.43 (avg = 0.14) 0.2-2.2 (avg=0.6) 
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CHAPTER 3 

A METHOD FOR THE SIMULTANEOUS 
DETERMINATION OF THE SOLUBILITY AND 

THE TRANSFER COEFFICIENT OF OXYGEN IN 
AQUEOUS MEDIA USING OFF-GAS MASS 

SPECTROMETRY. 
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ABSTRACT 

A method was developed to determine simultaneously the solubility of oxygen and 

the oxygen-transfer coefficient in aqueous media in a stirred bioreactor. The 

method was based on a system developed by van Sonsbeek et al for the 

determination of the static ka in a liquid-impelled loop reactor. This system was 

improved in order to determine both parameters measuring only the physical 

properties of the liquid with the aid of a mass spectrometer. As data are available 

in literature about the solubility of oxygen in water, we tested water to make a 

comparison of published data and our data possible. No significant differences have 

been observed. 

The oxygen-transfer coefficient determined using the measurement system 

was found to be similar to the oxygen-transfer coefficient determined using the 

dynamic method. Temperature effects on the oxygen-transfer coefficient were 

checked using the Arrhenius equation. Finally Trypticase Soy Broth (TSB) was used 

to verify that the measurement system was capable of determining both parameters 

in cultivation media without the composition of the medium disturbing the 

measurement. 

INTRODUCTION 

In animal-cell technology a strong tendency exists of developing advanced control 

algorithms in order to govern the conditions inside the bioreactor. In these 

developments, the solubility of oxygen in cultivation media and the oxygen-transfer 

coefficient are physical parameters that play an important role3 ,1 . The 

determination of both parameters is, however, troublesome. Many of the published 
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methods for the determination of the solubility of oxygen in cultivation media or in 

water are disturbed by glucose or other chemical components 1 1 ' 1 4 , 1 6 ' 1 9 , 2 4 . Also 

several authors refer to literature values for the solubility of oxygen in water in 

order to calibrate their me thod 1 5 , 1 8 , 1 9 . This introduces a systematic error since the 

values for the solubility of oxygen in water differ depending on the method of 

determinat ion1 1 , 1 4 , 2°. Only a few papers have been presented in which the 

solubility of oxygen is determined using a physical method . A physical method 

has the advantage that measurements are independent of the composition of the 

liquid being sampled. However, even though Schneider and Moser use a method 

based upon the physical properties of the medium determined with a mass 

spectrometer, they still require the solubility of oxygen in water as a calibration 

factor. 

In contrast to the relatively small number of papers presented about the 

determination of the solubility of oxygen, numerous papers have been published 

about the determination of the oxygen-transfer coefficient. The vast majority of 

them is based on the calculation of the oxygen-transfer coefficient using the 

dynamic me thod 2 ' 5 ' 8 ' 9 , 1 2 , 2 3 . Others are based on the sulfite method , but only a 

few articles have been published using the static method to determine the oxygen-

transfer coeff ic ient1 3 , 2 1 . The dynamic method is very often preferred due to the 

simple measurement technique, although at high oxygen-transfer rates, the effect 

of the response time of the dissolved oxygen probe cannot be neglected4 , 5 , 7 '8 '2 2 . 

The static method is more reliable because it is independent of this response time 

of the dissolved oxygen probe. 

This paper presents a method for the simultaneous determination of the 

solubility of oxygen and the oxygen-transfer coefficient in cultivation media using 

only the physical properties of the liquid. The method is based on a system 

developed by van Sonsbeek et a l 2 1 for the determination of the static ka in a liquid-
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impelled loop reactor. This system has been improved in such a way that it became 

possible to determine both the solubility of oxygen and the static oxygen transfer 

coefficient. This was achieved using the combined measurement of the amount of 

oxygen saturation of the liquid using dissolved oxygen probes and the oxygen-

transfer rate using an off-gas mass spectrometer. In this way chemical components 

like glucose could not disturb the analysis method and calibration of the system 

was not required. The oxygen-transfer coefficient could be determined for head-

space aeration as well as for aeration using a sparger, provided that no air bubbles 

were transported from the bioreactor to the strip vessel. The reliability of the 

individual measurements was usually better than 95 %. 

To check whether the measurement results were valid, the measurements 

were carried out using water and Trypticase Soy Broth (TSB). The solubility of 

oxygen in TSB is determined by Slininger et a l 1 9 and literature data about the 

solubility of oxygen in water are readily available in the selected temperature 

range 1 1 , 1 4 , 2 ° . Although all papers present different solubilities for oxygen at the 

same temperature, using these data, insight could be obtained about the reliability 

of the measurement system. 

MATERIALS AND METHODS 

A system was set up that could be discerned into three parts: the bioreactor, the 

strip vessel and the tubing between both vessels (Figure 1). The complete system 

was designed in such a way that it was autoclavable. 

The bioreactor (diameter 0.2 m.) had a volume of 7-10" m and contained 

3-10"3 m 3 distilled water. It was equipped with a marine impeller (4 bladed, 

diameter 0.10 m), a polarographic dissolved oxygen probe (Ingold, Urdorf, 
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Switzerland), a Pt100 platinum resistance temperature detector (SDL, Southport, 

England) for temperature measurement and piping for liquid transport and aeration. 

Surface aeration was used for the oxygen supply. Temperature, air f low and stirrer 

speed were controlled using an CF500 measurement and control unit (Applikon 

Dependable Instruments, Schiedam, The Netherlands). 

The strip vessel consisted of a 1-10" m glass vessel filled wi th 

approximately 20 metres of thin-wall silicon tubing (Watson- Marlow, Falmouth, 

England) with an inner diameter of 3-10" m. The deoxygenation of the water 

passing through the tubing was done using nitrogen as a strip gas. 

The tubing between the bioreactor and the strip vessel was made of 

stainless steel, except for the parts that had to be flexible (e.g. inside the pump). 

These parts were made of Norprene (Cole-Parmer, Chicago, USA). The tubing was 

insulated using a combination of cotton wool and aluminium foil which was 

adequate up to a temperature difference between the measurement system and the 

environment of approximately 20 °C. The liquid was circulated between the two 

vessels using a peristaltic pump (504U; Watson Marlow, Falmouth, England). A 

second dissolved oxygen probe was fitted in the liquid f low between strip vessel 

and bioreactor. 

The composition of all gas f lows was measured using an off-gas mass 

spectrometer (Prima 600; Fisons Instruments, Middlewich, England). All gas f lows 

were checked using calibrated rotameters (Fischer & Porter, Horsham, USA). The 

air pressure was measured using a barometer (R.Fuess, Berlin-Steglitz, Germany). 

For checking the measurement system with cultivation medium, Trypticase 

Soy Broth (30 g/l TSB; BBL Microbiology Systems, Cockeysville, USA) was 

selected. 
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Figure 1: Measurement system in which a continuous transport of oxygen from the 
bioreactor to the strip vessel takes place. This oxygen transport was used to determine 
S and k(a simultaneously. 

RESULTS AND DISCUSSION 

Determination of the solubility of oxygen in water 

To check whether the measurement conditions affected the measurement results, 

the conditions were varied in three ways: change of temperature inside the system, 

change of l iquid-flow rate between bioreactor and strip vessel and change of stirrer 

speed inside the bioreactor. Changing the stirrer speed or changing the liquid-flow 
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Figuur 2: Effect of the stirrer speed on the determination of the solubility of oxygen in 
water ( • - 29°c, o - 37°c, A - 40°c ). 

rate should not have a statistical significant effect on the results. To check this, 

several experiments were carried out in which stirrer speed and liquid-flow rate 

were varied at a constant temperature. The stirrer speed was varied between 0.5 

and 2 s"1. If the stirrer speed exceeds 2 s"1, air will be entrained into the liquid and 

causes shear forces which damage the cells1. The entrained air can also be 

transported to the strip vessel which results in disturbing the equilibrium between 

bioreactor and strip vessel. 

Figure 2 shows the relationship between the stirrer speed and the measured 

solubility of oxygen in water. This solubility as well as the oxygen-transfer 

coefficient were calculated according to the method described in the appendix. The 

average measurement error in the determination of the s0 was 2.5 %. The 

horizontal lines in Figure 2 represent the average of the measurements. In order to 

calculate this average the variation (SD2) of the measurements was used as weight 
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Figure 3: Effect of the liquid-flow rate between bioreactor and stripvessel on the 
determination of the solubility of oxygen in water ( • - 29°c, o - 37°c, A - 40°c ). 

factor1 7 . The data showed no significant effect of the stirrer speed on the solubility 

of oxygen. 

Figure 3 shows the relationship between the liquid-flow rate between 

bioreactor and strip vessel and the solubility of oxygen in water. In this graph the 

horizontal lines represent the average of the measurements using their variation as 

weight factor. The range for the liquid-flow rate was selected in such a way that 

no significant build up of pressure inside the system could be detected. From Figure 

3 no significant effect of the liquid-flow rate could be detected within this 

measurement range.After having validated the system as described, it was used 

to determine the solubility of oxygen in water. In figure 4 both experimental results 

and results obtained from literature have been combined. A temperature range of 

25 - 40 °C was selected because the cultivation of animal cells is usually 
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Figure 4: Comparison of the measured solubility of oxygen in water and values for 
oxygen solubility in water found in the literature11,14, as a function of temperature. 

performed within these ranges and because data about the solubility of water is 

readily available in this temperature regime. It shows that measured data and data 

found in literature are comparable. Only at 40 °C the measured data seem to 

deviate from data found in literature. The standard deviation of the measurements 

at 40 °C show that this deviation is indeed statistical significant. However, the 

standard deviations of the literature values are not incorporated in this graph 

because usually the measurement error is not included in the articles. When a 

measurement error is presented, this value roughly lays between 1 % and 10 % of 

the measured value. A likely explanation for the deviation between measured and 

literature values at 40 °C was that the system experienced problems measuring at 

higher temperatures. This was most likely due to the decrease of the temperature 

of the liquid outside the bioreactor. In addition to this, diffusion of oxygen through 

the tubing increases with increasing temperature. 

51 



Chapter 3 

5.5 

2.5 3.0 3.5 4.0 

Liquid flow [10 6 m3 s 1 ] 
Figure 5: Effect of liquid-flow rate between bireactor and stripvessel on the determination 
of the oxygen-transfer coefficient of the bioreactor. ( • - 29°c, o - 37"c, A - 40°c ) 

Determination of the static kLa 

The kLa is influenced by both stirrer speed and temperature inside the bioreactor. 

Altering the liquid-flow rate however, should not have a statistical significant effect 

on the kLa. To test this, experiments were carried out at constant stirrer speed and 

temperature. The liquid-flow rate during these experiments was varied between 

0.5-10"6 and 4-10"6 m3-s"1. From the data in figure 5 it can be concluded that the 

liquid-flow rate did not have a significant effect on the kLa. This implied that the 

measurement system could be used - within the specified regimes for stirrer speed, 

l iquid-flow rate and temperature - to determine both the static kLa and the solubility 

of oxygen in water. 
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Figure 6: Effect of stirrer speed inside the bioreactor on the oxygen-transfer coefficient 
of the bioreactor at 37 °C using the static method as well as the dynamic method 

( o - s t a t i c , • -Dynamic ) 

The kLa was determined at different temperatures and at different stirrer speeds. 

Figure 6 shows the correlation between the kLa determined using the measurement 

system and the stirrer speed. Also the kLa determined using the dynamic method 2 2 

is shown in this graph. In this stirrer-speed range, the kLa determined using the 

static method equalled the kLa determined using the dynamic method. This was to 

be expected because the response time of the DO-probe can be neglected at this 

stirrer-speed range. 

By plotting the kLa against temperature using an Arrhenius plot, a linear 

graph was obtained from which the activation energy required for oxygen diffusion 

from gas phase to water phase could be calculated (Figure 7). The activation 

energy (Eg) for the diffusion of oxygen in water was found to be 18.0 kJ/mol. 
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