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Abstract 

Docosahexaenoic acid (DHA) is a polyunsaturated fatty acid (PUFA), which exhibits a positive 

impact on human health. The traditional source of DHA is fish oil, but the application 

provides health, economic and environmental drawbacks. Aquaculture is the fastest growing 

food production sector, which results in an increased demand of fish oil as feed stock. 

Furthermore, the increase of the world population enhances the need for fish from 

aquaculture and fish oil as nutritional supplements. The heterotrophic marine microalgae 

Crypthecodinium cohnii is able to produce DHA as a single PUFA without the necessity to 

provide light to the culture, and therefore, makes it an interesting organism for production 

proposes. However, the shear sensitivity and the high oxygen demand of the algae together 

with the high chloride medium, causing corrosion in common stainless steel stirred tank 

reactors (STRs), result in sophisticated challenges for the process development.  

In recent years, the interest in single-use bioreactors (SUBs) for the process development in 

biotechnology has increased and provides a valuable alternative to common stainless steel 

STRs for the cultivation of C. cohnii. However, since SUBs were originally designed for 

mammalian cell lines, a methodology platform for the cultivation of marine species in SUBs 

from small to large scale is still missing.  

The scope of this thesis is the development of an optimized process for the production of 

DHA with C. cohnii. Therefore, a scale-dependent methodology platform was established for 

the process development, which was divided into two phases in order to optimize the 

growth and production phases separately. The identification of the best suited single-use 

system in each scale is discussed and the consistent application for the process development 

described.  

In the small scale, a two-layer system with perfluorodecalin (PFD) was developed, which 

makes it useful as a screening tool and for the application of design of experiments (DoE). 

The TubeSpin Bioreactor 600 prevailed among different devices in the shake flask scale and 

was applied together with the TubeSpin Bioreactor 50 as a satellite system in order to close 

the gap between small scale experiments with relatively low cell numbers and time and 

manpower consuming experiments in the pilot scale. Eventually, the CELL-tainer from 

CELLution turned out to be the best suited SUB for a scale-up, but also the SB200-X, which is 

already available in m³-scale, was applicable for cultivation, that is if some drawbacks are 

compensated for, which are discussed in the thesis. 

As a result, a combined process with glucose as main carbon source in the growth phase and 

acetic acid in the stationary phase accompanied by a temperature shift resulted in the peak 

DHA production rate of 47 mg L-1h-1, leading to a volumetric concentration of 5 g L-1 DHA in 

230 h.  

All in all the methods described here can be used for fast, economical and consistent 

bioprocess development, especially for marine microorganism.  
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Zusammenfassung 

Docosahexaensäure (DHA) ist eine mehrfach ungesättigte Fettsäure (PUFA), die sich positiv auf 

die menschliche Gesundheit auswirkt. Die traditionelle Quelle für DHA ist Fischöl, aber dessen 

Verwendung hat gesundheitliche, wirtschaftliche und ökologische Nachteile. Die Aquakultur ist 

der am schnellsten wachsende Sektor der Nahrungsmittelproduktion. Das führt zu einer 

erhöhten Nachfrage an Fischöl für Futtermittel. Des Weiteren verursacht die Zunahme der 

Weltbevölkerung einen erhöhten Bedarf an Fisch aus der Aquakultur und an Fischöl als 

Nahrungsergänzungsmittel. Die heterotrophe marine Mikroalge Crypthecodinium cohnii bietet 

die einmalige Chance DHA herzustellen ohne die Notwendigkeit Licht für die Kultivierung 

bereitzustellen. Das macht diesen Organismus interessant für die industrielle Anwendung. 

Allerdings ergeben sich durch die Scherempfindlichkeit und den hohen Sauerstoffbedarf der 

Algen zusammen mit dem salzhaltigen Medium, das in herkömmlichen Edelstahl-

Rührkesselreaktoren (STRs) zu Korrosion führt, anspruchsvolle Herausforderungen für die 

Prozessentwicklung. In den letzten Jahren ist das Interesse an Einwegbioreaktoren (SUBs) für die 

Prozessentwicklung in der Biotechnologie gestiegen und sie bieten eine wertvolle Alternative zu 

herkömmlichen STRs für die Kultivierung von C. cohnii. Da jedoch SUBs ursprünglich für 

Säugerzelllinien entwickelt wurden, fehlt bisher eine methodische Plattform für die Kultivierung 

von marinen Mikroorganismen vom Klein- zum Großmaßstab. 

Das Ziel der Dissertation ist die Entwicklung eines optimalen Prozesses für die Herstellung von 

DHA mit C. cohnii. Dafür wurde eine skalenabhängige methodische Plattform für die zweiteilige 

Prozessentwicklung etabliert. Die Identifizierung des am besten geeignetsten Einwegsystems 

wird in jedem Maßstab diskutiert und die konsequente Anwendung für die Prozessentwicklung 

beschrieben.  

Im kleinen Maßstab wurde ein Zwei-Phasen-System mit Perflourodecalin entwickelt, das sich als 

Screening-Werkzeug für die statistische Versuchsplanung eignet. Der TubeSpin Bioreaktor 600 

übertraf andere Kultivierungsflaschen im direkten Vergleich und wurde zusammen mit den Tube 

Spin Bioreaktoren 50 als Satellitensystem angewendet, um die Lücke zwischen Experimenten im 

Kleinmaßstab mit relativ niedrigen Zellzahlen und den aufwendigeren Versuchen im 

Pilotmaßstab zu schließen. Schlussendlich stellte sich der CELL-tainer von CELLution als der am 

besten geeignete SUB für die Maßstabsvergrößerung heraus, aber auch der SB200-X, der bereits 

im m³-Maßstab erhältlich ist, kann für die Kultivierung angewendet werden, unter Beachtung 

einiger Nachteile, die in dieser Dissertation diskutitert werden. 

Ein kombiniertes Verfahren, bei dem Glucose als Hauptkohlenstoffquelle in der 

Wachstumsphase und Essigsäure in der Produktionsphase zusammen mit einer 

Temperaturabsenkung angewendet wurden, führte zu DHA Spitzenproduktionsraten von 

47 mg L-1 h-1, die zu einer volumetrischen DHA-Konzentration von 5 g L-1 innerhalb von 230 h 

führte. 

Die hier beschriebene Methode kann für die schnelle, wirtschaftliche und konsequente 

Bioprozessentwicklung verwendet werden, insbesondere für die Anwendung für marine 

Mikroorganismen. 
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1 Introduction 
Docosahexaenoic acid (DHA) is a polyunsaturated fatty acid (PUFA), which positively 

influences human health.  

Crypthecodinium cohnii together with Schizochytrium and related genera are the major 

commercial sources of DHA (Sijtsma et al. 2010). The use of C. cohnii, especially for infant 

food is preferred, since Schizochytrium produces docosapentaenoic acid and other 

unfavorable fatty acids, such as pentadecylic acid, which has an unclarified influence on 

human health (Sijtsma & de Swaaf 2004). Contrary to this, C. cohnii produces DHA as the 

sole PUFA (other PUFAs are less than 1 %) (Beach & Holz 1973; de Swaaf et al. 1999; 

Ratledge et al. 2001). C. cohnii was applied by Martek Bioscience Corp. as a commercial 

source of oil rich in DHA (Sijtsma & de Swaaf 2004) and was also used for this study. 

The introduction starts with a summary of the effects of DHA on human health as the 

motivation for this study. Then, the specific features of the microalga are described 

thereafter. Special attention was paid to the metabolic pathway towards DHA in oleaginous 

microorganisms in general and in the differences described for C. cohnii in chapter 1.3. Since 

the medium development was a main focus of this project, the current state concerning the 

impact of different substrates on growth and DHA production in C. cohnii is reviewed in 

chapter 1.4 and the impact of process parameter in chapter 1.5. The cell physiology and 

morphology were mainly investigated with flow cytometry, which is described in chapter 1.6. 

Finally, a small review is given on cultivations in single-use systems in different scales from 

the deep-well plate (DWP) to the shake flask and eventually single-use bioreactors (SUBs).

1.1 Health effects of DHA and occurrence 

DHA is the major structural component of the gray matter of the brain, of the eye retina and 

heart tissue. DHA has a beneficial effect on human health, because it protects against 

cardiovascular disease, cancer, diabetes, and depression, respectively (Ward & Singh 2005; 

Doughman et al. 2007; Mendes et al. 2007; Mendes et al. 2009; Sinclair & Jayasooriya 2010; 

Wynn et al. 2010). Flaxseed, nuts and vegetable oils contain the PUFA α-linolenic acid (ALA), 

which can be desaturated to eicosapentaenoic acid (EPA) and subsequently converted to 

DHA, but the conversion rate achieves only 5 % in humans (Greene et al. 2013). Williams and 

Burdge (2006) examined the conversion rate in more detail. They reported that the 

conversion rate in adult men is very low (< 0.1 %) in contrast to women, in which the 

conversion rate is about 9 %. They assume that oestrogen is responsible for the gender 

differences in DHA blood content and can be affected by the physiological state, for example 

pregnancy. However, the use of DHA as a food supplement would be beneficial to 

circumvent low conversion rates in both genders, since the recommended intake of 100 to 

200 mg per day is not reached in Western countries (Mendes et al. 2009). Especially 

pregnant and lactating women should consume at least 200 mg DHA per day (Koletzko et al. 

2007; Cetin & Koletzko 2008; Koletzko et al. 2008). 
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1.1.1 DHA in human health 

PUFAs with up to six double bonds in the chains can be categorized in n3 and n6 PUFAs (also 

known as ω3 and ω6), whereby n3 PUFAs exhibit their first double bond on the third carbon 

atom, counted from the methyl end (Kang 2011; Baltes, 2000; Belitz et al. 2008; Koletzko et 

al. 2008). Increasing the amount of n3 PUFAs in the diet can compensate the unfavorable 

n3/n6 ratio of fatty acids, which is common in the Western diet. It has positive effects on 

many chronic diseases (Uttaro 2006), like arthritis, depression, adult-onset diabetes mellitus, 

and some cancers (Horrocks & Yeo 1999). Further on those of the cardiovascular system like 

hypertension, atherosclerosis, or thrombosis, positive influences have been observed. 

Furthermore, DHA decreases the mortality rate after myocardial infarction (Burr et al. 1989; 

Christensen et al. 1996) and increases the stability of atherosclerotic plaques, which can 

reduce the danger of cardiovascular occurrences (Thies et al. 2003). DHA can retard cancer 

growth and diminishes the risk and raises the efficiency of chemotherapy (Hardman 2002). 

Deficiencies of DHA in the brain can cause cognitive decline during aging and are associated 

with Alzheimer disease (Horrocks & Yeo 1999).  

1.1.2 DHA in infant nutrition 

DHA plays a major role in the development of infants. It is necessary for retinal development 

(Uauy et al. 1990), for visual acuity (Birch et al. 1992; Jorgensen et al. 2001), for hand-eye 

coordination (Dunstan et al. 2008), and for the mental development (Helland et al. 2003) of 

infants (Koletzko et al. 2007; Cetin & Koletzko 2008; Koletzko et al. 2008). Clandinin et al. 

(2005) reported an enhanced growth of infants, who were nourished with DHA obtained 

from algal oil and ARA obtained from fungal oil as a supplement to infant formulas in 

comparison to those fed with unsupplemented formulas or with formulas, containing 

supplemented DHA derived from fish oil (+ ARA from fungal oil). A lack of DHA in nutrition, 

especially in infant formulas can cause fetal alcohol syndrome, attention deficit hyperactivity 

disorder, cystic fibrosis, phenylketonuria, unipolar depression, aggressive behavior, and 

adrenoleukodystrophy, respectively (Horrocks & Yeo 1999). 

The reported daily consumption quantity of DHA, which is given to infants via breast feeding, 

varies between 49 and 60 mg depending on the fatty acid consumption of the mother 

(Cunnane et al. 2000; Mitoulas et al. 2003). It has been reported that lactating women, who 

take DHA supplements, have a higher milk DHA level (Fidler et al. 2000; Jensen et al. 2005). 

This higher milk DHA level can increase the DHA level in infant plasma and erythrocyte 

phospholipids (Gibson et al. 1997; Jensen et al. 2005). The body of breast fed infants 

accumulates 10 mg DHA per day, with 48 % found in the brain. A minimum intake of 20 mg 

DHA per day is required to achieve this dose, since 50 to 60 % of the consumed DHA gets lost 

due to de novo lipogenesis towards CO2 and carbon recycling into saturated and 

monosaturated fatty acids (Cunnane et al. 2000). Despite the fact that DHA are classified as 

structural fatty acids, they are not spared from β-oxidation, and therefore, should be 

consumed, when the overall nutrition is insufficient (Cunnane et al. 2000).  
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Infants in their first year of life are able to synthesize DHA from 18 carbon precursors, but 

the amount is not comparable to children who have been breast fed (Salem, Jr. et al. 1996; 

Cunnane et al. 2000). In 1975, the Food and Agriculture Organization of the United Nations 

(FAO) and the World Health Organization (WHO) recommended that infant formulas should 

mimic human breast milk (Ward & Singh 2005), which contains DHA. Thus the WHO, the 

FAO, the British Nutrition Foundation (BNF), the European Society of Gastroenterology and 

Nutrition (ESPGAN), and the International Society for the Study of Fats and Lipids (ISSFAL) 

recommend the supplementation of infant formulas with DHA (Ward & Singh 2005; Wynn et 

al. 2010).  

U.S. infant formulas contain predominantly DHA from Martek (now DSM), whereas some 

infant formulae outside the U.S. include DHA from fish oil or n3 containing eggs (Ward & 

Singh 2005). Meanwhile, the DHA oil from Martek is available in more than 60 countries 

worldwide including the USA, the United Kingdom, Mexico, China, and Canada (Mendes et 

al. 2009). 

1.1.3 DHA in aquaculture 

Aquaculture is the fastest growing food production sector in the world. Farmed fish 

constitute 50 % of the consumed fish. This portion is expected to increase further. The 

amount of DHA in fish from aquaculture is lower compared to the amount in fish trapped by 

wild fisheries. Therefore, fish from aquaculture are fed with fish oil, which leads to a vicious 

circle (Turchini et al. 2009). In aquaculture, the fish are fed with smaller fish, which results in 

a ratio of fish-fed to fish-product of 2:1. Furthermore, carnivorous species require up to 5 

times more wild fish biomass as feed than they produce (Naylor et al. 2000; Greene et al. 

2013), so the replacement of wild fish with fish from aquaculture, which is traditionally 

based on fishmeal and fish oil, presents a major paradox and unsustainable production 

system (Haslam et al. 2013). The concentration of DHA in C. cohnii meal is one order of 

magnitude higher than in menhaden oil (Harel et al. 2002). However, the high production 

costs still limit the commercial use of microalgae oil for the aquaculture (Harel et al. 2002; 

Turchini et al. 2009).  

Harel et al. (2002) pointed out that whole cell preparations or extracts of algae can be 

alternative sources for DHA, EPA and ARA for a wide variety of fish larval feeds and in brood 

stock diets. They could replace 60 % of menhaden oil with algal oil and meal without 

significant changes in growth in comparison to the standard diet. 

The DHA enriched rotifer has improved the growth and survival of larval of red seabream, 

yellowtail, stripped jack, stripped knifejaw and flounder (Watanabe 1993). This was also 

shown by Atalah et al. (2007), who used C. cohnii as a starter feed for seabream (sparus 

aurata), which was well accepted by the fish and showed good performance in respect to 

growth and fish survival. 
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1.1.4 Sources for DHA 

The traditional source of DHA for humans is fatty sea fish, but fish are not able to synthesize 

DHA on their own and require this fatty acid over the food chain, especially by consuming 

microalgae (Barclay et al. 1994; Uttaro 2006; Doughman et al. 2007; Mendes et al. 2009; 

Wynn et al. 2010). Therefore, DHA gained from microalgae can be a valuable vegetarian 

source (Doughman et al. 2007), since it has some advantages over fish oil. Microbial oil does 

not provide any contaminates from the sea, for example methyl mercury, dioxins, or 

polychlorinated biphenyls (PCBs), which have a negative impact on human health (Wynn & 

Ratledge 2005; Mergler et al. 2007; Domingo & Bocio 2007; Budtz-Jorgensen et al. 2007) and 

whose removal from fish oil is expensive (Damude and Kinney 2008). Additionally, it is free 

of fish odor and taste (Sijtsma & de Swaaf 2004; Wynn & Ratledge 2005; Mendes et al. 2009) 

and can be produced independently of seasonal or climate conditions (Wynn & Ratledge 

2005; Mendes et al. 2009). Eventually, it will not contribute to the overfishing of the oceans 

(Sijtsma & de Swaaf 2004; Doughman et al. 2007; Koletzko et al. 2008; Mendes et al. 2009; 

Wynn et al. 2010; Greene et al. 2013).  

Fish oil contains EPA, which has been found to impair neonate growth (Wynn & Anderson 

2006) since the presence of EPA in infant formulas can cause a significant drop in ARA. It can 

decrease the growth rate of infants (Boswell et al. 1996). Furthermore, EPA contributes to 

the thinning of artery walls in certain individuals. Therefore, it might cause bleeding (Ward & 

Singh 2005). 

Arterburn et al. (2008) compared the impact of DHA derived from cooked salmon and algal 

oil capsules to the DHA content in plasma and red blood cells and concluded their 

bioequivalence. Based on measured DHA levels in plasma phospholipid and erythrocyte, the 

bioequivalence was also shown for DHA produced by either C. cohnii or Schizochytrium sp. 

(Arterburn et al. 2007). 

Phototrophic microalgae can also produce DHA. Several experiments were performed that 

included photosynthetic algae as a valuable source for DHA. However, the investment and 

operation costs for phototrophic bioreactors are high. Alternatively used open ponds will 

most likely not meet the stringent safety requirements for baby food and nutritional 

supplements (Ratledge & Wynn 2002). Additionally, the obtained biomass and product 

concentrations are lower than in heterotrophic cultures, due to light limitation and oxygen 

accumulation (Mendes et al. 2005). 

Thus, a promising approach for the production of DHA might be the modification of plant oil 

composition via metabolic engineering. However, the targeted manipulation of plant seed oil 

seems to be difficult. The plant lipid metabolism appears to be more complicated than 

previously thought. Up to 10 transgenes have to be expressed for the manipulation, which 

results in long developing times until a viable terrestrial alternative to fish oil can be 

established (Haslam et al. 2013). The DHA concentration in plant oils of 4 % is still low 

(Damude & Kinney 2008). It was shown for Arabidopsis that a level of 4.7 % is achievable, 
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but the average in this study was 2 % (Ruiz-Lopez et al. 2013). Nevertheless, Petrie et al. 

(2012) described the successful application of metabolic engineering in Arabidopsis thaliana, 

which resulted in seed oil with a DHA content up to 15 %. The transferability to other species 

has to be shown in the future (Ruiz-Lopez et al. 2013). 

 

1.2 Crypthecodinium cohnii 

C. cohnii belongs to the dinoflagellates, which are part of the phytoplankton. The name 

derives from the Greek word “dinos”, which means whirling, and the Latin flagellum 

(Mendes et al. 2009). Traditionally, they are regarded as protozoans (one-celled animals), 

but sometimes they are also regarded as one-celled alga (plants). Regardless of the 

discordancy, they are currently classified as Alveolates (unicellular protists) (Mendes et al. 

2009). Their natural habitat covers the Atlantic, the Pacific, but also the Mediterranean and 

Caribbean Sea, and they can be found accompanied with different macrophytes, for example 

seaweeds like Fucus and Sargassum (Provasoli & Gold 1962; Beam et al. 1977; Beam & 

Himes 1982).  

C. cohnii are mostly attributed to eukaryotic cells, because they exhibit membrane bounded 

organelles, such as mitochondria, chloroplast, and nucleus (Grell & Wohlfarth-Bottermann 

1957), whereas the nucleus is different from typical eukaryotes, since the chromosome 

coiling cycle is not present (Kubai & Ris 1969; Rizzo & Nooden 1974). C. cohnii cells have a 

nuclear membrane and a huge amount of DHA, but exhibit no eukaryotic histones or 

nucleosomes (Rizzo & Nooden 1974; Bodansky et al. 1979; Mendes et al. 2009). Therefore, 

the nucleus of dinoflagellate cells may represent an ancestral interim stage in the evolution 

to the typical eukaryote one (Kubai & Ris 1969; Bodansky et al. 1979).  

C. cohnii is the fastest growing dinoflagellate (Kwok & Wong 2005). The cell size varies 

between 8 and 24 µm (Parrow et al. 2006). They are equipped with two unequal flagella for 

locomotion with a maximum speed of 250 µm s-1 or 1 km year-1 (Beam & Himes 1982). One 

of these flagella is flattened and ribbon-like and encircles the cell in a transverse groove. This 

flagellum supplies the spinning and propulsive force for locomotion (Hackett et al. 2004). 

The locomotion of the transverse flagellum follows a counterclockwise direction when seen 

from the cell apex (Gaines & Taylor 1985). The second flagellum is directed posteriorly along 

a longitudinal groove and very likely serves as a rudder for steering (Hackett et al. 2004). The 

cingulum encircles two-thirds of the cells (Ucko et al. 1997; Parrow et al. 2006). With the 

feature of mortality, which is common in dinoflagellates, the algae is able to position itself to 

take the full advantage of available light (if phototrophic) and nutrition (Broekhuizen 1999; 

Hackett et al. 2004).  

C. cohnii exhibits a delicate theca, which consists of three layers. The innermost layer is built 

of separate layers assembled by an amorphous material. This layer is covered by two 

additional unit membranes, which form a blister over each plate (Kubai & Ris 1969). The 

description differed from the more schematic view of Kwok and Wong (2003). They 
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described the amphesia of a typical thecate dinoflagellate as follows: The cytoplasm is 

surrounded by a cytoplasmic membrane and a continuous outermost membrane (plasma 

membrane), which sculpts the outside of the cell. Between these two layers single-

membrane-bound vesicles are located, which contain cellulosic thecal plates, subtended by a 

pellicular layer (Kwok & Wong 2003). The thin theca is composed of different structured 

plates (Parrow et al. 2006). 

Fig. 1: Microscopic images 

of C. cohnii suspended in 

the A: growth and B: 

production phase 

(magnification 1:630). 

Published first in Hillig et al. 

(2014), reprinted with kind 

permission of 

Springer+Business Media.  

During cultivation two different morphological shapes appear: swimming cells and cysts (Fig. 

1). C. cohnii cells exhibit a G1-S-G2-M cell cycle (Bhaud et al. 2000). Cells in the G1 phase are 

motile in the beginning. Afterwards, they shed their flagellas and are encysted in the S (DHA 

synthesis), G2 and M (mitosis) (Wong & Whitely 1996; Bhaud et al. 2000). The cell cycle of 

C. cohnii was studied by Bhaud et al. (1991) with an initially synchronized population of cells 

under a light microscope. The cell cycle starts with swimming cells emerging from cysts. The 

swimming stage of the cells lasts approximately 5 to 6 h. In the following, the cells encyst 

again and lose their two flagella. This marks the end of the G1-phase. Cells are immobile until 

the end of the cycle before 2, 4 or 8 vegetative, motile daughter cells are released by the 

cyst, after 5, 11 or 19 h, respectively. The length of the total cell cycle consequently lasts 10, 

16 or 24 h. The G1 phase takes 6 h. The S phase is short and well delimited, lasting only 

90 min, which is comparable to the S phase in higher eukaryotes. The G2 and M phase lasts 

2 h. After this, either the release of the daughter cells occurs 1 to 2 h after the end of the 

cytokinesis or the DNA synthesis in the binucleated cyst commence again. In this second 

cycle cyst, the mitosis starts again after 14 h and swimming cells are released after 16 h. 

Thus, one fraction of cells doubles within 10 h, whereas a second fraction quadruples within 

16 h. The portion of cells of eight daughter cells is negligible (< 5 %) (Bhaud et al. 1991; 

Bhaud et al. 1994).  

Since during growth cells are dividing regularly, the overall culture exhibits motile cells with 

a low fatty acid content. After cell proliferation ceased, induced by depletion of a nutrient 

component other than the carbon source (mostly nitrogen), the cells lose their flagella and 

become “cyst-like”. At this physiologic state, the carbon source is converted into DHA-rich 

storage lipids (Wynn et al. 2010), as it will be described in the following chapter in detail. 

Cysts are microalga cells in a resting stage with an environmentally resistant outer coating. 

Temporary resting cysts of dinoflagellates are produced in the stationary phase or in 

otherwise stressed cultures and have an ecological advantage for their survival (Blackburn & 

Parker 2005). 
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1.3 Fatty acid synthesis in eukaryotes 

The aim of this chapter is to describe the fatty acid production and synthesis as it is known 

for oleaginous microorganism in general with a special emphasis on the proposed pathway 

in C. cohnii. 

1.3.1 Single cell oil production in oleaginous microorganism 

Single cell oils (SCO) in general are triacylglycerols, produced in microbial processes suited 

for human consumption (Wynn & Anderson 2006). The word derives from single cell protein, 

which was used for microbial proteins, intended to be consumed as a substitute for the 

nutrients, which are usually delivered by meat. It is a less emotive description than microbial 

protein or microbial oil for customers (Wynn & Ratledge 2005; Wynn & Anderson 2006). 

Much attention was paid on single cell proteins during the period from 1960 to the mid-

1980s, but the process costs could not compete economically with other protein sources, for 

example soy beans (Verduyn et al. 1991; Ward & Singh 2005). The use of cheap 

hydrocarbon-based medium for the cultivation process turned out to be just as problematic 

since it complicated the downstream processing for the separation from the residual toxic 

hydrocarbons (Ward & Singh 2005). Since for the production of 1 t SCO, an amount of 5 t of 

sugar is required, SCO in general cannot compete with plant oils. However, the production of 

PUFAs constitutes an exception since they cannot be produced by plants (the chain length in 

plants is restricted to 18 carbons) (Wynn & Ratledge 2005).  

Acyl lipids are present in the cells in two different manifestations. Phospholipids, in which 

glycerol is esterified with phosphate, are among the key structural components of biological 

membranes. The fatty acid composition of the phospholipids influences the membrane 

fluidity significantly, and thus, the activity of membrane-associated enzymes. Triacylglycerol 

represents the second class of lipids; they serve as storage lipid (Wynn & Ratledge 2005). 

The triacylglycerol fraction is the most valuable part of the oil with respect to the 

commercialization of the product and exhibits the form, in which it occurs in human breast 

milk (Ratledge et al. 2001; Ward & Singh 2005; Wynn & Anderson 2006). 

Microorganism can be differentiated between oleaginous and non-oleaginous species. Only 

a few organisms are able to accumulate more than 20 % lipids of their DCW (Ratledge 2004; 

Wynn & Anderson 2006). In order to induce the lipid accumulation, the organism should be 

grown in a medium with an excess of the carbon source and a limiting amount of another 

source (mostly nitrogen). Consequently the excess carbon source is transferred directly to 

the lipid biosynthesis (Ratledge 2004; Wynn & Anderson 2006). Afterwards, the fatty acids 

are esterified with glycerol and incorporated as oil droplets via the endoplasmic reticulum 

(Ratledge 2004). 

1.3.2 DHA production in C. cohnii 

Ratledge and Wynn (2002) claimed that lipid accumulation in heterotrophic algae is different 

than in yeast and filamentous fungi. They suggested that the growth rate in C. cohnii, and 

therefore, the conversion rate from carbon to biomass was lower than the carbon uptake 
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rate, which resulted in a storage mechanism of the excess carbon as lipid droplets. Pleissner 

and Erikson (2012) also reported that the lipid content of C. cohnii cells was unaffected by 

any nutrition limitations, even carbon limitation did not inhibit lipid formation. The authors 

reported also a luxury consumption of the carbon source, which led to the incorporation of 

storage components (lipids, starch) in the cells. 

Young, dividing C. cohnii cultures synthesize primarily phospholipids, whereas cultures in the 

late growing phase, respectively in the stationary phase, produce predominantly 

triacylglycerols as a storage lipid (Henderson & Mackinlay 1991). The fatty acids in 

phosphatidylcholine, which is the major polar lipid in C. cohnii, were predominantly DHA. In 

the triacylglycerol fraction, mostly saturated fatty acids were determined (Henderson et al. 

1988). Phosphatidylcholine can represent up to 80 % of the polar lipids, containing 

approximately 66 % of DHA in well-aerated cultures (Beach & Holz 1973). 

A more specific investigation was performed with flow cytometry, with which the 

coordination of the lipid formation during the cell cycle progression was measured with 

synchronized culture of C. cohnii cells. This study revealed that polar lipids emerge 

predominantly in the growth phases (G1 and G2), whereas neutral lipids evolved during the 

whole cell cycle (Kwok & Wong 2005). The addition of cerulin in the beginning of the cell 

cycle, which inhibits the FAS system, caused a fixation of the cells in the G1-Phase, whereas 

the addition in the early G2-Phase caused only a decreased fatty acid content, but no cell 

cycle delay (Kwok & Wong 2005). The authors hypothesized that C. cohnii grew 

predominantly in the G1-phase, producing also phosphatidylcholine as a major phospholipid 

of the cell membrane, which is required for the cell cycle progression from G1 to S. This 

hypothesis is underlined by Cornell et al. (1977) since they have shown the coordination 

between lipid metabolism and the onset of the DHA synthesis in two tissue cell lines. 

Additionally, Kwok and Wong (2005) fixed C. cohnii cells in the G1-Phase with the help of a 

specific inhibitor of the DNA synthesis (hydroxyurea). With this inhibition, the neutral and 

polar lipid content increased by 300 %, showing that the cell cycle arrest in the G1-phase can 

enhance the lipid production. 

1.3.3 Synthesis of fatty acids in oleaginous microorganism 

Since the steps from malonyl-CoA to DHA in C. cohnii are not fully understood yet (Mendes 

et al. 2009), the next chapter is divided into three parts. The first part deals with the 

biochemistry of oil-accumulation in oleaginous cells from acetyl-CoA towards malonyl-CoA. 

The second part covers the steps from malonyl-CoA to PUFAs in general and the third part 

emphasizes on the thus described differences in C. cohnii. 

1.3.3.1 First step towards single cell oil production – from citrate to malonyl-CoA 

For the accumulation of lipids in oleaginous microorganisms, two requirements have to be 

met. On the one hand, acetyl-CoA should be provided as a precursor directly to the cytosol, 

since the fatty acid synthetase is presumably located there (Sonnenborn & Kunau 1982). On 

the other hand, NADPH is a required cofactor for the fatty acid biosynthesis (Ratledge 2004). 
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Synthesis of acetyl-CoA is catalyzed by the ATP:citrate lyase (see Fig. 2). This enzyme seems 

to appear only in oleaginous organisms (Ratledge & Wynn 2002; Ratledge 2004). The 

substrate for the enzyme is citrate, which originates from the tricarboxylic acid cycle (TCA), 

usually located in the mitochondrion of eukaryotic cells. The TCA is refilled with pyruvate 

obtained from glucose via glycolysis. 

Fig. 2: General pathway 

for the fatty acid 

biosynthesis in 

oleaginous cells. 1: 

Isocitrate 

dehydrogenase, activity 

depends on the AMP 

concentration (adapted 

from Ratledge 2004). 

 

The dependence of isocitrate dehydrogenase on the presence of AMP distinguishes 

oleaginous cells from non-oleaginous ones (Fig. 2, (1)). The concentration of AMP is 

controlled via the AMP deaminase activity (reaction (1)). Since the reaction releases nitrogen 

from intracellular material, the activity of this enzyme is up-regulated, when nitrogen 

becomes limited (Ratledge & Wynn 2002; Ratledge 2004).  

                                 (1) 

When the AMP concentration decreases, the activity of isocitrate dehydrogenase decline 

and, consequently, isocitrate is accumulating until it reaches equilibrium with citrate via 

aconitase in the mitochondrion. Citrate is transported to the cytosol over the mitochondrial 

membrane in exchange for malate and converted to acetyl-CoA and oxaloacetate via 

ATP:citrate lyase. Acetyl-CoA is channeled to the fatty acid synthesis, whereas oxaloacetate 

is converted to malate by malate dehydrogenase to sustain the continuous interchange of 

citrate towards the mitochondrion (Fig. 2) (Ratledge 2004).  

Malic enzyme ensures the continuous NADPH supply in oleaginous microorganism (Fig. 2) 

(Ratledge 2004). Wynn et al. (1997) have demonstrated that by the inhibition of the activity 

of malic enzymes by a metabolic compound derived from sesamol in the filamentous fungi 

Mucor circinelloides, the ability of cells to store lipids decreased from 24 % to 2 % and 

desaturation was limited, too. The gene, which controls the synthesis of malic enzymes is 

switched on perpetually in oleaginous cells, whereas the gene is switched off shortly after 

nitrogen depletion in non-oleaginous cells, which leads to a stop of the fatty acid 

biosynthesis (Wynn & Ratledge 2005).  
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Acetyl-CoA in the cytosol is converted to malonyl-CoA, catalyzed by an acetyl-CoA 

carboxylase (Fig. 2).  

1.3.3.2 From malonyl-CoA to DHA in oleaginous microorganism 

Since the pathway from malonyl-CoA to DHA is not proven for C. cohnii cells, the synthesis is 

firstly described for oleaginous eukaryotic cells in general. 

 

Fig. 3: Scheme of the synthesis of DHA in oleaginous microorganisms (adapted from (Sijtsma et al. 1998; 
Ratledge 2004)). FAS: Fatty acid synthetase enzyme complex, EL: elongases, DS: desaturases. 

 

The fatty acid synthetases enzyme complex (FAS) synthesize DHA with seven malonyl-CoA 

molecules and additional acetyl-CoA to palmitate (C16:0) (Sijtsma et al. 1998). The enzymes 

involved in the FAS system are acyl carrier protein, acyl transacylase, malonyl transacylase, 

beta-ketoacyl reductase, dehydratase and enoyl reductase. Subsequently, palmitate is 

elongated and desaturated stepwise to DHA as shown in Fig. 3 (Sijtsma et al. 1998). 

The desaturation steps require molecular oxygen as first described by Bloomfield and Bloch 

for yeasts (Bloomfield & Bloch 1958; Bloomfield & Bloch 1960; James et al. 1965).  

1.3.3.3 DHA synthesis in C. cohnii 

C. cohnii cells can accumulate lipids to a portion of more than 20 % of DCW, with a high 

content of DHA, whereas other PUFAs remain below 1 %. Contrary to other oleaginous 

microorganism, in which intermediates of the elongation and desaturation process (Fig. 3) 

are detectable, this is not the case for C. cohnii. This might give a hint that the last step in 

DHA synthesis is different from most other organisms (Ratledge 2004).  

Sonnenborn and Kunau (1982) already mentioned that the inherent FAS in C. cohnii cells 

belongs instead to the type I and very likely to the IA subgroup, which has more in common 

with avian and mammalian synthetases than with yeast or fungi. Additionally, they assumed 

that the fatty acid synthetase is located in the cytosol. The main fatty acid produced by these 

FAS is palmitate. Experiments with norflurazon and propyl gallate as desaturase inhibitors 

showed the existence of desaturases in C. cohnii (de Swaaf et al. 2003a). Apart from this, 

Ratledge (2004) suggested that a polyketide synthase (PKS) route, which is common in 

bacteria, instead of the conventional FAS route for the production of DHA is conceivable. 

This might explain the difficulties in the identification of conventional desaturases in C. 

cohnii. 



Introduction: Fatty acid synthesis in eukaryotes 

11 

The PKS system was described by Metz et al. (2001) for the DHA production in 

Schizochytrium sp. With the PKS system, malonyl-CoA (derived from acetyl-CoA) is added 

consecutively to lengthen the chain, keeping the double bonds, if they are in the right 

position. The process is conducted in selected cycles together with trans-cis isomerization 

and enoyl reduction reactions (Fig. 4) (Metz et al. 2001; Ratledge 2004).  

     (     )       (           )       (        )       (      )

      (         )       (           )       (            )

      (               ) 

Fig. 4: Chain elongation in Schizochytrium through successive addition of malonyl-CoA using the enzymes: 3-
ketoacyl synthase, 3-ketoacyl-ACP reductase and dehydrasen and isomerasen. Adapted from (Ratledge 2004) 
 

The PKS system is an “anaerobic”, non-oxygen requiring system in contrast to the FAS 

system (leading to C16:0 and C18:0 fatty acids), followed by aerobic desaturation reactions 

in eukaryotic cells. The PKS system is more efficient in terms of energy balance of the cell, 

since NADPH is conserved for desaturation steps in comparison to the FAS system. There, 

NADPH is used firstly to synthesize saturated fatty acids, which have to be reduced in a 

second step to DHA (Ratledge 2004). While a molecule of oxygen is completely reduced to 

water in the oxidative desaturation, the introduction of double bonds into fatty acids does 

not require oxygen, including the dehydration of a hydroxyl substrate. Afterwards, the 

trans-cis isomerization of the double bond occurs (Scheuerbrandt et al. 1961; Shanklin & 

Cahoon 1998). Nevertheless, Beach and Holz (1973) recognized a significant decrease of DHA 

in triacylglycerols, which leads to the suggestion of an oxygen dependent biosynthesis of 

unsaturated fatty acids in C. cohnii.  

Different studies have been performed to elucidate the incorporation of precursors in the 

fatty acid synthesis in order to obtain information about the pathways. Beach et al. (1974) 

used 14C labeled octanoate to demonstrate that this fatty acid was first broken down and 

then used as C2-units and not as precursor for chain elongation. The authors reported that 

C10:0, C12:0, C14:0, C16:0 to C18:0 were elongated and to some extend desaturated, but 

served not as precursors for DHA. This findings underline the hypothesis that DHA is 

synthesized via a another pathway, compartmentalized from the synthesis of C18:1 (Beach 

et al. 1974). The addition of 13C labeled acetate and butyrate to the cultivation medium 

showed that butyrate was first broken down to C2-units and incorporated in DHA. This 

indicates the presence of a FAS system, depending on two carbon units as the basic building 

block. Additionally, it was shown that a direct conversion of 1-13C-oleic acid to DHA was not 

observable (Henderson & Mackinlay 1991; de Swaaf et al. 2003a). These surprising results 

were underlined by studies with 14C labeled acetate, which was used directly for the 

synthesis of DHA and esterified into triacylglycerols and phospholipids, whereas C18:0 and 

C18:1 were predominantly incorporated solely in the triacylglycerols and not converted to 

DHA (Henderson & Mackinlay 1991). The same was shown for Schizochytrium cultures 

supplemented with 14C-labeled C16:0, C18:1 or C18:3. The fatty acids have been 
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incorporated as triacylglycerols, but have not been detected in DHA or DPA (Metz et al. 

2001).  

All these findings underline the hypothesis that the PKS system is used in C. cohnii and not 

the FAS system, resulting in an oxygen independent DHA synthesis. 

 

1.4 Carbon sources for growth and production 

C. cohnii can multiply rapidly when transferred to a liquid medium containing yeast extract, 

sodium acetate and peptone in sea water (Pringsheim 1956). 

The typical industrial process starts from a cryovial, over several seed trains of cultures with 

increasing volumes to finally inoculate the large scale production bioreactor. When the 

desired cell and lipid concentration is obtained, the cultivation vessel is drained; the culture 

broth is centrifuged and subsequently biomass is dried and oil is extracted with hexane (Apt 

& Behrens 1999; Wynn & Anderson 2006). DHA is sensitive to oxidation because of the high 

number of double bonds. Therefore, processing of the oil should be rapid and high 

temperatures should be avoided in all stages of the process. The final product should be 

stored at low temperature and under a nitrogen atmosphere (Wynn & Anderson 2006).  

 

Fig. 5: Possible pathways in C. cohnii, when the cells grow with glucose, acetate, or ethanol. Glyoxylate by-

pass is present and two additional enzymes are induced, when microorganism grow on C2 compounds: 1: 

isocitrate lyase, 2: malate synthase. Pyruvate carboxylase is activated when acetyl-CoA is present in the cell 

(Ratledge 2004; Ratledge 2006; Sijtsma et al. 2010; Perez-Garcia et al. 2011). 

 

The cultivation at different carbon and nitrogen sources is discussed in the literature (de 

Swaaf et al. 2003b; de Swaaf et al. 2003c; Mendes et al. 2007). The utilization of special 
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substrates may circumvent any patents on processes that specified a specific carbon source 

(Sijtsma et al. 2010). 

1.4.1 Cultivation with glucose 

The most commonly used carbon source for the cultivation of C. cohnii is glucose, since it is 

an easily accessible feed stock, readily available and storable as a stable, concentrated, self-

sterilizing solution (Sijtsma et al. 2010). Notwithstanding, the fact that details of the 

commercial process have not been published, the cultivation is most probably carried out 

with glucose (Sijtsma & de Swaaf 2004). The applicability of glucose as carbon source for 

C. cohnii was shown by several authors (Kyle et al. 1991; Kyle & Reeb 1998; de Swaaf et al. 

2003c; da Silva et al. 2006). 

Kwok and Wong (2005) reported that the DHA content was highest, (determined by an 

indirect method using the flow cytometry), if glucose content was low (0.0396 g L-1) and 

decreased with increasing glucose content (up to 0.396 g L-1). In contrast to that the starch 

content decreased with decreasing glucose content.  

Nevertheless, for an economic high cell density process, the glucose concentration has to be 

higher to achieve sufficient cell densities. De Swaaf et al. (1999) reported that at glucose 

concentrations higher than 25 g L-1, the initial growth rate was decreased. Therefore, this 

concentration marks a limit, which should not be exceeded in fed-batch processes. 

Additionally, lipid accumulations are inhibited at higher glucose concentrations (de Swaaf et 

al. 2003c). In the fed-batch process described by de Swaaf et al. (2003c), the glucose 

concentration was maintained in the range of 5 to 20 g L-1. The growth was exponential in 

the first 24 h with a specific growth rate of 0.086 h-1. After this, the growth became linear 

due to an unidentified nutritional limitation. The lipid content decreased during the 

exponential growth rate (8.2 to 3.7 %) and increased during the linear growth (finally up to 

15 %). 

Pleissner and Eriksen (2012) described that the specific growth rate can vary in different 

cultures, grown under the same conditions between 0.04 and 0.075 h-1. Glucose is 

assimilated in excess and stored as lipids or starch simultaneously up to an amount of 60 to 

70 % of the DCW, whenever glucose was accessible. 

1.4.2 Growth with acetic acid 

Acetic acid is described by several authors as a sustainable feed source for C. cohnii, but the 

market value is up to three times higher than glucose. A major drawback is the requirement 

of careful handling, since it is harmful to the skin, as well as the additional capital investment 

and maintenance costs because of the corrosive nature of the feed stock (Sijtsma et al. 2010; 

Bumbak et al. 2011).  

Acetic acid can be converted directly into acetyl-CoA by acetyl-coenzyme A synthetase, a key 

intermediate in the lipid synthesis in eukaryotic cells (van den Berg et al. 1996; de Swaaf et 

al. 2003c) (chapter 1.3.3.1). Since the fatty acid synthase complex is presumably located in 
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the cytosol (Sonnenborn & Kunau 1982), which is the common place for fatty acid 

biosynthesis in eukaryotic cells (Ratledge 2006), the lipid synthesis seems to occur there too. 

When cells grow on glucose, acetyl-CoA has to be provided by the mitochondrial pyruvate-

dehydrogenase complex, similar to what happens in yeast cells (Pronk et al. 1996; de Swaaf 

et al. 2003c). In other words, in oleaginous yeasts, the main flux from glucose to cytosolic 

acetyl-CoA involves the uptake of glucose, glycolysis, transportation of pyruvate into the 

mitochondrion, conversion of pyruvate to citrate, transport of citrate from the mitochondrial 

matrix to the cytosol and subsequently conversion of citrate to acetyl-CoA via ATP:citrate 

lyase. In contrast to this the conversion of acetate to acetyl-CoA in the cytosol occurred in 

one single step via acetyl-CoA synthetase (de Swaaf et al. 2003c; Sijtsma & de Swaaf 2004) 

(Fig. 5). Cells grown with C2 compounds additionally need the glyoxylate shunt for growth 

since the TCA is insufficient for the metabolism. For the glyoxylate shunt, two additional 

enzymes are necessary: isocitrate lyase and malate synthase. These enzymes are induced 

only when the cells have to metabolize acetate. C4 compounds can be synthesized with this 

by-pass for the synthesis of all cell metabolites (Neilson & Lewin 1974; Ratledge 2006; Perez-

Garcia et al. 2011). 

Since concentrations of acetic acid of more than 20 g L-1 inhibit growth of almost every 

organism, the carbon source has to be fed via fed-batch mode to remain below this growth-

inhibiting concentration level. When acetic acid is added to a culture, the pH will decrease, 

which is usually avoided by the addition of counter ions like Na+ and K+, or alternatively by 

the application of sodium acetate. However, when acetic acid is consumed the pH rises since 

acetic acid is replaced by hydroxyl ions, ending up in poor cell yields (Ratledge et al. 2001; 

Sijtsma et al. 2010). Otherwise, the pH can be controlled via acetic acid addition, which leads 

to a process where the carbon feed is automatically controlled with pH monitoring, growing 

always at its fastest growth rate in a pH-auxostat mode (Sijtsma et al. 2010).  

Ratledge et al. (2001) tested different initial sodium acetate concentrations (1 – 16 g L-1) in a 

pH-auxostat for the cultivation of C. cohnii. The cell density and growth rate was the highest 

with 8 g L-1 sodium acetate measured after 140 h. The influence of the different initial 

concentrations on the specific lipid and DHA content was low. Since the assimilation of 

acetic acid requires the induction of several enzymes, which are not active in cells grown 

with glucose, the influence of inoculum substrate was tested. The differences were not 

significant, showing that the inducible enzymes were produced rapidly after exposing the 

cells to acetate. The DHA concentration in the triacylglycerol part was more than 50 % higher 

than in the cells grown with glucose. Based on the described work of Ratledge et al. (2001) a 

patent was pending. Nevertheless, this patent was lapsed in 2010 (Ratledge et al. 2000). 

Finally, de Swaaf et al. (2003c) applied the pH auxostat successfully for the DHA production 

with C. cohnii with a prolonged cultivation time of 400 h. The process yielded in a dry cell 

weight (DCW) of 109 g L-1 and a DHA concentration of 19 g L-1, which was higher than the 

amounts reported so far for C. cohnii (Table 1). Nevertheless, the biomass yield reached only 

0.13 g DCW g acetic acid-1. Sijtsma et al. (2010) assumed that this is inadvertently caused by 
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the secretion of succinic acid accumulating to a concentration of 5 g L-1 in the medium in the 

course of the cultivation coupled with a decreased acetic acid content from 8 to 1 g L-1. They 

assumed that this is caused by a rate-limiting step in the conversion of succinic to fumaric 

acid in the TCA. Surprisingly, the addition of 1 % (v/v) propionic acid improved cellular 

growth. They argued that propionate supplies additional oxaloacetate, thereby removing the 

metabolic bottleneck, which is indicated by the increase of succinic acid. The added 

propionate is converted to pyruvate via transcarboxylase and subsequently to oxaloacetate, 

a precursor for several cell components, via pyruvate carboxylase in an anaplerotic reaction. 

The activity of pyruvate carboxylase is stimulated by the amount of acetyl-CoA, which is 

naturally high when cells grow with acetate (Ratledge 2006; Sijtsma et al. 2010). With this, 

the metabolic balance is reattained, which improves the efficiency of biomass production. 

Since the amount of fatty acids with odd chain length was not increased by the addition of 

propionate, they assumed that propionate was used in other metabolic routes of the cell 

metabolism than the fatty acid synthesis (Sijtsma et al. 2010).  

The pathways in the bacterium Pseudomonas citronellolis may give a hint about the involved 

metabolic reactions. When Pseudomonas citronellolis is grown on acetate, the activity of 

pyruvate dehydrogenase (catalyze conversion of pyruvate to acetyl-CoA) is suppressed in 

order to aid the gluconeogenesis. Additionally, the activity of oxaloacetate decarboxylase 

(oxaloacetate to pyruvate) is suppressed to save oxaloacetate for the metabolization of 

acetate via the TCA. The addition of propionate would offer ancillary oxaloacetate to support 

the gluconeogenesis (Obrien & Taylor 1977; Perez-Garcia et al. 2011).  

Additionally, Ratledge et al. (2002) described that the ratio of “cysts” to motile cells 

increased when propionic acid was added to the culture. Since the non-motile cells are 

believed to accumulate greater amount of lipids, the addition of propionic acid increased the 

DHA content of the culture. The addition of propionic acid to cultures grown with glucose or 

acetic acid is a claim in a patent, which was written based on the described experiments 

(Ratledge et al. 2002). 

1.4.3 Growth with ethanol 

Ethanol was described as a possible carbon source for C. cohnii as well (de Swaaf et al. 

2003b). The costs are comparable to these of acetic acid (Chemical Market Reporter 20081). 

The major drawbacks of ethanol as feed stock are the inflammability and the need for 

government control to avoid the use of the substance for other purposes than cultivation. 

The feed stock is self-sterilizing and can be applied in production processes for goods meant 

for human consumption (Sijtsma et al. 2010; Bumbak et al. 2011).  

Ethanol is oxidized to acetate by alcohol dehydrogenase for the conversion of ethanol to 

acetaldehyde and acetaldehyde dehydrogenase for the conversion to acetate (Fig. 5) 

(Verduyn et al. 1991; Ratledge 2006; Sijtsma et al. 2010). 

                                                           
1
 Available on the website: http://www.icis.com/chemicals/channel-info-chemicals-a-z/ 
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First attempts with ethanol were carried out by Provasoli and Gold (1962), who reported 

that the growth was less than with glucose. 

An intensive study with C. cohnii and ethanol was conducted by de Swaaf et al. (2003b). In 

shake flask cultures, growth was optimal with 5 to 10 g L-1 ethanol with a specific growth 

rate of 0.05 h-1, but a concentration of 10 g L-1 ethanol already prolonged the lag phase. A 

concentration of 15 g L-1 suppressed the growth totally. In a fed-batch process carried out 

for 220 h, the addition of ethanol was controlled via DO measurement. The DCW achieved 

was 83 g L-1 and the DHA content was 11.7 g L-1. The overall volumetric productivity was 

higher than with acetate and counted 53 mg L-1 h-1, which is the highest rate, reported so far. 

The biomass yield was 0.31 g DCW (g ethanol)-1, which is more than twice the amount of 

what was reached with acetate as carbon source (Table 1) (de Swaaf et al. 2003b). In order 

to avoid toxic concentrations, the control equipment has to be more sophisticated with 

ethanol than with acetate. Therefore, Sijtsma and his team (2010) proposed the application 

of an ethanol sensor, which is able to be sterilized coupled with the ethanol feeding system.  

The higher biomass yield reached with ethanol is probably caused because metabolization of 

ethanol generates more reducing power than of acetate in the form of reduced NADH (see 

Fig. 5 for more details). Since a high amount of NADH is needed for the synthesis of DHA, the 

use of ethanol seems to be advantageous in comparison to acetate (Sijtsma et al. 2010).  

Since the prize for acetic acid and ethanol is virtually the same (Chemical Market Reporter 

20082), the higher biomass yield favors the use of ethanol. Additionally, ethanol is less 

corrosive than acetic acid, which reduces the overall investment costs (de Swaaf et al. 

2003b). 

1.4.4 Cultivation with other carbon sources  

Provasoli and Gold (1962) reported that glucose and glycerol was the best single carbon 

source for the cultivation of C. cohnii, whereas sucrose and galactose were almost as good, 

and cellobiose was poorly metabolized. Additionally, they reported that, fructose, mannose, 

sorbose, lactose, maltose, arabinose, fucose, xylose, ribose, mannitol, inositol, erythritol and 

glycogen were not utilized by the algae. Furthermore, they tested different fatty acids and 

recognized less growth than with glucose with ethanol, acetic, propionic and butyric acid, 

whereas the growth was slow to moderate with oleic, valeric, caproic and heptylic acid. 

Succinic, fumaric, malic and pyruvic acid were utilized less, whereas glutamic, citric, tartaric, 

aspartic acid, asparagine, glycine, leucine and serine were not metabolized.  

De Swaaf et al. (1999) reported that C. cohnii can grow with galactose; the OD was 5 % lower 

than with glucose; the lipid content decreased by 15 % and DHA content by 13 %. 

Additionally, the authors tested glycerol and sucrose and observed only marginal growth. 

The application of glycerol should be comparable to glucose since the pathway is similar and 

pyruvate is directly yielded by the conversion of 3-phosphoglycerol, saving some steps in the 

                                                           
2
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glycolysis. Additional pyruvate is converted to acetyl-CoA for the fatty acid biosynthesis and 

to oxaloacetate for the generation of NADPH via malic enzymes as an essential reductant for 

the fatty acid biosynthesis (Sijtsma et al. 2010). Ratledge (1988) compared the theoretical 

possible lipid yields from glucose and glycerin by reference of stoichiometry considerations. 

With regards to glucose, a lipid yield of 0.31 would be theoretically possible and with 

glycerin 0.30, which is comparable. Nevertheless, crude glycerol derived from the biodiesel 

industry contains many impurities, for example methanol or carcinogens from waste cooking 

oils, which restrict the employment in the food industry (Pyle et al. 2008; Athalye et al. 2009; 

Sijtsma et al. 2010; Armenta & Valentine 2013). Furthermore, impurities like methanol and 

soap from crude oil can have an impact on growth and fatty acid production in the 

respective microorganism (Pyle et al. 2008; Athalye et al. 2009; Armenta & Valentine 2013). 

 

Table 1: Comparison of biomass and DHA yields in different fed-batch cultivations carried out with various 
carbon sources described in the literature 

Organism Carbon 
source 

time 
[h] 

DCW 
[g L

-1
] 

Specific 
growth 

rate 
[h

-1
] 

Vol. 
DHA 
conc.  
[g L

-1
] 

Specific 
DHA 

[% DCW
-1

] 

DHA prod. 
[mg L

-1
 h

-1
] 

YX/S Source 

ATCC 
30772 

glucose
a1 

91 27.7  1.6 5.9 19 0.33 
(de Swaaf et 

al. 1999) 
ATCC 
30772 

glucose 120 26 0.086
f 

1.7 6.9 14
h
  

(de Swaaf et 
al. 2003c) 

ATCC 
30772 

glucose
a2,e 120-

144 
10-12  1.4 10-15  0.2 

(Ratledge et 
al. 2002) 

CCMP 
316 

glucose
b 

135 21.5  1.3 6.1 9.8 0.35 
(da Silva et 

al. 2006) 
CCMP 

316 
carob pulp 100 42 0.05 1.9 4.4 18.5  

(Mendes et 
al. 2007) 

ATCC 
30772 

acetate
c 

140 17  4.4 25.9 36 0.12 
(Ratledge et 

al. 2001) 
ATCC 
30772 

acetate
c 

240 51 0.053
f 

8.0 16.2 38  
(de Swaaf et 

al. 2003c) 
ATCC 
30772 

acetate
d 

400 109  19 17.4 46 0.13 
(de Swaaf et 

al. 2003c) 
ATCC 
30772 

acetate
c,e 144-

177 
27-32  6-8 19-26   

(Ratledge et 
al. 2002) 

ATCC 
30541 

acetate
c,e

 150 75  5 6.6   
(Ratledge et 

al. 2002) 
ATCC 
30772 

ethanol 220 83 0.047
g
 11.7 13.9 53 0.31 

(de Swaaf et 
al. 2003b) 

a batch cultivation, containing a1 84.3 g L-1 and a2 60 g L-1 glucose, b cultivation with n-dodecane as 

oxygen vector, c diluted 1:1 with water, d without dilution, e addition of 1 % (v/v) propionic acid, f in 

the first 24 h, g within the first 52 h, h within the final 30 h. 

 

Mendes et al. (2007) highlight the importance that microbial processes have to be 

competitive and reported the possibility to use cheap substrates, in this case carob pulp for 

the cultivation of C. cohnii. DCW and DHA content have been higher with carob pulp than 
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with glucose, as described by de Swaaf et al. (2003c), but lower than alternative substrate as 

acetic acid and ethanol (Mendes et al. 2007). A complete comparison of fed-batch 

cultivations described in the literature is shown in Table 1. 

The highest bio mass yield and specific and volumetric DHA concentrations were obtained 

with acetate as sole carbon source. Nevertheless, the highest volumetric DHA productivity 

was reached with ethanol. 

1.4.5 Utilization of nitrogen sources 

Beside carbon and apart from hydrogen and oxygen, nitrogen is the most important element 

of the microalgae biomass. The protein content of C. cohnii was determined as 12-15 % of 

DCW, which is low in comparison to other microalgae (Pleissner & Eriksen 2012). Carbon and 

nitrogen metabolisms are linked in microalgae since ammonium, carbon skeletons, which 

derived from the keto-acids 2-oxaloglutarate and oxaloacetate, and energy via ATP and 

NADPH are necessary for the synthesis of amino acids. Energy and carbon skeletons are 

provided by the TCA (Perez-Garcia et al. 2011).  

Ammonium is preferentially metabolized by algae since it is the most energetically efficient 

nitrogen source. The uptake across the membrane is realized by most organisms by a group 

of proteins, which belongs to the ammonium transporter family (Wilhelm et al. 2006; Perez-

Garcia et al. 2011). Ammonia is assimilated via glutamate dehydrogenase (Fig. 6 a). This 

represents an auxiliary pathway, whereas glutamine synthetase (b) has a high affinity to 

ammonia and plays, therefore, the major role in the amino acid biosynthesis (de-Bashan et 

al. 2008; Perez-Garcia et al. 2011). After incorporation of ammonia into glutamate or 

glutamine, it can be transferred via aspartate aminotransferase to aspartate (d) or via 

asparagine synthetase to asparagine (e). Glutamine, glutamate, aspartate and asparagine 

are the major building blocks for the synthesis of amino acids, and thus, by shuttling the 

ammonia into various carbon skeletons, all amino acids can be built (Perez-Garcia et al. 

2011; Madigan et al. 2012). This is supported with the results of Boer et al., who showed 

that low levels of glutamine are a significant marker for nitrogen limitations in the yeast 

Saccharomyces cerevisiae (Boer et al. 2010).  

Furthermore, ammonia as an inorganic salt, for example, as ammonium sulfate, can be a 

cheap alternative nitrogen source instead of yeast extract. However, it should be considered 

in the medium development, that reducing the yeast extract might require a higher amount 

of trace elements and vitamins, which are usually provided by yeast extract addition 

(Armenta & Valentine 2013). If ammonia salts are used in the medium, the pH will decrease. 

It has to be controlled since otherwise growth and biomass yield are inhibited (Ganuza et al. 

2008; Perez-Garcia et al. 2011). This can be an advantage, when cells are grown in an 

ammonium/pH-auxostat as previously described for Schizochytrium sp. (Ganuza et al. 2008). 
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Fig. 6: Usual 

reactions for the 

incorporation of 

ammonia into 

microorganisms 

(Inokuchi et al. 

2002; Perez-Garcia 

et al. 2011; 

Madigan et al. 

2012). 

 

Yeast extract is a useful nitrogen source, which has been applied in several studies with 

C. cohnii (de Swaaf et al. 2003b; de Swaaf et al. 2003c; da Silva et al. 2006; Mendes et al. 

2007). De Swaaf et al. (1999) tested different yeast extract concentrations (1 – 10 g L-1) and 

their effect on growth and lipid content in shake flask experiments. The higher the yeast 

extract concentration, the higher the OD (5.8 vs. 3.8) and the lower the lipid content (6% vs. 

20 %).  

Jian and Chen (2000a) observed a lower DHA content when the C/N ratio was higher. 

De la Jara et al. (2003) removed all nitrogen sources of the F/2 + npm medium and inoculate 

cells from the stationary phase. Cells grown in this nitrogen-free medium exhibited a higher 

lipid and DHA content than cells grown with a nitrogen source.  

Mendoza et al. (2008) reported that under nitrogen-limited conditions cell proliferation 

stopped and cells accumulated DHA. An increase in the lipid content of more than three 

times was determined, when nitrogen was limited and when oxygen was available in 

comparison to cultures with nitrogen and air. Pleissner et al. (2011) reported that C. cohnii 

grew with glycine, L-glutamic acid or L-alanine as sole organic nitrogen source combined 

with ammonium sulfate. In a glutamic acid limited continuous culture, the starch content 

was about 50 % of the cell mass, whereas the lipid content was about 10 to 15 % and the 

protein content decreased by 50 % in comparison to the culture with glutamine acid in 

sufficient amounts in the medium (Pleissner & Eriksen 2012). 

The amount of lipids increased drastically at a higher C/N-level (54 % of DCW) in comparison 

to a lower C/N-level (25 % of DCW) in heterotrophic grown Chlorella protothecoides cells. 

Xiong et al. (2010) explained this with the tendency of the cell to synthesize oil as a storage 

material at the expense of rapid growth. Simultaneously with the increased lipid content, the 

protein content of the cells decreased.  
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1.4.6 Influence of phosphate 

Pleissner and Eriksen (2012) elucidated the influence of phosphate in the medium and 

recognized that phosphate was taken up in excess and stored as poly-phosphate inside the 

cells for the compensation of occurring phosphate limitations. This hypothesis was 

underlined by the observation that motile cells did not immediately become non-motile 

when phosphate became limited. The lipid content increased from 15 to 23 % and the starch 

content increased from 25 % to 38 % with phosphate limitation, whereas the protein 

content was not affected. The lipid content of 23 % was coincidentally the highest lipid 

content observed in this study (Pleissner & Eriksen 2012). The storage of phosphate as poly-

phosphate in a rigid morphological structure was already recognized in the dinoflagellate 

Peridinium cinctum f. westii (Elgavish et al. 1980). 

1.5 Impact of process parameters on growth and production 

The growth and production performance of C. cohnii is influenced by different process 

parameters. The most important parameters are discussed in the following subchapters. 

1.5.1 Influence of temperature 

At a low temperature, the membrane fluidity decreases. In order to compensate this 

decrease, several microbial cells react with an increased production rate of unsaturated fatty 

acids, since the melting point of these fatty acids is lower (Richmond 1986; Gounot 1991; 

Jiang & Chen 2000b; Wynn & Anderson 2006; Mendes et al. 2009; Perez-Garcia et al. 2011).  

Provasoli and Gold (1962) reported that C. cohnii was sensitive towards temperatures lower 

than 20 °C: growth was inhibited between 15 and 20 °C, whereas no growth occurred at 

10 °C. Optimal growth was obtained between 20 and 28 °C and moderate growth until 32 °C. 

However, Beach and Holz (1973) reported that cells were rich in triacylglycerol at 14 °C (29 % 

of DCW) and had a lower content at 31.5 °C (12 % of DCW). Tuttle and Loeblich III (1975) 

observed two daughter cells when C. cohnii was grown at 20 to 30 °C and four daughter cells 

at 30 to 34 °C. De Swaaf et al. (1999) recognized a higher lipid content at 31.5 °C than at 

25 °C, 11 % and 8.7 % respectively, whereas the DHA content was higher at 30 °C (40.4 % of 

fatty acid) than at 27 °C (35.9 % of fatty acid). These findings contradict the results described 

by Jiang and Chen (2000b). They investigated the temperature effect on DHA production in 

the range of 15 to 30 °C. With an increasing temperature, the specific growth rate increased 

from 0.076 to 0.092 h-1 and the biomass yielded from 0.35 to 0.48 g DCW per g glucose. With 

decreasing temperature, the degree of unsaturation and DHA proportion (57 % of fatty acid) 

increased. They hypothesized that the increase was mainly caused by the higher solubility of 

oxygen at lower temperature, which supports the synthesis of DHA, if the desaturases 

require intracellular molecular oxygen. Additionally, they elucidated the influence of a 

temperature shift in the early stationary phase from 25 to 15 °C. This temperature shift 

increased the cellular DHA content by 19.9 % and the productivity was increased by 6.5 %, 

combining the positive effect of a higher temperature in the growth phase and a lower 

temperature in the production stage (Jiang & Chen 2000b). 
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1.5.2  Influence of pH 

Provasoli and Gold (1962) described the optimal pH zone for the algae between 5.7 and 7.2. 

They recognized inhibitions of growth at pH lower than 5.5 or higher than 7.8. Nevertheless, 

good growth was also visible at pH 5.1 when the pH of the preculture was 5.7. Tuttle and 

Loeblich III (1975) found the optimal pH-value to be at level 6.6 in an investigated range 

between 5.2 and 7.0. Medium with pH-values lower than 5.2 led to very slow growth rate of 

the cells.  

Jiang and Chen (2000a) investigated the influence of the pH in the range of 4 to 10 and 

observed the highest specific growth rate, DCW, growth yield and DHA content at pH 7.2. At 

pH 4 and 10, the growth was very poor, while the influence on growth between pH 5.5 and 9 

was not strongly pronounced. They explained the slightly lower growth and DHA production 

at a sub-optimal pH, with the higher need of energy to maintain a stable intracellular pH.  

1.5.3 Impact of oxygen in connection with shear sensitivity  

In the past, it was reported that oxygen supply is not a crucial factor in C. cohnii cultivation 

and it was recognized that the cells were killed by an agitation speed of 40 or 80 rpm (Tuttle 

& Loeblich III 1975). In contrast to this, Beach and Holz (1973) already determined the 

coherency between an enhanced oxygen supply and an increased growth rate, a lower 

amount of total and neutral lipids and a higher amount of polar lipids. By contrast, if the air 

was shifted to nitrogen, growth ceased, cell volume increased together with the amount of 

total and neutral lipids. Additionally, the amount of saturated fatty acids in the 

triacylglycerols increased, whereas the composition in the phosphatidylcholine fractions 

remained constant (Beach & Holz 1973). But whether the desaturases, the key enzymes in 

DHA biosynthesis, depend on oxygen in C. cohnii, could not be resolved yet (chapter 1.3). If 

the desaturases would be oxygen dependent also in C. cohnii, a higher oxygen transfer rate 

would increase the DHA production as claimed by Hu et al. (2007), Jian and Chen (2000b) 

and Wen and Chen (2010). 

Bioreactor experiments in STRs are described in literature, in which kLa-values of about 600-

800 h-1 were applied to achieve sufficient oxygen level to reach a DCW of 109 g L-1 (de Swaaf 

et al. 2003c). These operation conditions underline the strong demand for oxygen of 

C. cohnii. 

However, different opinions are described in the literature about the shear sensitivity of 

C. cohnii cells. Dinoflagellates cause blooms, especially red tides. They are typically 

associated with shear sensitivity towards turbulence, since red tides occur predominantly 

during calm sea conditions (Yeung & Wong 2003). In the dinoflagellate Peridinium cinctum f. 

westii (Lemm.) Lefèvre, for example, cell division is disturbed by turbulence in the synthetic 

and mitotic stage of the proliferation process. Permanent agitation is responsible for a 

higher mortality rate, but when the agitation was stopped, the cells started to grow again 

after three weeks (Pollingher & Zemel 1981). Berdalet et al. (2007) reported a direct effect of 

turbulence on the proliferation and the cell cycle of the dinoflagellates Alexandrium 
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minutum and Prorocentrum triestinum, whereas Gymnodinium sp. was not affected, showing 

that the effect of turbulence on cell proliferation might be species specific. 

Yeung and Wong (2003) reported a cell cycle arrest in the G1 phase of synchronized C. cohnii 

cells agitated with 150 rpm (orbital shaker, 2.0 cm orbit) and an increase in cell size and 

granularity. When the mechanical agitation stopped, the cells continued the cycle 

progression, showing that the mechanically induced fixation of the cells in the G1-phase is 

reversible (Yeung & Wong 2003). Additionally, they ensured with PI staining that this 

mechanically induced fixation was not caused by the lethality of the cells (Yeung et al. 2006). 

On the contrary, de Swaaf et al. (1999) reported an enhanced OD by 400 % in shake flask 

experiments (50 mL in 250 mL flasks), when the shaking speed was increased from 50 to 

100 rpm. Microscopic studies revealed no detrimental effects of 100 rpm on cell physiology 

in comparison to 50 rpm (de Swaaf et al. 1999).  

Furthermore, Hu et al. (2007) described that high shear force reduces the mobility of the 

cells, associated with the loss of their longitudinal flagellum. Additionally, they reported a 

significant number of unattached flagella, which were wiggling in the culture after the cells 

had passed a microfluidic flow contraction device. They observed that this damage is 

reversible and that cells perform a recovery process, in which they begin to spin at first and 

then move in a straight direction, when the shear forces ceased. They claimed that this is 

due to the still active longitudinal flagella, without the force of the projecting flagella. The 

loss of the flagella has ecological advantages: when the cells are exposed to strong winds or 

breaking waves, it can help the cells to descend. Furthermore, with the ability to recover the 

flagellum, the cells can swim back to the surface when the conditions are improved (Hu et al. 

2007). This hypothesis is emphasized by the observations of Broekhuizen (1999), who 

underlined the ecological advantage of the higher mobility of dinoflagellate in comparison to 

other algae. If the algae lose their flagella, they can drop to deeper parts passively in order 

to save energy stores, to gain nutrition or to escape from turbulence. Nevertheless, Hu et al. 

(2007) reported that short energy dissipation rates did not cause cell lysis. This is likely due 

to a thicker cell wall, which contains 15 to 20 nm thick cellulose plates, which can withstand 

hydrodynamic forces better than mammalian cell lines. They additionally observed that cells 

can be trapped into foam layers, incapable to escape from them (Hu et al. 2007). The 

authors linked the worse growth of C. cohnii at 100 rpm than those in standing culture to the 

phenomenon that cells concentrate on the surface of a culture if they are not agitated. On 

the contrary, if the culture is shaken, but the oxygen input is not sufficient, the cells are 

neither able to gather at the surface nor to obtain enough oxygen in the bulk phase. 

Therefore, the growth rate decreases. Hu et al. (2007; 2010) underlined this hypothesis with 

the observation that the cells have a strong chemotaxis to oxygen. When they are trapped in 

a hemocytometer, a thick layer of cells encircles air bubbles. Consequentially, the cell 

number increased if the mass transfer to the culture was increased. However, they also 

demonstrated that the algae are not harmed by shear stress, which is comparable to those 
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forces reached in common STRs (not harmed until 6.4 105 W m-3, minor effects at 

1.6 107 W m-3), and instead emphasized the high oxygen demand of the cells (Hu et al. 2010).  

Bursting bubbles on the free surface of the bioreactor in direct aerated systems are another 

critical source for cell damage. It was shown by numerical calculations that the energy 

dissipation function amounted to up to 109 erg cm-3 (bubble size: 0.77 mm) in the immediate 

vicinity of the bursting bubbles. Naturally, the average dissipation function rose from 9.4 105 

to 9.52 108 erg cm-3 when the bubble size increased from 0.77 mm to 6.32 mm, accentuating 

the great impact of the bubble size. Nevertheless, a reduction of viability of 85.5 % of viable 

cells at 4.8 108 erg cm-3 is reported (Garcia-Briones et al. 1994). Especially smaller bubbles 

have a high internal pressure, which results in a greater amount of released energy, resulting 

in high speed liquid jets, whereas large bubbles (> 2.5 mm) provoke no high-speed jets 

(Boulton-Stone & Blake 1993). 

In summary, it can be stated, that the high oxygen demand has to be considered in the 

process development, but always in connection to a moderate shear force to avoid any 

interruptions of the cell growth.  

 

1.6 Cell physiology of microalgae populations 

The flow cytometry is a useful tool to estimate the physiological state of cells. The main 

advantage of flow cytometry measurements is the possibility to detect changes in the cell 

physiology or composition already during the cultivation process on a single cell level. 

Therefore, it can be applied for the process control to recognize, for example, changes in 

product formation or accumulation of unwanted metabolites prior to traditional analytical 

methods, or even before they appear (Hyka et al. 2010). 

In the flow cytometer, cells are separated and transported with a fast flowing fluid stream 

called sheath flow and passed through a light beam. The scattered light is measured in two 

planes: The light, which is measured in parallel with the laser beam is called forward scatter 

channel (FSC or FALS), and the light, which is measured in a right angle to this plane is called 

sideward scatter channel (SSC or RALS). These scattering signals can be used to discriminate 

among different taxonomic species or to exclude debris from the analysis (Díaz et al. 2010). 

The FSC provides information about the cell size, whereas the SSC refers to the cell 

granularity. Cells with a higher stage of cytoplasmic granularity exhibit usually a higher SSC 

signal (Davey & Kell 1996; Hyka et al. 2013). 

1.6.1 Cell size determination with flow cytometry 

Cell size measurements with the forward scatter channel were used by Yeung and Wong 

(2003) to show the influence of shaking on the cell size of C. cohnii. When shaking was 

applied, the cell size increased, coupled with an increase in cell granularity. Based on their 

findings, they concluded an increase in cell growth, when the cellular state of the cells is 

fixed in the G1-phase, induced by mechanical agitation. The increased cell growth was 
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emphasized by Yeung et al. (2006) when they treated the cells with caffeine in order to keep 

the cellular state of the cells in the G1-phase. They also observed an increase in FSC in 

comparison to the control. Additionally, FSC² and FSC³ provides information about the 

surface area and the volume of the cells (Kwok & Wong 2003). Da Silva and Reis (2008) 

reported a large heterogeneity of the cells concerning FSC and SSC, which is caused by the 

cells situated in different phases of the cell cycle. They recognized two sub-populations in 

C. cohnii cultures with the FSC and SSC measurements, one with shrunken, elliptical cells, 

which differ from the second with normal spherical shape. They hypothesized that the 

shrunken cells are caused by oxygen limitation induced by higher cell densities. This 

population did not appear when the cell densities were lower or an oxygen vector was 

present, which increased the oxygen transfer (da Silva & Reis 2008).  

Heterogeneity of the cell sizes and granularity was also reported for Chlorella protothecoides 

cells, since the culture consists of a broader distribution of cell sizes from small daughter 

cells to larger autospore mother cells in the exponential phase. Additionally, cells in the 

stationary phase exhibit two subpopulations. The larger cell size and granularity (larger FSC 

and SSC) were attributed to storage material, which is accumulating in the cells (da Silva et 

al. 2009). 

1.6.2 Determination of the lipid content in algae with flow cytometry 

De la Jara et al. (2003) have applied the solvato-chromic dye Nile red (9-diethylamina-5H-

benzo[a]phenoxazine-5-on e). Nile red shows an intense yellow-gold fluorescent with neutral 

lipids and red fluorescence with polar lipids (Shapiro 2003). Therefore, a strong correlation 

was reported between the signal of the yellow fluorescence channel (FL2, 560-640 nm) and 

the neutral lipid content and between the red channel (FL3, >650 nm) and the polar lipid 

content. The DHA content correlates with the red signal (R² = 0.71) and with the yellow 

signal (R² = 0.60) (de la Jara et al. 2003). These results underline that the approach with the 

flow cytometry measurement combined with Nile red staining accelerates and facilitates the 

analysis of lipid contents in cells (Cooksey et al. 1987; de la Jara et al. 2003; da Silva et al. 

2009; Guzman et al. 2010). 

Nile red staining was applied for the rapid lipid detection in other microalgae as well. Da 

Silva et al. (2009) reported that the Nile red fluorescence in the yellow channel (FL2, neutral 

lipids) increased significantly in the stationary phase in Chlorella protothecoides, whereas the 

red fluorescence signal (FL3, polar lipids) did not change. This showed that the polar lipid 

content of the membrane remained constant during the growth and stationary phase, 

whereas the amount of storage lipids increased. The authors established a correlation 

between the oil content and the Nile red fluorescence intensity (expressed as 

FL2/AF2 + FL3/A3, whereas A2 and A3 are the autofluorescence controls, measured with 

unstained cells). The correlation coefficient has been high (R² = 0.966) (da Silva et al. 2009), 

but this is due more to the low number of different oil contents (two different 

concentrations), which are used for the correlation. A more reliable correlation was shown 

for Amphora coffeaeformis cells between overall lipid content and relative fluorescent 
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intensity (Cooksey et al. 1987). Furthermore, the correlation in Tetraselmis suecica was 

reported between the yellow signal (FL2) and the triacylglycerol content (Guzman et al. 

2010; Montero et al. 2011) as well as for red signal (FL3) and polar lipid content (Guzman et 

al. 2010). 

1.6.3 Vitality and viability 

In general, change in stressed cells is divided into different steps. First, the metabolic activity 

is reduced, which results in the determination of the active transport system followed by the 

depolarization of the cell membrane and finally the permeabilisation of the cells, which is 

associated with cell death (Hewitt & Nebe-Von-Caron 2004; Hyka et al. 2013). Davey (2011) 

claimed more detailed stages between live and dead cells and distinguished between live 

and actively metabolizing cells, live cells with reduced metabolic activity, intact cells with 

reduced RNA, intact cells with no detectable metabolic activity, cells with extensive 

membrane damage, cells in which the DNA has been degraded, and finally, cell fragments 

(Davey 2011). Different dyes can be used to detect the different stages with the flow 

cytometry. In this thesis, two dyes have been applied to monitor the membrane potential 

and the membrane integrity. 

1.6.4 Cytoplasmic membrane potential  

The cytoplasmic membrane potential originates from different ion concentrations inside and 

outside the membrane, which are mainly sodium, potassium, chloride, and hydrogen. The 

cell membrane potential varies between -20 to -200 mV in plants, bacteria and yeasts, 

depending on the respective organism (Plasek & Sigler 1996; Shapiro 2003; Díaz et al. 2010). 

Only metabolic active cells are able to maintain a certain potential of the cell membrane, 

which means that the decrease of the cell membrane potential is coupled with a decrease of 

cell activity, but does not mean cell death in any case (Díaz et al. 2010). The potential of the 

cell membrane is maintained by the plasma membrane ATPase and responsible for the 

uptake of nutrients and ions. The magnitude of the cell membrane potential can be used as a 

“health” indicator of the cells (Dinsdale & Lloyd 1995). 

Bis(1,3-dibutylbarbituric acid) trimethine oxonol (BOX) is a lipophilic and anionic stain, which 

accumulates in the cells when the active transport system has ceased and the cytoplasmic 

membrane is depolarized (Dinsdale & Lloyd 1995; Hewitt & Nebe-Von-Caron 2004; Davey 

2011). The fluorescent dye stains inactive brewery yeast cells bright green (Boyd et al. 2003). 

Since the BOX molecules exhibit a pKa-value of 4.2, the stain is positively charged at 

physiological pH, which prevents the BOX-molecules to enter the plasma membrane. It is 

dissolved in the phospholipid bilayer of the plasmalemma and trapped in this outer layer 

unless the membrane of the cells is collapsed (Lloyd & Hayes 1995; Hernlem & Hua 2010). 

The fluorescence intensity depends on the penetration and extrusion of the dye across the 

cell membrane (Hyka et al. 2013). If the membrane of the cells collapses, the fluorescence 

signal will increase (Hernlem & Hua 2010). The cell can be weakened energetically by many 

membrane-active substances or unfavorable nutrient supply. A determination of the cell 
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membrane potential can, therefore, reveal the energetic state of the cells (Müller & Nebe-

Von-Caron 2010).  

Oxonol dyes are strongly excluded from mitochondria membranes. This enables the 

measurement of the cell membrane potential selectively, whereas with cationic dyes the 

mitochondria membrane potential contributes to the signal, depending on the applied dye-

to-cell concentration ratio. The equilibration time of the dye in the cells depends also on the 

alkyl chain length from the specific oxonol stain, which means that a longer alkyl chain 

accelerates the response of the dye (Plasek & Sigler 1996).  

It is important to mention that the flow cytometer measures only the amount of the dye, not 

the concentration. This demands for a consideration of the cells size when it differs within a 

population or cultivation (Plasek & Sigler 1996; Shapiro 2000). 

1.6.5 Cell membrane integrity 

Membrane integrity is associated with the ability of the cells to generate gradients and 

metabolic activity. Nevertheless, membrane integrity gives no information about the 

reproducibility of the cells. Cells, which have lost their membrane integrity are not able to 

maintain electrochemical gradients and are classified as death cells (Vives-Rego et al. 2000; 

Shapiro 2003; Díaz et al. 2010).  

The cell membrane integrity can be monitored with Propidium iodide (PI) because it binds to 

DNA, but cannot cross an intact cell membrane (Hewitt & Nebe-Von-Caron 2004; da Silva & 

Reis 2008; Díaz et al. 2010; Davey 2011). PI exhibits a propyl group with a quaternary 

ammonium as N-alkyl group, which results in a double positive charged ion. Stains with more 

than one positive charge are considered as membrane-impermeant (Shapiro 2000).  

The application of PI for C. cohnii was described earlier by Yeung et al. (2003, 2006) for the 

distinction between live and dead cells with an epifluorescent microscope, using the red-

fluorescent signal. Their measurements underlined growth inhibition in the G1-phase, which 

can be induced by mechanical agitation, is not associated with the lethality of the cells 

(Yeung & Wong 2003; Yeung et al. 2006). Furthermore, the authors applied PI to measure 

the DNA content in cells, to investigate the cell cycle and the influence of shaking in 

synchronized cells. The amount of DNA in the cells provide the information about the phase 

of the cell cycle, in which the cells are currently situated, since the DNA content increases in 

the course of the cycle (Yeung & Wong 2003). 

Da Silva et al. (2008) proved with flow cytometry measurements combined with PI staining 

the applicability of the oxygen vector n-dodecane in bioreactor cultivation without harming 

the cell membrane integrity. The positive control was described by da Silva and Reis (2008). 

The cells were treated 1 min with 70 % (v/v) ethanol, centrifuged and resuspended in buffer 

solution. PI was also successfully applied by other authors to monitor cell viability in 

microalgae (da Silva et al. 2009). 
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It is mentioned for bacteria that the penetration of PI is only possible when the cell 

membrane is sufficiently damaged and the potential of the cell membrane dropped to zero 

(Davey & Hexley 2011). It has been shown for some eukaryotic cells that PI can penetrate 

the cells immediately after stress was applied, but that the cell membrane can recover and 

PI is excluded of the cells (Davey 2011). Deere et al. (1998) have shown with a flow 

cytometry approach combined with cell sorting that rehydrated yeast cells, which are 

stained with BOX but not with PI are cultivable, whereas cells, which were stained with both 

colors did not grow on an agar plate (Deere et al. 1998). 

 

1.7 Cultivation in single-use systems3 

The number of single-use systems in biotechnology applications increased rapidly over the 

last years. It started from single-use pipettes, plates, flasks to complete bioreactor systems 

with single-use filters, and sensors. 

The idea of this project is to apply single-use systems in the process development for this 

heterotrophic marine organism, since the marine medium provokes corrosion of common 

stainless steel bioreactors. Nevertheless, the cultivation of this organism presents different 

challenges for the process development in single-use systems. Firstly, the oxygen demand is 

higher compared to mammalian cell cultures, which represent the common application field 

for these bioreactors, due to the higher growth rates. Secondly, the sensors should be robust 

to establish a reliable process control and thirdly the material of the single-use bags must 

exhibit a long-term stability in order to maintain a longer cultivation process or to save 

money for repeated fed-batch approaches.  

1.7.1 Cultivation in Deep-Well Plates (DWP) 

In medium and bioprocess development, a larger number of influencing parameters have to 

be analyzed and parallel experiments must be carried out to obtain reliable and statistically 

significant data. This is especially important for slowly growing organisms, where the 

reproducibility is often poor due to the prolonged cultivation time. In order to fulfill these 

requirements, small-scale systems must provide comparable conditions across parallel 

cultivations and these should be scalable to the pilot and production scales. Deep-well and 

micro-well plates are widely used in process development, but these systems typically lack a 

sufficient oxygen supply (Zhang et al. 2008; Pilarek et al. 2011a). When the oxygen demand 

of the cells exceeds the oxygen transfer capacity in the medium, oxygen limitation occurs 

and the observed growth rate is only a function of the mass transfer rate in the medium 

(Van Suijdam et al. 1978; Maier & Büchs 2001).  

Liquid perfluorochemicals (PFCs) are fully synthetic derivatives of saturated hydrocarbons, in 

which all hydrogen atoms have been replaced by fluorine atoms. The chemical bonds 

                                                           
3
 Main parts of this chapter have already been published in Hillig et al. (2014). Figures and excerpts are 

presented here with kind permission of Springer Science+Business Media. 
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between carbon and fluoride ions are strong (approximately 487 kJ mol-1). Therefore, PFCs 

are inert compounds with high resistance to heat (Lowe 2002). One of the unique 

physiochemical properties of liquid PFCs is their high solubility with respect to polar gases. 

The solubility of respiratory gases (O2 and CO2) in perfluorinated liquids is higher than in 

water. The solubility of oxygen in liquid PFCs is about 35.5 mM compared to 2.2 mM in 

water; the solubility of carbon dioxide is 125 mM in PFC compared to 57 mM in water (Lowe 

2002; Sobieszuk & Pilarek 2012). Therefore, liquid PFCs can be applied as liquid carriers 

(vectors) of respiratory gases and also as scavengers for gaseous by-products of cellular 

metabolism. They have attracted interest as suitable additives, having been confirmed by 

experimental results and clinical investigations (Lowe 2002; Riess 2006; Pilarek & Szewczyk 

2008).  

Over the past 30 years, many studies have shown that the application of oxygenated liquid 

PFCs can improve the oxygenation of E. coli (Damiano & Wang 1985; Ju et al. 1991; Pilarek & 

Szewczyk 2008; Pilarek et al. 2011a; Pilarek et al. 2012) and other microbial (Mattiasson & 

Adlercreutz 1987; King et al. 1989; Riess 2006), plant cell (Lowe 2002; Pilarek & Szewczyk 

2007; Pilarek & Szewczyk 2008) and animal cell cultures (Shiba et al. 1998; Rappaport 2003; 

Pilarek et al. 2011b). In contrast to biological O2/CO2 carriers (i.e., myoglobin and 

hemoglobin), there is no chemical attraction between gas molecules and the PFCs, because 

perfluorinated liquids dissolve gases according to Henry’s law. The gas transfer rate into PFCs 

increases linearly with the partial pressure of particular gaseous components. The gas 

molecules occupy cavities between PFC molecules, which facilitate rapid release of the gas 

molecules to the water layer (Lowe et al. 2003). Due to the high density of PFCs, which is 

about 1.9 g cm-3 (Amaral et al. 2008), and their strong hydrophobicity, a two-layer system is 

formed with PFC at the bottom layer (see Fig. 7). For biotechnological applications, it is 

noteworthy to mention that liquid PFCs added to the culture medium do not change the 

concentration of the medium components (Pilarek & Szewczyk 2008). 

Fig. 7: Adherent BHK-21-cell fibroplasts 

cultured in liquid-liquid culture at a 

flexible interfacial area between culture 

medium and perfluorinated oxygen 

carriers. Published first in Hillig et al. 

(2014), reprinted with kind permission of 

Springer+Business Media. 

 

The possibility of increasing the gas transfer rates with a suitable gas carrier even at small 

scales was previously reported for E. coli (Ju et al. 1991; Pilarek et al. 2011a; Pilarek et al. 

2012) and for CHO cells (Meyer et al. 2012). Pilarek and colleagues showed that the cell 

density of E. coli increased by 40 %. An increase was also observed for the amount of a 

heterologous alcohol dehydrogenase (Pilarek et al. 2011a) and plasmid concentration 

(Pilarek et al. 2012). Meyer et al. (2012) achieved the same cell densities for CHO cells and 
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the produced recombinant monoclonal antibodies in a PFC-supported 96-deepwell plate 

culture system with poor mixing compared to cultures in highly ventilated shake flasks. 

The effect of n-dodecane on cultivation of C. cohnii was studied by da Silva et al. (da Silva et 

al. 2006; da Silva & Reis 2008). They reported a higher specific and volumetric DHA content 

in cells grown with 0.5 % (v/v) n-dodecane, whereas the concentration of the other 

unsaturated fatty acids remained the same. They claimed that n-dodecane might work as a 

selective extraction solvent. The storage lipid is rich in DHA and protects the algae 

throughout starvation periods. When these lipids are extracted by n-dodecane, the 

production of newly synthesized lipids is hypothetically stimulated (da Silva et al. 2006; da 

Silva & Reis 2008). Additionally, they recognized differences in the morphology of the cells 

with and without n-dodecane. Without n-dodecane, a second population was visible in the 

flow cytometry plot, which are maybe deformed cells, which have suffered from oxygen 

limitations (da Silva & Reis 2008). 

1.7.2 Cultivation in shake flasks and scale up 

Shake flasks were employed to close the gap between screening in multiwell plates and 

cultivations on a pilot scale. Although plates are beneficial because of the high number of 

parallel experiments that can be carried out on the µL or mL scales, the cell densities have to 

be restricted when other methods of growth control, such as those in the fed-batch mode, 

are not applicable. In contrast, higher cell densities can be achieved on a pilot scale due to 

the higher oxygen transfer rates, the ability to control process parameters (e.g. pH), and the 

possibility of continuous operation without breaks for aeration; however, the number of 

parallel experiments is limited. 

Shake flasks are available in different scales and designs (with or without baffles, with wide 

or narrow neck, made from glass or plastic) (Büchs 2001; Klöckner & Büchs 2012). The 

oxygen transfer rate is crucial for the cultivation in this scale, but is often not considered 

(Büchs 2001; Klöckner & Büchs 2012). In principle there are two options to determine the 

oxygen transfer rates. The first option is the determination in flasks, which are equipped 

with optical sensors. The second option, which is more unprecise is the estimination with 

model equations and engineering fundamentals. A combination of both methods would be 

possible, too (Klöckner & Büchs 2012). Numerical equations for the estimation of the kLa 

values for shake flasks are provided in the literature (Henzler & Schedel 1991; Nikakhtari & 

Hill 2005; Klöckner & Büchs 2012).  

The kLa in shake flask is increased, when the flask diameter, the shaking frequency or the 

shaking diameter is enhanced, whereas the kLa will decrease with increasing filling volume 

(Klöckner & Büchs 2012). In general the mass transfer rate in shake flasks is minimized by the 

resistance of the closure, usually a cotton plug or membran, the gas film resistance between 

the bulk gas and the gas-liquid interface, the resistance at the gas/liquid interface, the liquid 

film resistence between the interface and the bulk phase, the liquid film resistence arround 

the microbial cells and finally the intracellular resistence of the cells (Suresh et al. 2009).  
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The shake flask can be described by a two sub-reactor model, which considers the OTR to 

the bulk phase (STR) and to the liquid film (film reactor), which develops on the flask wall 

during shaking (Maier & Büchs 2001). Gaden (1962) described the influence of the oxygen 

absorbtion in the thin film as the main influencing parameter for the overall OTR. The 

transfer rate to the liquid film depends on the frequency rate of the replacement of this 

layer with a fresh liquid surface (Gaden 1962). Kato et al. measured a decrease of 20 % when 

the film formation is prevented (Kato et al. 2005). The shake flask material plays therefore 

an important role, since it has a direct impact on the film formation. The OTR decreases 

dramatically when hydrophobic plastic material is used instead of hydrophilic glass, since the 

film formation is prevented (Maier & Büchs 2001; Klöckner & Büchs 2012; Klöckner et al. 

2014).  

The OTR is comparatively low in an ordinary Erlenmeyer flask, which resulted in different 

modifications to ensure sufficient oxygen supply (Suresh et al. 2009). The resulting kLa values 

are very low. In general the critical shaking frequency at which this phenomenon appears, is 

decreased with decreasing shaking diameter (Klöckner et al. 2014). Baffles in the shake flask 

design can increase the OTR, by increasing the interface (Gaden 1962; Henzler & Schedel 

1991; Peter et al. 2006b; Suresh et al. 2009; Klöckner & Büchs 2012). High values up to 

400 h-1 were measured in Ultra Yield flasks™ (UYF) (Glazyrina et al. 2011). Kato et al. (2005) 

reported a four time increase of the OTR in baffled flasks and suggested that more bubbles 

are entrapped in the liquid in these typ of flasks. Nevertheless, some drawbacks of baffled 

flasks have been described. Splashing of the liquid culture is enhanced, which can cause 

wettining of the closure (cotton plug or membrane) resulting in lower OTRs and in a higher 

contamination risk. The reproducibility is poor when baffle geometry varies like it often 

appears at glasware (Büchs 2001; Klöckner & Büchs 2012). The out-of-phase phenomenon 

appears when the frictional forces exceed the centrifugal forces during shaking, similar to a 

magnetic stirrer when the frequency exceeds a critical velocity (Büchs et al. 2000). In 

general, the possibility for the occurrence of the out-of-phase phenomenen increases with 

decreasing shaking diameter and filling volume and when the number or size of baffles in 

shake flasks is increased (Büchs et al. 2001). Henzler and Schedel claimed that the kLa values 

reached in baffled flasks with a shaking speed up to the critical point, when wettening of the 

cotton plot is attained, are comparable to the kLa values reached in unbaffled flasks with 

higher shaking speeds (Henzler & Schedel 1991). Additionally, the maximum local energy 

dissipationrate and the average energy dissipation rate is higher in baffled flasks than in 

unbaffled (Peter et al. 2006a).  

At another tube design, the TubeSpin bioreactor 600, kLa-values between 15 and 40 h-1 were 

achieved at a filling volume of 300 mL and 37 °C when the shaking frequency was varied in 

the range of 140 to 220 rpm. The kLa-value was higher than in an Erlenmeyer flask at all 

shaking speeds. Additionally, CO2 stripping is also enhanced in comparison to the Erlenmeyer 

flask (Monteil et al. 2013). 
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Several studies have proven the suitability of TubeSpin bioreactors for the cultivation of 

mammalian (De Jesus et al. 2004; Stettler et al. 2007; Zhang et al. 2010; Strnad et al. 2010) 

and insect cells (Xie et al. 2011; Huynh et al. 2012) up to a scale of 50 mL. De Jesus et al. 

(2004) showed the advantages offered by TubeSpin bioreactors 50 for process development 

with CHO cell cultures. No oxygen limitations were observed, and CO2 was stripped due to 

the large interface in the headspace. Zhang et al. (2010) demonstrated that it was possible 

to conduct parallel cultivations in TubeSpin bioreactors 50 and measured kLa-values of up to 

45 h-1. Strnad et al. (2010) applied a D-optimal design approach in order to optimize process 

parameters for the cultivation of CHO cells in a TubeSpin bioreactor 50. The highest product 

titer was obtained at a high shaking rate and a low filling volume. The authors assumed that 

the higher mass transfer rate at these settings is responsible for the increased product titer. 

A method for the consistent scale up from small to large volumes was developed in TubeSpin 

bioreactors up to the m3 scale for an orbital shaking bioreactor system (Zhang et al. 2010). 

The TubeSpin design in a small scale and in a large scale in the SB200-X bioreactor offer both 

a cylindrical shape without any additional moving parts, which is an advantage common to 

orbital shaken systems. The defined liquid movement, hydrodynamical stress, mixing and 

oxygen supply are similar, which facillitates the scale up (Klöckner & Büchs 2012; Klöckner et 

al. 2014). The shear forces are low and a well-defined large gas-liquid interface develops 

during shaking (Büchs 2001; Zhang et al. 2009). Furthermore, foam formation is reduced in 

these systems in contrast to directly aerated and stirred bioreactors (Büchs 2001). Tissot et 

al. (2010) have demonstrated the scalability of mixing mechanism and surface development, 

as long as the d/dS (inner container diameter divided by the shaking diameter) and the 

Froude number are kept constant. Liu and Hong (2001) optimized mammalian and insect cell 

processes on the 20-500 mL scale and performed a scale up to 8–36 L. Zhang et al. (2010) 

achieved sufficient cell numbers and cell viability in a 200 L cylindrical vessel on an orbital 

shaker with both 25 and 100 L working volumes. The results were comparable to the results 

obtained with 50 L in a common 150 L stainless steel stirred tank reactor. Stettler (2007) 

attempted to show that the system could be scaled up to 1,500 L, demonstrating an initial 

attempt with a 750 L working volume. The cell densities were lower than in a 200 L reactor. 

However, it can still be concluded that orbital shaken systems are suitable for production 

scale. In principle the maximum oxygen transfer capacity decreases with increasing reactor 

size, which should be considered for the scale up (Klöckner et al. 2014). Cell titers of a 

CHODG44 cell line obtained in 50 mL tubes, 1.5 L shaken bottles, a 200 L orbital shaker, and 

a 2 L stirred-tank reactor were similar (Anderlei et al. 2009).  

1.7.3 Cultivation in single-use bioreactors (SUB) 

The intensive development of single-use bioreactors (SUBs) — also referred to as disposable 

bioreactors — has increased the application of single-use systems in bioprocesses in recent 

years. Whereas the majority of past research has focused on the design of SUBs for 

mammalian cell culture, the focus in research has shifted more towards investigations of 

how to adapt SUBs for novel fields of application, such as plant cells (Terrier et al. 2007; Eibl 

& Eibl 2008; Eibl et al. 2009), phototrophic microalgae (Lehmann et al. 2013; Menke et al. 



Introduction: Cultivation in single-use systems 

32 

2012), and anaerobic bacteria (Jonczyk et al. 2011). The successful application of SUBs for 

aerobic bacteria (Ullah et al. 2008; Glazyrina et al. 2010; Galliher et al. 2010; Dreher et al. 

2013; Junne et al. 2013) and for yeasts (Mikola et al. 2007; Galliher et al. 2010) has also been 

described in the literature. However, examples of microbial cultivations in SUBs are still rare, 

mainly due to the lower mass transfer coefficient compared to common stainless steel 

stirred-tank reactors. In contrast, small-scale systems such as DWP provide an opportunity 

for the conduction of many parallel experiments for automated bioprocess optimization. 

Therefore, these polymer based tools are widespread in bacteria and yeast process 

development (Duetz 2007). 

The advantages of the application of SUBs for bioprocesses are significant: (i) the initial 

investment costs are lower; (ii) a scale up can be performed very efficiently, in some cases 

simply by increasing the bag size; and (iii) cleaning and sterilization steps are minimized, 

which saves time and money (Zhang et al. 2010; Ravise et al. 2010; Eibl et al. 2011; Brod et 

al. 2012). It has also been demonstrated that the environmental impact of single-use 

technology is lower compared to conventional stainless steel equipment, mainly due to the 

larger amounts of water and manpower needed for cleaning traditional systems (Sinclair et 

al. 2008). According to an economic comparison by Sinclair and Monge, savings in running 

costs would amount to approximately 6 % when applying single-use technologies compared 

to stainless steel reactors, and, if capital costs are included, 17 % of running costs can be 

saved (Sinclair & Monge 2005). Different types of SUBs are currently available on the market. 

The most often used systems can be grouped into the categories wave-mixed, orbital 

shaken, and stirred bioreactors. Detailed descriptions of these reactor types are found in 

several recent reviews (Eibl et al. 2010; Eibl et al. 2011). 

1.7.3.1 Examples for bioprocess development with marine bacteria 

For the cultivation of C. cohnii, saline culture medium is necessary, too. De Swaaf et al. 

reported a minimum sea salt concentration of 17.8 g L-1 for optimal growth of C. cohnii (de 

Swaaf et al. 1999). The salinity of seawater is too high for steel cultivation vessels used in 

large scale. One way to circumvent this challenge is the development of a low-chloride 

medium accompanied with adapted strains via classical strain development techniques 

(Wynn & Anderson 2006; Wynn et al. 2010). Nevertheless, the use of the low chloride 

medium is restricted due to patent protection (Behrens et al. 2005). The capability of strains 

to grow on low saline medium was claimed as one of the required characteristics of 

industrial SCO-producing microorganisms (Ward & Singh 2005).  

The standard grade of stainless steel, which is used for bioreactor vessels is 304, which can 

withstand 200 to 300 ppm chloride-ions (0.3 - 0.5 g L-1 NaCl), whereas the more expensive 

316 stainless steel can withstand up to 1000 ppm chloride-ions (1.6 g L-1 NaCl). However, 

both concentrations are still insufficient for the cultivation of seawater organisms (Behrens 

et al. 2005; Wynn & Ratledge 2005). Custom-made solutions with resistant kinds of stainless 

steel or coatings cause high investments costs (Behrens et al. 2005; Bumbak et al. 2011). 

Nevertheless, most of the bioreactors used by Martek Biosciences Corporation are made of 
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high-grade stainless steel (types 317L, 2205 or AL6XN), also the used strains accept lower 

chloride concentrations (Wynn et al. 2010).  

Additionally, the interest in bioactive compounds from marine microorganisms has increased 

over the recent decades and is now a major branch of modern marine (blue) biotechnology. 

In several studies, marine microorganisms have been exposed to extreme conditions, for 

example, to varying degrees of salinity, pressure, and temperature. They have been 

subjected to wave forces, ultraviolet radiation, and various nutrient limitations (Freitas et al. 

2012; Dionisi et al. 2012). Enzymes from these organisms are important resources for the 

application as biocatalysts in the synthesis of fine and bulk chemicals due to their strong 

stability and high activity under extreme reaction conditions (Freitas et al. 2012). However, 

marine microorganisms require a water activity at the level of seawater (aW = 0.98) (Lang et 

al. 2005) and a high concentration of sodium ions for growth (Macleod 1965; Kogure 1998; 

Lang et al. 2005). Sodium ions are needed for active transport, flagellar rotation, and the 

stability or activation of membrane and periplasmatic components in marine bacteria 

(Kogure 1998). The majority of studies with marine microorganisms were conducted in shake 

flasks (Lang et al. 2005). For cultivations carried out at atmospheric pressure, glassware is 

widely used to prevent corrosion problems (Zhang et al. 2011). 

Enzymes and products from marine microorganisms offer a wide range of benefits. One 

example is Salinosporamide A from the marine bacterium Salinispora tropica. 

Salinosporamide A is a proteasome inhibitor with a broad spectrum of applications for 

treating various tumors (Tsueng et al. 2008). Tsueng et al. tried to exchange the chloride ions 

in the medium with sulfate ions to avoid corrosion in the process, as patented by Barcley 

(2002) for the heterotrophic microalgae Shizochytrium and Traustochytrium. It was observed 

that a concentration of 86 mM of chloride ions was still necessary to obtain maximal growth 

(Tsueng et al. 2008). It should be remarked that stainless steel corrodes at a concentration of 

8.5 mM sodium chloride (Behrens et al. 2005), and thus a process development with marine 

medium is not trivial. 

The widely applied host Bacillus licheniformis is halotolerant and grows best if seawater is 

used instead of tap water (Manachini & Fortina 1998). When a 1 M NaCl solution is added to 

a tap water medium, the maximum growth reaches 75 % of the growth in seawater and the 

productivity is 25 % higher than without NaCl. The authors suggested using seawater for 

process development in order to save freshwater resources. Optimal growth was reported 

for the alkalophilic strain Beauveria bassiana BTMF S10, which produces extracellular 

glutaminase with NaCl concentrations higher than that in seawater (9 % NaCl), and thus 

presents an even greater challenge with regard to corrosion (Keerthi et al. 1999).  

Other examples of valuable products from marine microorganisms include the sulfite 

oxidase production for biosensor systems with the marine bacterium Sulfitobacter pontiacus 

in a marine broth fermentation medium (Muffler & Ulber 2008), and the production of 

extracellular protease with the marine bacterium Vibrio harveyi in a solution supplemented 
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with seawater (Estrada-Badillo & Marquez-Rocha 2003). The review by Sarkar et al. (Sarkar 

et al. 2010) provide a deep overview of marine enzyme production in bioreactor processes.  

The few examples mentioned above clearly demonstrate the possible benefits of the 

application of SUBs for process development with aerobic marine microorganisms, as long as 

systems with sufficiently high oxygen transfer rates are available. Moreover, employing SUBs 

in process development can circumvent corrosion problems and limitations in growth and 

production rates and avoid issues arising from patents covering the replacement of chloride 

ions.  

1.7.3.2 Cultivation of microbial cells with high oxygen demand in single-use systems 

Today, the application of SUBs is mainly restricted to pharmaceutical production processes 

using mammalian and insect cells (Eibl et al. 2011). Nevertheless, there have been attempts 

to use SUBs for the cultivation of microbial cells with higher oxygen demands. Mikola et al. 

(2007) employed the WAVE Bioreactor® introduced to the market by Wave Biotech LCC 

(Bridgewater, NJ, USA) for the cultivation of Saccharomyces cerevisiae. The bioreactor was 

equipped with a frit sparger to enhance the oxygen transfer rate. A maximum kLa -value of 

38 h-1 was achieved for a 5-L bag when sparging with air. It was increased to 60 h-1 by raising 

the O2 content of the inlet gas to over 90 % v/v.  

Ullah et al. (2008) described the application of the BIOSTAT® CultiBag RM (Sartorius-Stedim 

Biotech, Göttingen, Germany) for the cultivation of Corynebacterium diphtheria for vaccine 

production. The measured kLa values were in a range between 6 h-1  (air sparging) and 

12.9 h-1 (oxygen sparging). Hitchcock (2009) reported the production of a recombinant 

Listeria monocytogenes vaccine for Phase 2 clinical trials. To comply with validation 

standards, the BIOSTAT CultiBag RM SUB was applied instead of traditional stirred-tank 

reactors. When the filling volume was reduced to 20 % of the total volume, a suitable gas 

transfer rate was achieved. A final optical density of OD600 = 12 was obtained in a total liquid 

volume of 5 L. In microbial cultivations, the fed-batch method is usually used to avoid oxygen 

limitation during the cultivation, because the oxygen uptake rate correlates with the 

substrate consumption rate (Krause et al. 2010). This strategy was applied successfully to 

compensate for limited oxygen transfer in SUBs. Glazyrina et al. (2010) demonstrated the 

feasibility of using the BIOSTAT CultiBag RM system for the cultivation of recombinant E. coli. 

A DCW of 10 g L-1 was obtained when using an internal feeding system (EnBase®, BioSilta Oy, 

Oulu, Finland). A twofold increase in the cell density was achieved by employing a fed-batch 

procedure with additional oxygen sparging. Further improvements in process control 

resulted in a DCW of 49.4 g L-1 in the rocking-motion-type bioreactor (Dreher et al. 2013).  

In a similar process, the researchers even managed to increase the cell density to 60 g L-1 in 

the BIOSTAT CultiBag STR system. Galliher et al. (2010) described cultivations of E. coli in a 

50-L single-use stirred bioreactor (XDR-50, Xcellerex, GE Healthcare Inc., USA) at cell 

densities of OD = 120 (corresponding to approximately 40 g L-1 DCW). 
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Furthermore, in Pseudomonas fluorescens cultivations, a DCW of over 100 g L-1 was achieved 

as described in the same report. The growth was comparable to results obtained in a 

conventional 2 L bioreactor. 

The CELL-tainer® (CELLution Biotech BV, Assen, Netherlands) exhibits a two-dimensional 

rocking motion in the horizontal and vertical directions, which results in kLa-values up to 

300 h-1 (Oosterhuis et al. 2011). Junne et al. (2013) demonstrated the application of the 

CELL-tainer for the cultivation of E. coli. In these cultivations, a glucose-limited fed-batch 

process was successfully employed to prevent oxygen limitation. By using partly oxygen 

sparging, a maximum DCW of over 40 g L-1 was achieved within 32 h in 12 L liquid volume 

and 45 g L-1 was achieved within 29 h in 120 L liquid volume. 

1.7.3.3 Cultivation of phototrophic microalgae 

An example of a single-use screening system for the cultivation of phototrophic microalgae is 

described by Menke et al. (2012). They employed an airlift and a seesaw bioreactor made of 

tubelike bags that are usually used for commercial packaging. The authors used this system 

with a dimension of 100 mL in order to screen various phototrophic algae strains for the 

treatment of wastewater.  

Other SUBs used for the cultivation of phototrophic microalgae are made of polymer foil. 

NOVAgreen offers ready-to-use solutions for greenhouses to convert CO2 from biogas plants 

to algae biomass, which can be used as a feed stock for aquaculture. Bergmann et al. (2013) 

suggested changing the material of the flat panel airlift photobioreactor developed by 

Subitec (Stuttgart, Germany) from PVC to other single-use materials when it is to be utilized 

as a single-use technology. Cultivations with Phaeodactylum tricornutum (Bacillariophyceae, 

eicosapentaenoic acid), Haematococcus pluvialis (Chlorophyceae, astaxanthin), and 

Nannochloropsis oculata (Eustigmatophyceae, polyunsaturated fatty acids) have been 

performed successfully in flat panel reactors specifically designed for cultivation of 

phototrophic microalgae.  

Lehmann et al. (2013) applied the wave-mixed BIOSTAT CultiBag RM (Satorius Stedim 

Biotech) equipped with red and white LEDs, the wave-mixed AppliFlex (Applikon 

Biotechnology) with white light LEDs, and the orbital shaken CultiBag RM operated in the 

Multitron Cell shaker (Infors HT) and equipped with cool white fluorescent tubes. In all three 

systems, cell densities were achieved that were comparable to those in reusable stirred, 

helical tubular, and airlift photobioreactors. 

1.7.3.4 Sensors in single-use systems 

Sensors in SUBs have to be cost-efficient and reliable. A long service life is not required, as 

long as they are fully disposable (Glindkamp et al. 2009). Employing optical sensors is a very 

common technique. The principle of this measurement is based on embedding a fluorescent 

indicator, which is immobilized in a polymeric matrix. The optical detector is connected to 

the transducer via a glass fiber through a transparent window in the bag. An excitation light 

source is connected to one end of the glassfiber and the change in the intensity or decay 
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time of the reflected fluorescence light is measured. The signal is proportional to the 

concentration of the analyte (Stark et al. 2002; Wolfbeis 2005; Glindkamp et al. 2009). 

Optical pH and oxygen sensors utilize different dyes for the measurements. For oxygen 

sensors, metal complexes are immobilized within polymers, for example, ruthenium-tris-

(diphenyl-1,10-phenanthroline) in silicone. These ruthenium–ligand complexes have 

luminescence decay times in the order of 1–5 ls, they are only moderately quenched by 

oxygen, and they can be used to determine oxygen concentrations between air saturation 

and oxygen depletion (Wolfbeis 2005). Typical dyes for pH sensors include fluorescein 

derivatives combined with 8-hydroxy-1,3,6-pyrene trisulfonic acids (Glindkamp et al. 2009). 

The sensors determine the pH by measuring the ionic strength. Usually, the range is limited 

to three pH units (Wolfbeis 2005; Lindner et al. 2010). 

The main advantages of these precalibrated optical sensors is that they can be easily 

miniaturized, they are simple to apply, and the costs are low in comparison to amperometric 

Clark electrodes (Glindkamp et al. 2009; Lindner et al. 2010). The main disadvantage is the 

reduced long-term stability due to photobleaching (Glindkamp et al. 2009).  

Optical sensors are usually mounted in the bag before gamma sterilization is performed. 

When SUBs are used for phototrophic applications, bleaching due to LEDs decreases the 

sensor stability (Lehmann et al. 2013). 

Optical pH sensors, relying on fluorescence, are described as being highly dependent on the 

ionic strength of the solution (Wolfbeis 2005), which is particularly high in algae processes in 

seasalt medium (an ionic strength of at least 0.5 M). For an optical pH sensor (Fluorometrix, 

Stow, MA, USA), Hanson et al. (2007) reported a change in the pH measurement of 0.05 

units when the osmolality was increased from 320 to 450 mOsm kg-1. Such a change is 

caused by feeding. 

1.7.3.5 Extractables and leachables in SUBs 

A major concern in using polymer-based bioreactors is the presence of extractables and 

leachables (Eibl et al. 2010; Ding 2013). Rader and Langer (2012) reported that components 

in the ‘‘tie layer’’ of multilayer laminated bags or the labels on the outside of the bag can 

result in appreciable leaching into the process.  

The definitions for extractables and leachables are provided by the Bio-Process Systems 

Alliance (BPSA). According to these definitions, extractables are ‘‘chemical compounds that 

migrate from any product-contact material (including elastomeric, plastic, glass, stainless 

steel, or coating components) when exposed to an appropriate solvent under exaggerated 

conditions of time and temperature,’’ whereas leachables are ‘‘chemical compounds, 

typically a subset of extractables, that migrate into a drug formulation from any product-

contact material (including elastomeric, plastic, glass, stainless steel, or coating components) 

as a result of direct contact under usual process conditions or accelerated storage 

conditions’’ (The Extractables and Leachables Subcommittee of the Bio-Process System 

Alliance 2007a).  
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Factors that influence the prevalence of extractables and leachables include (i) the 

composition of the product fluid; (ii) the contact time and temperature, which influence the 

kinetics and thermodynamics of the leaching process; (iii) the size of the interface between 

the product and the single-use material; and (iv) any pretreatment of the material, for 

example, by gamma sterilization, which can alter its properties (The Extractables and 

Leachables Subcommittee of the Bio-Process System Alliance 2007b; Ding 2013). 

Ding (2013) showed that extractables and leachables exist in single-use systems and should 

be considered in the process development. His major concern is the migration of the 

leachables can migrate into the final product. The author describes an approach to 

determine the prevalence of extractables and leachables and to evaluate their influence on 

the specific process. The importance to analyze directly the effect of different plasticizer on 

microbial growth was underlined by Meier et al. (2013). They suggest using the Respiration 

Activity MOnitoring System (RAMOS) to elucidate the impact of different plastic materials on 

the growth behavior of the respective microorganism. The DECHEMA e.V. working group, 

‘‘Single-Use Technology in Biopharmaceutical Manufacturing,’’ were more interested in the 

impact of the leachables on the growth performance of mammalian production cell lines and 

carried out a test across different laboratories. Bags from different vendors were incubated 

for 7 days with sterile water. The growth of different cell lines was examined in a chemically 

defined medium prepared with this previously incubated water. Two bag materials were 

shown to have an influence on growth (Steiger & Eibl 2013).  
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2 Scope of the thesis 
The aim of the study was the consistent process development for the DHA production with 

C. cohnii, towards a scale of 200 L.  

For the selection of the best qualified cultivation system, different challenges had to be met. 

The oxygen demand of the algae is high in comparison to cell cultures. The algae showed a 

higher sensitivity to shear stress than it is found in bacteria or yeast cells. The cultivation 

requires a high salt concentration in the medium, which hampers the application of common 

stainless steel bioreactors. Therefore, the process development was performed 

systematically in single-use systems, from DWP in small scale to different SUBs in the pilot 

scale. In all stages of the process development, the particular focus lay on the impact of 

different oxygen and stress conditions on the cell morphology and physiology.  

DHA production in the second phase of the cultivation played a superior role for the 

achievement of an economically feasible process. It had to be considered that oxygen supply 

has to be sufficient to avoid a negative impact on the DHA production, which may overlap 

the influence of the additives. Therefore, a two-phase screening system with PFD was 

developed for the evaluation of different additives with a high statistical resolution, in which 

a sufficient oxygen level is secured. Different shake flask devices were compared in order to 

find the best suited device with high oxygen transfer rates and low shear stress. A 

comparative study was performed with different SUBs and subsequently, a final comparison 

between the best suited SUB and the traditional STR with the optimized medium was 

conducted. 

The process development was performed in two steps, covering firstly the optimization of 

the growth and secondly the production phase in the process.  

The growth phase optimization emphasized the reduction of organic and undefined 

components in the medium and the evaluation of different substrates for the growth. 

Different scales were considered to ensure that the results were meaningful for the large 

scale as well. The overall cultivation time and the application of cheap nutrition sources 

were also considered since the final process has to be economical to compete with the fish 

oil, which is the traditional source of DHA.  

A special attention was paid to the enhancement of the DHA production, applying the two-

phase screening system and the knowledge obtained in the comparison of the different 

single-use systems. The optimized process was applied in the lab scale, finally. 

The process development was performed for the application of C. cohnii cells as a 

sustainable feed stock for aquaculture in order to replace the commonly used fish oil. In the 

future, the produced biomass with the optimized process is supposed to serve as an additive 

in feeding trials with rainbow trout and zander to yield the proof that marine microalgae oil 

can be a sustainable replacement of fish oil for the aquaculture. 
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3 Material and Methods 

3.1 Strain and maintenance 

Crypthecodinium cohnii culture (CCMP 316) was obtained from the Provasoli-Guillard 

National Center of Marine Phytoplankton, Maine, USA. The obtained liquid culture was 

diluted 1:1000 after 5 days with F/2 + npm medium (recipe see below). A master cell bank 

was built after 6 days with 7.5 % glycerol as cryoprotective agent. Cells were frozen with a 

rate of approximately 1 K min-1 with “Mr. Frosty” (NALGENE Cryo 1°C Freezing Container, 

Cat. No 5100 – 0001) filled with isopropanol (Roth, Karlsruhe, Germany) and the vials were 

finally stored in liquid nitrogen tank (Cryomed CMR 3500, Forma Scientific, Ohio, USA). For 

the working cell bank, the cells were unfrozen at 37 °C and transferred to 20 mL F/2 + npm 

medium. After 10 days a working bank with cryo vials (2 mL, VWR, Leuven, Belgium) was 

created, containing 1.3 mL culture supplemented with 7.5 % glycerol (Roth, Karlsruhe, 

Germany), cooled with “Mr. Frosty” and stored in liquid nitrogen. Every month, a vial was 

unfrozen in a water bath (37 °C) and transferred in 10 mL F/2 + npm medium in an 

Erlenmeyer flask. After 10 days the culture was ready to be used in the experiments. The 

culture was maintained as a resting culture either in F/2 + npm or M1 medium and 

subcultured at least every seven days. 

3.2 Cultivation conditions 

In the following part the cultivation conditions for C. cohnii in the experiments in the 

different cultivations systems are described. 

3.2.1 Medium composition 

A main part of this study was the medium development for the process optimization of 

C. cohnii. Therefore, the medium changed over the whole project and the most important 

compositions are described here. In chapter 4.4 and 4.2, the medium composition is 

specified for each experiment. 

In order to avoid Maillard reaction and other unwanted chemical reactions due to heat 

sterilization, salts, glucose and yeast extract were autoclaved separately in each cultivation 

medium. 

3.2.1.1 Salt composition 

In the beginning of the project 25 g L-1 reef salt (Aqua Medic GmbH, Bissendorf, Germany) 

was used, but in the course of the project the reef salt was exchanged with a defined and 

optimized inorganic salt mixture (Table 2), which is called SOW and used for all medium, 

unless otherwise specified.  
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Table 2: Inorganic salt composition (SOW) 

Inorganic salt Supplier Concentration [g L
-1

] 

NaCl Roth, Karlsruhe, Germany 20.00 
MgCl2·6H2O Roth, Karlsruhe, Germany 5.55 
Na2SO4 Merck, Darmstadt, Germany 2.05 
CaCl2·2H2O Roth, Karlsruhe, Germany 0.77 
KCl Roth, Karlsruhe, Germany 0.35 
NaHCO3 Roth, Karlsruhe, Germany 0.10 

3.2.1.2 F/2 + npm medium 

F/2 + npm medium (Guillard 1960; Guillard & Ryther 1962; Guillard 1975) was used for 

resting cultures as proposed by Provasoli-Guillard National Center of Marine Phytoplankton, 

Maine, USA completed with reef salt for the experiments described in chapters 4.4.1 to 

4.4.3.3 and with the inorganic salts composition described in Table 2 in the other 

experiments. 

Table 3: F/2 + npm medium  

Inorganic salt Supplier Concentration [mg L
-1

] 

Glucose
1 

Komplet, Völklingen, Germany 600 
Sodium acetate

2 
Roth, Karlsruhe, Germany 100 

(di-) sodium succinate·6H2O
2 

Sigma Alderich, Sternheim, Germany 300 
Neopeptone

2 
BD, Le Pont de Claix, France 400 

Bacto-tryptone
2 

BD, Le Pont de Claix, France 100 
Yeast extract

2 
Ohly CPT, Hamburg, Germany 10 

NaNO3 Sigma Alderich, Sternheim, Germany 75 
NaH2PO4·H2O Roth, Karlsruhe, Germany 5 
FeCl3·H2O Roth, Karlsruhe, Germany 3.15 
Na2EDTA·2H2O Sigma Alderich, Sternheim, Germany 4.36 
CuSO4·5H2O Merck, Darmstadt, Germany 0.0098 
Na2MoO4·2H2O Merck, Darmstadt, Germany 0.0063 
ZnSO4·7H2O Merck, Darmstadt, Germany 0.022 
CoCl2·6H2O Sigma Alderich, Sternheim, Germany 0.01 
MnCl2·4H2O Merck, Darmstadt, Germany 0.18 
thiamine HCL (vitamin B1)

3 
Roth, Karlsruhe, Germany 0.1 

biotin (vitamin H)
3 

Serva, Heidelberg, Germany 0.0005 
cyanocobalamin (vitamin B12)

3 
Roth, Karlsruhe, Germany 0.0005 

1
autoclaved separately, 

2
components were autoclaved separately from the inorganic salts and glucose, 

3
vitamins were filter sterilized and added aseptically to the medium. 
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3.2.1.3 Additional components applied in the process development 

Different carbon sources and other components were tested in the study. These 

components are listed here: 

Acetic acid Roth, Karlsruhe, Germany Niacin Merck, Darmstadt, 
Germany 

Acid whey powder Campina, Heilbronn, Germany Nonadecane Fluka, Buchs, Switzerland 
Ammonia sulfate VWR, Leuven, Belgium Oleic acid Riedel-de Haen, Seelze, 

Germany 
Arabinose Sigma Alderich, Sternheim, 

Germany 
Potassium bromide Merck, Darmstadt, 

Germany 
Boric acid Merck, Darmstadt, Germany Propionic acid Roth, Karlsruhe, Germany 
Butyric acid Roth, Karlsruhe, Germany Pyridoxine Fluka, Buchs, Switzerland 
Ca-D-pantothenate Merck, Darmstadt, Germany Rapeseed oil Walter Rau 

Lebensmittelwerke, Hilter, 
Germany 

Casamino acids Roth, Karlsruhe, Germany Riboflavin Fluka, Buchs, Switzerland 
Cellulose Sigma Alderich, Sternheim, 

Germany 
Ribose Alfa, Aesar, Karlsruhe, 

Germany 
Citric acid Neolab, Heidelberg, Germany Sodium acetate Roth, Karlsruhe, Germany 
Dextrin Fluka, Buchs, Switzerland Sodium alginate Ferak, Berlin, Germany 
Ethanol VWR, Leuven, Belgium Sodium butyrate Sigma Alderich, Sternheim, 

Germany 
Folic acid Merck, Darmstadt, Germany Sodium citrate Roth, Karlsruhe, Germany 
Formic acid Roth, Karlsruhe, Germany Sodium fluoride Merck, Darmstadt, 

Germany 
Galactose Applichem, Darmstadt, Germany Sodium propionate Fluka, Buchs, Switzerland 
Geraniol Fluka, Buchs, Switzerland Sodium succinate Sigma Alderich, Sternheim, 

Germany 
Glycerin Roth, Karlsruhe, Germany Strontium chloride Merck, Darmstadt, 

Germany 
Guar guar Sigma Alderich, Sternheim, 

Germany 
Succinic acid Roth, Karlsruhe, Germany 

Lactic acid Sigma Alderich, Sternheim, 
Germany 

Sun flower oil Walter Rau 
Lebensmittelwerke, Hilter, 
Germany 

Lactose Roth, Karlsruhe, Germany Sweet whey 
concentrate 

Rücker GmbH, Wismar, 
Germany 

Malt extract Roth, Karlsruhe, Germany Xylose Roth, Karlsruhe, Germany 

 

3.2.2 Cultivation on deep-well plates (DWP)  

Medium optimization in chapter 4.4 was performed partly in DWP. In the course of the study 

the screening system in this scale was optimized to enhance cell densities (chapter 4.2.1.3) 

The improved system was applied in order to elucidate the influence of different additives 

on DHA production (chapter 4.5.2). 

3.2.2.1 Cultivation conditions 

An Erlenmeyer flask (100 mL) with 25 mL cultivation medium was inoculated with 5 % of 

culture broth and shaken on a linear shaker (Infors, Bottmingen, Switzerland) two days 

before inoculation. Cultivation was performed in square-bottomed 24-deep-well-plates 

(10 mL, Ritter GmbH, Schwabmünden, Germany) covered with easy-breath self-adhesive 
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membranes (Starlab, Hamburg, Germany), with 3 mL of culture volume. The medium used 

for the experiments described in chapter 4.4 is mentioned for each experiment separately.  

Experiments described in chapter 4.2.1.3 and chapter 4.5.2 have been carried out with 3 mL 

culture broth and 3 mL of perfluorodecalin (ABCR GmnH, Karlsruhe, Germany), which was 

autoclaved and saturated with air or pure oxygen under aseptic conditions. The medium was 

optimized over the experiments and stated for each experiment separately. The total 

amount of the nitrogen source was lower than in the shake flask experiments to ensure 

nitrogen limitation in the stationary phase and to avoid oxygen limitation in the production 

phase. DWP were placed on an orbital shaker (270 rpm, 10 mm amplitude, Heidolph, 

Schwabach, Germany). The temperature was maintained at 25 °C. Since evaporation loss is a 

problem in cultivations, which run for several days, the weight loss was compensated by the 

addition of sterile water (Mcdaniel & Bailey 1969) prior to each sample taking. After each 

experiment, PFD was cleaned with ethanol and distilled water with the help of a separating 

funnel and reused. 

3.2.2.2 Sampling in DWP experiments with PFD 

Cultivation with PFD was carried out as a two-phase system. PFD phase was located at the 

bottom phase due to the higher density and the culture phase on top. It was recognized that 

the cells glue on top of the PFD phase. Therefore, the sampling procedure consisted of the 

following steps to obtain representative samples. The DWP was shaken at first for a short 

time on a shaker for microtiter plates (1000 rpm, vibration orbit: 1.5 mm, Heidolph Titramax 

1000, Schwabach, Germany) in order to force the cells to immigrate into the upper phase. 

Subsequently, the DWP was placed back quickly to the laminar chamber, the upper phase 

was mixed with a pipette and then the sample was taken with care to prevent sucking of the 

PFD phase, because even small amounts of PFD in the sample influence the OD 

measurement significantly. This procedure had to be repeated for every sample (Fig. 8 upper 

part).  

The procedure was time consuming and took about 2 h for one DWP. The susceptibility to 

contamination of the procedure was very high and the reproducibility depends on the 

person performing the experiments. Therefore, a procedure with a liquid handling system 

(MICROLAB® STAR Liquid Handling Workstations, Hamilton, Bonaduz, Switzerland) was 

developed to shorten the sampling time and to increase the reproducibility. The iterations in 

the robot were the same as described before. DWP was shaken with a small vibration orbit, 

then the upper phase was mixed with the pipette and the sample was taken. With this 

method a high through put screening system was achieved without time consuming 

sampling. The standard deviation of OD492 measurement of the samples taken by the robot 

was 0.019. The whole procedure is shown in Fig. 8. 
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Fig. 8: Sample taking procedure for the application of PFD in DWP with (upper part) and without the 
Hamilton liquid handling system. Fig. was adapted from (Niedziólka 2011). 

 

Sample for OD and pH measurement were taken at several specific dates throughout the 

cultivation time. Samples were added directly in MWP (Costar, New York, USA), which was 

used for the OD determination. The samples were diluted for the OD measurement when 

necessary, either with a multichannel pipette or with the Hamilton liquid handling system. 

The pH-value was measured directly on the plate with a thin pH electrode (InLab®Micro, 

Mettler Toledo, Gießen, Germany) after OD determination. In the end of the cultivation after 

the determination of the final OD and the pH-value, the whole culture volume was 

harvested. Cells were stored at -20 °C prior to DHA analysis. 

3.2.2.3 Calculation of the additive addition with Henderson-Hasselbalch 

In the experiments described in chapter 0 on DWP and in the experiments in TubeSpins in 

chapter 4.5.3, additives were provided in a mixture of the acid together with the 

corresponding salt. The relation between the salts and the acid were calculated with the 

Henderson-Hasselbalch equation (2) in order to achieve a pH-value of 6 at the time point of 

addition. The total concentration of each additive is mentioned separately for each 

experiment. 

            

 (  )

 ( )
 

(2) 

3.2.2.4 Determination of the dissolved oxygen and carbon dioxide concentration 

The dissolved oxygen concentration in PFD and medium phase was measured with an 

amperometric DO sensor (Medorex, Noerten – Hardenberg, Germany), the CO2 

concentration with an optical sensor (PreSens, Regensburg Germany). The amperometric DO 

sensor is measuring O2 in an aqueous phase, therefore, the measured concentration refers 

to the concentration of O2, which can be released to an aqueous phase in an equilibrium 

state when deoxygenated water and the PFD-sample is mixed (Hillig et al. 2014). 
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DO was measured several times during the cultivation directly in the wells on a shaker in the 

laminar chamber, whereas the samples for the CO2 measurement were taken from the 

culture mixed with equal amounts of methanol to stop all metabolic activity and stored in 

airtight sealed vials in the fridge prior to analysis.  

3.2.3 Cultivation in shake flasks and bioreactors 

In order to achieve higher cell densities process development was carried out in various 

shake flasks and in different kinds of bioreactors. 

3.2.3.1 Preculture procedure 

The preculture procedure for the experiments in the shake flask as well as in the bioreactor 

trials were adapted from (de Swaaf et al. 2003c) and prepared as follows. A resting culture 

was diluted 1:10 in M1-medium. This resting culture was subcultured every week 1:10 in 

fresh M1-medium. 5 mL were transferred to 50 mL M1 medium into a 300 mL Erlenmeyer 

flask with cotton plugs and shaken on a linear shaker (Infors, Bottmingen, Switzerland) for 

two days at 100 rpm. Afterwards 10 mL of this culture were transferred to 100 mL M2 

medium in UYF (500 mL, Thomson Instrument Company, California, USA) and the culture 

was shaken for another three days. This culture was used for the inoculation (1:10) of the 

shake flask experiments. 

Table 4: Preculture medium 

Component Supplier M1 
Concentration [g L

-1
] 

M2 
Concentration [g L

-1
] 

Glucose
1 

Komplet, Völklingen, Germany 9 25 
Yeast extract

1 
Ohly CPT, Hamburg, Germany 2 10

2 

Inorganic salts
1 

SOW (see Table 2) 
1
autoclaved separately, 

2
 5.5 g L

-1
 was used for the precultures for the experiments for the growth phase 

optimization and the SUBs comparison. 

 

3.2.3.2 Cultivation in shake flasks 

Cultivation in shake flask experiments described in chapter 4.4 have been carried out either 

in Erlenmeyer flasks with cotton plugs or in UYF sealed with Airporous SealTM (both from 

Thomson Instrument Company, California, USA) on a linear shaker (Infors, Bottmingen, 

Switzerland) at 100 rpm. In the course of the medium development in chapter 4.4, the 

medium was changed. The applied composition is stated for each experiment. 

For the comparison of different shake flasks in chapter 4.2.2 TubeSpin® Bioreactors 600 

(TPP, Trasadingen, Schwitzerland), UYF and Erlenmeyer flasks (500 mL) have been sealed 

with AirOTop Enhanced SealsTM (Thomson Instrument Company, California, USA). Cultivation 

was carried out on orbital shakers (Kühner LT-X, Birsfelden, Switzerland or Infors HT, 

Bottmingen, Switzerland, amplitude of 25 mm). Medium was adapted from the optimized 

bioreactor cultivation medium with half of the amount of yeast extract (see Table 5).  

During the experiments, glucose and ammonia sulfate (Roth, Karlsruhe, Germany) were 

added to avoid any carbon or nitrogen limitation. The nitrogen source was added only in the 
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growing phase unless stated otherwise. Additionally, evaporation loss was compensated by 

the addition of sterile water (Mcdaniel & Bailey 1969) prior to each sampling. 

In the experiments described in chapter 4.2.2.4 and chapter 4.5.3, the same medium was 

used as described above, but with 2-(N-morpholino)ethanesulfonic acid (MES) buffer to 

avoid pH fluctuations.  

In the described tube spin satellite system (chapter 4.5.3.2 and chapter 4.5.3.3) a main 

culture was grown in the TubeSpin bioreactor 600 and a certain amount was transferred to 

the smaller TubeSpin bioreactor 50 (VWR, USA), supplemented with 40 mM sodium acetate. 

A specific amount of acetic acid was added within 12 h, which correspond to a final 

concentration of 80 mM. TubeSpin bioreactor 600 and 50 were closed with AirOTop 

Enhanced Seals. 

Table 5: Medium for shake flasks experiments described in chapter 4.2.2 and chapter 4.5.3 

Component Supplier Concentration [g L
-1

] 

Glucose
1 

Komplet, Völklingen, Germany 25 
Yeast extract

1 
Ohly CPT, Hamburg, Germany 5 

Inorganic salts
1 

SOW (see Table 2) 
Na2HPO4·H2O Roth, Karlsruhe, Germany 0.75 
Thiamin-hydrochloride Roth, Karlsruhe, Germany 2·10

-4
 

Biotin Serva, Heidelberg, Germany 6·10
-6

 
2-(N-morpholino)ethanesulfonic acid buffer

2 
Roth, Karlsruhe, Germany 15.6 

1autoclaved separately, 2added only in experiments described in chapter 4.2.2.4 and 4.5.3. 

 

3.2.3.3 Cultivation in different bioreactor systems 

Preculture treatment was identical for all bioreactor experiments and is described above.  

The pH-value of the bioreactor was set to the one of the preculture before adding the 

preculture and afterwards set to pH 6.0 in steps not larger than 0.2 within 5 h. Because of 

the missing pH control in the SB200-X (Kühner, Birsfelden, Switzerland) the pH was adjusted 

manually at this bioreactor. 

The DO was set to 30 % in all bioreactor experiments. Medium components have been 

autoclaved separately. The recipes are mentioned for every trial separately in chapter 4.4 

due to different medium compositions. Cultivation medium for the bioreactor trials for the 

optimization of the production phase described in chapter 4.5 and in chapter 4.6 and 4.3.4 

are mentioned in Table 6. 

Table 6: Medium for bioreactor trials described in chapter 4.3 and in chapter 4.4 

Component Supplier Concentration [g L
-1

] 

Glucose
1 

Komplet, Völklingen, Germany 25 
Yeast extract

1 
Ohly CPT, Hamburg, Germany 10 

Inorganic salts
1 

SOW (see Table 2) 
Na2HPO4·H2O Roth, Karlsruhe, Germany 0.75 
Thiaminhydrochlorid Roth, Karlsruhe, Germany 2·10

-4
 

Biotin Serva, Heidelberg, Germany 6·10
-6

 
1autoclaved separately 
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3.2.3.4 Off gas analysis 

In selected bioreactor cultivations, the off gas was analyzed. Water was removed from the 

off gas with a condenser (M&C Produkt Analysetechnik, Ratingen, Germany) prior to the 

analysis with the BlueInOne gas sensor (BlueSens, Herten, Germany) based on the ZrO2 

method for O2 determination and IR-spectroscopy for CO2-measurement. 

3.2.3.5 13 L glass STR  

A glass bioreactor (13 L-Bioreactor Labfors, Infors AG, Bottingen, Switzerland) with a total 

volume of 13 L was used in the experiments with acetate (chapter 1.4.2) and with lactose 

(chapter 4.4.1.2). The bioreactor was equipped with pH and DO control. Cultivation was 

started with 4.5 L medium and inoculated with 500 mL preculture. PPG 3000 

(Polypropylenglycol Diol 3000), Fluka, Buchs, Switzerland) was used as antifoam reagent, 

1 mL was added to the medium prior to the inoculation and added regularly via the foam 

control of the bioreactor during the course of the experiments. 

3.2.3.6 GLS 80® STR  

A GLS 80 STR bioreactor (1 L, Duran, Wertheim/Main, Germany) was used for cultivations in 

small scale (1 L) with glucose and sweet whey concentrate, described in chapter 4.4.1.2. The 

bioreactor was equipped with a pH control. The DO was measured with an amperometric DO 

sensor (Medorex, Noerten – Hardenberg, Germany) and the values have been transferred 

via the wireless SENBIT® sensor system (teleBITcom gmbh, Teltow, Germany), as described 

first in (Vasala et al. 2006). The glass vessel was equipped with a self-made construction of 

tubes and baffles for sparging with air directly below the stirrer. Stirrer was driven by a 

standard commercial magnetic stirrer. Speed was adjusted manually dependent on the DO. 

The bioreactor was filled with 900 mL medium and inoculated with 100 mL preculture. 1 ml 

PPG 3000 was added to the medium as anti-foam reagent in the beginning. 

3.2.3.7 CELL-tainer®  

The CELL-tainer (15 L, CELLution Biotech BV, Assen, Netherlands) was used for the medium 

development in this study. Cultivations were started with 8 L cultivation medium and 300 mL 

preculture. The bag of the bioreactor was equipped with a traditional electrochemical pH 

electrode, and a polarographic DO electrode, which consists of a membran implemented in 

the bag, and the electrolyte, which is filled over the membrane before the electrode is 

mounted. They were affixed in small cups at the bottom of the bag, which led to a coverage 

with liquid, even with low filling volumes (Oosterhuis et al. 2011; Oosterhuis & van den Berg 

2011). The pH was set to 6.0 and controlled automatically. Since there was a drift between 

online and offline values in the course of the cultivation, the set point was adjusted from 

time to time. The DO was regulated during the cultivation via shaker speed and the inlet gas 

was blended with pure oxygen when needed. The oxygen content in the inlet gas was partly 

increased with a gas mixing station during several cultivations, if mentioned. 
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Cultivation medium and feed composition varied in course of the process development as 

mentioned for each experiment. In the first experiments, 1 mL L-1 PPG 3000 was added. The 

amount was decreased successivly, since no foam occurred.  

In the cultivations with 1 L working volume, expansion channels blocks (CELLution Biotech 

BV, Assen, Netherlands) were used to adapt the CELL-tainer to the smaller volume. No 

antifoam reagent was added in these experiments. 

3.2.3.8 SB200-X  

The SB200-X (200 L, Kühner, Birsfelden, Switzerland) consists of a cylindrical vessel, which is 

orbitally shaken and aerated from the top. The bioreactor was equipped with optical online 

DO and pH sensors (PreSens, Regensburg, Germany). The sensors were applied within a 

range of 0–100 % oxygen saturation and a pH-value between 5.5 and 8.5 (Anderlei et al. 

2009). The cultivation was performed without DO control. The shaker speed was adjusted to 

80 rpm, which was the maximum possible shaker speed in these experiments. The inlet gas 

was changed from pure air to air with 37 % O2 after 560 h of cultivation. The pH-value was 

controlled manually and was therefore not stable over the cultivation time. The working 

volume was 100 L and the bioreactor was inoculated with 1 L preculture. 25 mL PPG 3000 

were added as antifoam reagent. 

3.2.3.9 IntegrityTM PadReactor  

The PadReactor (25 L, ATMI, Hoegaarden, Belgium) was filled with 15 L medium and 

inoculated with 300 mL preculture. The reactor system was controlled with a PadMini C-BIO 

controller. The temperature was maintained at 25 °C with an external LAUDA Temperature 

control unit (RC6, Lauda, Lauda-Königshofen, Germany). Conventional electrodes, which are 

usually mounted in stainless steel STRs, are used for pH and DO measurements. These 

electrodes can be calibrated, autoclaved and connected via aseptic KleenpakTM connectors 

(Pall Corp., Port Washington, NY, USA) prior to cultivation. They are completely reusable and 

offer the same accuracy and long-term stability as in conventional STRs. The pH was 

controlled, whereas the stirrer speed of the pad was set manually. The bag is aerated 

through a sparger on the bottom of the pad, which is mounted in the bag. Either air or pure 

oxygen was applied for aeration as shown in the corresponding Figures in the results section. 

15 mL PPG 3000 was added to the medium. 

3.2.3.10   1L glass stirred tank reactor  

The STR (1 L, Sartorius, Göttingen, Germany) had a working volume of 1 L and was equipped 

with a pH and DO control. DO was controlled by the stirrer speed, which was varied between 

150 and 700 rpm. When the oxygen demand exceeded the provided oxygen transfer by the 

maximum stirrer speed, the oxygen content in the inlet gas was increased automatically. 

Cultivation was started with 900 mL medium and 100 mL preculture. Rapeseed oil (Walter 

Rau Lebensmittelwerke, Hilter, Germany) was used as antifoam reagent. The data was 

recorded with MFCS/DA-1 (Sartorius, Göttingen, Germany). 
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3.3 Analytics 

3.3.1 Determination of cell densities and pH measurement 

The optical density (OD) was measured with 492 nm wavelength either in disposable 

standard cuvettes with a photometer (Ultraspec 3000, GE Healthcare, Munich, Germany or 

Novaspec III, GE Healthcare, Buckinghamshire, England) or in Microwell plates (MWP, Costa, 

New York, USA) with a plate reader (SynergyTMMX, Biotek, Vermont, USA or Phomo, 

Zhengzhou City, China). The values from the plate reader were recalculated with a 

calibration curve to standard cuvettes measured in the photometer. 

Cells were stained with Lugol's iodine (Roth, Karlsruhe, Germany) and counted with a 

Sedgewick Rafter counting chamber (Pyser, Kent, UK) for the shake flask and bioreactor 

experiments. For DWP experiments, due to the lower quantity of the sample, a Thoma 

chamber (Fein-Optik, Bad Blankenburg, Germany) was used. For a better comparison 

between both counting devices, a correlation curve was used for recalculating the values 

from the Thoma chamber to the Sedgewick Rafter for the results shown in Fig. 24, because 

these values were compared with the results in the bioreactor and in the shake flasks. 

For the determination of the dry cell weight (DCW), 1 mL of cell suspension was transferred 

to pre-dried and pre-weighted micro test tubes (1.5 mL, Roth, Karlsruhe, Germany), 

subsequently centrifuged (21 500 x g, 10 minutes, 4 °C, Hirnac/CT15RE, VWR, Leuven, 

Belgium) and washed with 0.9 % NaCl solution (Roth, Karlsruhe, Germany). Afterwards the 

supernatant was removed and the tubes were dried at 75 °C at least 24 h, cooled down in a 

desiccator and balanced.  

OD determination, pH measurement, cell counting and DCW determination were performed 

directly after sampling. Additional cell suspension and the supernatant obtained from the 

DCW determination were stored at – 80 °C for additional analyses. 

3.3.2 Glucose determination 

Glucose was measured with a glucose test kit (Glucose Hexokinase FS*, DiaSys Diagnostic 

Systems GmbH, Holzheim, Germany). The supernatant was diluted depending on the 

expected glucose concentration and 10 µL of this sample was added to 1 mL of the enzyme 

mixture in a standard cuvette, incubated 10 min at room temperature and measured at a 

wavelength of 340 nm in the photometer. The principle is based on two chemical reactions 

((3)and (4)), in which the NADPH concentration increase linear to the glucose content and 

can be detected at a wavelength of 340 nm with a photometer. A calibration curve was 

obtained with water free glucose (Merck, Darmstadt, Germany) for every fresh enzyme 

mixture. 

           
          
→                        

(3) 

                 
                                 
→                                                               (4) 
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3.3.3 Ammonia determination 

The nitrogen content in the supernatant was measured via the ammonia content with an 

enzymatic test kit (Boehringer/R-Biopharm AG, Darmstadt, Germany). The test was scaled 

down by factor 20 from the standard cuvette to the MWP. 

The principle of the enzymatic test is based on chemical reaction (5): 

                       
 

                       
→                                          (5) 

 

NADH is oxidized in this reaction. It decreases linear to the ammonia content and can be 

determined at a wavelength of 340 nm. Therefore, one tablet with NADH was solved in 1 mL 

solution 1 (2-oxoglutarate) and 50 µL of this mixture was transferred to each well on a MWP. 

5 µL of the supernatant were added (measured in quadruple), mixed, incubated for 

5 minutes at room temperature and measured in the plate reader (SynergyTMMX, Biotek, 

Vermont, USA). Afterwards, 1 µL of glutamate dehydrogenase was added, incubated for 

further 20 minutes and measured at 340 nm. The differences in the absorbance were used 

for the determination of the ammonia concentration using a calibration curve. 

3.3.4 Acetic acid determination with enzymatic test kit 

Acetic acid was determined in the supernatant of the samples obtained from the cultivation 

shown in Fig. 75 in order to establish the right feeding strategy with acetic acid. The principle 

of the enzymatic test is based on the chemical reactions (6)to (8): 

               
                     
→                                                

(6) 

                           
                
→                        

(7) 

             
                      
→                                        

(8) 

 

The change of the NADH was measured at a wavelength of 340 nm. A commercial test kit 

(Boehringer, Mannheim, Germany) was used for the test. The supernatant of the bioreactor 

sample was diluted prior to the analysis and the procedure and calculation steps were 

carried out according to the manual of the test kit. 

3.3.5 Determination of sugars and volatile fatty acids with HPLC 

Sugars and volatile fatty acids in the supernatant were measured with the HPLC-RID (1200 

series, Agilent Technologies, Waldbronn, Germany) with H+ 8 µm column (Hyper REZ XP, 

Fisher Scientific, Germany) using 5 mM H2SO4 as liquid solvent. The supernatant from the 

culture was centrifuged a second time (21 500 g, 20 minutes, 4 °C, Hirnac/CT15RE, VWR, 

Leuven, Belgium) and diluted with demineralized water if necessary and transferred to HPLC 

vials (Fisherbrand, Schwerte, Germany). Calibration curves were renewed every year using 
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water free glucose (Merck, Darmstadt, Germany), sodium propionate (Roth, Karlsruhe, 

Germany), sodium acetate (Roth, Karlsruhe, Germany), Ethanol (VWR, Leuven, Belgium), 

butyric acid (Roth, Karlsruhe, Germany) and succinic acid (Roth, Karlsruhe, Germany). 

3.3.6 DHA determination 

The principle of the DHA determination is based on the acid catalyzed esterification of free 

fatty acids and the transesterification of lipids with methanol. Additionally, the harsh 

chemical conditions provided by methanol and acetyl chloride lead to the disruption of the 

cells. The reaction should be performed in a water-free environment and with methanol in 

excess to ensure that esterification is conducted completely (Christie 1993). 

The cultivation samples were melted and diluted to an appropriated cell density (between 5 

and 7.5 g L-1, depending on the expected DHA content), centrifuged (3 440 x g, 6 minutes, 

4 °C, Hirnac/CT15RE, VWR, Leuven, Belgium), washed with cold water and centrifuged again. 

The water was removed completely and the cells were resuspended in 500 µL dried 

methanol (Roth, Karlsruhe, Germany), mixed with 100 µL of the internal standard (1 gL-1 

nonadecanoic acid (Sigma Aldrich, Steinheim, Germany) in chloroform (Sigma Aldrich, 

Steinheim, Germany)) and 2 mL of a fresh 10:1 mixture of dried methanol (Roth, Karlsruhe, 

Germany) and acetyl chloride (Sigma Aldrich, Steinheim, Germany). The samples were 

incubated at 50 °C for 16h and the methyl esters were extracted two times for 15 minutes 

with 5 mL hexane (VWR, Darmstadt, Germany) on a rotary shaker (STR4, Stuart Scientific, 

Staffordshire, UK). The upper phase was transferred to round bottom flasks to remove the 

hexane phase with the rotary evaporator (RV05, Janke & Kunkel GmbH, Germany). The 

remaining pellet was solved in 1.5 mL hexane, transferred to GC-vials (2 mL, Carl Roth, 

Karlsruhe, Germany) and analyzed by gas chromatography (GC-2010, Shimadzu, Japan) 

equipped with a flame ionization detector to measure the final amount of DHA (temperature 

of injector, column and detector was as following: 290 oC, 150 oC and 300 oC, temperature 

gradient modus for the column starts with 150 °C for 2 min, heat with 15 K min-1 to 250 °C, 

holding time 37 min, heating with 5 k/min to 280 °C, hold temperature until the end of the 

run). The separation was carried out on a 0.25nm x 25m dimethylpolysiloxane (CP-Sil 5 CB) 

capillary column (Varian, Darmstadt, Germany). The gas flow was adjusted to 30 mL min-1 

make up gas (N2/Air), 40 mL min-1 H2, and 400 mL min-1 Air. The DHA concentration was 

determined with a calibration curve prepared with cis-4, 7, 10, 13, 16, 19-docosahexaenoic 

acid (Sigma-Alderich, Sternheim, Germany). The calibration curve was renewed every year.  

In the beginning of the project, measurements at a device with unspecific nitrogen and 

purge flow settings were performed by other persons. After the device (GC-14B, Shimadzu, 

Japan) had been renewed and the method was performed at defined flow conditions, 

different DHA concentrations were measured in the same samples. Therefore, a correlation 

curve was created between the different samples in order to compare the values obtained 

under both conditions.  
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3.3.7 GC-MS 

Samples, which were already measured for the DHA analysis in the GC-FID were measured in 

a GC-MS (5975C VL MSD with triple-axis detector, Agilent Technologies, Waldbronn, 

Germany) with a column (VF-1ms 30MX0.25 MM ID DF=0.10, Varian, Netherlands) in order 

to detect qualitatively other fatty acids than DHA. 

3.3.8 Bradford Assay 

Coomassie Brilliant Blue G250 (Roth, Karlsruhe, Germany) binds non-specific to cationic and 

unipolar hydrophobic chains of proteins. This results in a shift of the absorption maximum 

from 465 to 595 nm. The Bradford solution was prepared as follows: 100 mg Coomassie 

Brilliant Blue G250 was solved in 50 mL 96 % Ethanol and stirred for 2 h. Subsequently 

100 mL phosphoric acid (85 %, Roth, Karlsruhe, Germany) was added and filled to 1 L with 

demineralized water and filtered. Bovine serum albumin (Roth, Karlsruhe, Germany) was 

used for the calibration curve for each MWP measurement. 10 µL of the sample or standard 

was pipetted to each well (measured in quadruple). Afterwards, 250 µL of the Bradford 

solution was added. Incubation was performed in the plate reader (Synergy™MX, Biotek, 

Vermont, USA) at 25 °C, 10 min, with medium shaking. Afterwards, the absorption was 

measured at 595 nm (in triplicate). 

3.3.9 Amino acid determination 

The principle of the amino acid determination is based on the conversion of primary amines 

to fluorescence isoindol derivatives in a pre-column step. The fluorescence signal of the 

isoindol derivatives can be detected in the HPLC-FLD. For the derivatisation, 

orthophtaldialdehyde solution was used, which contains mainly phtaldialdehyde and 

mercaptoproprionate. Additionally, the thiogroup of cysteine and homocysteine was capped 

with iodic acid whereas disulfide bonds were removed with mercaptoproprionate. The 

principle reaction is shown in Fig. 9. The method was adapted from (Kromer et al. 2005). 

Fig. 9: Chemical reaction scheme for 

the derivatisation of amino acids with 

orthophtaldialdehyde solution (OPA). 

 

For the determination of the intracellular amino acid concentration the cell suspension was 

stored at – 80 °C, melted and disrupted prior to the amino acid analysis. Cells were diluted 

with 40 mM NaH2PO4 buffer to OD 1. For the cell disruption 0.5 mL of the sample were filled 

in micro test tubes and put on ice. The sonificator (2 mm sonotrode, UP 200 S, Hielscher 

Ultrasonic GmbH, Teltow, Germany) was adjusted to 30 % and the samples were treated in 5 

cycles of 30 s with 30 s breaks to avoid strong heating. Afterwards the samples were 

centrifuged 20 minutes with 21 500 x g at 4 °C. 

The supernatant, either after cell disruption or from the cultivation (for the determination of 

the extracellular amino acids), was diluted 1:1 with 225 µM α-amino butyric acid (internal 
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standard, Sigma Aldrich, Sternheim, Germany) and stored in the fridge 16 h, filtrated 

(Rotilab-Syringe filter, Nylon, 0.20 µm, Roth, Karlsruhe, Germany), transferred to HPLC vials 

(Fisherbrand, Schwerte, Germany) and analyzed in the HPLC (HPLC-FLD 1260 Infinity, Agilent 

Technologies, Waldbronn, Germany) equipped with a Gemini® (5 µ, 100 A, 150x4.6 mm) 

column together with security guard (GEMINI-C18) pre-column (both Phenomenex, 

Aschaffenburg, Germany). Pre-column derivatisation of the amino acids was done with 

orthophtaldialdehyde solution (10 mg phtaldialdehyde (Merck, Darmstadt, Germany), 6.5 µL 

Mercaptoproprionate (Merck, Darmstadt, Germany), 500 µL Methanol (Roth, Karlsruhe, 

Germany) and 500 µL borate buffer (Agilent Technologies, Waldbronn, Germany)). 

Additionally, iodic acid (Merck, Darmstadt, Germany) was used for the derivatisation. 

3.3.10  Flow cytometry  

The samples were diluted in modified phosphate buffer solution (Table 7) directly following 

the sampling. Dilution factor was 1:40 for the comparison of the different cultivation 

systems in shake flask scale, whereas the samples taken from the bioreactor were diluted to 

OD 0.5.  

Table 7: Modified phosphate buffer solution (buffer was filtered (Syringe filter, CME, 0.22 µm, Roth, Karlsruhe, 
Germany) before use) 

Inorganic salt Supplier Concentration [g L
-1

] 

NaCl Roth, Karlsruhe, Germany 21.9 
KCl Roth, Karlsruhe, Germany 0.35 
KH2PO4 Roth, Karlsruhe, Germany 1.24 
Na2HPO4·2H2O Roth, Karlsruhe, Germany 0.176 

pH 6 

 

Samples were measured using the MACSQuant Analyser (Milteny Biotech, Bergisch-

Gladbach, Germany) with 488 nm excitation with an argon-ion laser source at 25 mW.  

Unstained cells have been measured without further treatment except the dilution step. The 

forward scatter channel (FSC) provides information about the cell size and sideward scatter 

channel (SSC) about the cell granularity.  

Propidium iodide (PI, Sigma Alderich, Steinheim, Germany) was used to elucidate the cell 

membrane integrity of the cells, since PI stains the DNA of the cells but cannot cross the 

intact cell membrane. Samples were taken from the culture, immediately diluted, stained 

with 1 µg mL PI and measured. A stock solution with a concentration of 1 mg mL-1 was 

prepared with demineralized water and stored in the freeze (Nebe-Von-Caron 2009). A 

working solution of 10 µg mL-1 was prepared with phosphate buffer prior to the analysis. 

Nile red (Sigma Alderich, Steinheim, Germany) staining was performed following the 

protocol of De la Jara et al. (2003). When Nile red is dissolved in neutral lipids, a yellow 

fluorescence signal can be measured with the wave length between 565 and 605 nm, while a 

red fluorescence can be measured in the range of 655 to 730 nm for polar lipids (Shapiro 

2003). 
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Cells were stained with Bis-(1,3-dibutylbarbituric acid) trimethine oxonol (BOX, Sigma 

Alderich, Steinheim, Germany) with a working concentration of 5 µg mL-1 for 10 min in the 

dark. A stock solution was prepared with a concentration of 5 mg mL-1 in dimethyl sulfoxide 

(Roth, Karlsruhe, Germany). The working solution was prepared with phosphate buffer prior 

to the analysis. 

For measuring the BOX stained cells the detection range of the filters was between 500 and 

550 nm, for the yellow fluorescence signal between 565 and 605 nm. For PI and Nile red 

fluorescence measurements the detection range was 655-730 nm. 

Since the signal of the laser is changing with operation time (Hyka et al. 2013), calibration 

was done every day with calibration beads (Milteny Biotech, Bergisch-Gladbach, Germany). 

The obtained data was evaluated with the software MACSQuantify 2.4 (Milteny Biotech, 

Bergisch-Gladbach, Germany). For the comparison in different shake flask devices 5 000 

events are shown in the density plots. For a better comparison throughout the cultivation 

and among various bioreactor cultivations, the same OD (0.5) was used for the samples and 

the same sample volume (70 µL for the bioreactor samples and 50 µL for fixed cells). 

3.4 Data analysis and statistical tests 

In order to increase the validity of the results, different statistical tests and the experimental 

design approach was applied in the study. 

3.4.1 Design of Experiments (DoE) 

DoE was used to answer different question during the medium and process optimization. 

Therefore, two different DoE approaches were applied. On the one hand, screening designs 

were used to elucidate the influence of distinct parameters on the result, for example 

growth and DHA production. These two-level fractional designs were applied to reduce the 

number of factors influencing the results. On the other hand, central composite face 

centered designs were performed to find the optimal settings for distinct parameters, with 

additional experiments, which were performed to fit a quadratic model. The center points 

are necessary for the calculation of the experimental error. The running order of the 

experiments was randomized to ensure statistical independent results. 

The screening design approach was applied for the evaluation of the impact of different 

vitamins on growth (chapter 4.4.3.1) and the influence of different additives on the DHA 

synthesis (chapter 4.5.2). The central composite design was used in order to find the 

optimum concentration of ammonia sulfate and disodium hydrogen phosphate for growth 

(chapter 4.4.3.2) and to elucidate the optimal parameter settings for the experiments in the 

TubeSpins (chapter 4.2.2.3).  

The results of the DoE approach were evaluated with the software MODDE 9 (Umetrics Inc., 

Umeå, Sweden). The model was fitted using multiple linear regression (MLR). In order to 

improve the obtained model, factors without a significant influence on the response were 

deleted stepwise from the model. The quality of the models was judged by the regression 
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coefficient, the analysis of variance and the lack of fit test. The regression coefficient should 

be near 1. The model should be significant for use, which means that the calculated p-value 

for the analysis of variance has to be smaller than 0.05 and the lack of fit should be 

insignificant with a p-value higher than 0.05. The results of these tests are mentioned for 

each DoE, which was carried out.  

In order to find the optimal concentration and process parameters, the optimizer of the 

MODDE software was used. This optimizer tool uses the Nelder-Mead simplex algorithm. 

The normalized distance to the target (Log(D)) is minimized by this tool. This value should be 

lower than zero to meet the specifications; the optimum would be -10. Additionally, the 

defects per million opportunities outside specifications (DPMO) are set in order to prove the 

robustness of the test. For evaluation 1 000 000 simulations were carried out in two steps. 

The first simulation started with eight randomized points from the corner and the center of 

the evaluated design space, the second run started from design points near the identified 

optimum to avoid being trapped in a local minimum (MKS Umetrics AB 2009). 

3.4.2 Analysis of variance for the comparison of more than two groups 

In several experiments statistical tests were applied to evaluate whether differences in these 

data sets are significant. Firstly, the data sets were tested for normal distribution 

(Kolmogorov-Smirnov-Test) and for equal variances (Levene Median test). If both tests were 

true, a one way Analysis of Variance (ANOVA) was applied. If one of these tests failed, the 

nonparametric Kruskal-Wallis analysis of variance by ranks was applied. P-values, which 

were smaller than 0.05, were considered as statistically significant. All tests were performed 

with SigmaPlot 11.0 (Systat Software, Inc, California, USA), which was also used for the 

majority of the graphs. 

3.4.3 Calculating of different process parameters and data fitting 

Growth data (DCW, cell number) and DHA content in course of a cultivation were fitted with 

the curve fitting tool box of Matlab (MathWorks, Ismaning, Germany). The function 

smoothing spline was used.  

The calculated data was used for the calculation of the growth rate, the production and 

consumption rates and the yields, which is indicated for the respective experiment.  

3.4.3.1 Calculation of the process parameter 
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Legend: 

                                  

                                    

             

                                        

                                          

3.4.3.2 Calculation of the kLa 

KLa-value was determined in the SB200-X with equation (15). 

    
   

   

     

 
(15) 

The oxygen transfer rate was calculated based on the mass balances of the data obtained 

with the off gas analysis (equation (16)).  
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(16) 

For the calculation of the molecular oxygen mass of the gas flow in and out of the bioreactor 

it was assumed that they behave like ideal gases. Therefore, equation (17) can be applied. 

   
 

               

                           
 (17) 

For the calculation of the oxygen concentration in the bioreactor, it was assumed that the 

oxygen saturation concentration is equal to that of water and therefore    

              

(25 °C, pO2 = 0.2 bar). The oxygen concentration in the bioreactor can then be calculated 

from the measured DO throughout the process (equation (18)). 

   
 

                  

                 
 (18) 
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4 Results 
The scope of the thesis was the development of an optimized process for DHA production 

with C. cohnii. 

In chapter 4.1 the flow cytometry for the evaluation of the cell morphology is introduced in 

order to elucidate the impact of different stress conditions.  

Based on the small scale experiments described in chapter 4.4, oxygen supply was assumed 

to be insufficient in several cases, which led to the raising demand of an improved screening 

system in this scale. Additionally, the impact of oxygen limitations and shear forces in 

different culture devices were not clear. Therefore, the chapter 4.2 describe the impact of 

these conditions in different single-use systems, resulting in the development of a screening 

plattform, which was apllied for the optimization of the DHA production in chapter 4.5. 

Furthermore, different shake flask systems were compared with special attention to the 

impact of oxygen limitations and shear stress.  

SUBs might be especially suitable for the cultivation of marine shear sensitve microorganism. 

Therefore, different SUBs were compared for the cultivation of C. cohnii in chapter 4.3. 

Eventually, a final comparison of the common STR and the CELL-tainer at the same scale was 

performed in order to discuss the advantages and disadvantages of these different reactor 

types  

The subsequent part of the thesis is dedicated to the process development. The process 

opimization was divided into two phases in order to optimize the growth (chapter 4.4) and 

production phase (chapter 4.5) separately. For the optimizaiton of the production phase the 

screening plattform and the best suited shake flask system was sussesfully applied. Finally 

the improved process was applied in the lab scale shown in chapter 4.6. 

4.1 Introducing the flow cytometry to monitor the cell physiology 

The flow cytometry measurement is a useful tool to determine the physiology of cells, since 

stress caused by oxygen limitations or shear forces can influence the cell physiology (Yeung 

& Wong 2003; Yeung et al. 2006; da Silva & Reis 2008). The flow cytometry was introduced 

to the project in order to elucidate these effects in different cultivation systems. 

4.1.1 Nile red staining 

Nile red staining was applied, since it offers a strategy to evaluate the DHA content of the 

cells virtually in real time. De la Jara et al. (2003) showed the linear correlation between Nile 

red staining intensity and DHA content in C. cohnii cells. Their protocol was applied in this 

project. Nile red exhibits an intense yellow fluorescence when solved in neutral lipids and 

the fluorescence appears red when solved in polar lipids, for example phospholipids of the 

cell membrane (de la Jara et al. 2003; Shapiro 2003). In Fig. 10 A - F the differences in Nile 

red intensity measured in the red fluorescence channel in the course of a cultivation in the 
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CELL-tainer is shown. The volumetric and specific cellular DHA content is provided in the 

caption of the Fig. 10. 

 

Fig. 10: Correlation between the median of the red fluorescence cytometric signals of cells stained with Nile 
red and the volumetric and specific DHA content. A-F: Density plots of Nile red stained cells (500 000 events 
are shown). DHA in g L

-1
 in ascending order, percent of DCW in brackets: A: 0.87 (3.0), B: 0.96 (2.9), C: 0.99 

(3.3), D: 1.10 (4.3), E: 1.19 (4.7), F: 1.29 (4.6). 1-2: Correlation curves between the median of the red 
fluorescence signal and the DHA content. Culture samples were obtained in a CELL-tainer cultivation (labeled 
with F, chapter 4.5.1). 

 

The described linear correlation between the specific DHA content and the red fluorescence 

signal (de la Jara et al. 2003) was also obvious in a CELL-tainer cultivation (Fig. 10). 

Afterwards, the voltage of the channels were adjusted in order to center the cells in the plot 

(see Fig. 12), since the signal for the Nile red intensity was relatively high.  

Additionally, the fluorescence in the yellow channel was investigated, since this signal is 

correlated with the polar lipids, which are mainly storage lipids. The signal is increasing 

during the cultivation (Fig. 11). 

 

Fig. 11: Density plots for the yellow fluorescence cytometric signal of Nile red stained cells. Culture samples 

were obtained in a CELL-tainer cultivation (labeled with F, chapter 4.5.1). DHA content of the cells are 

mentioned in Fig. 10. 500 000 events are shown. 

 

Fig. 12 provides an overview of the intrinsic light scattering signals of C. cohnii cells. All 

detected cells are shown. The dots in the bottom part of the plot belong to the debris (oil 

droplets and cell fragments) of the culture and were not considered in the analyses. The cells 
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in the middle of the plot represent the majority of the cells (84 %). The yellow fluorescence 

cytometric signal of Nile red stained cells was in the middle range (B). The remaining cells 

shown in part C consisted of a population with a higher yellow fluorescence cytometric 

signal and a lower one, which are marked in part D. Cells with a higher Nile red signal are 

larger and exhibit a higher granularity, whereas cells with a lower Nile red signal have a 

lower granularity. The higher granularity is caused by the higher amount of intracellular lipid 

droplets, and thus an increased DHA content.  

 

Fig. 12: Density plots for C. cohnii cells stained with Nile red. A: overview of all measured events in the FSC and 

SSC channel, B: yellow fluorescence intensity of the majority of the cells (marked in A), C: remaining cells 

(marked in A) showed two populations for the yellow Nile red intensity, D: cells with high Nile red intensity (red) 

and low intensity (blue). 

 

4.1.2 PI and BOX staining 

In order to monitor the cell membrane integrity, propidium iodide (PI) was used, because it 

binds to DNA, but cannot cross the intact cell membrane. The application of PI for C. cohnii 

for the detection of non-viable cells was described prior by Yeung and Wong (2003) and by 

da Silva et al. (2008). Concentrations between 1 and 10 µg mL-1 have been proposed in the 

literature (Yeung & Wong 2003; Hewitt & Nebe-Von-Caron 2004; da Silva & Reis 2008; da 

Silva et al. 2009; Hernlem & Hua 2010; Hyka et al. 2010) and were tested prior to the 

analysis of cultivation samples. Finally, a concentration of 1 µg L-1 was chosen, since this 

concentration was sufficient to stain more than 98 % of cells of a positive control sample 

(cells obtained from the growing phase, which were exposed to 70 % ethanol for 10 min).  

BOX staining was applied to determine the potential of the cell membrane in the course of 

the cultivation, since the potential provides information about the energetic state of the 

cells (Müller & Nebe-Von-Caron 2010). 10 min in the dark was recognized as appropriate 

staining procedure to obtain a stable signal. The concentrations have been varied between 1 

and 10 µg mL-1 according to the concentration, which can be found in the literature for yeast 

cell staining (Boyd et al. 2003; Hewitt & Nebe-Von-Caron 2004; Hyka et al. 2010; Hernlem & 

Hua 2010). Eventually, a concentration of 5 µg mL-1 was chosen, since this amount was high 
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enough to receive two distinct populations in the growing phase (Fig. 13 A) and to stain at 

least 98 % of the positive control (cells obtained from the growing phase, which were fixed 

with 70 % ethanol for 10 min).  

Fig. 13: Density plots of the flow 
cytometry measurements and 
microscopic images (1:100) in the 
growth (A, C) and the stationary phase 
(B, D) of a STR cultivation. 1-4 
correspond to different populations: 1, 
3: cells with high cell membrane 
potential, 2: cells with low potential of 
the cell membrane, 4: cells with totally 
collapsed potential of the cell 
membrane. 

 
Fig. 13 shows a comparison of the flow cytometry measurements in the growing and 

stationary phase. In the growing phase, two distinct populations were visible, one with a 

higher cell membrane potential (1) and one with a lower potential (2). When the growth 

phase was declined, the second population disappeared. These observations led to the 

conclusion, that the cells with the lower cell membrane potential might be the smaller 

daughter cells, which are obviously detectable only in the growing stage. The cells with the 

higher cell membrane potential remained also in the production phase (3), in which 

predominantly cysts and lysed cells were visible under the microscope. In the stationary 

phase a third population emerged (4). This population was visible in the same area as the 

positive control (compare Fig. 14 B). Therefore it can be concluded, that the potential of the 

membrane of these cells were totally collapsed. 

4.1.3 Development of a positive control method for PI and BOX staining 

For the evaluation PI and the BOX stained cells with the flow cytometry, it was necessary to 

establish a positive control method for each dye. A positive control is needed to prove the 

feasibility of the dye, therefore, the collapse of the cell membrane potential and the 

depolarization of the cell membrane should be imitated. For C. cohnii, it was suggested to 

use 70 % ethanol for 1 minute (da Silva & Reis 2008). This treatment was applied in a 

cultivation with glucose in the STR.  
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Fig. 14: Influence of the ethanol treatment and cultivation time on PI (A) and BOX (B) staining. Cultivation 

samples were taken from a cultivation performed in the STR with glucose as main carbon source (chapter 4.3.4), 

treated with ethanol for 1 minute, centrifuged, resuspended in phosphate buffer, stained and measured. 

Percentage of stained cells is marked in the graphs.  

 

Interestingly, it was only possible to stain virtually all cells with PI after 1 minute of ethanol 

treatment, when the cells were taken from the exponential growth phase, approximately 

until 89 h. In the later state of the cultivation the amount of PI stained cells decreased 

drastically, that means that the staining of the cells in the stationary phase is catchier (Fig. 

14 A). The same tendency was recognized for BOX stained cells, when using the same 

treatment for the positive control (Fig. 14 B), however the amount of stained cells were 

higher with BOX than with PI. The reason is that the potential of the cell membrane collapses 

first and in the next step the cell membrane becomes depolarized and PI is able to stain the 

DNA.  

 

Fig. 15: Influence of the ethanol treatment and cultivation time on the percentage of PI (left graph) and BOX 

(right graph) stained cells. Samples were taken from a cultivation performed in the CELL-tainer with glucose as 

main carbon source (chapter 4.3.4.2), treated with ethanol for the mentioned time, centrifuged, resuspended in 

phosphate buffer, stained and measured. 
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In order to investigate this phenomenon in detail, different ethanol incubation times were 

applied during a CELL-tainer cultivation performed with glucose as main carbon source. 

There is a clear trend visible in Fig. 15 that the time necessary to stain virtually all cells with 

PI or BOX increased in the course of the cultivation. In the beginning of the cultivation, after 

one minute of incubation time, 91.5 % of the cells were PI-stained and 99.8 % with BOX. In 

the end of the cultivation even after 120 min only 64.4 % were PI-stained and 70.2 % BOX 

stained (data not shown). It was not possible to investigate the impact of stress conditions 

on the cell physiology by a simple PI staining, since the amount of stained cells remained 

low. Therefore, the investigation of the influence ethanol treatment time on the dell 

membrane potential and the cell membrane integrity provides an additional insight into the 

physiological status of the cells throughout the cultivation, since a clear distinction between 

the growth and the stationary phase is visible. Nevertheless, since the variation in the cells 

increase in the stationary phase, also the variance in the measurements increased. 

 

4.2 Development of a methodology platform for consistent process 

development 

While the growth and synthesis of fatty acids is characterized by a high oxygen demand (Hu 

et al. 2010), the algal cells are sensitive to high shear forces (Hu et al. 2007), which hamper 

the application of directly aerated systems. In addition, the high chloride concentration of 

the medium leads to corrosion of stainless steel. Therefore, different cultivation systems 

from µL to the L scale in appropriate polymer cultivation systems under consideration of the 

oxygen transfer and applied shear forces have been tested to meet these challenges.  

4.2.1 Development of a small scale screening system 

The medium development, which will be described in the chapter 4.4, was predominantly 

done in small scale experiments in DWP and findings have been proven in larger scales. With 

the improved medium, the growth phase was accelerated, the cell densities increased, but 

unfortunately the DHA content decreased. Therefore, the influence of different additives on 

DHA production should be tested in order to enhance the DHA production. The demand for 

a screening system to obtain test conditions, for these different additives without oxygen 

limitation and to provide reliable and statistically significant data, grew. The screening 

system with PFD was developed within the frame of two diploma theses (Niedziólka 2011; 

Chmielewska 2012) in cooperation with the Warsaw University of Technology. 

4.2.1.1 Example: Test of the influence of different additives 

The first approach was to cultivate the cells in a shake flask and to aliquot the culture equally 

to the wells of a DWP. Afterwards, 1 % (vol./vol.) of nonadecane, geraniol, oleic acid, 

sunflower and rapeseed oil were added to each well in order to examine the influence of 

these substrates on the DHA production. The cultures were cultivated four days longer and 

the DHA content was measured in the samples and in the culture used for the aliquots. 
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Fig. 16: Influence of different additives on growth and DHA concentration. Cells were cultivated 6 days in 

Erlenmeyer flask (medium: 5 g L
-1

 glucose, 1 g L
-1

 yeast extract, 25 g L
-1

 reef salt) and then transferred to DWP 

(3 mL, quadruplicates) and 1 % v/v of the additives were added. Shown data was obtained four days later. 

 

Fig. 16 shows that the DHA amount varied between 0.05 and 0.12 g L-1 among the 

cultivations with the additives. However, the OD and the DHA concentration in the 

preculture for this experiment were much higher than in the DWP cultures. The oxygen 

transfer rate to the wells was too small and therefore, the cells experienced oxygen 

limitation, which caused lysis of the cells. 

4.2.1.2 Fed-batch-based cultivation system 

A fed-batch approach for DWP was proposed by Krause et al. (2010) to overcome the low 

cell densities, which are common in this scale. In this approach, a glucose polymer, which 

cannot be degraded by the microorganism, is given to the medium. Additionally, 

glucoamylase is added, which release single glucose molecules to the medium. The feed rate 

can be controlled via the concentration of the given enzyme. Consequently, the growth rate 

can be adapted to the oxygen transfer rate in the DWP. Dextrin and maltodextrin were 

tested as polymers, since they cannot be digested by the algae. Maltodextrin has the 

advantage compared to dextrin that it has an improved solubility in water. Dextrin is only 

soluble after heat treatment. Nevertheless, the experiments showed that it was not possible 

to adjust the growth rate of C. cohnii by varying the enzyme concentration. The comparison 

between dextrin and maltodextrin showed that in principle the use of both polymers is 

feasible without any restrictions (appendix, Fig. 71). This hypothesis was underlined by a fed-

batch cultivation, in which the cell growth ceased, as the carbon source became limited 

(appendix, Fig. 72). 

4.2.1.3 Development of a screening system with perfluorodecalin (PFD) 

PFD has a high oxygen and carbon dioxide solubility and can be used to enhance oxygen 

transfer rates already in small scales (Pilarek et al. 2011a; Meyer et al. 2012). PFD is not 

miscible with water-based medium and has a higher density than water. Therefore, it builds 

a separate layer on the bottom of the cultivation vessel (Mattiasson & Adlercreutz 1987; 

Pilarek et al. 2011a).  
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4.2.1.3.1 Application of PFD and influence on PUFA spectrum 

First experiments were carried out to examine the applicability of PFD for the cultivation of 

C. cohnii and the influence on the PUFA spectrum. 

Fig. 17: Application of PFD in DWP 

experiments. A: OD and pH of the 

samples, B: volumetric and specific 

DHA concentration, DHA 

concentration in cultures without 

PFD was under the detection level. 

3 mL culture volume with or 

without 3 mL PFD (triplicates). 

Medium: 5 g L
-1

 glucose, 1.7 g L
-1

 

sodium glutamate, 0.2 g L
-1

 yeast 

extract, 0.25 g L
-1

 Na2HPO4, 

0.02 m  L
-1

 thiamine hydrochloride, 

0.0006 mg L
-1

 biotin, SOW. 
 

Fig. 17 demonstrates that with the application of PFD the cell density and particularly the 

DHA concentration is enhanced. Cell lysis is more pronounced without PFD after reaching 

the stationary phase, which might be provoked by oxygen limitation. DHA was measured in 

the end of the cultivation (208 h). After this period, the quantity of cells was not sufficient to 

detect a proper amount of DHA in the culture without PFD.  

The influence of PFD on the whole PUFA spectrum was scrutinized with a GC-MS analysis. 

The chromatograms with and without PFD are shown in Fig. 18.  

Fig. 18: GC-MS analysis 

of the PUFA spectrum of 

cells grown with (black 

line) and without PFD 

(blue line). 

Nonadecanoic acid was 

added to the samples as 

an internal standard. 

Growth conditions 

described in Fig. 17. 

 

Fig. 18 reveals only refined distinctions in the PUFA spectrum between the two samples. The 

DHA peak, which appears after 8.5 minutes, is higher for the measurements of the cells with 

PFD than without. This is consistent with the GC-FID results shown in Fig. 17. The 

quantitative differences in the other fatty acids were negligible. 
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Fig. 19: Microscopic images 

of C. cohnii cells at the 

liquid-liquid interface 

between PFD and aqueous 

medium (magnification A: 

1:100, B: 1:630). Published 

first in Hillig et al. (2014), 

reprinted with kind 

permission of 

Springer+Business Media. 
 

A microscopic picture of the C. cohnii cells at the liquid-liquid interface between PFD and 

aqueous medium is shown in Fig. 19. Since the cells exhibit a strong chemo taxis to oxygen 

(Hu et al. 2010), they are gathering on the interface. 

4.2.1.3.2 Optimal time point for PFD addition 

Pilarek et al. (2011a) have shown that the time point of adding PFD, but also the amount of 

oxygen saturation, is crucial for the optimal growth and protein production of E. coli. They 

added PFD when the cell densities were higher, since they recognized a beneficial effect on 

growth. For C. cohnii, two distinct time points were tested: in the beginning and after 50 h of 

cultivation. High oxygen saturation levels can cause negative effects on the cell membrane of 

bacteria cells due to the higher amount of H2O2 and oxygen radicals in the medium (Pilarek 

et al. 2011a). This was also tested for C. cohnii with different oxygen saturations in PFD. 

 

 
Fig. 20: Influence of the oxygen saturation level and addition time point of PFD on the growth and the DHA 

production of C. cohnii. DWP experiment with 3 mL culture volume and 3 mL PFD (triplicates). + indicates PFD 

addition after 50 h, otherwise from the beginning, medium: 5 g L
-1

 glucose, 1.7 g L
-1

 sodium glutamate, 0.2 g L
-1

 

yeast extract, 0.25 g L
-1

 Na2HPO4, 0.02 mg L
-1

 thiamine hydrochloride, 0.0006 mg L
-1

 biotin, SOW. 

 

Fig. 20 A provides the cell numbers under these different conditions. Significance was tested 

with the Kruskal-Wallis test. This test was chosen due to differences in variances among the 

samples. The differences among the cell numbers were not significant (p = 0.235, Fig. 20 A). 

Nevertheless, there was a significant difference in the measured amount of DHA (Fig. 20 B 

and C). The DHA content was higher with PFD loaded with oxygen and mixed 40/60 % (v/v) 

with PFD sparged with air. This shows that the higher concentration of oxygen positively 

affects the production phase. Due to the tendency that a later addition of PFD has no 

positive influence on growth, the PFD was added in the beginning in following experiments. 
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Because of the higher DHA yield when PFD was used, which had been sparged with a higher 

portion of pure oxygen, a second set of different oxygen portions was tested. 

 

Fig. 21: Influence of oxygen saturation levels on cell growth and the specific and volumetric DHA content. 

Sample taken after 7 (black) and 9 days (white). DWP experiment with 3 mL culture volume and 3 mL PFD 

(duplicates). Medium: 10 g L
-1

 glucose, 1.7 g L
-1

 sodium glutamate, 0.2 g L
-1

 yeast extract, 0.25 g L
-1

 Na2HPO4, 

0.02 mg L
-1

 thiamine hydrochloride, 0.0006 mg L
-1

 biotin, SOW. 

 

The amount of cells was the highest without PFD after 120 h. After this, cell lysis occurred, 

probably caused by oxygen limitations. Therefore, cell numbers were the highest for the 

cultures supplemented with 40 % of oxygenated PFD (Fig. 21 A). The pH-value was not 

influenced at all (Fig. 21 B). The samples for DHA determination were taken after seven and 

nine days, respectively. The cell number decreased between this two time points, indicating 

that cell lysis has already started and the cells might not metabolic active anymore. The 

specific DHA content increased slightly (except for cultures grown without PFD and with 

60 % PFD), which resulted in a higher specific amount of DHA (Fig. 21 C and D).  

The aim was to develop a screening system with which a lot of information can be collected 

in a short time. Furthermore, in order to be sure that the cells are still active when the 

different additives will be added, it was decided to shorten the cultivation time to seven 

days.  

The influence of the different PFD mixing ratios is not clear. The Kruskal-Wallis test of 

variance on ranks proved that there were no significant differences in the cell number 
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(p = 0.853) and the specific DHA content (p = 0.201) among the different ratios after seven 

days.  

4.2.1.3.3 Influence of additives on pH 

The maintenance of the pH-value at a certain level was challenging in the small scale. It is 

assumed that a pH-value over 7.8 retards the growth of the algae cells. In Fig. 21 B, the 

course of the pH-values during the experiment is shown. The start pH of the culture was 7.1; 

the highest pH-value after seven days was 8.4. Therefore, the pH-value in the medium as 

well as in the preculture medium was lowered to 6.0 to obtain a larger range, in which the 

pH could increase. Furthermore, the consumption of yeast extract is coupled with an 

increase in the pH-value due to the consumption of peptides. Therefore, the total amount of 

yeast extract was decreased from 4 g L-1 to 1 g L-1 and has been replaced by the continuous 

addition of the corresponding amount of ammonia sulfate (100 mg L-1 ammonia sulfate 

equals 26 mg L-1 ammonia) during the growth phase. In order to avoid glucose depletion 

during the cultivation the amount of glucose was increased. Furthermore, the sampling was 

transferred to a liquid handling system in order to save time and to obtain higher 

reproducibility.  

The screening system was developed for the test of different additives and their influence on 

DHA production. In the experiment shown in Fig. 22 B they were added after five days. 

 

Fig. 22: Comparison of pH profiles in DWP experiments with PFD. A: 4 g L
 1

 yeast extract, 10 g L
 1

 glucose, 

different oxygen saturation levels. B: 1 g L
 1

 yeast extract, 25 g L
 1

 glucose, SOW, additives added after five days 

of cultivation: sunflower oil, rapeseed oil, propionic, acetic, butyric and oleic acid (acids have been mixed with 

NaOH prior to the addition to achieve pH 6.0). Arrows indicating pH adjustment with HCl. PFD was oxygenated 

with air. 

 

In Fig. 22 A, the course of the pH-value is shown after lowering the initial pH of the medium 

to 6.0. The addition of HCl was necessary over the whole time of the cultivation to avoid a 

pH increase over 8.0. In Fig. 22 B, the amount of yeast extract was reduced, which results in 

a stable pH-value throughout the cultivation without additives. Nevertheless, the pH still 
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increased dramatically with the additive addition. This phenomenon occurs when the acids 

are consumed and sodium hydroxide remains in the medium. It was not possible to control 

this pH increase only by adding HCl during the cultivation. The pH increase was not that high 

when only sunflower oil and butyric acid was added, which is caused by the lower 

consumption of butyric acid in comparison to propionic or acetic acid. In order to avoid the 

high pH increase 80 mM MES-buffer was added to the cultivation medium.  

 

Fig. 23: Influence of MES-buffer and the time point of PFD addition on growth and DHA production. A, B: OD 
and pH-values during the cultivation, without buffer (gray lines) and with 80 mM MES-buffer (black lines), 
without PFD (open circle), added from the beginning (closed circle), added on the third day (triangle up) and on 
the fifth day (triangle down). C, D: volumetric and specific DHA concentration, 0: without PFD, 1: added on the 
first day, 3: on the third day, 5: on the fifth day. The mixture of acetic acid/sodium acetate and propionic acid/ 
sodium propionate (total concentration: 67 mM) was added on the fifth day. DWP experiments: 3 mL PFD 
+ 3 mL medium (triplicates) : 25 g L

-1
 glucose, 1 g L

-1
 yeast extract, 0.75 g L

-1
 Na2HPO4, SOW, biotin, thiamine, 

addition of 100 mg L ammonia sulfate during growth phase. PFD was sparged with oxygen.  

 

The pH increase was much lower, when the buffer was added (Fig. 23 B). The OD values, the 

specific and volumetric DHA content were slightly higher without buffer than with MES-

buffer (Fig. 23 B - D). Nevertheless, it was assumed that the increasing pH-value has a 

negative impact on the cell physiology. Therefore, the small changes in the growth and 

production behavior can be accepted in order to avoid a negative, uncontrollable impact of 

the pH increase caused by some of the additives. 

The later addition of PFD to the culture did not improve the DHA production (Fig. 23 C and 

D). The differences between the specific DHA content of the samples with MES were 

evaluated with the ANOVA-test. This test was chosen, since each data set is normally 
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distributed (Shapiro-Wilks-test: p = 0.598) and the variances are equal (Levene-test: 

p = 0.253). The ANOVA test showed no significant differences between the different time 

points of PFD addition (p = 0.538). Therefore, PFD was added in the beginning, as the later 

addition would perplex the application. 

4.2.1.3.4 Measurement of the CO2 and O2 concentration in the medium and PFD-Phase4 

The DHA content in the DWP plates was increased, when PFD was applied. In order to 

evaluate the influence of this gas carrier, the pO2 and the pCO2 was determined. The O2 

concentration was measured with an amperometric DO sensor directly in the wells at several 

time points throughout the cultivation. Since, the sensor had been calibrated in water the 

measured portion of saturation refers to the O2 saturation concentration in water in an 

aqueous phase. For the determination of the CO2 content in the culture broth and in the PFD 

phase, each phase was filled in airtight sealed vials. Additionally, the culture broth was 

mixed one to one with methanol to stop all metabolic activities. The CO2 content was 

determined with an optical Sensor. 

 

Fig. 24: C. cohnii cultivation in DWP with and without oxygenated PFD. A: Growth curve and B: specific DHA 

concentration (black: cultivation with several breaks for sample taking, gray: without longer breaks). C and D: 

cCO2 and cO2 concentration in PFD phase and culture broth. DWP experiments: 25 g L
-1

 glucose, 1 g L
-1

 yeast 

extract, 0.75 g L
-1

 Na2HPO4 H2O, SOW, biotin, thiamine, 0.1 g L
-1

 was added in the production phase. Published 

first in Hillig et al. (2014), reprinted with kind permission of Springer+Business Media. 

 

The results indicate that in the screening system oxygen was not limited with or without 

PFD. The pO2 did not fall under 70 % (Fig. 24 D). But surprisingly, also the DHA content was 

the same. The big differences in the DHA content (Fig. 24 B, black bars) were measured with 

a high number of parallel experiments. Samples were taken with the liquid handling system, 

                                                           
4
 Parts of this chapter have already been published in Hillig et al. (2014). Figures and excerpts are presented 

here with kind permission of Springer Science+Business Media. 
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which is faster than manual sampling, but it still takes some time. During this procedure, the 

cultures were less shaken and probably oxygen limitations occurred, which might result in a 

decrease of DHA production without PFD. 

The removal of CO2 was indicated by the increase of CO2 in the PFD phase and a lower pCO2 

in the medium phase than in the culture without gas carrier (Fig. 24 C). A lower pCO2 can 

improve the growth as well.  

However, when C. cohnii was cultivated with a higher amount of yeast extract (5 g L-1 instead 

of 1 g L-1), the cell densities increased, but oxygen limitation appeared already after 66 h (Fig. 

25 A and B). Due to the low oxygen concentration in the system, the specific DHA 

concentration decreased compared to the experiments shown in Fig. 24. 

 

Fig. 25: Cultivation in DWP with and without oxygenated PFD with modified medium to achieve higher cell 

densities. A: Growth curve, B: specific DHA concentration and C: pO2 concentration in PFD phase and culture 

broth. DWP experiments: 25 g L
-1

 glucose, 1 g L
-1

 yeast extract, 0.75 g L
-1

 Na2HPO4, SOW, biotin, thiamine. 

Published first in Hillig et al. (2014), reprinted with kind permission of Springer+Business Media. 

 

To avoid any oxygen limitations during the experiments, a medium adapted to the lower 

oxygen transfer rates and PFD to protect the cells during sampling was applied. In 

chapter 4.5.2 the screening system is used to investigate the influence of different additives 

on the DHA production. 

4.2.2 Cultivation in shake flasks5 

The shake flask scale should close the gap between the small scale on the DWP and the 

cultivation in the bioreactor. In order to determine the best cultivation system in this scale, 

different shake flasks were tested.  

4.2.2.1 Comparison of TubeSpin bioreactor 600 and UltraYield flask (UYF) 

First experiments were performed in the UYF and the TubeSpins on a shaker with an 

amplitude of 10 mm (shaking speed: 290 rpm).  

 

                                                           
5
 Main parts of this chapter have been previously published in Hillig et al. (2013). Copyright Wiley-VCH Verlag 

GmbH & Co. KGaA. Text and Figures are reproduced with permission. 
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Fig. 26: Comparison of the growth, DHA production and the yields between UYF and TubeSpin bioreactor. 

Medium: 25 g L
-1 

glucose, 10 g L
-1

 yeast extract, 0.75 g L
-1

 Na2HPO4 H2O, SOW, thiamine, biotin, addition of 

ammonia sulfate and glucose within the production phase in dependence of the specific consumption. After 96 h 

1 % v/v rapeseed oil was added. Temperature was decreased after 161 h from 25 to 15 °C. Results obtained 

after 270 h, whole experimental results in the appendix (Fig. 73). YX/S and YP/S is related to the added glucose 

concentration and does not include the amount of yeast extract and additive, which was similar in all 

experiments. 

 

UYF, baffled on the bottom, guarantee kLa values of up to 400 h-1 (Glazyrina et al. 2011). 

Since the oxygen supply is a crucial factor in the cultivation of C. cohnii cells (Hu et al. 2010), 

the applicability of the UYF was tested. The DCW and the DHA concentration were higher in 

the UYF than in the TubeSpins (Fig. 26 A and B), but also a higher number of lipid droplets 

were visible during the microscopic examination in the culture broth in the UYF (Fig. 27). This 

might be an indication that shear forces caused by the baffles on the bottom of the UYF are 

provoking higher cell lysis rates in C. cohnii cultures. This higher number of destroyed cells 

led to a lower specific DHA content in relation to the DCW as well as to the cell number (Fig. 

26 C and D). In general, yields were low in the UYF (Fig. 26 E and F). This indicates that 

maybe the amounts of larger cells, which were already in the stationary phase, were 

destroyed in the UYF or that the cells were destroyed before they reach the stationary phase 

leading to a decrease in the specific DHA concentration.  

Fig. 27: Microscopic pictures of a 

C. cohnii cell suspension grown in 

TubeSpin bioreactor (A) and UYF (B). 

Arrows indicating lipid droplets in the 

medium (Magnification 1:630). 

Published first in Hillig et al. (2014), 

reprinted with kind permission of 

Springer+Business Media. 

 

Because of the high number of lipid droplets in the culture, the influence of the shear forces 

was investigated by testing different shaking speeds. 
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4.2.2.2 Influence of shaking speeds in UYF  

For the experiments of this study, 100 mL medium was applied in 500 mL UYF. The influence 

of hydrodynamic forces on the morphology of the cells was investigated using different 

shaking speeds. 

 

Fig. 28: Influence of different shaking speeds in UYF. A: cell number, specific and volumetric DHA 

concentration. B, C: flow cytometric measurements of the cell size (FSC) and the cell granularity (SSC) (B.1: 

180 rpm, B.2: 230 rpm, B.3: 315 rpm) and the red fluorescence signal of nile red stained cells (C.1: 180 rpm, C.2: 

230 rpm, C.3: 315 rpm). All measurements were carried out one day after reaching the stationary phase. 

Cultivations were carried out in 500 mL UYF, sealed with AirOtop-membranes with 100 mL cultivation volume. 

Published first in Hillig et al. (2013), Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 

permission. 

 

Fig. 28 A shows that the cell number and the volumetric DHA content decrease with higher 

shaking speed. When the shaking speed was set to 315 rpm, the cell growth ceased. The 

volumetric and the specific DHA content was lower at 230 rpm than at 180 rpm, which 

indicates that the cells containing higher amounts of DHA (“older” cells) were destroyed or 

the cells had generally accumulated less DHA. The granularity of the cells is slightly lower at 

230 rpm, the intensity of the Nile red staining, which is correlated to the DHA content (de la 

Jara et al. 2003), also decreases in parallel to the shaking speed (Fig. 28 B and C). The 

diversity between cells with a high and a low specific DHA content, measured with the flow 
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cytometry, is higher at 230 rpm (Fig. 28 C.2), pointing to higher stress conditions at this 

shaking speed. 

4.2.2.3 Influence of shaking speed in the TubeSpin bioreactor 600 

As an alternative to the UYF the TubeSpin Bioreactor 600 was applied. This system is 

characterized by lower shear forces, since it lacks of any baffles inside. A DoE was carried out 

in the TubeSpin Bioreactor 600 to investigate the influence of shaking speed and filling 

volume on growth and DHA production under the same nutrition conditions. 

 

Fig. 29: Contour plots for the response surface model for the influence of shaking speed and filling volume on 

growth and DHA production of C. cohnii cells. A: cells mL
-1

 (R² = 0.96), B: volumetric DHA content [g L
-1

] 

(R² = 0.96) and C: specific DHA content [mg 10
6
cells mL

-1
] (R² = 0.90). All models are significant (α < 0.05) and 

without significant lack of fit (α > 0.05). Data obtained after reaching the stationary phase. Published first in 

Hillig et al. (2013), Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 

 

Three quadratic models were created from the response surface design, which was carried 

out in the TubeSpin bioreactor 600. In order to improve the models the factors, which had 

no significant influence on the response, were deleted stepwise (first: factor with the 

smallest influence). All three models are statistically significant at a significance level of 0.05 

(A: p = 0.013, B: p = 0.000, C: p = 0.032). Additionally, the lack of fit test was not significant in 

all three cases (A: p = 0.217, B: p = 0.090, C: p = 0.459), which shows that there is no 

significant lack of fit of the three models to the experimental data. 

The results in Fig. 29 demonstrate that the cell number and the volumetric DHA content was 

the highest with the highest shaking speed and the lowest filling volume applied. The filling 

volume had a minor influence on the cell number at a high shaking speed, but the sensitivity 

to the DHA content is obvious. This is probably due to a higher oxygen transfer caused by the 

lower filling volume, which still influences the production phase. For the specific DHA 

content two optima occurred. One at a high shaking speed and a low filling volume and 

another at a low shaking speed and high filling volume (Fig. 29 C). Maybe “older” cells, which 

are already in the stationary phase and exhibit a higher DHA content, were not destroyed 

with these setting, since the shear forces have been lower. 

The experiments with 180 and 230 rpm have been repeated and completed with 

measurements at 315 rpm, in order to compare the physiology of the cells using the flow 
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cytometry. In these experiments a higher amount of glucose was added to the culture during 

growth. 

 

Fig. 30: Influence of shaking speed in TubeSpin Bioreactors 600. A. Cell number (A.1), volumetric (A.2) and 

specific (A.3) DHA content. B, C: flow cytometric measurement of the cell size (FSC), cell granularity (SSC) (B.1: 

180 rpm, B.2: 230 rpm, B.3: 315 rpm) and Nile red staining intensity (C.1: 180 rpm, C.2: 230 rpm, C.3: 315 rpm); 

data from the TubeSpin Bioreactor and SB200-X after reaching the stationary phase, flow cytometry 

measurement 24 h before growth terminated. Cultivations were performed with 100 mL filling volume in 600 mL 

TubeSpin Bioreactor (except SB200-X: 100 L medium). Published first in Hillig et al. (2013), Copyright Wiley-VCH 

Verlag GmbH & Co. KGaA. Reproduced with permission. 

 

The comparison among 180, 230 and 315 rpm reveals that the cell number was relatively 

unaffected by the shaking speed, whereas the DHA content increased up to a shaking speed 

of 230 rpm (Fig. 30 A). The comparison of the cell physiology with the flow cytometry 

demonstrates a higher granularity of the cells, when the shaking speed was set to 230 rpm. 

The Nile red intensity was also the highest for 230 rpm, which correlates with the higher 

specific DHA content (Fig. 30 B and C). Fig. 30 A indicates that the DHA content and the cell 

number in the TubeSpin bioreactor 600 are comparable to the amounts reached in the SUB 

SB200-X from Kühner shaker, which underlines the scalability of this system. The complete 

cultivation in the SB200-X is presented in chapter 4.3.3. 
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The best results were obtained with 230 rpm and 100 mL medium. Therefore, these 

parameters were chosen for experiments, comparing a traditional Erlenmeyer flask design 

with the TubeSpin design. 

4.2.2.4 Comparison between the Standard Erlenmeyer flask and the TubeSpin Bioreactor 

Experiments were carried out in parallel in the TubeSpins and a standard 500 mL Erlenmeyer 

flask with 100 mL filling volume. 

Fig. 31: Comparison between 

Erlenmeyer flask and TubeSpin 

bioreactor 600. A.1: Growth curves for 

Erlenmeyer flask (triangle symbol) and 

TubeSpin Bioreactor 600 (circle symbol). 

A.2: specific DHA content (black: 

TubeSpin, gray: Erlenmeyer flask). B, C: 

flow cytometric measurement of the cell 

size (FSC), cell granularity (SSC) (B.1: 

TubeSpin Bioreactor 600, B.2: 

Erlenmeyer flask), intensity of the red 

fluorescence signal of the Nile red 

stained cells (C.1: TubeSpin Bioreactor 

600, C.2: Erlenmeyer flask). Samples for 

flow cytometry and DHA measurements 

originate from the stationary phase. 

Published first in Hillig et al. (2013), 

Copyright Wiley-VCH Verlag GmbH & Co. 

KGaA. Reproduced with permission. 

 

 

Fig. 31 shows the superiority of the TubeSpin bioreactor 600 to the Erlenmeyer flask. The cell 

number in the Erlenmeyer flask reached only 60 % of the cell number in the TubeSpin 

Bioreactor 600; the specific amount of DHA was 40 % (Fig. 31 A). The growth of the cells was 

exponential in the TubeSpin bioreactor until the nitrogen was depleted after 150 h to induce 

the production phase. The growth in the Erlenmeyer flask was linear until this time point. 

The flow cytometry measurements revealed that the diversity in cell size and granularity was 

higher in the Erlenmeyer flask (Fig. 31 B), which might hint to stress during the cultivation, 

probably caused by oxygen limitations. The granularity and also the Nile red intensity were 

higher in the TubeSpin Bioreactor 600 than in the Erlenmeyer flask (Fig. 31 B and C). 

Surprisingly, the PI staining showed no negative influence of the flask geometry as well as 

the oxygen limitation on the cell membrane integrity in all experiments. The amount of 

stained cells was lower than 2 % in all flasks.  
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4.3 Comparison of different types of single-use bioreactors (SUBs) 

The choice of the appropriate bioreactor for the large scale production of DHA with C. cohnii 

is crucial for the process development. The final product will be used as a food additive and 

as supplement for fish feed in aqua culture. Therefore, the production costs should be low in 

order to compete with fish oil, which is the traditional source of DHA. The main challenges, 

which have to be faced in the process development, are the high oxygen demand during 

growth and fatty acid synthesis, the cells’ sensitivity to shear forces and short time oxygen 

limitations and additionally the high chloride concentration of the marine medium, which 

hampers the application of conventional stainless steel bioreactors. In order to overcome 

these limitations the application of different polymer based bioreactors as an alternative to 

conventional stainless steel bioreactors has been tested.  

In this chapter, three different kinds of SUBs are compared: The CELL-tainer from CELLution 

Biotech, which provides a wave-like shaken system, the PadReactor from ATMI, which 

exhibits a direct aeration and a paddle doing the mixing and finally the SB200-X from Kühner 

shaker, which is orbitally shaken. The experiments in all three systems were carried out 

simultaneously due to the crucial need for equal starting conditions, especially regarding the 

state of knowledge and the medium- and process development. Since the medium 

development was not completed at this time point, several nutrition depletions occurred 

during the process in all three bioreactors.  

4.3.1 Cultivation in the CELL-tainer 

The CELL-tainer was designed to enable microbial cultivations in single-use technology. The 

two-dimensional movement of the CELL-tainer provides efficient mixing and results in high 

oxygen transfer rates. These high gas transfer rates are possible due to the rocking motion 

platform, which is moving horizontally and vertically. KLa values in these system reach up to 

300 h-1 (Oosterhuis et al. 2011).  

The DO was controlled during the cultivation via shaking speed and the capability to inject 

pure oxygen over a valve instead of air, when the DO fell under a certain level. The 

temperature and pH was controlled by the system. The batch medium for the cultivation in 

the CELL-tainer contained 25 g L-1 glucose, 10 g L-1 yeast extract and the salts described in 

chapter 4.4.2, starting volume was 8 L. The glucose feed was adjusted manually depending 

on the glucose consumption. Ammonia sulfate was added as an additional nitrogen source 

(Fig. 32 D (indicated by stars)). The initial rocking motion speed was 15 rpm and has been 

kept below 27 in the course of the cultivation to avoid cell damage due to shear stress. Inlet 

gas was manually regulated over a gas mixing station; additional oxygen was added 

automatically, when the DO felt under 20 % and increasing of the shaking speed was not 

sufficient enough to maintain the set point.  
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Fig. 32: Results of a fed-batch 

cultivation in the CELL-tainer. 

Medium: 25 g L
-1

glucose, 10 g L
-1

 

yeast extract, SOW, 1-6 correspond 

to pulse addition of nutrients: 1: 

0.2 mg L
-1

 thiamine + 0.006 mg L
-1

 

biotin, 2: 0.75 g L
-1

 Na2HPO4, 3: 

1 g L
-1

 yeast extract, 4: 1 mg L
-1

 

FeSO4, 5 and 6: 5 g L
-1

 yeast 

extract. YX/S, rS and qS is calculated 

with the fitted DCW and glucose 

consumption values, µ was 

calculated with the fitted values for 

the total cell number. 

 

After a short lag phase of about 24 h, the cells started to grow. The growth rate increased 

until 60 h to the maximum of 0.07 h-1. Simultaneously, the specific glucose consumption rate 

and the biomass yield coefficient increased. Addition of ammonium sulfate after 143 h, 

167 h and 217 h resulted in a rapid decrease of the DO and with the supplementation of the 

vitamins biotin and thiamine (1) also a small decrease was visible, which indicated a 

limitation of nitrogen and cofactors (Fig. 32 A and H). The decrease in DO after the addition 

of ammonia is hardly visible, because the concentration of oxygen in the inlet gas was 

increased).  
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The growth curve reached a first plateau after 240 h with a DCW of 31 g L-1, accompanied 

with an increased DO signal. After the addition of Na2HPO4 (2), the DO and the O2 

concentration in the off gas decreased again and the cell densities, the specific growth rate 

and the glucose consumption rate increased. A further lack of nutrition, indicated by a 

decreasing DO, was compensated by the addition of 1 g L-1 yeast extract (3). Yeast extract 

was used, because it contains nearly all nutrition components, which are necessary for the 

growth of C. cohnii (besides inorganic salts and glucose). The DO and growth rate increased 

again and the rS decreased, demonstrating that C. cohnii prefers yeast extract as a carbon 

source instead of glucose (Fig. 32 A and C). The input of iron sulfate (4) showed no clear drop 

of the DO. The addition of 5 g L-1 yeast extract (5) augmented the growth rate and lowered 

the DO; whereas, a second addition of the same amount (6) had not the same effect on 

these parameters.The specific DHA concentration was constant during the cultivation. After 

600 h, a failure in the settings of the shaking speed occurred, which caused a DO value of 1 -

2 % within the next 18 h. Interestingly, the DHA concentration and the DHA production rate 

increased after this failure (Fig. 32 B and D). Simultaneously, the glucose consumption 

increased, because glucose was used for the DHA production. A temperature shift in the last 

60 h from 25 °C to 15 °C might further increase the specific DHA content (see Fig. 32 B).  

An increasing offset between online and offline measurement of the pH was recognized in 

course of the experiments and compensated with a changing set point for the pH control 

(Fig. 32 E). The oxygen input was sufficient to maintain DO values in the bioreactor over 20 % 

due to the enrichment of the inlet gas with oxygen. The high DO values of 127.5 % were 

caused by the oxygen enriched inlet gas. In order to avoid these high DO values the mixing 

station and the shaking speed was adjusted regularly (Fig. 32 F and H). 

4.3.2 Cultivation in the Integrity PadReactor 

The PadReactor from ATMI is already available at the m³-scale. A paddle with a gas sparger 

(20 µm holes) in the end for direct aeration is integrated in the disposable bag. The motion 

of the paddle is navigated over the drive unit with a mixing stick. The mixing stick is inserted 

in the paddle with a non-invasive connection. The system is equipped with long-term 

running standard electrodes, which are also applied at common stainless steel STRs. The pH 

was controlled automatically; the aeration rate and pad speed were adjusted manually. The 

process was started with 15 L medium containing 25 g L-1 glucose, 10 g L-1 yeast extract and 

the salt composition SOW. The feed was adjusted manually depending on the glucose 

consumption. 
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Fig. 33: Fed-batch cultivation in the paddle reactor of ATMI. 15 L medium: 25 g L
-1

 glucose, 10 g L
-1

 yeast 

extract, SOW, addition of 10 g L
-1

 yeast extract after 144 h. 

 

Fig. 33 shows the results of the cultivation in the PadReactor. In the first few days, there was 

nearly no growth noticeable and the locomotion of the cells, which is an important sign of 

viability, was low. Since the heat sterilization process of the yeast extract had to be 

performed twice due to an aborted sterilization process, some components of the yeast 

extract might have been harmed by a prolonged exposure to high temperatures. Therefore, 

10 g L-1 yeast extract was added after 144 h and the cells recovered and started to grow 

rapidly. This increased growth was coupled with a decrease of the DO under a critical level 

for cell growth. Therefore, the inlet gas was changed from 4 L min-1 air to 1 L min-1 pure 

oxygen, which increased the average DO (Fig. 33 E). The cell density increased until 480 h. 

The DCW reached 23 g L-1, the cell number 4.5 Mio cells mL-1. After that, cell growth 

retarded as emphasized by the cell number. Under the microscope, an increased number of 

immovable and destroyed cells were observed, which is rather unusual in the growing phase. 

The continuous increase of the optical density together with a constant cell number gave a 

hint that the cells had been growing, but that they were destroyed by direct sparging. 

However, without sparging the oxygen supply would not be sufficient, which would cause 

cell lysis as well.  

The decrease of the DO after 730 h was compensated by the addition of 5 g L-1 yeast extract. 

Variations in pH-values in the end of the cultivation were caused by the addition of 0.1 % 

propionic acid, which was added to increase the final DHA productivity. The temperature 
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was shifted to 15 °C after 900 h. Because of the higher oxygen solubility at lower 

temperature, DO increased again.  

The oxygen sensor in the pad reactor is placed in the lower part in the front of the 

bioreactor. The distance between the sparger on the end of the pad and the DO probe is 

changing regularly because of the motion of the pad. These fluctuating distances are 

responsible for the varying values for the DO measurement, when pure oxygen is used as 

inlet gas. 

4.3.3 Cultivation in the SB200-X 

The SB200-X was developed for human, mammalian and plant cells in a cooperation of 

ExcellGene SA (Monthey, Switzerland) and the Swiss Federal Institutes of Technology EPFL 

(Lausanne, Switzerland). The reactor consists of a cylindrical vessel with a working volume 

up to 200 L placed on an orbital shaker, with aeration from the top. This SUB is available for 

large scale operations up to 2500 L. This was one of the main reasons, why this system was 

chosen for trials with C. cohnii. The pH and DO was measured with optical sensors. The 

reactor lacked any pH or DO control. The batch medium for the cultivation was the same as 

in the trials with the PadReactor and the CELL-tainer. The starting volume was 100 L and 

glucose feed was adjusted manually depending on the glucose consumption. Ammonia 

sulfate was added as an additional nitrogen source (Fig. 34 D, indicated by stars).  

After a short lag phase the cells starts to grow and reached a first plateau of the DCW and 

the cell number after 160 h. The DO decreased as the glucose consumption rate and the 

biomass yield increased until this point. A nitrogen limitation was assumed to be responsible 

for the growth delay. Therefore, 750 mg L-1 ammonia sulfate (correspond to 193 mg L-1 

ammonia) was added after 122 and 170 h. The second ammonia addition caused a rapid 

increase of the DO values, which hint to a toxic effect of the concentration on the cells. 

Ammonia consumption stopped and subsequently the concentration reached 280 mg L-1. 

The addition of biotin and thiamine after 219 h (1) had no positive effect on growth. 

Therefore, it was decided to add a new preculture to the running cultivation (2). The DO fell 

again and glucose uptake increased. 2 g L-1 yeast extract (3) and 0.2 mg L-1 thiamine, 

0.006 mg L-1 biotin and 0.75 g L-1 Na2HPO4 (4) was added to avoid any further limitation of 

nutrition components. Yeast extract was added to a final concentration of 5 g L-1 (5) and 

4 g L-1 (6), respectively when the DO increased again. DCW and cell number increased until 

1078 h, where the DCW reached the maximal amount of 43 g L-1. Growth rate was 

fluctuating in this phase and remained low. After 1125 h 1 % v/v propionic acid was added to 

boost the DHA production (7), but unfortunately, because of the unreliable pH 

measurement, the pH was decreasing to 4.25, which was not shown on the screen and only 

recognized with the offline measurement. By this, cell lysis occurred resulting in an increased 

DO value and a decreased cell density.  
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Fig. 34: Results of a fed-

batch cultivation in the 

SB200-X. Medium: 25 g L
-
1 

glucose, 10 g L
-1

 yeast 

extract, SOW, 1-7 

correspond to pulse addition 

of nutrients: 1: 0.2 mg L
-1

 

thiamine + 0.006 mg L
-1

 

biotin, 2: new preculture 

(0.3 % v/v), 3: 2 g L
-1

 yeast 

extract, 4: 0.2 mg L
-1

 

thiamine + 0.006 mg L
-1

 

biotin + 0.75 g L
-1

 Na2HPO4, 

5: 5 g L
-1

 yeast extract, 6: 

4 g L
-1

 yeast extract, 7: 1 % 

v/v propionic acid. YX/S 

(fitted) is calculated with 

the fitted DCW and glucose 

consumption values 

 

The DO was depleted throughout a long phase of the cultivation, but nevertheless, the DCW 

increased. The oxygen content of the inlet gas was increased to 42 % after 840 h to further 

enhance the oxygen input. After the addition of propionic acid, this was changed back first to 

25 % oxygen and then to pure air (Fig. 34 F and G).  

The pH measurement showed a clear difference between online and offline measurements. 

Control with HCl and NaOH were only possible after the measurement of the pH-value 

offline. 
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4.3.4 Comparison of the STR cultivation with the CELL-tainer 

In the course of the project the CELL-tainer was scaled up and a prototype with a working 

volume of 150 L already exist (Junne et al. 2013). Since this SUB was the most promising one, 

among the tested bioreactors, a final comparison was carried out between a conventional 

STR made of glass and the CELL-tainer. In this comparison the optimized medium, which will 

be discussed in chapter 4.4, is applied. In order to evaluate the influence on the cell 

morphology, the flow cytometry was applied throughout the process. In order to obtain 

identical conditions in both devices special expansion blocks were applied to use the CELL-

tainer with 1 L working volume, the same as in the STR. 

4.3.4.1 Fed-batch cultivation in STR with glucose as sole carbon source 

In Fig. 35 the results of this process with glucose as a sole carbon source is shown for the 

DCW, cell number, DHA content and process parameter are presented. 

Fig. 35: Fed-batch cultivation 

in STR with 1 L working 

volume and glucose as sole 

carbon source. Medium: 

25 g L
-1

 glucose, 10 g L
-1

 yeast 

extract, SOW, 0.75 g L
1
 

Na2HPO4, 0.2 mg L
-1 

thiamine 

hydrochloride, 0.006 mg L
-1 

biotin, feed: 500 g L
-1

 glucose + 

13 g L
-1

 ammonium sulfate. C: 

µ, rP and qP calculated from 

the fitted curves shown in A 

and B. 

 

The cell density increased until 100 h to a maximal DCW of 49 g L-1. This was the moment of 

the highest oxygen consumption as well. The DHA content increased further in the 

stationary phase until the end of the cultivation to a maximum value of 1.8 g L-1, which 
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corresponded to 3.9 % of the DCW (Fig. 35 A and B). The production rate increased already 

in the growth phase up to 22.5 mg L-1 h-1 after 75 h. A second local maximum is reached in 

the production phase, (10.8 mg L-1 h-1). The specific production rate decreased over the 

whole cultivation time (Fig. 35 C). The set point of the pH was adjusted during the cultivation 

due to the small pH drift (Fig. 35 D). 

Flow cytometry measurements were performed every day. Fig. 36 provides an overview of 

the results with unstained and BOX stained cells in the course of the cultivation. 

 

 

Fig. 36: Results of the flow 

cytometry measurements 

during the cultivation with 

glucose as main carbon 

source in 1 L STR. 1: Density 

plot of the measurement of 

the unstained cells (a) and 

the BOX stained cells (b). 

Percentages of the 

subcultures are marked in 

the graph. 2: Medians of the 

flow cytometric signals for 

a) unstained cells, b) 

percentage of PI stained 

cells, cells stained with c) 

Box and with d) Nile red. 

 

It is obvious that the SSC, which is related to the cell granularity, decreased during the 

cultivation, whereas the FSC, which represents the cell size, stayed constant. When the 

medians for the cell granularity are compared, it can be seen that the value was lower in the 

beginning, reached its maximum after 50 h and then decreased constantly (Fig. 36 1 (a) and 

2 (a)).  

Cells with a low cell membrane potential appeared after 18 h, and their amount decreased in 

the further course of the cultivation. When the growth rate was decelerated, this second 

population of cells with a low membrane potential disappeared completely. Cells with totally 

collapsed cell membrane potential were visible in the right corner after 89 h. The amount 

increased until the end of the cultivation. They also contribute to the increased median of 

the BOX signal (Fig. 36 1 (b) and 2 (c)). In the second half of the cultivation, the percentage of 
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PI stained cells increased, too, suggesting a higher amount of non-viable cells. However, the 

percentage is small, maybe due to the stirrers, which probably destroy non-viable cells. 

In Fig. 36 2 (d) the cytometric signal for the Nile red fluorescence is shown. The amount of 

neutral lipids, mainly associated with storage lipids, increased slightly in the stationary 

phase, whereas the amount of polar lipids (red fluorescence) remained almost constant. In 

Fig. 36 2 (b), the slight increase in DHA is visible, which correlates with the increase of the 

yellow fluorescence signal. This can be explained by the fact that usually in the stationary 

phase, predominantly the amount of storage lipids increase. 

Foam occurred already after 60 h. The effect was amplified by the higher amount of cell 

debris, which is visible in Fig. 36. Rapeseed oil was added as antifoam reagent, since it was 

recognized in prior experiments in the STR that the usually used PPG 2000 stopped the 

growth of the algae (appendix, Fig. 81). However, rapeseed oil was not sufficient to prevent 

foam formation, which resulted in an overspilling of the bioreactor after approximately 

100 h; overspilling always raises the risk of contamination drastically. In order to circumvent 

these problems in the following cultivation, a third stirrer was installed in the head space of 

the bioreactor to destroy the foam mechanically. Additionally, an empty flask was installed, 

connecting the bioreactor and the off gas filter, in order to minimize the contamination risk. 

However, also in the second cultivation described in chapter 4.6.1, foam formation was a 

problem. The additional stirrer in the headspace together with a regular addition of 

rapeseed oil was not sufficient enough to prevent the foam formation adequately. The 

bioreactor was overspilling already after 60 h to the empty flask connected to the off gas. 

This construction was successful to protect against contamination, but it could not prevent 

the loss of biomass and product. Similar problems were also observed in a STR cultivation at 

the 100 L scale. Even with the larger head space, an additional stirrer and 1 % rape seed oil 

could not prevent overspilling of the bioreactor. 

4.3.4.2 Comparison of the STR cultivation with the CELL-tainer 

The main disadvantage of the cultivations carried out in the STR was the prior discussed 

foam formation. In the CELL-tainer foam formation is avoided, since the system is aerated 

via the headspace and shear forces are lower. Thus, cell lyses rates might be reduced. 

The cultivation shown in Fig. 37 was carried out in the CELL-tainer with 1 L cultivation broth 

under the same conditions as in the STR (shown in Fig. 35).  

The maximum DCW was reached in both cultivations after 165 h and was slightly higher in 

the CELL-tainer (51.7 g L-1) than in the STR (47.8 g L-1). Nevertheless, the volumetric DHA 

content was the same (STR: 1.8 g L-1 (3.9 %); CELL-tainer: 1.8 g L-1 (3.4 %)), as well as the 

maximum production rate (STR: 22.5 mg L-1h-1; CELL-tainer: 22.1 mg L-1h-1) (Fig. 37 B and C). 

Set point of the pH control was adjusted due to an increased offset between the offline and 

online measurement (Fig. 37 D). 
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Fig. 37: Fed-batch 

cultivation with glucose in 

CELL-tainer with 1 L 

cultivation broth. Medium: 

25 g L
-1

 glucose, 10 g L
-1

 yeast 

extract, SOW, 0.75 g L
1
 

Na2HPO4, 0.2 mg L
-1 

thiamine 

hydrochloride, 0.006 mg L
-1 

biotin, feed: 500 g L
-1

 glucose 

+ 13 g L
-1

 ammonium sulfate. 

Lines shown in A and B were 

fitted with MATLAB 

smoothing spline and used for 

the calculation of µ, rP and qP 

shown in C.
- 

 

The YX/S of the growth and the stationary phase were higher in the CELL-tainer cultivation 

than in the STR. In the STR the amount of destroyed cells, which stuck to the bioreactor wall, 

was high. This amount was not considered in the DCW and therefore, it was missing in the 

YX/S, which might explain the lower value. Additionally, the STR spilled over, which also 

decreased the yield. YP/S was only higher in the growth phase in the CELL-tainer, in the 

stationary phase the value is similar. 

 

Fig. 38: Yx/s and YP/S for the 
cultivation in the STR (black bars) 
and in the CELL-tainer (white bars) 
with glucose, calculated for the 
growth (between zero and 88 h) 
and the stationary phase (with 
cross stripes). 
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Fig. 39: Results of the flow 

cytometric measurements during 

the cultivation with glucose as 

main carbon source in 1 L CELL-

tainer. 1: Density plot of the 

measurement of the unstained 

cells (a) and the BOX stained cells 

(b). Percentages of the 

subcultures are marked in the 

graph. 2: Medians of the flow 

cytometric signals for a) 

unstained cells, b) percentage of 

PI stained cells, cells stained with 

c) Box and with d) Nile red.  

The comparison of the flow cytometric measurements shown in Fig. 36 and Fig. 39 reveals a 

comparable pattern of the populations. However, the amount of debris visible in the lower 

part of the upper graphs and the quantity of cells with a totally collapsed cell membrane 

potential (on the right bottom of the BOX stained cells) was higher in the STR cultivations 

than in CELL-tainer trials. This indicates a higher amount of destroyed cells in the STR. The 

median for the signal of the BOX-staining and also the amount of PI-stained cells were lower 

in the end of the cultivation in the CELL-tainer than in the STR. 

In addition to the flow cytometry measurements, the protein content in the supernatant was 

measured with the Bradford assay. The aim was to elucidate, if more cells were destroyed in 

the STR, which should be visible in a higher protein content in the supernatant.  
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Fig. 40: Protein content in the supernatant in 
STR and CELL-tainer cultivation with glucose 
as main carbon source and in the STR 
cultivation with glucose and acetate. 

 

 

However, the protein amount in the CELL-tainer was slightly higher than in the STR. Since 

more debris was visible with the flow cytometry, it can be concluded that the debris was 

centrifuged partly to the cell pellet. Interestingly, the protein content was smaller in the 

stationary phase, when acetate is added. Cells seem to resist higher shear forces when no 

starvation for a carbon substrate occurs during the production phase. 

 

4.4 Optimization of the growth phase 

In the following, the progress of the medium development is described. The main focus lay 

on the improvement of the medium for the growth phase. Therefore, different carbon 

sources were tested, the reef salt was replaced by a specific mixture of inorganic salts and 

the amount of yeast extract, necessary for the cultivation, was successfully reduced. The 

process development was performed in different scales, starting with the DWP, to the shake 

flask scale and the implementation of the process in different bioreactor systems, prior to 

the later methodology plattform development (chapter 4.2). 

4.4.1 Growth with different carbon sources 

The impact of different carbon sources was already discussed in the introduction. To assess, 

which of them are suitable, various carbon sources were tested in small scale. The 

experiments were carried out in DWP and the medium contained 25 g L-1 reef salt, 1 g L-1 

yeast extract and 5 g L-1 of the carbon source. The main aim of the experiments was to 

investigate whether C. cohnii is able to metabolize a certain carbon source or not. The 

highest OD was measured after six days, afterwards the OD decreased, since the carbon 

sources were exhausted (appendix, Fig. 76). The number of cells counted after six days was 

chosen for a comparison between the different carbon sources. 
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Fig. 41: Influence of 

different carbon sources 

on the cell density. DWP 

experiments 

(quadruplicates), 3 mL 

culture volume, 1 % 

inoculum, medium: 5 g L
-1

 

of the carbon source, 

1 g L
-1

 yeast extract, 

25 g L
-1

 reef salt, cell 

numbers were counted 

after six days. 

 

The alga is able to digest glycerin, galactose, glucose, succinic acid, propionic acid and 

sodium acetate. The alga was not able to consume lactose, sweet or acid whey. 

Nevertheless, since glucose and galactose were metabolized, the idea occurred that cheap 

substrates like whey combined with enzymes might be a valuable carbon source. This 

possibility was proven in further experiments in different scales, the results are shown in 

chapter 4.4.1.2. The cell number remained low with sunflower oil, lactic acid, nonadecane, 

oleic acid, formic acid, citric acid and geraniol as the sole carbon source. Glycerin can be a 

cheap substrate for the production of DHA. Nevertheless, impurities as methanol, various 

fatty acid soaps or harmful carcinogens from waste cooking oils cannot be excluded, which 

makes it unusable for food grade products (Pyle et al. 2008; Athalye et al. 2009; Sijtsma et al. 

2010; Armenta & Valentine 2013) and therefore, the use of glycerin has not been further 

investigated. 

4.4.1.1 Cultivation with acetic acid 

C. cohnii can grow with acetic acid as a sole carbon source. The process with a pH-auxostat 

was described by Ratledge et al. (2001) and was further developed by de Swaaf et al. 

(2003c). Until 2010, the process was protected by a patent, which limited the application of 

acetic acid for the production of DHA. Nevertheless, the acetic acid cultivation as described 

by de Swaaf et al. (2003c) has been tested here. In the process, acetic acid was added 

automatically via the pH control. For the calculations of YX/S, YP/S, rS, qS it was assumed that 

the amount of acid consumed within a certain period of time was supplemented in the same 

amount. The added amount was measured with a balance. Acetic acid, which was 

evaporating over the off gas, was not considered in the calculations. 
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Fig. 42: Fed-batch cultivation 

with acetic acid as main 

carbon source: 13 L glass 

bioreactor (Infors), 5 L 

medium: 8 g L
-1

 sodium 

acetate, 10 g L
-1

 yeast extract, 

25 g L
-1

 reef salt. 1, 2 refer to 

the addition of 10 g L
-1

 yeast 

extract. A: µ calculated with 

fitted values for DCW (black 

curve). 

 

The DO was controlled via the stirrer speed. Fig. 42 E shows an initial decrease of the DO, 

followed by an increase of the stirrer speed, when the set point of 30 % of oxygen saturation 

was reached. The stirrer speed decreased after 160 h, which indicates that the cell growth 

was retained, probably due to limitations in some nutritional components. Therefore, yeast 

extract was added, which caused an abrupt rise of the oxygen consumption resulting in an 

increased stirrer speed. In contrast, the increase of the specific DHA content decelerated. 

The second addition of yeast extract has also caused a rise in the stirrer speed, but no 

further increase in DCW or DHA content. The YX/S was about 0.19 after 150 h and felt down 

in the second part of the cultivation to a value of 0.16. In the second part of the cultivation a 

higher percentage of the acetic acid was used for the DHA synthesis, thus lowering the YX/S. 

YP/S increased up to 0.05 in the course of the cultivation. qs was 0.065 g g-1 h-1 after 138 h 

and dropped to a nearly constant value of 0.039 g g-1 h-1. A maximal DCW of 74 g L-1 was 

reached. The total amount of DHA exceeds 23 g L-1, the specific DHA content reached 31 %. 
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The DHA production rate was 200 mg h-1L-1, when the nitrogen source was depleted firstly 

and remained at a mean value of 97 mg L-1 h-1 in the stationary phase. The overall value over 

the whole cultivation time was 66 mg L-1 h-1 (Fig. 42 A – D). 

4.4.1.2 Cultivation with lactose/sweet whey concentrate 

As result of the screening, it was found out that the algae can utilize galactose and glucose 

for growth. The production of DHA based on algae has to compete with traditional sources 

of DHA, which is mainly fish oil. Since the price of fish oil is lower than for pharmaceutical 

products, cost effective raw materials are necessary. Sweet whey is a cheap by-product of 

the dairy industry (Viitanen et al. 2003; Panesar et al. 2007). For the production of each 1 kg 

cheese 9 kg of sweet whey concentrate incurs. The high organic load cause disposable 

problems and waste management requires a large amount of investment costs (Peters 2007; 

Panesar et al. 2007; Koutinas et al. 2009). Since sweet whey contains about 46 to 52 g L-1 

lactose and other essential nutrients for microbial growth, it can serve as a valuable feed 

stock (Panesar et al. 2007). Lactose can be converted with β-galactosidase in its monomers 

galactose and glucose (Peters 2007), which are both metabolized by C. cohnii. The lactose 

content in the sweet whey concentrate used in this study was 193 g L-1.  

The optimal lactase concentration was tested on DWP and 160 U L-1 turned out as the 

optimal concentration to ensure a minimum concentration of glucose and galactose, which 

are necessary for growth (appendix, Fig. 77 A). The assumption, that a higher concentration 

of lactose inhibits the growth of C. cohnii, since it increases the osmotic pressure in the 

medium, was not confirmed in shake flask experiments. Quite the opposite was the case: a 

concentration of 40 g L lactose resulted in lower cell density, which provides a hint that 

lactose was already consumed. At a concentration of 60 g L-1, the cell densities increased, 

whereas a higher increase of the lactose concentration did not further enhance the cell 

densities (appendix, Fig. 77 B). Two reasons might be possible, on the one hand the oxygen 

transfer in the Erlenmeyer flask through a cotton plug could have been too low and the rate 

limiting step, or the lactase became already inactive in this short period of time. 

The concept with lactose as a carbon source and lactase for the release of glucose and 

galactose was applied in a bioreactor experiment. In a 13 L glass bioreactor (Infors, 

Bottmingen, Switzerland), 5 L medium with 20 g L-1 lactose, 10 g L-1 yeast extract and 25 g L-1 

reef salt was inoculated with 10 % preculture (vol./vol.). In Fig. 43, the course of the 

cultivation is shown.  
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Fig. 43: Fed-batch 
cultivation with lactose as 
main carbon source: 5 L 
medium: 20 g L

-1
 lactose, 

10 g L
-1

 yeast extract, 
25 g L

-1
 reef salt, 0.8 mL L

-1
 

beta-glycosidase) in 13 L 
glass bioreactor (Infors), 
Feed: 300 g L

-1
 lactose. A: 

growth curve, µ calculated 
from fitted DCW values, F: 
cCO2 and cO2 
concentration in the off gas, 
1, 2: addition of yeast 
extract (1: 10 g L

-1
, 2: 

2 g L
-1

) 3, 4: addition of 
beta-glycosidase at each 
marked time point (3: 
0.16 mL L

-1
, 4: 0.32 mL L

-1
). 

 
The long lag phase occurred, because glucose and galactose – which was released in the 

beginning – were already consumed and the inactivation of the enzyme hampered the 

release of new substrate (Fig. 43 A and C). After 132 h, 16 mL L-1 (ca. 500 U L-1) lactase were 

added to release glucose and galactose again. Cells started to grow, indicated by the 

decrease of cO2 and an increase of cCO2 in the off gas analysis (Fig. 43 F). When glucose was 

consumed completely, fresh enzyme was added. Since it was obvious from the results in the 

beginning of the cultivation that the enzyme is not stable in the process, the enzyme was 

added regularly to ensure a sufficient amount of the monosaccharides. Fig. 43 F shows that, 

when the enzyme got inactive and the remaining glucose and galactose was consumed in the 

medium, the cO2 concentration increased and the cCO2 concentration decreased. When the 

enzyme was added, this situation changed immediately and a drop in cO2 and an increase in 

cCO2 occurred. After 423 h, the growth rate declined and the maximum DCW of 21 g L-1 was 

obtained. Yeast extract was added to prolong the growth phase, but surprisingly only the cell 

number increased, the DCW stayed constant (Fig. 43 A). This can be caused by an increase in 
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the number of growing cells, which are smaller and have a lower DHA content coupled with 

a decrease of larger cells, which are in the stationary phase and exhibit a higher DHA 

content. This hypothesis was underlined by the decreasing specific and volumetric DHA 

content after the ancillary addition of the nitrogen source. YX/S was 0.37 after 255 h, 

decreased to 0.18 after 472 h and finally to 0.11. YP/S was 0.021 after 183 h, 0.011 after 

472 h and finally 0.005. Compared to the cultivation with acetic acid, Yx/s was higher in the 

growing phase with lactose than with acetate, but YP/S was 50 % lower. The average specific 

substrate uptake was 0.021, which was much lower than with acetate as main carbon source 

(Fig. 43 A-E). 

The cultivation with lactose in the 5 L scale clearly showed that the application of lactose 

coupled with an enzyme is possible, but unfortunately these enzymes are not stable over the 

whole cultivation time, when added directly to the bioreactor. In the following cultivations, 

carried out in a 1 L glass bioreactor, the enzyme was added directly to the feed, after the 

sterilization process, to ensure that all lactose is converted to glucose and galactose. 

Fig. 44 shows two cultivations in a 1 L glass bioreactor. The first one was carried out with 

sweet whey concentrate, the second one with glucose. Since the evaporation loss is 

compensated by the addition of water prior to sampling, the different concentrations of the 

carbon source in the feed had no direct influence on the yields. 

The maximum value of the DCW was 15.4 g L-1 when sweet whey concentrate was applied 

and 13.1 g L when glucose was used. These values have been reached after 166 h, 

respectively 283 h. The lag phase was longer in the cultivation with glucose, which can be 

caused also by differences of the preculture. The maximum growth rate was similar in both 

cultivations, but the period with a growth rate of at least 0.02 h-1 was prolonged when sweet 

whey was applied (109 h vs. 86 h). Therefore, the maximum DCW was reached earlier (Fig. 

44 1A and 2A).  

Nearly no dissolved oxygen was detected, while the maximum DCW was reached in the 

cultivation with sweet whey, indicating that the oxygen transfer to the cells was limited (Fig. 

44 1E). This limitation probably resulted in the visible termination of growth. This indicates 

that 16 g L-1 is the maximum DCW, which can be reached in this small bioreactor. The DO 

could not be recorded in the cultivation with glucose, but the conditions should have been 

similar. 

 The specific amount of DHA was 0.74 g L-1, which corresponds to 5.4 % of DCW with sweet 

whey and 0.55 g L-1 with glucose, corresponding to 4.3 % of DCW (Fig. 44 1B and 2B). The 

biomass yield was higher when glucose was applied (Fig. 44 1C and 2C). The specific uptake 

of the carbon source was comparable in both cultivations, at average values of 0.056 h-1, 

respectively 0.060 h-1. Also the YP/S was similar, 0.0087 and 0.0085, but lower than with 

lactose in the 5 L scale (0.021 to 0.005) and much lower than with acetate as main carbon 

source (0.05) (Fig. 44 1D and 2D).  
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Fig. 44: Fed-batch cultivation in 1 L glass bioreactor (Schott). 1: Medium: 39 mL L
-1

 sweet whey concentrate, 

250 U L
-1

 β-galactosidase (DSM), 10 g L
-1

 yeast extract, 25 g L
-1

 reef salt, Feed: Sweet whey concentrate with 2 g 

β-galactosidase g
-1

concentrate, 2: Medium: 25 g L
-1

 glucose, 10 g L
-1

 yeast extract, SOW, Feed: 500 g L
-1

 glucose, 

Evaporation loss was compensated by the addition of sterile distilled water prior to sampling. 

 

All in all, the attempt with sweet whey was successful, obtaining comparable results as with 

glucose, which serves as the reference carbon source for the cultivations. 

4.4.2 Evaluation of the possibility to replace reef salt 

As starting point for the experiments, a simple medium was used, which contained reef salt 

from an aquarium supplier, a high amount of complex components, and glucose, 

respectively. The first aim of the project was to exchange the reef salt with a defined 

composition of inorganic salts, in order to avoid inconstancies in the medium caused by 

different suppliers or changes in the composition of the salts, which were directly gained 

from the sea. Therefore, the synthetic ocean water (SOW) contained in the Aquil medium 

described by Sunda et al. (2005) was tested. 

Table 8: Composition of the synthetic ocean water (values in g L
-1

) (Morel et al. 1979; Sunda et al. 2005) 

NaCl 
MgCl2·6 H2O 
Na2SO4 
CaCl2·2 H2O 
KCl 

24.54 
11.09 
4.09 
1.54 
0.70 

NaHCO3 
KBr 
SrCl2·6 H2O 
H3BO3 
NaF 

0.200 
0.100 
0.017 
0.003 
0.003 
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Experiments were performed either with reef salt or with inorganic salts shown in Table 8. 

No significant differences occurred between the growth with reef salt or SOW (Fig. 45 A). 

These results support the hypothesis, that the reef salt can be exchanged with a mixture of 

different inorganic salts. In order to examine, which of these salts are necessary for growth 

and to maintain the pH, one salt was omitted in each experiment (shown on Fig. 45 B and C). 

When Na2SO4 or CaCl2 was excluded, the OD of the culture was lower than the control, 

which showed that these two salts are necessary for growth. The exclusion of NaHCO3 

caused the pH-value to drop at the onset of the experiments. Additional experiments were 

carried out in DWP, which showed that MgCl2 and KCl are also essential for the algae (data 

not shown).  

 

Fig. 45: Comparison of growth and pH development between inorganic salt composition (SOW) and reef salt: 

A: with full (closed circle) and half (open circle) concentration of inorganic salts and with reef salt as a control 

(gray circle). B and C: Each experiment without a certain inorganic salt. DWP Experiments (quadruplicates): 

medium: 1 g L
-1

 yeast extract and 5 g L
-1

 glucose. 

The final product should be applicable as a supplement for food, especially for infants. 

Therefore, medium components, which are suspected to be toxic, should be avoided in the 

culture broth. In the SOW, these salts are: KBr, SrCl2, H3BO3, and NaF. In Fig. 45, it is already 

visible that the growth is still comparable with reef salt, if one of these toxic salts was 

omitted. Since the cell densities on the DWP are usually low, the results have been proven in 

Erlenmeyer flasks, in which the obtained optical density was higher than in the DWP 

experiments due to the higher oxygen transfer rates. 
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Fig. 46: A: Influence of inorganic salt composition (SOW) and of toxic salts (KBr, SrCl2, H3BO3, NaF): 100 mL 

Erlenmeyer flask with cotton plug, 25 mL culture volume, 5.5 gL
-1

 yeast extract, 25 gL
-1

 glucose, inoculum 1%. B: 

influence of different NaCl concentration: 125 mL UYF with AirOTop enhanced seals, 25 mL medium: 25 g L
-1

 

glucose, 9.35 g L
-1

 sodium glutamate, 1.1 g L
-1

 yeast extract, 0.75 g L
-1

 Na2HPO4, 0.0033 mg L
-1

 biotin, 0.11 mg L
-

1
 thiamine hydrochloride, 20 g L

-1
additional glucose was added after 49, 96, 144, 191, 240 h, control: 25 g L

-1
 

reef salt, 5.5 g L
-1

 yeast extract, 25 g L
-1

 glucose, 10 % inoculum. Experiments carried out as duplicates. 

 

In Fig. 46 A, the results clearly show that there was no influence on growth of the toxic salts 

and therefore, they can be omitted. Also half of the concentration of the inorganic salts 

(except NaCl) was sufficient enough for growth.  

NaCl in the medium promotes corrosion of stainless steel. In order to find the minimum 

amount of sodium chloride, which is necessary for growth, different concentrations were 

tested. The experiments were conducted in UYF with AirOTop enhanced membranes. The 

OD was higher than in the Erlenmeyer flask, which was also supported by the addition of 

supplemental glucose in the course of the experiments (Fig. 46). The results in Fig. 46 B 

indicate that a concentration of 20 g L-1 seemed to be sufficient for cell growth. The OD was 

comparable to the results with reef salts.  

These findings lead to a salt composition, which was applied in the cultivation medium with   

20 g L-1 NaCl, 5.5 g L-1 MgCl2·6H2O, 2.0 g L-1 Na2SO4, 0.77 g L-1 CaCl2·2H2O, 0.35 g L-1 KCl, 

0.1 g L-1 NaHCO3, which is called just SOW in the following.  

In Fig. 46 B, the amount of yeast extract was reduced in the described experiments by the 

exchange with sodium glutamate and the addition of phosphate and vitamins. The control 

experiment with reef salt was carried out with a 5 fold higher concentration, but the growth 
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was comparable with the experiments with less yeast extract, which showed that it is 

possible to decrease the amount of complex components in the medium.  

4.4.3 Reducing the yeast extract concentration 

After carbon, and apart from hydrogen and oxygen, nitrogen is the greatest part of the 

microalgae dry matter (Perez-Garcia et al. 2011). The second challenge in the medium 

development was the reduction of yeast extract in the medium, in order to be more 

independent from the supplier or the changes caused by different charges of yeast extract, 

to guarantee reproducible results in the production (Bumbak et al. 2011). The influences of 

changes from batch to batch or from supplier to supplier of the yeast extract are not 

foreseeable and can have an unpredictable impact on growth.  

4.4.3.1 Influence of vitamins 

Vitamins belong to the minor components of the yeast extract, but they can have a major 

effect on growth. Therefore, the influences of the vitamins, which are components of the 

applied yeast extract, have been tested, using a DoE approach. A screening design was 

applied to evaluate the influence of the following vitamins: thiamine hydrochloride (B1), 

riboflavin (B2), pyridoxine (B6), niacin (B3), biotin (B7), Ca-D-pantothenate (B5) and folic acid 

(B9).  

Fig. 47: OD-values for the 

screening design with seven 

different vitamins. DWP 

experiments: 3 mL culture 

volume, 1 % inoculum, medium: 

5 g L
-1

 glucose, 1.7 g L
-1

 sodium 

glutamate, 0.2 g L
-1

 yeast 

extract, 0.25 g L
-1

 Na2HPO4, 

SOW, results obtained after 

113 h, + vitamin was added, - 

without vitamin, 0 experiment 

in the center point of the 

screening design (5 repetitions). 

 

Fig. 47 shows the variance between the experiments, which is higher than the variation in 

the center of the design space. This provides a first guess that the vitamins had a significant 

influence on the growth of the algae. The evaluation of the linear model, which can be 

calculated based on the results of this screening design, showed that the model is significant 

to the pre-specified level of significance (p = 0.000 < α = 0.05), the regression value was 0.79 

and no significant lack of fit was recognized (p = 0.666 > α = 0.05). Vitamins, which had not a 

significant influence on the model, have been deleted backwards stepwise. Results of the 

linear model are shown in Fig. 48 A and B.  
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Fig. 48: Coefficient (A) and 

contour plot (B) for the linear 

model fitted with the results of 

the screening design 

(R² = 0.79). Model is significant 

(α < 0.05) and has no 

significant lack of fit (α > 0.05), 

value “1” on the axis in B 

correspond to 0.02 mg L
-1

 

thiamine hydrochloride and  

0.6 µg L
-1

 biotin, respectively.  

 

Only three of the seven tested vitamins had a significant influence on the growth. The 

significant factors were thiamine hydrochloride (B1), pyridoxine (B6) and biotin (B7). While 

thiamine and biotin had a positive influence, the influence of pyridoxine was negative (Fig. 

48 A). This significant influence of these two vitamins was also proven in bioreactor 

experiments in the CELL-tainer (chapter 4.4.4), where the addition of biotin or thiamine 

caused a significant drop in the DO-measurements and a significant increase of the cell 

number.  

4.4.3.2 Influence of phosphate and ammonium 

A source for phosphate and nitrogen is essential for the growth of the algae. When the 

amount of yeast extract is reduced in the medium, other inorganic sources should be added. 

For this purpose the influence of Na2HPO4 and (NH4)2SO4 was tested with a DoE. In this case, 

a response surface design was applied to find the optimum concentration for the growth on 

the DWP. 

The influence of both salts on cell number and the pH-value is shown in Fig. 49. Both models 

are significant (A: p = 0.000 < α = 0.05, B : p = 0.000). The model for the cell number also 

exhibits an insignificant lack of fit (p = 0.805 > α = 0.05), whereas the lack of fit of the model 

for the pH-values is significant (p = 0.000 < α = 0.05). This significant lack of fit is probably 

caused by the high reproducibility of the pH measurement, whereby small differences of the 

predicted to the observed values cannot be explained by the standard deviation of these 

measurements. Nevertheless, the regression coefficient is 0.95, which is sufficient enough to 

provide confidence of the model.  
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Fig. 49: Contour plots for the quadratic model for the influence of Na2HPO4 and (NH4)2SO4 on the cell 

number (A, R² = 0.74) an on the pH-value (B, R² = 0.95). DWP experiments, 3 mL culture volume, 1 % inoculum, 

medium: 5 g L
-1

 glucose, 1 g L
-1

 yeast extract, SOW, cell number and pH-value was determined after 6 days of 

cultivation. 

 

With an increasing amount of Na2HPO4 the cell number increased. However, the 

concentration of Na2HPO4 is limited to 0.75 g L-1, because of the high amount of calcium- and 

magnesia-ions in the marine medium, which precipitate with phosphate. To avoid phosphate 

limitation throughout the bioreactor cultivations, phosphate can be added to the feed.  

 

Table 9: Results of the optimizer for the quadratic model for the influence of (NH4)2SO4 and Na2HPO4 on the 
cell number 

(NH4)2SO4 [g L-1] Na2HPO4 [g L-1] 106Cells mL-1 log(D) DPMO 

0.1 0.225 1.618 -1.0104 1504 
0.15 0.225 1.657 -1.4501 319 
0.1 0.25 1.641 -1.2399 1465 

0.15 0.25 1.688 -2.0683 298 
0.125 0.25 1.680 -1.8725 350 

 

Table 9 shows the results of the optimizer, which was applied by the MODDE software. The 

highest cell number coupled with the lowest log (D)-value and the highest robustness (low 

DPMO) will be obtained with 0.15 g L-1 (NH4)2SO4 (correspond 0.04 g L-1 ammonia). The 

result provides a hint that the addition of ammonia should be in a dense range. If the 

ammonia concentration is too high, the growth of the algae will be suppressed. This 

hypothesis was underlined with experiments with different ammonia concentrations, in 

which a concentration of 2 g L-1 of ammonium sulfate (corresponding to 0.5 g L-1 ammonia) 

in addition to the yeast extract suppressed the growth of the algae (appendix, Fig. 78). In 

bioreactor experiments, a high ammonia concentration was avoided by adding ammonia to 

the glucose feed. This strategy was successful for the growth in a couple of cultivations in the 

CELL-tainer (chapter 4.5.1 and chapter 4.3.4.2). Additionally, for an effective feed strategy, it 
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should be kept in mind that the nitrogen concentration should be limited in the production 

phase. 

When ammonia is consumed throughout the cultivation, sulfuric acid remains and leads to a 

decrease of the pH-value (Fig. 49). This is not a drawback in bioreactor cultivation, because 

the pH-value is kept constant with a pH control, but should be considered in small scale 

experiments without any pH control. 

4.4.3.3 Validation of the yeast extract substitute on a shake flask scale 

The results of the last chapter proved that the reef salt can be replaced by a combination of 

inorganic salts. Additionally, yeast extract was reduced by adding biotin, thiamine, and 

phosphate. In this chapter, these results were proven in larger scale with higher cell 

densities. In order to supply a nitrogen source, sodium glutamate was added to the samples. 

Experiments were carried out in 125 mL UYF with 25 mL culture volume. 

Fig. 50: Reduction of the yeast extract with 

glutamate, vitamins and phosphate. Experiment 

in 125 mL UYF sealed with Airporus membrans 

with 25 mL medium (duplicates): 25 g L
-1

 glucose, 

SOW and in dependence of the experiments: YE: 

yeast extract or add: 9.35 g L
-1

 sodium 

glutamate, 0.75 g L
-1

 Na2HPO4, 0.0033 mg L
-1

 

biotin, 0.11 mg L
-1

 thiamine hydrochloride; 

control: 25 g L
-1

 glucose; 5.5 g L
-1

 yeast extract, 

25 g L
-1

 reef salt. 20 g L
-1

 Glucose was added in 

each flasks after 50 h. 

 

In Fig. 50, the growth of the algae with 5.5 g L-1 is compared to the growth with a one fifth 

lower concentration of yeast extract and the substitution with glutamate, phosphate, 

thiamine, and biotin. The growth was similar with the lower concentration of yeast extract 

and the additives. If only a lower amount of yeast extract was used or additives without 

yeast extract, the final biomass concentration was reduced to 40 %. This underlines that 

yeast extract cannot be replaced entirely when sufficient cell growth is the goal. Maybe 

small amounts of other essential amino acids, vitamins, or trace elements are indispensable, 

but nevertheless, 80 % of the yeast extract can be replaced by glutamate, phosphate, 

thiamine, and biotin. Additionally, Fig. 50 clearly demonstrates that the growth with SOW 

and reef salt is similar. 
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4.4.4 Scale-up of the results 

The results obtained in the small scale have been tested in the CELL-tainer as presented in 

Fig. 51. Additionally, the specific intracellular amino acid concentrations were investigated. 

Three amino acids emerge, which were mainly influenced by the addition of the 

components. The cultivation was started with 2 L of medium, but due to several problems 

with the driving unit of the CELL-tainer, the amount of medium was increased to 7 L and the 

reactor was inoculated again after 218 h (1) and after 260 h (2). The DCW increased up to 

24 g L-1 (appendix, Fig. 79).  

Fig. 51: Fed-batch cultivation in 

the CELL-tainer (7 L). A: specific 

intracellular amino acid 

concentration, medium: 25 g L
-1

 

glucose, 10 g L
-1

 yeast extract, 

SOW, feed: 500 g L
-1

 glucose. 3-7 

correspond to pulse addition of 

nutrients: 3: 0.4 g L
-1

 yeast 

extract, 4: 0.006 mg L
-1

 biotin, 5: 

0.2 mg L
-1

 thiamine, 6: 0.54 g L
-1

 

ammonium sulfate (correspond 

to 0.07 g L
_1

ammonia), 7: 

0.82 g L
-1

 glutamine. 

 

After 700 h, a lack of growth appeared, which could be solved by adding yeast extract (3). 

Subsequently the shaking speed decreased indicating that again something was missing in 

the medium. In order to test different presumably missing components, firstly biotin was 

added to the medium (4), which caused an increase of the shaker speed. The second test 

was the addition of thiamine (5), which caused a small, short drop in DO as well, indicating 

that both vitamins are necessary for growth. Ammonium sulfate as an inorganic nitrogen 

source was added (6), causing a strong decrease in DO and the addition of glutamine in the 

end (7) decreased the DO as well (Fig. 51 B and C).  

In Fig. 51 A, the concentration of the intracellular amino acids is shown. Concentrations of 

glutamine and glutamate decreased during the cultivation, which was probably caused by 

nitrogen limitation. After the addition of ammonia sulfate (6), the intracellular concentration 

of both acids increased. Ammonia is assimilated over glutamine synthetase, which is 

activated when ammonia is present in small amounts. Incorporated ammonia in glutamate 

and glutamine can be transferred to various carbon skeletons to form other amino acids 
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(Madigan et al. 2012). Hence, the increased amount of glutamine and glutamate provides a 

hint, that the nitrogen limitation was remedied and that C. cohnii can use ammonia sulfate 

as a nitrogen source. 

In Fig. 52, a deeper insight in the intracellular amino acid concentrations throughout another 

cultivation is given. The amino acid analyses were carried out in a cultivation, which was 

discussed in detail in chapter 4.3.1. 

Fig. 52: Intracellular amino 

acid concentration (mM per g 

DCW) of a fed-batch 

cultivation in the CELL-tainer 

(full data set is shown in 

chapter 4.3.1). Medium: 25 g L
-

1
glucose, 10 g L

-1
 yeast extract, 

SOW, 1-6 correspond to pulse 

addition of nutrients: 1: 

0.2 mg L
-1

 thiamine + 0.006 

mg L
-1

 biotin, 2: 0.75 g L
-1

 

Na2HPO4, 3: 1 g L
-1

 yeast 

extract, 4: 1 mg L
-1

 FeSO4, 5 and 

6: 5 g L
-1

 yeast extract. 

 

The concentration of virtually all amino acids decreased in the growth phase, except for the 

concentration of methionine, which is already low in the beginning. After the addition of a 

small amount of yeast extract (3), no changes in the intracellular amino acid concentration 

among the measured components were visible. Yeast extract might be consumed fast in the 

on-going growth phase and changes were not detectable 48 h later. When yeast extract was 

added in a higher concentration (5 and 6), the intracellular concentration of cysteine, 

glutamine, methionine, leucine, and lysine increased. However, the intracellular glutamate 

concentration stayed low in contrast to the cultivation shown in Fig. 51. This indicates that 

the indirect way via glutamate for the incorporation of ammonia was not necessary, because 

the amino acids were added directly. The low level of cysteine and methionine could arise 

from sulfur limitations. However, the sulfate content in the medium should be high due to 

the addition of sodium sulfate to the cultivation medium (2.0 g L-1 sodium sulfate, 
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correspond to 0.46 g L-1 sulfur) and additional ammonia sulfate (correspond to 1.36 g L-1 

sulfur) in the course of the cultivation. 

4.4.4.1 Consumption of amino acids 

In order to achieve an overview about the amino acids, which are consumed by C. cohnii, the 

amino acid concentration in the medium, containing casamino acids instead of yeast extract, 

and in the supernatant after 100 h cultivation time, was analyzed. Casamino acids are 

synthesized by the acid hydrolysis of casein and consist of a mixture of all essential amino 

acids, except tryptophan and small peptides. The results are presented in Fig. 53.  

Fig. 53: Consumption of amino 

acids in the growth phase. 

125 mL UYF with 25 mL medium: 

25 g L
-1

 glucose, SOW and 

5.5 g L
.-1

 yeast extract or 

casamino acids. Addition of 

25 g L
-1

 glucose after 48 h, 72 h, 

97 h (2x), and 167 h. C: 

volumetric amino acids 

concentration was determined in 

the experiment with casamino 

acids in the medium and in the 

supernatant after 100 h of 

cultivation. 
 

Fig. 53 A shows the differences in the cell density when the yeast extract in the medium was 

changed to casamino acids. This demonstrates again that not only the amino acids are 

necessary, but also other components of the yeast extract, for example vitamins or 

phosphate. Fig. 53 C indicates that mostly glutamate and lysine were consumed, followed by 

serine, homoserine, alanine, valine, isoleucine and leucine.  

4.4.5 Process development in CELL-tainer bioreactor 

The CELL-tainer was used as the standard bioreactor for the process development. The 

reasons are discussed in chapter 5.1.1. The system is well engineered, since it offers an 

automatic DO and pH control. The DO is controlled via the shaking speed as a first cascade 

and via injection of pure oxygen as a second cascade. The pH is controlled with HCl and 

NaOH. Shaker speed, DO, pH and temperature are recorded by the system.  

4.4.5.1 Example of one standard cultivation in the CELL-tainer 

In Fig. 54, one cultivation in the CELL-tainer is shown as an example for the growth in the 

CELL-tainer when applying the improved medium. The cultivation was started with 8 L 

medium. The feed contained 500 g L-1 glucose and 12 g L-1 ammonia sulfate. The feed was 

adjusted regularly in dependence of the glucose consumption. The cultivation was 

inoculated with 182 000 cells mL-1. Oxygen content of the inlet gas was additionally blended 

with pure oxygen, using a gas mixing station (Fig. 54 H gives the total amounts calculated 

from the settings of the gas mixing station and the automatic valve). In Fig. 54 A and B, the 
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total amount of DCW, cell number and DHA content are shown, since the volume of the 

reactor increased by 59 % over the whole process. This was due to the fact, that sodium 

propionate was added as an additive to enhance the DHA production. When propionic acid 

of this salt was consumed, NaOH remained, which increased the pH-value. In order to 

compensate this pH increase, HCl was added to the reactor automatically, increasing the 

whole reactor volume. 

Fig. 54: Fed-batch cultivation in the 

CELL-tainer (8 L). Medium: 25 g L
-1

 

glucose, 10 g L
-1

 yeast extract, 

0.75 g L
-1

 Na2HPO4, SOW, 0.2 mg L
-1

 

thiamine, 0.006 mg L
-1

 biotin, feed: 

500 g L
-1

 glucose + 12 g L
-1

 ammonia 

sulfate. 1-4 correspond to pulse 

addition of nutrients: 1: 2 g L
-1

 yeast 

extract, 2, 3: 7 g L
-1

 and 4: 10 g L
-1

 

sodium propionate. 

 

The cell number and DCW increased immediately after the start of the cultivation, no 

significant lag phase was recognized. Also the DO decreased after the start (Fig. 54 A and I). 

The cells firstly consumed the yeast extract. When the carbon sources in the yeast extract 



Results: Optimization of the production phase 

103 

were exhausted, the cells consumed glucose and rS increased, whereas the qS remained 

constant on a relatively high level (Fig. 54 C). YX/S also increased, which shows an efficient 

biomass production in the first 100 h of the cultivation. The maximum glucose consumption 

was determined after 114 h and the maximum ammonia sulfate consumption after 140 h 

(Fig. 54 E). Afterwards the cell growth ceased. Therefore, 2 g L-1 yeast extract was added to 

keep the cells in the growing phase (1). After 234 h, the maximum DCW with 48 g L-1 was 

reached and the cell growth finally ceased. At this point, sodium propionate was added to 

the culture to enhance the DHA production in the stationary phase. Sodium propionate was 

added three times, in total 24 g L-1 (2-4). After the addition of sodium propionate, the 

specific and the volumetric amount of DHA increased, showing a positive influence of 

propionate on the DHA synthesis (Fig. 54 B). Nevertheless, the biggest impact on the 

production rate was caused by the temperature shift from 25 °C to 15 °C (Fig. 54 G). After 

this the volumetric amount of DHA increased (Fig. 54 B) and also the specific production rate 

increased again (Fig. 54 D). 

The cultivation shown in Fig. 54 serves as a representative example for the cultivations 

carried out in the CELL-tainer. With the cultivation medium, which contains 25 g L-1 glucose, 

10 g L-1 yeast extract, 0.75 g L-1 Na2HPO4, 0.02 mg L-1 thiamine hydrochloride, 0.0006 mg L-1 

biotin and a feed, which contained 500 g L-1 glucose and 12 g L-1 ammonia sulfate, a 

maximum DCW of 48 g L-1 was reached. 

 

4.5 Optimization of the production phase 

The last chapter described the optimizing of the growth phase. In the course of this 

optimization process, the cultivation time was significant shortened and the final DCW 

enhanced, but the specific amount of DHA decreased. Because of these observations, the 

focus was shifted towards the optimization of the product phase. In order to test different 

conditions, which possibly enhance the DHA production, different strategies in different 

scales have been applied, which are presented in the following chapter. The prevention of 

oxygen limitation is of particular importance for the optimization of the product phase. 

Therefore, a methodology platform, which was established in this thesis and was described 

in chapter 4.2, was applied. 

4.5.1 Application of different strategies in the CELL-tainer 

The growth performance was the best in the CELL-tainer compared to the other tested 

systems (chapter 5.2). Therefore, this SUB was used for the optimization experiments.  

4.5.1.1 Comparison of different cultivations in CELL-tainer bioreactor 

In the following an overview is given about several cultivations carried out in the CELL-tainer 

with the conditions described above. The growth phase will be discussed shortly, but the 

main focus will be put on the production phase. In chapter 4.4.5.1, a typical cultivation in the 

CELL-tainer was described. This cultivation is labeled as B in the following part. The described 

medium was used also in cultivations C-F. Cultivation A was performed before the already 



Results: Optimization of the production phase 

104 

described cultivation B, therefore biotin, thiamine (after 120 h), and phosphate (after 146 h) 

was given at a later time point of the cultivation, causing a longer growth phase. The 

cultivation B and D were started with a new bag containing 8 L of the medium. The other 

four cultivations were carried out as a repeated fed-batch, which means that about 1 L of 

the last cultivation remained in the bag, which was refilled with 8 L fresh medium and the 

cultivation was started again. In all cultivations (except F) 300 mL of preculture were added.  

Ammonia sulfate was provided partly via the glucose feed. The concentration was increased 

in order to enhance the maximum DCW, but unfortunately this was not successful. 

Additional ammonia sulfate was added in the growth phase to avoid ammonia limitation. 

Yeast extract was added to push the growth, when the growth rate decreased. The 

differences in nitrogen addition together with the maximum reached DCWs are shown in 

Table 10.  

Table 10: Comparison of different cultivations in CELL-tainer bioreactor 

 A B C D E F 

Cultivation regime Repeated 
fed-batch 

Fed-
batch 

Repeated 
fed-batch 

Fed-
batch 

Repeated 
fed-batch 

Repeated 
fed-batch 

(NH4)2SO4 in feed [g L
-1

] 10 12 12 13 13 13 
Additional (NH4)2SO4 [g L

-1
] 5.5 0.9 0 1.0 0.73 0.35 

(NH4)2SO4 addition in total 
[g L

-1
] 

12.1 6.7 1.6 5.0 4.3 4.0 
 

Additional yeast extract  
[g L

-1
] 

5.4 (261 h) 
4.2 (477 h) 

2 (168 h) 8.2  
(149-217 h) 

0 0 4 (168 h) 

Nitrogen in total [g L
-1

]* 3.76 2.15 1.45 1.67 1.52 1.70 
Maximum DCW [g L

-1
] 47.4±0.2 45.9±0.4 22.1±0.6 47.8±1.1 45.8±0.6 35.2±2.2 

*Total nitrogen was calculated from the yeast extract contained in the cultivation medium and the added yeast 
extract and ammonium sulfate in course of the cultivation 

 

Cultivation C was carried out as repeated fed-batch. When this cultivation was started, a 

bacterial contamination was visible in the beginning. Therefore, ampicillin was added to the 

culture in order to stop bacterial growth. The comparison with the other cultivations shows 

clearly that this had a negative influence on cell growth. It was not possible to push the 

growth with additional yeast extract. Nevertheless, it was possible to observe the influence 

of sodium propionate on DHA production with this cultivation. The lag phase was shortened 

in E and F with the repeated fed-batch approach. In cultivation F the maximum DCW might 

be lower, because of the missing preculture.  

4.5.1.2 Comparison of the influence of different additives on the DHA production in the 

CELL-tainer 

Fig. 55 provides an overview about the DHA production in these different CELL-tainer 

cultivations. Since the increase in the bioreactor volume was larger when sodium salts were 

applied, the total produced DCW and DHA amount were compared. The nitrogen 

concentration in the culture broth has an influence on the DHA production (de la Jara et al. 

2003; Ratledge 2004; Mendoza et al. 2008). Therefore, the ammonia content in each 

cultivation is shown in Fig. 55 on the lower part of the graphs (added amounts are provided 
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in Table 10) together with the temperature regime, which was applied in addition to the 

supplementation of different additives.  

 

Fig. 55: Influence of different additives on DHA-production in different CELL-tainer cultivations: vertical line 

marks the time point were the particular additive addition started. Additives: A-C and F: see Table 11, D: 150 mL 

sunflower oil (within 24 h), E: 150 mL rapeseed oil (within 24 h), growth conditions described in chapter 4.5.1.1. 

A more detailed overview of the different additions of the additives and the observed DHA 

concentrations is provided in Table 11 for the cultivations with propionate and acetate. 
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Table 11: Overview about the amount and duration of additive addition and observed DHA concentrations 

 A: propionic acid B sodium 
propionate 

C: sodium 
propionate 

F: sodium 
acetate 

Period of addition [h] 603 238 - 288 289 - 459 216 - 362 
Conc. of additive [mM] 124 287 397 717 
Specific conc. of additive  
[µM 10

6
cells

-1
] 

6.7±0.2 5.2±0.1 29.8±0.2 19.0±0.1 

DHA total [g]
1 

31.7 12.3 19.2 24.9 5.9 9.4 10.9 21.3 
Specific DHA concentration  
[% DCW]

1 
4.3±0.1 
2.2±0.1 

3.7±0.2 
4.6±0.1 

2.5±0.1 
4.4±0.1 

2.5±0.2 
4.6±0.5 

Specific DHA conc.  
[mg 10

6
cells

-1
]

1 
0.107±0.003 
0.054±0.001 

0.033±0.001 
0.040±0.001 

0.039±0.001 
0.090±0.003 

0.026±0.001 
0.043±0.002 

rP whole process [mg L
-1

 h
-1

]
2
 5.36

3 
8.30 1.89 6.24 

rP stationary phase [mg L
-1

 h
-1

]
4
 5.84

5 
3.59 1.56 4.77 

qP whole process [mg g
-1

 h
-1

]
 

0.072
3
 0.122 0.088 0.121 

qP stationary phase [mg g
-1

 h
-1

] 0.121
5 

0.074 0.072 0.132 
1
 at the time of the additive addition and in the end of the cultivation, 

2
related to the start volume, 

3
calculation 

at the time point of propionic acid addition, 
4
increase in DHA from the time point of additive addition to the 

end, related to the volume at the start point of the addition, 
5
calculated in the stationary phase before propionic 

acid was added. 

The addition of propionic acid did not result in the desired success (A). Propionic acid was 

added slowly to the reactor to maintain the pH-value at the desired level via the pH control, 

but probably due to local pH gradients, cells had been destroyed. This was visible in the cell 

number and DCW. Also the specific and the volumetric DHA concentration decreased. This is 

because the DHA measurement considers only the DHA, which is incorporated in the cells, 

the supernatant is discarded prior to the analysis. When the cells were destroyed, the DHA, 

which was produced so far in the cells will be not measured anymore and would also 

hamper the downstream process. It should be noted, that the volumetric and specific DHA 

content were exceptionally high, before the addition of propionic acid was started. The 

addition of propionic acid was relatively late in comparison to the other cultivations. The 

prolonged growth phase performed with lower ammonia addition than in the other 

cultivations might increase the DHA production. On the other side the longer cultivation 

time would increase the costs, too. 

In cultivation B and C, only sodium propionate was added (B: 287 mM, C: 397 mM). The 

addition of sodium propionate in B increased the DHA content slightly (30 %). The added 

sodium propionate was already consumed after 329 h. This can be recognized from the HCL 

consumption, which increased drastically after 238 h, when sodium propionate was added 

for the first time and remained constant until 329 h (data not shown). Eventually, the 

temperature was decreased with 1K h-1 to 15 °C. This had a positive influence on the DHA 

production. The specific and volumetric amount increased.  

Specific DHA content increased drastically in C (per DCW: 76 %, per cell number: 131 %), 

probably caused by the larger specific amount of sodium propionate, which was added in 

the stationary phase (B: 5.2 µM 106cells-1, C: 29.9 µM 106cells-1). Furthermore, the glucose 

concentration was 5 g L-1 when the addition of sodium propionate started. 24 h later, all 

glucose was consumed and sodium propionate remained as the sole carbon source. This 
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might support the specific DHA production and caused the large increase 48 h after the first 

sodium propionate addition. The specific DHA concentration probably had been higher, 

when the specific DHA amount would have been as high as it was in cultivation B at the 

beginning of the stationary phase.  

As seen in from Fig. 55 D and E, the addition of sunflower or rapeseed oil did not increase 

the DHA content. However, the ammonia concentration was still high in the stationary phase 

in these cultivations, which might negatively influence the DHA production (de la Jara et al. 

2003; Ratledge 2004; Mendoza et al. 2008). This unwanted high ammonia concentration was 

a result of a spontaneous transition from the growth in the stationary phase, which had not 

been recognized early enough. The feed should be stopped immediately, when the growth 

phase terminates, as long as the carbon feed is coupled with the ammonia feed. In order to 

achieve these conditions, the addition of the additives should start already in the very early 

stationary phase to avoid the accumulation of ammonia, as it happened in cultivation D and 

E. Otherwise, the ammonia concentration was also high in the stationary phase in cultivation 

C, but nevertheless, the DHA content increased. The temperature shift had no influence on 

DHA production in D and E, which can be caused either by the high ammonia concentration 

in the reactor or that the stationary phase already took too long, so that the metabolism was 

not active anymore.  

Cultivation F demonstrated the positive effect of sodium acetate on DHA production. In the 

growth phase, the specific DHA content was nearly constant and increased drastically when 

the addition of sodium acetate starts. 738 mM sodium acetate was added between the 

220 h and 360 h, which correspond to 19.6 µM 106cells-1. Glucose was consumed in parallel 

and depleted after 334 h. The rise in hydrochloric acid consumption lasted until the end of 

the cultivation indicating that acetic acid was metabolized over the whole second part of the 

cultivation. Sodium acetate was added in parallel to the temperature shift to avoid 

limitations of the carbon source. Therefore, the influence of the sodium acetate and the 

temperature shift cannot be evaluated separately. With this strategy, a specific DHA 

concentration was obtained, which was the highest among the five cultivations, coupled 

with the highest increase in the production phase (Fig. 55, Table 11).  

When the different production rates are compared (Table 11), it becomes obvious that the 

overall volumetric production rate was the highest with sodium propionate in cultivation B. 

Nevertheless, the specific DHA production rate was the same in cultivation B and F. Since the 

growth of the algae in the cultivations was different, it is more important to compare the 

specific DHA production rates after the addition of a certain additive. This rate was highest 

for the addition of acetate, when it was added in a high concentration (cultivation F). 

However, the comparison of the influence of various additives in different cultivations was 

difficult. Therefore, it was important to establish a screening system, which allows 

experiments in parallel. The results with these screening systems will be discussed in the 

next chapter. 
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4.5.2 Screening of different additives for enhanced DHA production 

In chapter 4.2.1, the development of a screening system with PFD was described. This tool 

was coupled with a liquid handling system in order to investigate the influence of different 

additives on the DHA production in parallel. The cultivation was carried out seven days and 

the described additives were added to the culture after five days. PFD was oxygenated with 

air. The medium did not contain a buffer and the pH was lowered in all cultures with the 

addition of HCl after the sixth day. Nevertheless, the pH-value in the end of the cultivation 

was unwanted high for some of the cultures. The course of the pH-value is demonstrated 

exemplary in Fig. 22 and the challenges are described in chapter 4.2.1.3.3. In order to 

illustrate the variation in the pH, a model was calculated to show the influence of each 

additive. 

Table 12: Results chosen experiments performed for the DoE  

Experiment Additives DHA [mg 10
6
cells

-1
] pH 

Out of range rapeseed oil, propionic, acetic, oleic acid 0.272 8.3 
Max rapeseed oil, propionic acid 0.180 7.6 
Min propionic, butyric and oleic acid 0.035 8.6 
0 Without 0.079 6.4 

 

In the two models calculated for the influence of the additives on the pH-value and specific 

DHA content, one experiment was eliminated, since the cell numbers were unusually low 

(<106 cells mL-1) Therefore, the specific DHA content was unusual high (0.272 mg 106cells-1) 

(called out of range value in Table 12). 

 

Fig. 56: Contour plots for the pH-value based on the model obtained with the fractionated factorial design 

(R² = 0.82). The model is regarded as significant (p = 0.010 < 0.05). For the calculation of the results with the 

model, the concentration of rapeseed oil and sunflower oil was set to zero. DWP experiment, 3 mL medium: 

1 g L
 1

 yeast extract, 25 g L
 1

 glucose, SOW, acids were added after the fifth day in a mixture with sodium 

hydroxide to maintain the pH-value at 6.0. The model is calculated with the measured pH-values after seven 
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days. The value “1” corresponds to 6.7 mM of acetic, propionic, oleic and butyric acid, 0.5 g L
-1

 rapeseed or 

sunflower oil. 

The influence of the six additives on the specific DHA concentration was analyzed and a 

linear model was created based on the results of the fractionated factorial design. It is 

extended with interaction terms to improve the model fit and the significance. The optimizer 

tool of MODDE, which is using the Nelder-Mead Simplex algorithm, was applied to find the 

optimal settings to maximize the specific DHA concentration (Table 13). 

Table 13: Results of the first run of the optimizer tool 

Sunflower 
oil

1 
rapeseed 

oil
1 

sodium 
propionate

1 
sodium 
acetate

1 
butyric 
acid

1 
oleic 
acid

1 
 Specific 

DHA
2 log(D) DPMO 

 First run 

0.0063 1 0.9942 0.0581 0.004 0.246  0.1706 -0.053 485759 
0.9888 0.0106 0.7664 0 0.0001 0.0018  0.1736 -0.3922 387618 
0.0001 0.9834 1 0.8021 0.0019 0.0001  0.1871 -10 177215 
0.3046 0.9971 0.7203 0.2406 0.0006 0  0.1596 0.6183 

 
0 1 0.9394 1 0.1553 0.5284  0.1768 -0.9831 363611 
1 0.0102 0.5549 0.0094 0 0  0.1748 -0.5636 350691 
1 0.0001 0.0232 0.0187 0.014 0.0118  0.1753 -0.6503 350635 
0 1 1 0.2 0 0  0.1781 -1.4222 301548 

 Second run 

0 0.8834 1 0.9021 0.0019 0.0001  0.1805 -10 278010 
0.1001 0.9834 1 0.9021 0.0019 0.0001  0.1812 -10 259156 

0 1 1 0.7021 0.0019 0.0001  0.1867 -10 174977 
0.1001 1 1 0.9021 0.0019 0.0001  0.1824 -10 239604 
0.0001 0.9834 1 0.8021 0.0019 0.0001  0.1871 -10 177413 

1
Value “1” correspond to 6.7 mM of acetic, propionic, oleic and butyric acid, 0.5 g L

-1
 rapeseed or sunflower oil 

2
specific DHA concentration in [mg 10

6
cells

-1
] 

 

The Nelder-Mead simplex algorithm minimizes the normalized distance towards the target 

(Log(D)), in this case to the maximum, and the defects per million opportunities outside 

specifications (DPMO). If Log(D) is smaller than zero, the results of the run keep within the 

specifications, the optimum would be -10. The DPMO provides information about the 

robustness of the test and the number of hits outside the specification, when the 

concentration of the factors is changed – in this case - by 5 % (which means: 0.17 –

 0.18 mg 106cells-1). 1 000 000 simulations were carried out twice. The first simulation 

started with eight randomized points from the corner and the center of the design space, 

the second run was started from five points from the corner and the center of a fractional 

factorial design around the optimum of the first run (marked in bold in Table 13), in order to 

avoid to be trapped in a local minimum (MKS Umetrics AB 2009). 

The optimum was found with 0.5 g L-1 rapeseed oil, 6.7 mM propionic acid and 5.4 mM 

acetic acid (marked bold in Table 13). Sunflower oil, butyric and oleic acid were not 

significant in the model that is sensitive for DHA synthesis. In order to show the particular 

influences of the factors, contour plots were created on the premise that the addition of 

sunflower oil and butyric acid has no effect and is therefore neglected (Fig. 57). 
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Fig. 57: Contour plots for the specific amount of DHA [mg 10
6
cells

-1
] based on the model obtained with the 

fractionated factorial design (R² = 0.94). The model is regarded as significant (p = 0.013 < 0.05). Results were 

calculated with the model, when the addition of butyric acid and sunflower oil is totally neglected. DWP 

experiment, 3 mL medium: 1 g L
 1

 yeast extract, 25 g L
 1

 glucose, SOW,  acids have been added in a mixture with 

sodium hydroxide to maintain the pH at 6.0. The value “1” corresponds to 6.7 mM of acetic, propionic, oleic 

and butyric acid, 0.5 g L
-1

 rapeseed or sunflower oil. 

 

Fig. 57 shows that the highest specific DHA concentration is obtained with propionic acid, 

acetic acid and rapeseed oil, whereas the influence of oleic acid on the specific DHA content 

was negligible. In order to elucidate the impact of the pH on the DHA production, the two 

values were correlated. 

 

Fig. 58: Correlation between pH-
value and specific DHA content after 
seven days of cultivation. Results of 
the DoE experiments, cultivation 
conditions mentioned in Fig. 57. 
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There is a strong negative correlation between the specific DHA content and the pH-value 

(Pearson’s correlation coefficient: - 0.663, p = 0.00981, experiment without additives was 

eliminated from the correlation analysis). Hence, at experiments with additives, the specific 

DHA content decreases with an increasing pH-value. In order to avoid a negative influence of 

the pH-value on the specific DHA content, a buffer was added to the medium. 

4.5.2.1 Test of different additives in the improved screening system. 

The screening system was extended with a buffer system to avoid large pH changes during 

growth (chapter 4.2.1.3). Since new experiments with the buffer system showed better 

results with PFD oxygenated with pure oxygen, the procedure was changed accordingly. 

Cultivation time was still seven days and the additives were added after the fifth day to a 

concentration of 69 mM. Propionic, acetic, citric, and succinic acid were added to the culture 

as a mixture of the acids and the corresponding sodium salts. The required amounts of the 

acid and the sodium salt to achieve pH 6.0 were calculated with the Henderson-Hasselbalch 

equation. The concentration of the plant oils were calculated with the average concentration 

of the contained fatty acids. Four experiments were carried out for each additive. The results 

obtained with glucose varied in the trials with the different additives. This can be due to 

differences in the preculture, in handling of culture steps or variations in growth behavior of 

the cells. Since these varieties occurred, the specific DHA content of the cells was calculated 

for both sets of additives in relation to the specific DHA content of the control (cells grown 

only with glucose) (Fig. 59 A). In Fig. 59 B and C the results of the flow cytometry 

measurements for the first set of additives are shown. 

 

Fig. 59: Influence of different additives on DHA production and cell physiology. A: specific amount of DHA 

(100 % refers to the concentration reached without additives in each experimental set). B: percentage of cells, 

which were stained with PI, C: cell size (FSC) and cell granularity (SSC) measured with the flow cytometry. DWP 

experiment: 3 mL PFD + 3 mL medium: 1 g L
 1

 yeast extract, 25 g L
 1

 glucose, SOW, 80 mM MES buffer, addition 

of additives (four replicates) after 5 days, results obtained after seven days of cultivation. GLC: glucose, BA: 

butyric acid, RO: rape seed oil, SO: sunflower oil, ETH: ethanol, SP: sodium propionate, SA: sodium acetate, CA: 

citric acid, LA: lactic acid, B5: pantothenic acid. 

 

The specific DHA content was the highest with acetate, followed by propionate and ethanol, 

with succinate there was a slight increase. For the experiments with acetate and propionate, 

it has to be mentioned that the pH was higher than in the other samples. The pH-value 

reached 8.7 for the cultures with acetate and 7.7 for the one with propionate, whereas the 
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pH of the other cultures did not exceed 6.5. Nevertheless, the DHA concentration was the 

highest, if acetate was added. The amount of harmed cells was higher if the acetate or 

propionate were added, but exceeded not 7 % of the whole population. Cell size and 

granularity were not influenced by the additives, only the cells cultured with propionate 

showed a slightly higher cell size and a slightly lower granularity than the others.  

4.5.3 Optimization of the process parameter in the TubeSpin bioreactor 

In chapter 4.2.2 it is described that the TubeSpin bioreactor is the most suitable cultivation 

device in the shake flask scale.  

On the screening scale, the question was answered, which additives could be the best to 

enhance the DHA production. In this scale a lot of simultaneous experiments are possible, 

which allow the parallel screening for several additives. It was demonstrated, that acetate 

had the highest impact on DHA production. In the TubeSpin bioreactor, higher cell densities 

are achievable than in the DWP, which insures that the results are more comparable to the 

situation in a bioreactor in the production process. Nevertheless, compared to bioreactor 

experiments, process control is missing, which is a challenge, since the additives and also the 

addition of ammonia sulfate have a big impact on the pH in the cultivation. Therefore, MES-

buffer, which was already used on the DWP, was applied in the TubeSpin experiments. The 

additives consisted of a mixture of sodium acetate and acetic acid. The amounts of both 

components were calculated with the Henderson-Hasselbalch equation to achieve pH 6.0. 

Most of the experiments were carried out within the framework of a diploma thesis 

(Annemüller 2013). 

4.5.3.1 Influence of glucose and ammonia content at the time of additive addition. 

Since the results in the CELL-tainer gave no clear answer, whether the DHA production is 

better when ammonia or glucose concentration is depleted at the time of additive addition, 

or if it is beneficial to provide them in excess, the following experiment was performed: 

134 mM acetate mixture (127.7 mM sodium acetate and 6.7 mM acetic acid, calculated with 

the Henderson Hasselbalch equation) were added to the culture after 89 h. Additionally, the 

temperature was reduced with approximately 1 K h-1 to 15 °C after 133 h. Glucose was 

available in excess in one experiment, whereas it was depleted and in the two other 

experiments after 89 h. The same methodology was performed with ammonium sulfate. 

 The approach with the mixture of sodium acetate and acetic acid was not successful to 

maintain the pH-value on a constant level, but nevertheless, the cell number grew (Fig. 60 A 

and B). The growth curve increased steadily until 210 h of cultivation time with glucose 

added in excess and ammonia depletion at the time point of acetate addition. Under both 

other conditions, the growth diminished earlier, since the glucose was already consumed 

completely after 80 to 90 h. The growth rate fell from 0.018 107 cells mL-1 h-1 to 

0.010 107 cells mL-1 h-1 after 113 h in contrast to the experiments with glucose excess, where 

the growth rate remained at the level of 0.018 107 cells mL-1 h-1. This was confirmed in a 
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second experiment with glucose and ammonia excess, which is not shown here because of a 

contamination in the later experimental stage.  

 

Fig. 60: Influence of glucose and 

ammonia depletion at the time of 

acetate addition on growth and 

DHA-production of the cells. 

TubeSpin experiments, addition of 

134 mM acetate after 89 h 

combined with glucose excess, 

ammonia depletion (+/-), Glucose 

and ammonia depletion (-/-) or 

Glucose depletion, ammonia 

excess (-/+). 

 

The glucose limitation also influenced the DHA production negatively. After 89 h, the 

volumetric and the specific DHA content was already lower in the cultures without glucose. 

Fig. 60 shows that the volumetric concentration of cellular DHA was the highest, when 

glucose was provided in excess and ammonia was already consumed completely at additive 

addition. However, the influence of ammonia- and glucose concentration on the specific 

DHA concentration was not as distinct as the volumetric content. Therefore, the results of 

the flow cytometry measurements were considered, too.  

 

Fig. 61: Influence of the glucose- and ammonia concentration at the time of the acetate addition. Histograms 

of the flow cytometry measurement of TubeSpin samples (after 210 h). A: FSC corresponding to the cell size, B: 

SSC (granularity), C and D: Intensity of the fluorescence signal of cells stained with Nile red in the yellow (C) and 

red channel (D) with either glucose excess, ammonia depletion: +/- (black), glucose and ammonia depletion: -/- 

(red) or glucose depletion, ammonia excess: -/+ (blue) at the time of additive addition. 

 

The cell size was similar in all three samples compared in Fig. 61 A, but significant differences 

in the granularity of the cells and the Nile red fluorescence signal were obvious. The cell 

granularity and the Nile red signal were the highest at glucose excess and ammonia 
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depletion, showing the advantage to maintain a certain glucose level at the time of acetate 

addition. From the denser range of the cell granularity, it might be concluded, that the 

limitation of both substrates had a negative impact also on the cell physiology. 

Unfortunately, in the experiment with both substrates provided in excess, a contamination 

occurred, which made it difficult to evaluate the role of ammonia on the DHA production. 

4.5.3.2 Impact of ammonia content on DHA when acetate is added 

The influence of the ammonia limitation on DHA production was investigated a second time. 

From the experiment described above and in a second setting shown in the appendix, it was 

observed that the application of MES-buffer was successful in avoiding pH changes due to 

the added ammonia sulfate, but unfortunately not in compensating the increased pH-value 

due to the addition of sodium acetate (appendix, Fig. 80 B). Therefore, HCl was added 

regularly, but it was not sufficient to compensate the pH drift completely. However, the pH-

value increase was lower, when the addition was coupled with the temperature shift. At a 

lower temperature, the reaction rate slowed down and the acids were slower metabolized. 

Furthermore, it was recognized that the temperature shift after 85 h did not reduce the 

growth rate. The final cell number was the same regardless of the temperature shift 

(appendix, Fig. 80 A).  

In order to reduce the derivations among the cultivations (appendix, Fig. 80) and to maintain 

a stable pH value, a main culture was cultivated in a TubeSpin Bioreactor 600 for 144 h. 

5.3 mL of the culture were transferred to TubeSpin Bioreactor 50 supplemented with 40 mM 

sodium acetate and different amounts of ammonia (0, 30, 60, 120 mg L-1). The temperature 

of these cultures was decreased to decelerate the pH increase. Acetic acid was added 

regularly to the small tubes to keep the pH at approx. 6.0 until a corresponding 

concentration of 80 mM were reached within 12 h. HCl was added after 24 h to keep the pH 

stable. The amount of DHA was compared after 56 h following the addition of sodium 

acetate. The variance between the different cultures was less than in the experiments 

described before. The pH-value increased in the small tubes after the addition of acetate 

only up to 7.0, which was much lower than in the previous experiments (Fig. 62).  

There was no significant influence of the ammonia concentration on the final DHA 

concentration, but the difference to the samples without acetate addition was significant. 

The specific DHA production rate was increased after the addition of acetate and was the 

highest in the culture with 30 mg L-1 ammonia. 20 h after the addition of acetate qP was on a 

higher level than without, which resulted in the higher DHA content after 56 h (Fig. 62 A and 

B). 
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Fig. 62: Influence of different ammonia concentrations on DHA-production at the time of acetate addition. A 

and B1: Main culture was grown in the TubeSpin Bioreactor 600 (triangle up) and transferred to TubeSpin 

Bioreactor 50 after 144 h without acetate (triangle down) and with acetate (circle, increasing circle diameter for 

increasing ammonia concentration, triplicates). B.1: specific DHA production rate after the addition of acetate 

(144 h), B.2: volumetric DHA content and B.3: specific DHA content: 1-4 corresponds to the ammonia sulfate 

concentrations (1: 0, 2: 30 3: 60, 4: 120 mg L
-1

), results obtained results 56 h after the addition of sodium 

acetate. 

 

4.5.3.3 Influence of the moment of acetate addition 

The changed procedure was also applied to investigate the most suitable time point for the 

change from glucose to acetate as main carbon source. It was assumed that the change 

should be in the growth phase as long as the cells are metabolically active and not in the cyst 

state. For each marked point in time, 3.2 ml culture were transferred from a main culture in 

the TubeSpin bioreactor 600 to three TubeSpin bioreactors 50, supplemented with 40 mM 

sodium acetate and cultivated on a shaker, in which the temperature was cooled down 

slowly to 15 °C. Acetic acid was added regularly to the culture until an amount was reached, 

which correspond to a total concentration of 80 mM in the culture broth. On the second day 

the pH was shifted to 6 with HCl to maintain the pH at this level. The cultivations in the small 

TubeSpins were carried out two more days, before the DHA content and the cell number 

were determined. 

The cell number increased in TubeSpins until 168 h, before the growth retarded (Fig. 63 A). 

In all small tubes the cell number increased within the two days, but after 141 h the increase 

was low. The volumetric DHA content was increased in the main culture until 168 h and also 

increased in the small tubes. The specific DHA content decreased over the whole cultivation 

time in the main culture, whereas an increase was observed in all tubes supplemented with 

acetate.  
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Fig. 63: Influence of the moment of the additive addition on the DHA production: A: cell number, B: pH, C: 
volumetric DHA concentration, D: specific DHA concentration, E, F: specific (E) and volumetric (F) DHA 
production rate after the addition of sodium acetate at the respective time in the main culture (gray bars) and 
in the falcon tubes (red bars). Main culture was grown in a TubeSpin bioreactor 600 with 150 mL start volume 
(grey dots), 3.2 mL were transferred to falcon tubes at the marked points in time and supplemented with 
40 mM sodium acetate (triplicates). The temperature was reduced with 2 k 2h

-1
 at the same time. Within 12 h 

acetic acid was added total concentration of added acetate: 80 mM. 

 

When the additive was added after 69 h, it had no positive effect on DHA production 

compared to the main culture, probably because the acetate was used for growth and did 

not affect the DHA production. However, after 93 h (three days before the growth 

terminated) the addition improved the overall DHA concentration and production rates in 

contrast to the control in the TubeSpin bioreactor 600. When the acetate was added at a 

later time point, the DHA concentration and production rates increased further. The highest 

rates were reached, when acetate was added 24 h before the growth phase terminated.  

The specific amount of additive addition was higher after 69 h (11.7 µM 106cells-1) and after 

93 h (6.1 µM 106cells-1). After 117 h and 141 h the specific acetic amount was the same 

(4.0 µM 106cells-1). The specific concentrations of the additives were much lower than in the 

CELL-tainer experiments (Table 11), but caused already a distinct effect on the DHA 

production rates. 

All in all the results showed that acetate addition enhanced the DHA production. The 

amount of glucose should not be depleted before acetate is added to avoid limitations in 

growth or DHA production. It was sufficient to add the acetate in the late growth phase to 

ensure that it is predominantly used for DHA production. The ammonia concentration 

provided together with acetate, played no important role for the DHA production.  

The experimental set up with a main culture in the TubeSpin Bioreactor 600 and satellite 

cultures in the TubeSpin Bioreactor 50 was effective to reduce the variations between 

different cultures. The addition of sodium acetate in the beginning and the continuous 

addition of acetic acid during 12 h was successful to keep the pH-value under 7.0 and can be 
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used for further screening experiments. A cultivation time of 48 h after the acetate addition 

was suitable to elucidate significant differences in the cultures. 

 

4.6 Application of the optimized process in lab-scale 

The experiments shown in the small and shake flask scale demonstrated clearly that acetate 

has the most promising influence on DHA production and the application has the highest 

potential to enhance the total DHA yield of the cultivation. Since glucose is cheaper and 

easier to handle, it was used for the growth phase in order to reach high cell densities in a 

short time.  

4.6.1 Application of the optimized process in the STR 

In the described process, glucose was used as carbon source in the growth phase and acetic 

acid in the production phase. The process can be compared with the cultivation, which is 

described in chapter 4.3.4.1, in which glucose was the sole carbon source. Glucose was 

supplied as feed together with 13 g L-1 ammonia sulfate in both cultivations, but the feed 

was stopped earlier than in the cultivation with merely glucose and therefore, additionally 

1.2 g L-1 ammonium sulfate were added within the growth phase to ensure the same total 

amount of nitrogen in the culture. 4.8 g L-1 sodium acetate was added in the late growth 

phase (90 h), which resulted in the same concentration used in the experiments shown in 

chapter 4.5.3.2. In this experiment, it also became clear that there is no influence of the 

ammonia content on the DHA synthesis at the time of sodium acetate addition. 

Nevertheless, the ammonia content was only 16 mg L-1 at this time, and afterwards it was 

consumed quickly. The pH control was changed from 0.5 M hydrochloric acid to 100 % acetic 

acid and the glucose-ammonia feed was stopped in parallel to the sodium acetate addition. 

Additionally, the temperature was shifted from 25 °C to 15 °C after 185 h. In Fig. 64, the 

DCW, cell number, DHA concentrations and process parameters are shown. 

The DCW was a little bit lower at the moment of the sodium acetate addition than in the 

cultivation with glucose (35.5 g L-1 instead of 38.6 g L-1) at the same time point. After the 

addition of acetate the growth rate stopped, but the DHA synthesis increased, resulting in a 

drastic increase of the volumetric and specific DHA content. Before the sodium acetate was 

added, the oxygen consumption increased and was even higher than in the cultivation with 

only glucose as main carbon source; after the addition, the oxygen consumption decreased 

(Fig. 64 E and F). The highest product formation rate was 46.9 mg L-1 h-1 in comparison to 

22.5 mg L-1h-1 when only glucose was used as main carbon source. The final DCW reached 

46 g L-1 and the final DHA content was 5 g L-1. 
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Fig. 64: Fed-batch cultivation 

with glucose and acetic acid as 

carbon source in 1 L STR. 

Medium: 25 g L
-1

 glucose, 10 g L
-1

 

yeast extract, SOW, 0.75 g L
1
 

Na2HPO4, 0.2 mg L
-1 

thiamine 

hydrochloride, 0.006 mg L
-1 

biotin, feed: 500 g L
-1

 glucose + 

13 g L
-1

 ammonium sulfate. 1: 

Addition of 4.8 g L
-1

 of sodium 

acetate, start of the pH control 

with 100 % acetic acid, 2: 

Temperature shift from 25 to 

15 °C with approximately 1 K h
-1

 

C: µ, rP and qP calculated from 

the fitted curves shown in A and 

B. 

 

In Fig. 65, an overview of the yields in both cultivations is provided. YP/S in the production 

phase was more than threefold increased with acetate addition than without. Surprisingly, 

YX/S and YP/S were smaller in the growth phase. The YX/S decreased drastically after the 

addition of sodium acetate, whereas the YP/S dramatically increased, thus the consumed 

acetate is mainly converted into DHA.  

 

Fig. 65: Comparison of the yields in the 

STR cultivation with glucose (black bars) 

or with glucose and acetate as main 

carbon source (white bars) in the growth 

and the stationary (Bars with the cross 

stripes) phase. Values are related to the 

certain substrate (glucose and acetate, 

respectively). STR cultivation with glucose 

is described in chapter 4.3.4.1. 
 

The total consumption of carbon source amounted to 141.5 g L-1 glucose and 254 g L-1 

acetate. In the cultivation with only glucose as main carbon source, the total consumption 
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was 235 g L-1. The total amounts of DHA produced in these two cultivations were 5 g L-1 with 

glucose and acetate and 1.8 g L-1 with glucose. 

Fig. 66 shows the results for the flow cytometry measurements in the course of the 

cultivation. 

 

 

Fig. 66: Results of the flow 

cytometry measurements during 

the cultivation with glucose and 

acetate as main carbon source 

in 1 L STR. 1: Density plot of the 

measurement of the unstained 

cells (a) and the BOX stained cells 

(b). Percentages of the 

subcultures are marked in the 

graph. 2: Medians of the flow 

cytometric signals for a) 

unstained cells, b) percentage of 

PI stained cells, cells stained with 

c) Box and with d) Nile red.  

 

Similar to the cultivation with glucose, the cell granularity decreased during the cultivation 

and the cell debris, visible in the lower part of the density plot, increased (compare Fig. 

66 1 (a) and Fig. 39 1 (a)). The amount of debris was a little bit lower than in the cultivation 

without acetate. Additionally, the BOX staining showed two populations in the growth 

phase, but interestingly the population in the stationary phase is also divided into two parts. 

The means of the BOX signal and the amount of cells, where the cell membrane potential 

was totally collapsed, were smaller than in the glucose cultivation (compare Fig. 66 with Fig. 

39). 

As seen when glucose was used as main carbon source, Nile red stained cells increased in 

the stationary phase (compare Fig. 66 2 (d) and Fig. 39 2 (d)). The signal was higher than in 

the cultivation without acetate. The yellow signal amplified when the feed was switched to 

acetic acid and after reducing the temperature, both signals increased. The signal in the red 

channel is associated with the polar lipids, which presumably means that the amount of DHA 

in the cell membrane increased to adapt the membrane fluidity to the lower temperature. 
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Fig. 67: Influence of the ethanol treatment and cultivation time on PI (left graph) and BOX (right graph) 
staining. Cultivation samples were taken from a cultivation performed in the STR with glucose and acetate as 
main carbon source, treated with ethanol for the mentioned time, centrifuged, resuspended in phosphate 
buffer, stained and measured.  Percentage of stained cells is shown in the graphs. 

 

The results in Fig. 67 clearly show that the ethanol treatment time had to be prolonged to 

achieve a sufficient PI staining in the course of the cultivation as it was already described in 

chapter 4.1.3. After 18 h of cultivation time, 93 % of the cells were stained with PI already 

after 5 min of ethanol treatment; in the end of the cultivation even after 60 minutes of 

ethanol treatment only 70 % of the cells were PI positive.  

On the contrary this influence was not so pronounced for the BOX staining. Over the whole 

cultivation time only a few minutes of ethanol treatment were necessary to stain at least 

90 % of the cells. This is different to the results recognized in the cultivation with glucose as 

a sole carbon source (compare Fig. 67 and Fig. 14). The potential of the cell membrane 

seems to be more sensitive to the ethanol treatment when acetate is applied in the 

stationary phase.  

4.6.2 Application of the optimized process in the CELL-tainer  

Since the CELL-tainer is more suitable for the microalgae cultivation (chapter 4.3.4), acetate 

was also applied to enhance the DHA production. The cultivation with glucose as sole carbon 

source can be found in chapter 4.3.4.2 for the direct comparison. 
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Fig. 68: Fed-batch cultivation 

with glucose and acetate in 

the CELL-tainer (1 L 

cultivation volume). Medium: 

25 g L
-1

 glucose, 10 g L
-1

 yeast 

extract, SOW, 0.75 g L
1
 

Na2HPO4, 0.2 mg L
-1 

thiamine 

hydrochloride, 0.006 mg L
-1 

biotin, feed: 500 g L
-1

 glucose 

+ 13 g L
-1

 ammonium sulfate. 

1: addition of 4.8 g L
-1

 sodium 

acetate, switch to 100 % 

acetic acid for the pH control, 

2: temperate shift from 25 °C 

to 15 °C with approx. 1 K min
-

1
. Lines shown in A and B 

were fitted with MATLAB 

smoothing spline and used for 

the calculation of µ, rP and qP 

shown in C. 

 

After the addition of sodium acetate, the growth of C. cohnii ceased. The DHA increased very 

slowly in comparison to the cultivation in the STR. The main reason for the decelerated 

production rate is the high pH fluctuation, visible in Fig. 68 D. The CELL-tainer, developed for 

15 L of culture broth, was equipped with expansion channel blocks, which allow a reduced 

culture volume of only 1 L. This approach was chosen to achieve a better comparison 

between the STR and the CELL-tainer. Unfortunately, the pH control is also constructed for 

15 L and the amount of acetic acid, which was added as the smallest feasible volume, was 

already too high, which resulted in a pH drop every time, when it was added (Fig. 68 D). 

These oscillating conditions lead to a smaller DHA content in the end of the cultivation 

compared to the STR.  

However, the amount of DHA achieved in the cultivation was 3.2 g L-1, which is almost 

doubled in comparison to the cultivation without acetate (1.8 g L-1) (compare Fig. 68 B and 

Fig. 37). The volumetric DHA production rate was smaller than in the STR and reached 

28.8 mg L-1 h-1 after 149 h and 15.2 mg L-1 h-1 after 239 h. The specific production rate 

reached only 0.88 mg g-1 h-1 and 0.40 mg L-1 h-1, respectively. 

In a second cultivation, the concentration of acetic acid was reduced to 25 %, which 

decreased the pH fluctuations, but increased the bioreactor volume by 50 %. The DHA 

content attained 1.4 g L-1, which correspond to 2.8 g L-1 because of the higher cultivation 
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volume, the specific value was accordingly 6.3 % (appendix, Fig. 82), which was still lower 

than in the STR. This was probably caused by so far unknown effects of the dilution of the 

culture broth and medium components during the production phase. 

Fig. 69: Medians of 

the flow cytometric 

signal for a) 

unstained cells, b) 

percentage of PI 

stained cells, c) BOX 

stained and d) NR-

stained cells in 

course of the CELL-

tainer cultivation 

with glucose and 

acetate as main 

carbon source. 

 

The cell granularity decreased in the course of the cultivation (Fig. 69 A), but increases 

slightly in the second half. Medians of the Box signal remained low, also the percentage of 

PI-stained cells. The signal in the yellow channel of the Nile red stained cells increased only 

slightly after the addition of acetate, which is in accordance with the results of the DHA 

measurement. The reduced temperature resulted in an amplified signal in the yellow and 

red channel of the Nile red stained cells.  
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5 Discussion 
The aim of this thesis was the development of a fed-batch process for DHA production with 

the algae C. cohnii in an appropriate bioreactor. A process was developed with a final yield of 

5 g L-1 DHA within 230 hours of cultivation with a glucose limited fed-batch process 

combined with acetic acid as secondary substrate. The combination of glucose and acetate 

as a major carbon source has not been described so far in the literature. In this regard, a 

cheaper substrate is used for the biomass production and the smaller biomass yield with 

acetic acid, which was described (de Swaaf et al. 2003c), is circumvented. The overall 

volumetric DHA production rate was 23 mg L-1 h-1 after 186 h and 20 mg L-1 h-1 at the end of 

the cultivation. This rate is higher than described for cultivations with glucose as the sole 

carbon source (19 mg L-1 h-1 (de Swaaf et al. 1999) and 9.8 mg L-1 h-1 (da Silva et al. 2006)). 

Moreover, the peak value of 47 mg L-1 h-1 was comparable for cultivations with acetic acid as 

a major carbon source (46 mg L-1 h-1 (de Swaaf et al. 2003c)). This result indicates that the 

further process development of this combined approach would be profitable in order to 

ensure this high production rate over a longer cultivation time. The final DHA concentration 

was lower than described with acetic acid as main carbon source (de Swaaf et al. 2003c), but 

nevertheless, the amount of the applied acetic acid, which is expensive, corrosive, harmful 

to the skin and has a low evaporation point, was reduced.  

Moreover, the final concentration of 5 g L-1 can compete with the yields obtained from 

genetically modified crops. The production of DHA in Arabidopsis thalina described by Petrie 

et al. (2012) yielded the highest amount of DHA thus far. The authors concluded that this 

pathway can be applied in the crop species Brassica napus and calculated that this would 

result in a yield of 120 kg DHA in 1 hectare of cropland. Nevertheless, the transferability of 

the pathway to other species has to be shown first (Ruiz-Lopez et al. 2013). Additionally, 

statutory regulations have to be considered when genetically modified crops are 

disseminated into the environment. At least in Germany, it is inconceivable that the DHA 

obtained from genetically modified plants can be applied in baby food. Therefore, the use of 

terrestrial DHA is far from any real application. 

With regard to C. cohnii, 120 kg DHA can be produced in a scale of 24 m³ within less than 10 

days with the process described here. This means that already a 1 m³ bioreactor has to run 

approximately 240 days to reach the same amount of DHA as described for 1 ha of cropland. 

In this regard, it can compete with the green biotech approach. In order to save cropland 

area, the further development of the process with by-products of the industry is strongly 

recommended. The applicability of sweet whey concentrate was already shown in this 

thesis; another tested by-product can be carob pulp, which was discussed elsewhere 

(Mendes et al. 2005; Mendes et al. 2007). In comparison to fish, 1 m³ cultivation vessel can 

replace 417 kg fish (Assumption: 1 kg fish contains 100 g oil with 12 % DHA (Petrie et al. 

2012)). This further underlines the advantages of the process. 
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The major challenges in this process development were: 

(1) The cultivation time is very long and many parameters had to be optimized. Thus, the 

development of a small scale screening system was of great importance for the project. 

The optimization of the DHA production was of particular interest. Since a decrease of 

the DHA content was observed at oxygen limitations (Fig. 16), which is usually the major 

bottleneck in cultivations on this scale (Zhang et al. 2008; Pilarek et al. 2011a), the 

oxygen transfer in different small scale systems became the focus of the investigations. 

(2) Stainless steel bioreactors were not feasible because of the high salt concentration in 

the medium, which is necessary for cultivation of this alga. Furthermore, the alga is 

sensitive to shear forces, but has a high dependence on the dissolved oxygen 

concentration. Therefore, in order to obtain high cell densities, the high consumption of 

oxygen accompanied with low shear stress has to be considered for the choice of an 

appropriate bioreactor. In order to meet these challenges, a new concept for the use of 

SUBs for the production of DHA was developed in this thesis. 

(3) Since acetic acid is an expensive, corrosive and harmful reagent, it was replaced by 

glucose for the biomass production in the growth phase, whereas a switch to acetic acid 

was done in the production phase. Thereby, the process was separated into two phases 

for the process development. The optimization of the growth phase focused on the 

choice of the appropriate carbon source, the reduction of the cultivation time, the 

replacement of the reef salt and parts of the yeast extract, and the development of a 

reliable fed-batch approach. For the enhancement of DHA production, the choice of the 

best additive and the modulation of the best conditions for the substrate shift were 

evaluated. 

(4) The metabolic pathways for DHA synthesis of the algae are not well understood. The 

analyses are relatively laborious. Therefore, a method had to be established which 

provided a comprehensive understanding of the physiological cell state and which can 

be done at line during the cultivations or can handle many samples from parallel 

cultivations. 

These topics are discussed in the following chapters. 
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5.1 Development of a methodology platform for the consistent bioprocess 

development 

The aim in this thesis was to develop a process for the DHA production with C. cohnii. 

Therefore, it was necessary, due to the very long cultivations times and the many important 

parameters, to develop a small scale cultivation platform, which provides data that can be 

used in further lab scale process developments.  

5.1.1 Development of a screening system6 

The observed cell densities in the experiments carried out on the DWP were low. Therefore, 

the strong necessity for the improvement of the screening system appeared. Deep-well or 

micro-well plates are usually applied. Nevertheless, these systems mostly lack a sufficient 

oxygen supply (Zhang et al. 2008; Pilarek et al. 2011a). The main challenge in these devices is 

the fact that oxygen limitation occurs, when the oxygen demand of the cells exceeds the 

mass transfer capacity in the medium. If this happens, the growth rate is only a function of 

the mass transfer in the medium and the influence of medium and process parameters 

cannot be clearly evaluated (Van Suijdam et al. 1978; Maier & Büchs 2001). In order to 

circumvent this issue in small scale, different approaches have been tested. 

The first approach was to apply a fed-batch imitating process, the so called Enbase 

Technology, on the DWP. A combination of a glucose polymer and an enzyme, which 

releases glucose molecules by a certain rate, was successfully applied for bacteria and yeast 

cells in small scale (Krause et al. 2010; Glazyrina et al. 2012; Grimm et al. 2012). 

Unfortunately, this approach did not work for the microalgae since the cultivation cannot be 

performed under glucose limitation. The experiments in this study clearly demonstrated that 

a high level of glucose is necessary to obtain growth, and that the control of the growth rate 

by glucose supply is not applicable. 

Thus, exponential growth on glucose is needed. Under such conditions oxygen can easily 

become limiting. Therefore, the next approaches aimed to increase the oxygen transfer in 

the small scale cultures. One of these approaches is the use of perfluorocarbons. These 

compounds form a two-phase system and are non-toxic to biological systems. In this two-

phase system, the perfluorocarbon phase is characterized by a high solubility of respiratory 

gases. Due to its high density it builds the bottom phase. During mixing, droplets of this 

phase increase the surface area to the hydrophilic phase, and thereby, the gas transfers to 

the culture. The oxygen measurements in the culture broth and PFD-phase demonstrated 

that the oxygen supply is sufficient in this system. Moreover, it was shown, that the medium 

also has to be adapted to the existing conditions to avoid oxygen limitations when the 

additives are supplemented to investigate the impact on the DHA synthesis. When the 

                                                           
6
 Parts of the chapter have been previously published in Hillig et al. (2013), copyright Wiley-VCH Verlag GmbH 

& Co. KgaA, reproduced with permission and in Hillig et al. (2014) reproduced with kind permission of Springer 

Science and Business Media. 
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increase of the cell density was too high, oxygen became limited, resulting in a lower DHA 

level.  

The impact of different oxygen saturation rates and the time of the PFD addition were 

inconclusive. No negative effects of a high loading PFD with oxygen was observed, which is 

different from previous studies with other organism by Pilarek et al. (2011a). It was also 

assumed, that the addition of PFD at a later point in time of the cultivation could enhance 

the positive influence on cell growth and DHA production because of the long cultivation 

time. This was not the case. One explanation could be that the hydrophobic phase is steadily 

reloaded with oxygen throughout the whole cultivation time, when it has contact to the 

ancient gas phase at the corners of the DWP, as the typical water spout is built during 

shaking. If this is true, the moment of addition plays no superior role. Thus, PFD was loaded 

with oxygen and added in the beginning. 

Importantly, the final DHA content decreased if several short-term interruptions in oxygen 

supply occurred in a cultivation due to a longer sampling procedure. This is in agreement 

with results obtained in initial CELL-tainer cultivations. In both cases, these short 

interruptions decreased growth and DHA production performances. Only when the sampling 

procedure was performed without stopping the shaker, the cells were able to grow in this 

SUB. This phenomenon was also described by Büchs (2001) for cultivation of the fungus 

Bauveria densa. He reported that sampling led to short oxygen limitations, which resulted in 

a decrease of breathing activity after the shaker was restarted. In our screening system with 

PFD, these short-term oxygen limitation periods might have been compensated with the 

oxygen supplied by the PFD-phase. In this case oxygen is provided not only by the top gas 

layer, but also by the liquid hydrophobic bottom layer. Nevertheless, the sampling time 

should be kept as short as possible. 

An additional positive effect of PFD could be the removal of CO2 from the system into the 

PFD phase since the amount of CO2 in this phase was increased and the concentration of CO2 

was lower in the culture broth in the two-phase system than in the control without PFD (Fig. 

24 C). A decrease of the growth rate and inhibitory effects on the metabolism by elevated 

CO2 concentrations were described for a broad range of microorganisms (El-Sabbagh et al. 

2006; Bäumchen et al. 2007; Baez et al. 2009). It was reported for E. coli that the 

transcription of acid stress genes is up regulated at higher CO2 levels, which suggests that 

the intracellular pH might decrease with increasing CO2 concentrations in the culture broth. 

This would lead to an enhanced energy drain for the maintenance of the intracellular pH, 

which results in lower biomass and product yields (Baez et al. 2009). If similar mechanisms 

are true for C. cohnii, the removal of CO2 by the PFD phase might improve the growth and 

production as well. 

All in all, the measurement of the pO2 concentration revealed, that the cells were not 

exposed to oxygen limitation during shaking, which offers the opportunity to measure the 

influence of different additives already in small scale without any unpredictable impacts of 
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oxygen limitations on cell growth and DHA production. Thus, a decrease of up to 130 % of 

the DHA content due to short-term oxygen limitation periods can be avoided (Fig. 24 B).  

The developed two-phase system is suitable as a tool for the fast bioprocess development, 

and it was applied successfully to optimize the DHA production.  

5.1.2 Cultivation on a shake flask scale7 

The screening system on the DWP is sufficient if a high number of parallel experiments are 

necessary, e.g. if a number of interrelated parameters have to be optimized by DoE 

approaches. However, even with the optimized PFD containing two-phase system, the cell 

densities were only 1 to 3 million cells mL-1 (correspond to OD 3 to 5), which is much lower 

than in the bioreactor scale. Therefore, the next step in optimizing the production phase 

should be performed on a shake flask scale as an intermediate step between the multiwell 

plates and the bioreactor. This approach combines the advantage of higher cell densities due 

to better oxygen transfer rates compared to the DWPs with the possibility to perform a 

higher number of parallel experiments than on the pilot scale. 

The Erlenmeyer flask is the gold standard in the process development for microbial 

organisms. However, the obtained OD was low in this device (OD 7, Fig. 46). The Erlenmeyer 

flasks were sealed with cotton plugs which were described as a limiting factor for the 

aeration (Schultz 1964). In contrast, UYF sealed with AirOTop membranes were mentioned 

as a suitable tool for the process development since they exhibit high kLa-values up to 

400 h-1 (Glazyrina et al. 2011). Thus, the Erlenmeyer flasks were exchanged for UYF in the 

medium development for the growth phase.  

Interestingly, parallel experiments in UYF and TubeSpins flasks revealed the negative impact 

of the shear stress caused by the baffles of the UYF. Oil droplets appeared and the yields 

were lower in comparison to cultivations performed in TubeSpin flasks. In order to 

investigate whether the oil droplets appeared due to a higher amount of cell lysis, flow 

cytometry has been applied. The impact of shear stress in UYF was investigated using 

different shaking speeds in UYF. It was observed in these experiments, that the cell numbers 

and DHA content decreased with the subsequently increased shaking speed. Finally, the cell 

growth ceased at a shaking speed of 315 rpm (Fig. 28), clearly demonstrating the negative 

impact of the shear forces on the growth of C. cohnii.  

Measurements with the flow cytometry also supported the hypothesis that baffles led to 

higher shear stress since a lower cell granularity and a lower Nile red signal accompanied 

with a higher diversity in the measurements at higher shaking speeds were observed. 

Interestingly, the percentage of cells stained with PI during the shake flask experiments has 

been lower than 3 % in all devices, which shows that there is no negative effect on the cell 

membrane integrity in the different systems even though the cells have not been able to 
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 Parts of the chapter have been previously published in two articles: Hillig et al. (2013), copyright Wiley-VCH 

Verlag GmbH & Co. KgaA, reproduced with permission and in Hillig et al. (2014), reproduced with kind 
permission of Springer Science and Business Media. 
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grow as shown in the UYF with 315 rpm (Fig. 28). This indicates that the shear stress might 

have no negative influence on cell membrane integrity, but on the cells’ capability of 

proliferation. These observations for C. cohnii were previously described (Yeung & Wong 

2003; Yeung et al. 2006). On the other hand was the amount of PI stained cells after ethanol 

treatment for 10 min only 38 % in the UYF in comparison to the TubeSpins with 87 % at 

315 rpm. In the bioreactor experiments, it was recognized in the stationary phase that the 

ethanol treatment time is not sufficient to stain all cells with PI. This leads to the conclusion 

that cells which might not be able to divide are not losing their cell membrane integrity 

when exposed to ethanol. This might be caused by a fixation, i.e. inhibition, in the G1-phase 

caused by strong mechanical agitation, which was earlier described by Yeung and Wong 

(2003) and Yeung et al. (2006). The shear forces caused by the baffles on the bottom of the 

UYF might exceed the shear forces, which were described as not harmful for C. cohnii by Hu 

et al. (2010), leading to damaged cells, which were not able to divide anymore. Such non-

dividing stressed cells may develop a thicker cell wall, able to withstand ethanol treatments. 

An alternative to the Erlenmeyer flask and the UYF was found in the realm of cell cultures. 

There, the TubeSpin Bioreactor 50 and 600 are applied for the process development of 

mammalian (De Jesus et al. 2004; Strnad et al. 2010; Monteil et al. 2013) and insect cells (Xie 

et al. 2011; Huynh et al. 2012). The TubeSpin system was tested also for the cultivation of 

C. cohnii and the optimal conditions for the experiments in the TubeSpin flasks were 

evaluated with the DoE approach. These optimized parameters were applied for the 

optimization of the production phase and for the comparison of the TubeSpin bioreactor 

with the gold standard, the Erlenmeyer flask. The comparison between these devices 

showed a superior performance of the TubeSpin flasks. The cell number in the Erlenmeyer 

flask was only 60 % of the numbers reached in the TubeSpin flasks. This was accompanied by 

a longer period of exponential growth in these flasks. Moreover, the specific DHA 

concentration was 40 % of the amount reached in the TubeSpin flasks (Fig. 31). 

Even though, the kLa-values were reported as similar in both devices (Table 14), the growth 

was improved in the TubeSpin bioreactor. Especially, the exponential growth in the TubeSpin 

bioreactor demonstrate that the oxygen was not limited in this device, which point to better 

oxygen transfer rates at the used conditions. The increased oxygen transfer in the TubeSpin 

bioreactor can be explained with different hypotheses, which were mentioned in the 

literature: The surface in the TubeSpin device change with increasing shaking speed from a 

smooth and inclined shape to a double waved surface at medium shaking speed and an 

inclined vortex at high shaking speed (Zhang et al. 2009). These waves and turbulent 

conditions extended the surface area and, thereby, the kLa-value, which depends directly on 

this surface, is increased. The free dynamic surface is steadily renewed, contributing also to 

a higher kLa-value (Gaden 1962; Zhang et al. 2010). Furthermore, the conical bottom 

together with the vertical wall leads to the development of a larger surface area, as for 

example in the Erlenmeyer flask. The advantage of this frusto-conical bottom in a bioreactor 

was also described in the literature: The higher growth of CHO cells in a patented SUB with 

frusticonical bottom (Hui 2008) was explained with the phenomenon, that when medium 
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swirls over the vessel surface, microscopic air bubbles are trapped in the water film, 

increasing the oxygen transfer to the culture broth (Jia et al. 2008; Hui 2008). A thin film was 

described that crept up the wall induced by orbital shaking and further increased the surface 

area (Hui 2008). This film formation also contributes to an increased oxygen supply in the 

TubeSpin bioreactor. The oxygen transfer rates were sufficient to ensure growth in this 

system on shake flask scale and a similar mechanism also allows the growth of the 

microalgae in the SB200-X from Kühner shaker and was discussed more detailed in chapter 

5.2. The scalability of the system was reported by Tissot et al. (2010), with a fix relation of 

the container diameter to the shaking diameter and a constant fraude number (Tissot et al. 

2010). This scalability was shown for mammalian cell processes up to 100 L (Zhang et al. 

2010) and for mammalian and insect cells up to 36 L (Liu & Hong 2001). Therefore, the use of 

the TubeSpin as a process optimization tool seems to be sufficient also for the later scale up 

of the process. 

5.1.3 Control of the pH in small scale and variations between the cultures 

Another main challenge in the DWP and shake flask experiments was the control of the pH-

value. High pH changes throughout the cultivation should be avoided in order to protect the 

cells. Besides, the impact of harsh pH drops due to manual pH adjustment is harmful, too. In 

an uncontrolled C. cohnii culture, the pH increases when the cells were grown with yeast 

extract. In contrast, the pH-value decreases when the nitrogen source is changed from yeast 

extract to ammonia sulfate and sulfuric acid anions remain in the culture broth. The addition 

of the sodium salts of volatile fatty acids is particularly critical because of the harsh pH 

increase. 

First approaches to minimize pH changes in uncontrolled cultures were done on the DWP. 

The amount of yeast extract was minimized in order to diminish the pH increase in the 

growth phase, but also to reduce the amount of complex substrate. Sufficient nitrogen 

supply was ensured by the addition of ammonia sulfate, but this resulted in the mentioned 

decrease of the pH-value. In addition, a harsh pH increase occurred in the production phase 

when acetic, oleic, propionic, or butyric acid was added in the DoE described 

(chapter 4.5.1.2). An enhanced amount or a combination of these acids increased the pH 

even more. The highest pH measured in these experiments was 8.8 (pH 6.4 without 

additives). Jiang and Chen (2000a) reported that C. cohnii grew in a broad pH range between 

5.0 and 9.0. The authors measured the highest specific lipid and DHA concentration at an 

initial pH of 7.2, but even at pH 9.0 - which is higher than the pH-value, which occurred in 

experiments of this study - the DHA concentration was 87 % of that reached at pH 7.2. The 

pH of sea water is between 7.5 and 8.4 indicating that the high pH might not be harmful for 

the alga. At least the enzymes, which are responsible for the DHA production, were active at 

this pH-value since the DHA content was higher with the additives than without. 

Nevertheless, a strong negative correlation between the specific DHA content and the pH-

value was recognized (Fig. 58). In order to avoid a negative influence of the pH-value on the 

specific DHA content, a buffer was added to the medium. The additives were added to the 

medium as a combination of the acid and the corresponding sodium salt. The concentrations 
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were calculated with the Henderson-Hasselbalch equation in order to maintain pH 6.0 at the 

moment of addition. With the buffer, the pH-value remained stable in the growth phase. The 

harsh increase caused by the additive addition was reduced, but the buffer capacity was not 

strong enough to avoid the pH increase at all. However, since the highest specific DHA 

content was reached with the additive that caused the highest increase in pH, the positive 

influence of the additive overbalanced the negative effect of the pH increase.  

In the larger scale in the TubeSpin experiments, a higher amount of acetate was necessary to 

reach the same effect on DHA production as described in DWP. However, with this amount, 

it was not possible to maintain the pH-value under a harmful level with the used buffer 

concentration and the Henderson-Hasselbalch approach. In contrast, already 80 mM MES-

buffer reduced the growth rate, hence a further increase of the buffer concentration was 

not possible. Another challenge of using the scale of the TubeSpin flasks, was the difference 

between various cultures as already described for the DWP and bioreactor experiments. The 

challenge with the variance between the cultures was solved by the Tube Spin satellite 

approach, which was described by De Jesus et al. (2004). In this approach, first the main 

culture was grown in a bioreactor, in this thesis in a TubeSpin bioreactor 600, and then a 

certain amount of culture was taken out and allocated in smaller TubeSpin flasks with 50 mL 

total volume. Thereby, parallel cultures could be started equally, which resulted in an 

improved reproducibility of the experiments. The small tubes were supplemented with 

40 mM sodium acetate in the beginning and 40 mM acetic acid within 12 h to regulate the 

pH-value. The temperature was also reduced during the additive addition in order to 

decelerate the pH increase. With this approach the pH-value was kept under 7.0 and 7.8, 

respectively.  

Conclusively, a methodology platform was developed for the consistent bioprocess 

development with a screening system, which allows the parallel testing of a higher number 

of influencing factors with a liquid handling device. It turned out that the TubeSpin satellite 

approach is useful for more detailed studies, requiring higher cell densities. The 

reproducibility of the experiments was improved resulting in reliable results for the process 

development. The experiments demonstrated that adding the volatile fatty acids over a 

longer period can prevent harsh pH increases.  
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5.2 Comparison between the different types of single-use bioreactors 

(SUBs)8 

For the production of DHA with C. cohnii the choice of a suitable bioreactor is essential. The 

gold standard for the production with microbial organisms is the STR. Shake flask 

experiments and bioreactor experiments carried out in common STRs and evaluated with 

the flow cytometry showed that the cells are sensitive towards shear stress, which was also 

described by Yeung and Wong (2003). The authors mentioned that the cell division can be 

interrupted by mechanical agitation. Therefore, the application of common STRs is 

restricted. In contrast, C. cohnii exhibits a high oxygen demand, which was visible in the 

experiments and mentioned by different authors (de Swaaf et al. 1999; Hu et al. 2010). 

Moreover, the high chloride concentration in the cultivation medium leads to corrosion of 

stainless steel. Stainless steel can withstand a maximal chloride concentration of 1000 ppm, 

when the more expensive 316 type is applied (Behrens et al. 2005), but this is still too low 

for the cultivation of marine microorganisms. Furthermore, the application of custom-made 

solutions increases the investment costs (Behrens et al. 2005; Bumbak et al. 2011). One 

possibility would be to apply glass reactors that lowers the investment costs, but drastically 

increases the risk of damage during operation, which would result in increased maintenance 

costs for repair and replacement. Another possibility to circumvent this problem is to apply a 

low-chloride medium accompanied with adapted strains via classical strain development 

techniques (Wynn & Anderson 2006; Wynn et al. 2010). But unfortunately, the use of the 

low chloride medium is restricted by patens (Behrens et al. 2005).  

In this study the challenges of the high oxygen demand, the sensitivity towards shear stress 

and the high chloride concentration were solved with the application of SUBs for the 

production. Different kinds of SUBs are available. There are three main categories: wave-

mixed, orbitally shaken, and stirred bioreactors. Each of the applied SUBs in this study 

represents one of these categories. The CELL-tainer from CELLution provides a three 

dimensional wave-like shaking system, the SB200-X consist of a cylindrical vessel, which is 

orbitally shaken and the PadReactor from ATMI exhibits a paddle for mixing with a sparger 

on the end for direct aeration. The kLa-values are compared in Table 14. The CELL-tainer was 

chosen, because of the high oxygen transfer rates, whereas the SB200-X and the PadReactor 

are already available in scales up to 2 m³. 
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 Parts of the chapter have been previously published in Hillig et al. (2013), copyright Wiley-VCH Verlag GmbH 

& Co. KgaA, reproduced with permission and in Hillig et al. (2014) reproduced with kind permission of Springer 
Science and Business Media. 
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Table 14: Volumetric oxygen transfer coefficients in various single-use systems. Table adapted from Hillig et 
al. (2014) reproduced with kind permission of Springer Science+Business Media 

Cultivation 
system 

Supplier volume 
[l] 

Total working 
volume [L] 

Max kLa 
[h

-1
] 

Source 

Erlenmeyer 
flask 

 50 500 45 (Glazyrina et al. 2011) 

Ultra Yield 
Flask 

Thomson 
Instrument 

100 500 400 (Glazyrina et al. 2011) 

TubeSpin 50 TPP 0.02 0.05 45 (Zhang et al. 2010) 
TubeSpin 600 TPP 0.3 0.6 40 (Monteil et al. 2013) 

SB-200X Kühner 100 200 25 (Anderlei et al. 2009) 
  100 200 11-13 appendix Fig. 74 
  200 200 8 (Zhang et al. 2009) 

Prototype Kühner 2000 2000 3 (Zhang et al. 2009) 
Pad reactor ATMI  50-100 < 20 (Oosterhuis et al. 2013) 
CELL-tainer CELLution 

Biotech 
15 15 300 (Oosterhuis et al. 2011) 

 (Prototype) 115 60-150 450 (Junne et al. 2013) 

 

5.2.1 Comparison of the CELL-tainer, SB200-X and PadReactor 

A comparative study was performed in the CELL-tainer, SB200-X and the PadReactor. The 

peak values of the three different cultivations are compared in Table 15. The cultivation in 

the CELL-tainer obtained the best results for cell number, DCW and growth rate, followed by 

the SB200-X (except for the growth rate). The worst results were detected in the PadReactor 

of ATMI, indicated by a low cell number and DCW. 

 

Table 15: Comparison of peak values obtained in the different bioreactors. Values in brackets refer to the 
corresponding cultivation time. 

Bioreactor Max. OD Max. cell number 
[Mio. cells mL-1] 

Max. DCW 
[g L-1] 

Max. µ (DCW) 
[h-1] 

CELL-tainer 110 (620 h) 66 (596 h) 53 (614 h) 0.073 (60 h) 
PadReactor 114 (761 h) 5 (761 h) 29 (785 h) 0.0096 (247 h) 
SB200-X 87 (1117 h) 37 (1147 h) 43 (1098 h) 0.0046 (467 h) 

 

The highest growth rate and the highest product yields with C. cohnii were observed in the 

CELL-tainer because of the superior oxygen input in this device. The kLa-value is one order of 

magnitude higher than in most of the SUBs currently available (Oosterhuis et al. 2011). 

These high kLa-values were reached with the two dimensional wave-like shaking system 

implemented in the CELL-tainer. The turbulent conditions provide a convective mass transfer 

in the culture broth and an efficient mixing time. Furthermore, the gas transfer rate to the 

medium is supported by the formation of small boundary layers on the liquid side, which 

further increases the oxygen input (Oosterhuis et al. 2011; Junne et al. 2013). In comparison 

to the other two systems, the CELL-tainer is well automated, which ensures sufficient 

amounts of oxygen over the whole cultivation time by supplying additional oxygen over a 

valve, when the DO value cannot be maintained with a higher shaking speed. Additionally, 
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the pH is controlled automatically and the pH and DO measurements are more reliable in 

comparison to the optical sensors placed in the SB200-X. Recently, the CELL-tainer concept 

had been successfully scaled up to 150 L working volume (Junne et al. 2013), but has not 

been available yet for experiments in this study.  

The OD in the SB200-X reached 79 %, the cell number 56 %, and the DCW 81 % compared to 

the peak values in the CELL-tainer (Table 15). Cultivation time is comparable, if only the time 

after the second inoculation in the SB200-X is considered (- 383 h). The condition in the 

SB200-X over the whole cultivation time has been worse than in the CELL-tainer. The kLa-

values calculated from the results of one SB200-X cultivation (which was unfortunately 

contaminated), where the off-gas was additionally analyzed, determined kLa values between 

11 and 13 h-1 (appendix Fig. 74). This values are comparable with the kLa values provided in 

the literature, which vary between 8 h-1 (Zhang et al. 2009) and 25 h-1 (Anderlei et al. 2009). 

The mixing time is about 22 s (Anderlei et al. 2009) at the used shaking speed of 70 rpm.  

In the PadReactor, the OD was slightly higher than in the CELL-tainer, which is probably due 

to cell lysis, since the cell number was only 8 % of the value in the CELL-tainer. The peak 

growth rate was higher in the PadReactor, but due to the oxygen limitation only in a very 

short time frame. The direct sparging in the ATMI PadReactor might have caused harmful 

shear stress, while due to oxygen limitation the cells might be more sensitive to it. The 

bubble formation caused intensive shear stress, when the bubbles are disrupting at the 

surface of the culture broth (Boulton-Stone & Blake 1993; Garcia-Briones et al. 1994). 

However, when the oxygen supply is sufficient, as in a common STR (see for example Fig. 42 

for growth curve and DO values), cell damage was smaller than in the Pad reactor, although 

the shear forces are typically higher in this system due to higher gassing rates and shear 

forces at the edges of the stirrers.  

On the contrary in the SB200-X cell damage was low, although oxygen limitation was 

observed. The reason for the higher cell density in the SB200-X compared to the PadReactor 

is the larger surface to volume ratio, together with lower shear rates present in this 

operation mode. The highly dynamic interface between the gas phase and the culture broth 

creates an increased exchange surface, which is constantly renewed, and sufficient to 

provide an optimum transfer of oxygen (Zhang et al. 2010). Additionally, the high speed of 

the culture broth might be able to speed up the adjacent gas phase, leading to mixing 

conditions within the gas phase, that are comparable to the mixing efficiency in the culture 

phase. With this higher efficiency the gas exchange on the surface is accelerated, resulting in 

an increased oxygen supply in this bioreactor (Werner et al. 2010). However, the dissolved 

oxygen concentration is measured in the bottom of the SB200-X. Thus, the information value 

for the whole culture broth is presumably low of this signal, because it provides no 

information about the oxygen concentration in the boundary phase near the surface.  

Another possible, but so far uninvestigated explanation for the good growth in the SB200-X 

might be a fast oxygen absorption and storage feature of the cells. In the natural habit, the 

cells are not permanently supplied with sufficient oxygen far away from the water surface. 
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The potential of the genus dinoflagellates of changing their position to reach sunlight in the 

upper or nutrients in the deeper parts of the oceans was described by Broekhuizen (1999). 

The author stresses that the mobility of this cell is higher than of other algae taxes, 

supporting the hypothesis that the cells might move to the surface of the culture broth. 

Maybe the cells are able to move directly to the surface when they are starved of oxygen. 

This hypothesis is supported by the observation that suchlike cells move quickly to the 

interface when an air bubble is trapped under a microscope slide. C. cohnii cells encircle the 

bubble in several layers, which can be seen in Fig. 70 and is also described in Hu et al. (2010). 

This ability might be responsible for the growth in the SB200-X. Nevertheless, this hypothesis 

has not been proven yet. 

These explanations, how the microalgae can grow in this kind of bioreactor with a low kLa-

value might also be valid for the shake flask scale. In this scale the growth was the best in a 

shake flask with a similar geometry like the SB200-X and not in the device with the highest 

kLa-value (Table 14). The high kLa-values reached in the UYF result in high shear forces, which 

harmed the cells. This problem is circumvented with the TubeSpin geometry. 

 

Fig. 70: Microscopic picture of a C. cohnii cell suspension at a bubble surface. A: air bubble with algae cells 

(Magnification 1:100), B: multiple layer of algae cells surround an air bubble (Magnification 1:630). Published 

first in Hillig et al. (2013), Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 

 

The differences in the applied sensor technic and control devices are one major issue, which 

has to be discussed, concerning the comparison of the processes in the three different 

bioreactors. The DO measurement in the SB200-X was reliable over the whole cultivation 

time, but a large discrepancy between online and offline measurement of the pH-values was 

detectable (Fig. 34 E). Optical fluorescence sensors for pH measurement, are described as 

highly dependent of the ionic strength of the solution (Wolfbeis 2005), which is particularly 

high in the algae process, due to the sea salt medium with an ionic strength of at least 0.5 M. 

Changes in osmolality seem to be a problem for the measurement over the cultivation time. 

Hanson et al. (2007) described a difference in pH measurement of 0.05 units when the 

osmolality increased from 320 mOsm kg-1 to 450 Osm kg-1, which can be caused, for 

example, by feeding of nutrients or pH adjustments with NaOH and HCl during the 
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cultivation. Concerning these measurements, the optical sensors cannot be recommended, 

since the pH-value is a crucial factor for the cultivation. Coupled with the second drawback, 

the lower mixing time, this might have lowered the peak cell densities. The lower turbulent 

conditions and above all the unreliable pH measurement created physiological stress for the 

cells because of fluctuating pH-values. The lowest offline pH-value was 4.7, which is 

definitely too low for the cells (Provasoli & Gold 1962; Tuttle & Loeblich III 1975; Jiang & 

Chen 2000a) and delayed the growth. The drop was caused by the manual addition of acid 

and was not visible on the screen. This value is not in the measurement range of the sensor, 

but the online value was 6.1, which gave no hint, that the pH is under the critical level. 

Furthermore, low mixing times can increase the physiological stress by locally effective 

changes in the pH value, when adding acids or base for the pH control or due to inhibitory 

effects caused by nutrition concentration, that are locally too high. For example, high 

concentration of ammonium sulfate can stop the growth of the algae (Fig. 78). During the 

trial in the SB200-X ammonium sulfate was given batch wise, which might have caused zones 

with local concentrations above the critical amount of ammonium for growth.  

In contrast to this, the mixing time is about 12 s (25 rpm, 10 L working volume) (Junne et al. 

2013) in the CELL-tainer, which is half as much as in the SB200-X. Additionally, the CELL-

tainer is equipped with traditional electrochemical pH and polarographic DO electrodes, 

customized for the single-use application. They are mounted in small cups at the bottom of 

the bag, which offers the advantage, that they are covered with liquid all the time, even with 

low filling volumes (Oosterhuis et al. 2011; Oosterhuis & van den Berg 2011). The 

measurement range for the pH-value is not restricted (pH 0 to 14) as with optical electrodes 

(Oosterhuis & van den Berg 2011). Although Fig. 32 E shows a clear drift in the pH 

measurements over the cultivation time, but this was accessibly compensated by adjusting 

the set point and had no further negative impact on the process control. Additionally, the pH 

was controlled automatically by the machine, avoiding harsh changes in the culture pH, as 

described for the SB200-X, and improved, therefore, the peak cell densities. 

In contrary, conventional electrodes, which are usually mounted in stainless steel STRs, are 

used in the PadReactor and provide the most reliable pH-values in this study (Fig. 33 D). 

These electrodes can be calibrated, autoclaved and connected via aseptic Kleenpak 

connectors. They are completely reusable and offer the same accuracy and long-term 

stability as in conventional STRs.  

Surprisingly, in cultivations with the SB200-X, in which the bag material was changed, it was 

recognized that the algae might be sensitive to leachables. Interestingly, the observed 

growth inhibition was only visible with glucose as the main carbon source, whereas a change 

to acetic acid led to cell doubling (appendix, Fig. 75). Unfortunately, this observation could 

not be further investigated. However, leachables and extractables have been described as 

major issues in the use of disposable bags (Eibl et al. 2010; Ding 2013; Shukla & Gottschalk 

2013; Eibl & Eibl 2013). The influence of extractables and leachables should be examined in 

detail, if disposable bags will be applied for the C. cohnii cultivation. Studies are available, 
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which focus on the impact of leachables on the growth of other microorganisms (Steiger & 

Eibl 2013; Meier et al. 2013). In order to circumvent this issue, the use of a permanent 

installed container on the Kühner shaking pedestal would be beneficial. The simple 

construction of the orbital shaker system allows the installation of a reusable, polymer based 

container or a stainless steel container coated with a salt resistant material. The coating 

would be more simply than in a STR since moving parts are missing and also the application 

of standard probes for the pH and DO measurement would be possible. 

5.2.2 Final comparison of the STR and the CELL-tainer 

The comparison between the different bioreactors described so far was performed due to 

external reasons before the process development was completed. This resulted in several 

growth delays, because of various nutrition limitations. In order to maintain good growth 

conditions, yeast extract was added regularly, but this had also an impact on DHA 

production, which cannot be compared in these devices. Nonetheless, a final comparison 

between the conventional STR and the CELL-tainer was necessary to elucidate differences 

and similarities. The comparison was done with an equal working volume of 1 L and glucose 

as sole carbon source. The cultivation conditions were comparable in both devices.  

The DCW was similar in both devices, also the specific and volumetric DHA content, caused 

by the same DHA production rate. The results suggest that the CELL-tainer provides 

sufficient oxygen transfer rates for the growth of C. cohnii. This is reached by the two-

dimensional movement coupled with a horizontal motion of this bioreactor resulting in 

turbulent conditions, which increase the convective mass transfer to the culture. It is likely 

that small boundary layers are formed, which contributes to the high kLa- values up to 

450 h-1 reached in this system (Oosterhuis et al. 2011; Junne et al. 2013).  

Surprisingly, the biomass and product yield per substrate were considerably higher in the 

CELL-tainer cultivation than in the STR (Fig. 38). Obviously, the higher mechanic stress in the 

STR caused a higher rate of cell lysis. These cell residues formed biofilms at the reactor wall 

in the headspace of the STR. Moreover, the bioreactor spilled over due to foam formation, 

resulting in an additional loss of biomass and decreasing the yields. This remained an 

unsolved problem in the STR cultivations, whereas the foam formation was strongly reduced 

in the CELL-tainer. 

In addition, a population of destroyed cells and cell fragments was observed in the density 

plots of the flow cytometric analysis of unstained cells. This population was visible in the 

bottom of the plots. The amount of cells of this population was visible larger in the STR than 

in the CELL-tainer (Fig. 36 1a and Fig. 39 1a). Furthermore, almost no cells with collapsed cell 

membrane potential were apparent in the CELL-tainer cultivation, whereas the final amount 

of these cells was 18 % at the STR cultivation (Fig. 36 1b and Fig. 39 1b). The results with the 

flow cytometry and the lower yields in the STR indicate that the shear forces are too high in 

a common STRs. These shear forces were predominantly induced on the edges of the stirrer 

and by bursting bubbles on the free surface of the STR (Boulton-Stone & Blake 1993; Garcia-
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Briones et al. 1994). Nevertheless, Hu et al. (2010) claimed that C. cohnii can withstand the 

shear forces, which usually appear in STR cultivations, and also de Swaaf et al. (2003b, 

2003c) applied STRs for their cultivation. But the results obtained in this study clearly 

underline the negative effect of shear forces on the growth and production performance of 

C. cohnii.  

All in all, employing the CELL-tainer for the process development for the DHA production 

with C. cohnii is beneficial. This SUB leads to lower shear stress and ensures sufficient oxygen 

input for growth and production of DHA. In addition, corrosion is avoided and investment 

costs at the process development stage are generally reduced (Sinclair & Monge 2005). A 

further reduction of the running costs can be achieved by the repeated fed-batch approach. 

It could be shown in this thesis that this approach is applicable for C. cohnii. 

The restriction of the working volume in single-use systems especially for large scale DHA 

production has to be considered in the process development. Since single-use systems are 

available up to the m³ scale, a parallel cultivation strategy seems to be beneficial, as the 

cultivation lasts several days, and therefore, parallel cultivations with time shifts would save 

manpower and downstream capacities. This approach would also compensate for the 

limited scales of SUBs currently on the market. 

 

5.3 Process development 

Lipid production with oleaginous microorganisms usually consists of two phases. In the first 

phase medium nutrients are available in excess, which lead to continuous cell proliferation. 

In the second stage, a nutrient becomes limited (usually the nitrogen source), which 

decelerates the growth rate and induces the assimilation of the redundant carbon source as 

storage lipids (Ratledge 2004; Wynn & Ratledge 2005; Armenta & Valentine 2013). In the 

case of C. cohnii, the first phase is accompanied with motile cells, which lose their flagella 

and become cyst like in the second phase (Wynn et al. 2010). Subsequently, the process 

development was divided in these two phases. The aim of the growth phase optimization 

was to choose the appropriate carbon source, which should be cheap, since algal DHA oil has 

to compete with fish oil as the traditional source. Furthermore, the replacement of reef salt 

and the reduction of the yeast extract were necessary to minimize the unpredictable impact 

of complex components and the medium costs. The second part of the process development 

was dedicated to the enhancement of the DHA production and was guided by the idea to 

use a secondary substrate which has the potential to stimulate the DHA production. The 

choice of the suitable secondary substrate and the modulation of the transition step 

between the two substrates were focused on in this part. 

5.3.1 Optimization of the growth phase 

Different carbon sources were tested during the medium development. It was found that 

C. cohnii can metabolize glycerin, galactose, glucose, succinic, butyric, propionic, and acetic 

acid. In this comparative study the cell numbers were the highest when glycerin was used as 
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main carbon source. This result contradicts the observation described in the literature that 

the growth with glycerol was marginal (de Swaaf et al. 1999). Crude glycerin is a cheap feed 

stock with a current market price of 280 to 380 € t-1 (Fachagentur für nachwachsende 

Rohstoffe, 20139), but unfortunately crude glycerin, derived from the biodiesel industry, 

contains impurities like methanol, surface active substances, and carcinogens, which restrict 

the application for processes in the food industry (Athalye et al. 2009; Sijtsma et al. 2010; 

Armenta & Valentine 2013).  

It was demonstrated in this study that C. cohnii is able to utilize a broader range of short 

chain fatty acids like succinic, butyric, propionic, and acetic acid, which agrees with the 

literature (Provasoli & Gold 1962). Galactose as feed stock resulted in a higher cell density 

than with glucose, which contradicts the study of de Swaaf et al. (1999). Nonetheless, the 

most promising carbon sources for further studies have been acetic acid, since high cell 

densities with high DHA yields were reported by de Swaaf et al. (2003c), and also whey, 

since it is a cheap by-product of the dairy industry (Viitanen et al. 2003; Panesar et al. 2007).  

The cultivation with acetic acid, which was formerly described in literature by Ratledge et al. 

(2001) and de Swaaf et al. (2003c), yielded the highest amounts of DHA and DCW and served 

as a gold standard for further improvements of the medium, process, and production. The 

cultivation yielded a DCW of 74 g L-1 within 350 h, the volumetric DHA content reached 

23 g L-1, whereas the specific DHA content reached 31 % of the DCW. The overall DHA 

production rate was 66 mg h-1 L-1 (Fig. 42). Nevertheless, the DCW described by de Swaaf et 

al. (2003c) was not reached at all. The process was described with 10 g L-1 yeast extract (de 

Swaaf et al. 2003c), which led in our study only to a DCW of 35 g L-1. After a certain stage of 

cell mass had been reached, the cell number decreased and the reduced oxygen demand 

indicated the requirement of additional yeast extract to maintain linear growth. 

Furthermore, the described increase of the culture broth viscosity (de Swaaf et al. 2003c) 

was not observed – as also described by other authors (Hu et al. 2010; Pleissner & Eriksen 

2012). Hence, it is questionable whether the process described in this study can be 

compared at all with the process described by de Swaaf and his coauthors. 

Acetic acid is an expensive feed stock with a prize of 0.66 to 1.5 US $ per kg (Chemical 

Market Reporter 200810). The costs are three times higher than those of glucose (Sijtsma et 

al. 2010). Additional drawbacks for the application of acetic acid are its corrosiveness, 

flammability, and the demand to be handled carefully since it causes severe skin burns. All 

these drawbacks result in higher investment and maintenance costs (Mendes et al. 2007; 

Mendes et al. 2009; Sijtsma et al. 2010; Bumbak et al. 2011). The biomass and DHA yield 

based on the carbon source is low (YX/S = 0.19, YP/S = 0.05 in this study, YX/S = 0.13 (de Swaaf 

et al. 2003c)). The reasons are on the one hand the lower energy content in comparison to 

glucose and the redundant secretion of succinic acid in the medium (Sijtsma et al. 2010), and 
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on the other hand the loss of feed stock via gas aeration (sparging), since acetic acid has a 

low evaporation point. Besides, the process using acetic acid as main carbon source was 

protected by patents until 2010 (Ratledge et al. 2000). Hence a combination of a sufficient 

carbon source in the growth phase and a second substrate in the production phase, which 

promotes DHA production, is conceivable to reduce the application of harmful, inefficient 

substrates like acetic acid. 

The cultivation with lactose as carbon source was performed as a feasibility study 

concerning the applicability of sweet whey concentrate (Fig. 43). It was obvious, that the 

applied β-galactosidase was not stable during the cultivation time. Thus, the conclusion was 

drawn to perform the conversion of the lactose content in the feed stock prior to the 

cultivation. The biomass yield coefficient YX/S was higher as when acetate was applied, which 

results in lower substrate costs, especially when the lower prize for sweet whey concentrate 

is considered. Nevertheless, the product yield YP/S was only half of the YP/S reached with 

acetate. The obtained biomass was lower than with acetate, but compared to the study 

results with glucose by de Swaaf, the DCW was only slightly lower (21 g L-1 in this study, 

26 g L-1 (de Swaaf et al. 2003c)). The volumetric DHA content was similar in this study and as 

reported by de Swaaf et al., whereas the specific amount was higher (8.3 % in this study, 

6.9 % (de Swaaf et al. 2003c)). The highest DHA productivity was 14 mg L-1 h-1 measured 

after 423 h, and comparable with the results described in the literature when glucose was 

used as a single carbon source (de Swaaf et al. 2003c). Interestingly, the DHA content was 

relatively high in the cultivation with lactose combined with lactase as carbon source, 

compared to the cultivation with glucose as sole carbon source. This was maybe induced by 

the regular breaks in carbon supply, which deteriorate the growth, but let the cells starve, 

which may increase the expression of enzymes for the DHA production. Nevertheless, these 

several starvation periods in the growth phase reduced the overall biomass concentration 

and, therefore, they are not beneficial for the volumetric yield. 

The lactose of the sweet whey concentrate was converted to its monomers by β-

galactosidase prior to the cultivation for the feasibility test of this substrate. The cultivation 

with sweet whey was directly compared to one cultivation with glucose as main carbon 

source under similar conditions. The obtained DCW, volumetric and specific DHA content 

were higher in the cultivation with sweet whey than with glucose, YX/S was higher with 

glucose, whereas YP/S was similar (Fig. 44). The slightly higher amounts with sweet whey 

might have been caused by the additional essential nutrients, which are contained in sweet 

whey concentrates (Panesar et al. 2007). Nevertheless, for the application of a low price 

product, short transit ways are preferable, especially in the case of whey, in which a large 

amount of water is transported. The dairy companies near the envisaged production place 

offered solely sweet whey concentrate. The price of sweet whey concentrate is 

unfortunately related to the price of the obtainable sweet whey powder (December 2013: 

970€ t-1 11). The corresponding substrate costs (approx. 516 € t-1) are higher than for other 
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carbon sources. For this reason, the application of sweet whey concentrate was not further 

investigated. But the experiments have shown that the application is possible and that this 

might be an opportunity to couple the process with a dairy company, that produces sweet 

whey abundantly, resulting in lower prices as mentioned by (Viitanen et al. 2003; Peters 

2007; Panesar et al. 2007; Koutinas et al. 2009). This would also be beneficial in order to 

increase the sustainability towards regional closed carbon circles. 

The usually applied sea salt for the cultivation processes with C. cohnii (Ratledge et al. 2001; 

de Swaaf et al. 2003c; Mendes et al. 2007) was replaced with a defined composition of 

inorganic salts, which was described as Standard Ocean Water (SOW) in the Aquil medium 

(Morel et al. 1979; Sunda et al. 2005). The exchange of undefined sea water compositions 

with artificially prepared solutions exhibits the advantage that it facilitates experimental 

approaches for nutritional studies (Provasoli et al. 1957). Additionally, the dependence on 

the supplier of the individually used specific sea salt is avoided. In the course of the medium 

development the concentrations of the salts were successfully decreased. It was possible to 

eliminate the contained toxic salts. The results were proven in experiments in Erlenmeyer 

flasks and UYF to avoid oxygen limitations and to achieve higher cell densities. Even at these 

higher cell densities no significant differences in growth with reef salt or SOW were 

measurable (Fig. 46 A). The conducted experiment with different sodium chloride 

concentrations revealed that a concentration of at least 20 g L-1 is necessary to obtain a 

sufficient cell density. This coincides with the results published by de Swaaf et al. (1999), 

who claimed that the sea salt concentration has to be at least 17.5 g L-1, but contradicts the 

results reported by Jiang and Chen (1999), who observed the highest growth rate at 5 g L-1 

sodium chloride and the highest DCW at 9 g L-1. In the experiments described in this thesis, a 

significant lower growth rate was recognized with a sodium chloride concentration between 

5 and 10 g L-1 (Fig. 46 B). Differences might be caused by the various strains, which have 

been applied in these studies, or distinct cultivation conditions.  

The amount of yeast extract was successfully reduced in the experiments. This was 

necessary since yeast extract is a complex component, which exhibits a varying composition 

from lot to lot and is not defined at the single-element level, that can result in nutrition 

limitation not easy to detect (Bumbak et al. 2011). Furthermore, yeast extract is expensive in 

comparison to inorganic salt solutions. A strong increase of the glutamine and glutamate 

concentration was determined in a CELL-tainer cultivation (Fig. 51). This may indicate a 

strong nitrogen uptake after the addition of ammonia sulfate as an inorganic nitrogen 

source, as it was described, for example, for Saccharomyces cerevisiae, that glutamine 

concentration decreased, when ammonia was limited (Boer et al. 2010), since the 

incorporation of ammonia is linked to glutamine synthetase (de-Bashan et al. 2008; Boer et 

al. 2010; Perez-Garcia et al. 2011). However, ammonia should be added with care, since 

higher amounts clearly suppress growth (Fig. 78). It is obvious that the cell densities were 

higher with yeast extract, showing that other components are missing in the medium in 

addition to the single nitrogen source.  
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The missing components might be vitamins and a phosphate source. Therefore, two DoEs 

were applied in this study, which clearly revealed the influence of biotin and thiamine as 

essential vitamins and the necessity of phosphate, as a key element in phospholipids and 

nucleic acids (Madigan et al. 2012). Provasoli et al. (1957) have already mentioned that from 

a large mixture of vitamins, which is proposed for microalgae cultures, only thiamine and 

biotin had an impact on growth (Provasoli & Gold 1962). Since the conduction of the 

experiments was not comprehensively shown, a DoE was carried out in this study, which 

supported the former findings. The amount of yeast extract can be reduced, if vitamins and 

phosphate are added to the medium. However, the addition of phosphate to the medium is 

restricted (max. 0.75 g L-1 Na2HPO4), since it precipitates with calcium- and magnesia-ions, 

which are present in large amounts in the medium. In order to maintain a high level of 

phosphate throughout the cultivation, it should be added via the feed. But this has to be 

carefully evaluated, since Pleissner and Eriksen (2012) described an enhanced lipid content, 

if phosphate was limited. Moreover, the storage of phosphate as poly-phosphate was 

described for C. cohnii (Pleissner & Eriksen 2012) and for Peridinium cinctum f. westii 

(Elgavish et al. 1980), which protects the algae against potential phosphate limitations. 

Finally, the yeast extract was reduced by 80 % when its essential components were replaced 

with biotin, thiamine and Na2HPO4 (Fig. 50). Glutamate or ammonia sulfate can be applied as 

a reliable nitrogen source. Ammonia sulfate seems to be the favorable source, since the 

concentration in the medium can be determined fast and accurately with enzymatic test kits. 

Therefore, the nitrogen demand can be controlled easily. This is especially important for the 

shift from growth to stationary phase. Control strategies with an ammonium/pH-auxostat as 

previously described for Schizochytrium sp. (Ganuza et al. 2008) are conceivable, too. 

The improved medium was applied successfully in the CELL-tainer. In the 10 L approach, the 

maximum DCW reached 48 g L-1 within 234 h, the volumetric DHA content was 2.0 g L-1 and 

the specific amount was 4.6 % (Fig. 54). This was an improvement compared to cultivations 

in the beginning of the process development, which required a higher amount of yeast 

extract but resulted in lower DCW obtained in longer cultivation times. For example, half of 

the amount was reached within 270 h after several restarts (Fig. 79) and the same amount, 

but within 640 h (Fig. 32), respectively. The described process strategy was applied in several 

subsequent cultivations, which resulted in DCWs between 35 and 48 g L-1 (except cultivation 

C: 22 g L-1, Table 10). These cultivations were carried out in order to optimize the DHA 

production in the stationary phase with the help of different additives. In order to test the 

influence of these different additives, a sufficient cell density was necessary. 
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5.3.2 Optimization of the production phase 

In the last chapter the medium optimization for the growth phase was discussed. With the 

improved medium the DCW was increased and the cultivation time was significant 

shortened. Nevertheless, in course of these optimizations the specific DHA content of the 

cells obtained in the cultivations decreased. Thereby, the enhancement of the DHA 

production became the focus. It was the idea of the process development, that the cells 

proliferation is based on glucose as carbon source in the growth phase and that in the 

production phase the DHA synthesis is induced by a certain additive. Therefore, several 

cultivations were carried out in the CELL-tainer, since it was the bioreactor with the best 

performance as already discussed in chapter 5.2. In these cultivations different additives 

were added in the production phase. There was a variation between the cultivations, which 

made it difficult to distinct between the different additives, but some information could be 

obtained from these cultivations. The addition of rapeseed and sunflower oil did not 

improve the DHA production, whereas a positive influence of propionic and acetic acid was 

recognized. The slow addition of a higher amount of acid was harmful for the cells, although 

the pH was controlled. This was presumably caused by local pH gradients. On the contrary, 

the addition of the sodium salts of the acids led to large increases of the bioreactor volume, 

which might decrease the production rate as well, due to the dilution of other medium 

components. Thus, the application of the sodium salt of the relevant acid in the beginning of 

the production phase and the shift of the pH control from HCl to the relevant acid, analogical 

to the described pH-auxostat (Ratledge et al. 2001), would be beneficial. 

Since the big variations in the bioreactor cultivation made it difficult to judge the strength of 

the impact of the different additives, the need for a screening system for parallel 

experiments occurred. This would also facilitate the experiments since bioreactor 

cultivations are time and material consuming. The development of the two-phase system for 

this purpose was already discussed in chapter 5.1 and was applied in the following 

experiments in order to screen different additives for the enhancement of the DHA 

production.  

5.3.2.1 Screening of different additives for enhanced DHA production 

The impact of different additives was tested in a DoE approach and in a direct comparison 

under similar conditions, carried out on a DWP with the two-phase system with PFD.  

The DoE revealed a significant increase of the DHA production when acetate, propionate, 

and rapeseed oil were applied. In the direct comparison, acetate was identified as the most 

suitable additive to enhance the DHA concentration in the production phase. The 

concentration per cell exceeds 150 % in comparison to glucose. With ethanol, the specific 

DHA content was slightly higher and reached only 116 %, the DHA concentration with 

propionate (126 %) lay between those reached with acetate or ethanol. It was mentioned by 

de Swaaf et al. (2003b) that the cultivation with ethanol as major carbon source provides the 

highest DHA production rate, which was mainly caused by the faster biomass production The 

better growth performance with ethanol than with acetate was explained with more 
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reducing equivalents, which are emerging from the reaction steps from ethanol to acetate 

(Verduyn et al. 1991; Sijtsma et al. 2010). On the contrary, if C. cohnii uses the PKS system 

for the DHA synthesis as mentioned by Ratledge (2004), NADPH would be conserved in 

comparison to the FAS system. This would reduce the advantage of using ethanol as major 

carbon source in the production phase. However, in the desired process the biomass 

production should be obtained on the basis of glucose, because of the higher biomass yield, 

the lower substrate costs and the simplified handling compared to ethanol and acetic acid. 

Therefore, acetic acid is used only as a secondary substrate and it can be directly converted 

to acetyl-CoA in the cytosol and subsequently, acetyl-CoA is channeled directly to the DHA 

synthesis. Since the gluconeogenesis is diminished in the production phase, oxaloacetate is 

not necessary in high amounts, which was described as a major bottleneck in cultivations 

with acetic acid (Sijtsma et al. 2010). Thus, the conversion from ethanol to acetate may 

decrease the efficiency of the DHA production, resulting in the lower DHA concentration 

observed in the experiment with ethanol as a secondary substrate.  

In addition, propionic acid had a positive influence on DHA production, which was already 

recognized in the CELL-tainer cultivations discussed above. A higher cell size was detected 

with the flow cytometry in the culture with propionic acid addition. Ratledge et al. (2002) 

described that the addition of propionic acid to the culture shifts the amount of swimmer to 

cyst cells, which are believed to exhibit a higher DHA content, or at least they do not waste 

energy for swimming. These cyst cells are usually cells that are fixed in the G1-phase and 

exhibit a larger cell size (Yeung & Wong 2003; Yeung et al. 2006). Therefore, the higher cell 

size, which was determined by the flow cytometry measurement, indicates a higher amount 

of cyst cells in the propionic acid culture and underline the observations of Ratledge et al. 

(2002). 

The parallel addition of acetic and propionic acid showed symbiotic effects in the DoE. 

Sijtsma et al. (2010) reported that the addition of propionic acid has a symbiotic effect, 

because it enhances the oxaloacetate level in the cells in order to reduce the bottleneck in 

the citric acid cycle towards gluconeogenesis. But when acetic acid is supplemented as a 

secondary substrate, the growth phase has already come to an end, and the propionic acid 

might be used for the DHA synthesis in addition to acetate, increasing the overall 

production. 

The addition of butyric acid, rapeseed, or sunflower oil did not enhance the DHA content per 

cell. This was probably caused by the fact that C. cohnii cannot use this longer fatty acids as 

precursors for the DHA production as observed in different studies with 13C- and 14C-labeled 

fatty acids (Beach et al. 1974; Henderson & Mackinlay 1991; Metz et al. 2001; de Swaaf et al. 

2003a). 13C-labeled butyrate is broken down firstly into two carbon units and subsequently 

incorporated in DHA (de Swaaf et al. 2003a), whereas 14C-labeled C16:0, C18:1 or C18:3, 

which are contained in sunflower and rapeseed oil, are incorporated in triacylglycerols, but 

never used as a precursor for DHA synthesis (Beach et al. 1974; Henderson & Mackinlay 

1991; Metz et al. 2001; de Swaaf et al. 2003a). Nevertheless, the DoE revealed a positive 
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influence of rapeseed oil on the specific DHA content. This was not confirmed in the 

experiments, where it was added as a single secondary substrate on the DWP or in the CELL-

tainer trials. These findings indicate that long chain fatty acids might have a positive 

influence of DHA production, when supplemented additionally to a volatile fatty acid. This 

effect was probably also present in the CELL-tainer cultivation F (chapter 4.5.1), since this 

cultivation was a repeated fed-batch cultivation with remaining rapeseed and sunflower oil 

from the previous cultivations. They can be used also as a valuable antifoam reagent. 

5.3.2.2 Optimization of the process parameters in the TubeSpin bioreactor 

The DWP scale was used to evaluate the influence of different additives as secondary 

substrate. Acetic acid turned out as the best additive to increase the specific DHA 

concentration in the cells. In order to investigate the best conditions for the acetate 

addition, the shake flask scale seemed to be more suitable. Higher cell densities are 

achievable than on the DWP scale, with the possibility for parallel experiments, and with a 

lower effort in material and time than in bioreactor experiments. In the comparative study 

described in chapter 4.2.2, the TubeSpin bioreactor turned out as the most suitable 

cultivation system in this scale. In the further process development, the experimental setting 

was changed to the Tube Spin satellite approach combined with the acetic acid addition in a 

longer time period and coupled with a temperature shift, which was discussed in 

chapter 5.1.2.  

Different ammonia concentrations were tested to elucidate the impact on the DHA 

production (Fig. 62). Surprisingly, the specific DHA concentration and the specific DHA 

production rate were similar for the different amounts. These results are not in accordance 

with the data published by de la Jara et al. (2003) and Mendoza et al. (2008), as they 

reported an increase of the specific DHA content when nitrogen was absent in the medium 

in the stationary phase. The effect of nitrogen limitation on fatty acid biosynthesis was 

described by Ratledge (2004) and already discussed in chapter 1.3.3.1. In a nutshell, when 

nitrogen is limited, AMP is converted to release nitrogen, subsequently decreasing the AMP 

level, which consequently decreases isocitrate dehydrogenase activity. This leads to an 

increase of citrate, which is converted to acetyl-CoA for the fatty acid biosynthesis. This 

phenomenon led to the small increase of the DHA production rate and the DHA 

concentration when glucose was used as main carbon source and nitrogen became limited in 

the stationary phase (Fig. 35). Additionally, this small increase was visible in the increased 

fluorescence signal of Nile red stained cells in the yellow channel (Fig. 36 2d), indicating that 

the amount of storage lipids was enhanced by this nitrogen limitation, as it was described for 

the green algae Chlorella protothecoides (da Silva et al. 2009). The nitrogen starvation was 

nevertheless not sufficient to stimulate the DHA synthesis permanently. Therefore, acetate 

was added. Since acetate is converted directly to acetyl-CoA, the impact of nitrogen 

depletion on the DHA production might be low.  

The impact of the moment for the shift from glucose to acetate was also evaluated. The 

highest specific DHA content was achieved when acetate was added in the very late growth 
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phase. This was probably caused by the following effect: if acetate is added earlier, the 

acetate is not only used for DHA production, but rather for growth and gluconeogenesis, but 

the conversion rate from acetate to biomass is not very effective, since the YX/S is only 0.13 

(de Swaaf et al. 2003c) – in the experiments of this study between 0.16 and 0.19 (Fig. 42) 

and would be a waste of acetic acid. Besides, the early addition of acetate is not necessary 

since it was recognized from the conducted experiments that acetic acid is preferably 

consumed in contrast to glucose, which was also reported by Pleissner et al. (2012). It is, 

therefore, not necessary to add acetate in an earlier stage of the cultivation, because the 

algae will always switch the metabolism towards acetate consumption. 

Another aspect, which has to be considered, is that glucose limitation should be avoided, 

since it decreases the cell density and stops the growth immediately. It also decreases the 

specific and volumetric DHA content, which is clearly shown in Fig. 60. This contradicts the 

results of Pleissner and Eriksen (2012), who claimed that C. cohnii produces lipids even under 

carbon limited conditions. Contrary, no effect was observed for the production phase, when 

glucose became exhausted after the main carbon source was changed to acetic acid. Then, 

glucose limitation had no negative impact of the production rate. This was demonstrated in 

the CELL-tainer cultivations described in chapter 4.5.1.2. 

In summary it can be said, that acetic acid should be used only as a secondary substrate in 

the late growth phase. The pH control should be shifted from HCl to acetic acid to maintain a 

sufficient acetate level in the culture and to prevent an increase of the cultivation volume. 

The impact of the ammonia concentration is not significant and acetate should be added as 

sodium acetate in the late growth phase in order to avoid squander of this carbon source.  

 

5.3.3 Application of the optimized process in the lab scale 

Experiments in the shake flask scale revealed that the best time for the acetate addition is 

the late growth phase. It is important to supply acetate when glucose is still available to 

avoid any carbon starvation, even for short times. Otherwise, the DHA synthesis will 

decrease drastically. Stopping the feed at the time point of sodium acetate addition should 

be sufficient to ensure adequate ammonia and glucose concentration levels during the 

growth phase and to avoid harmful concentrations during the production phase. The 

optimized process was applied in the STR with 1 L working volume. 

The impact of acetic acid on the DHA synthesis in this STR cultivation was astonishing. The 

production rate was doubled, which finally resulted in a distinctly higher amount of product. 

The overall volumetric DHA production rate was 23 mg L-1 h-1 after 186 h and 20 mg L-1 h-1 at 

the end of the cultivation. This rate is higher than in cultivations with glucose as sole carbon 

source (19 mg L-1 h-1 (de Swaaf et al. 1999) and 9.8 mg L-1 h-1 (da Silva et al. 2006)). 

Moreover, the peak value of 47 mg L-1 h-1 was comparable for cultivations with acetic acid as 

sole carbon source (46 mg L-1 h-1 (de Swaaf et al. 2003c)). And even the product yield per 
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amount of acetic acid in the stationary phase was more than threefold higher than with 

glucose, which underlines an efficient conversion of acetic acid to DHA. 

Flow cytometry measurement revealed that the amount of cells with a totally collapsed cell 

membrane potential was smaller in the stationary phase than in the cultivation without 

acetate. The amount of cells obtained from the stationary phase, which were stainable with 

BOX already after a short ethanol treatment time, was higher, if acetate was added than 

with glucose as major carbon source. These results might indicate that the cells were longer 

metabolically active, when acetic acid was added in the production phase, than with glucose 

as sole carbon source. The results of the flow cytometry measurements of the Nile red 

stained cells was striking. Firstly, the signal in the yellow channel increased after the acetate 

addition. Subsequently, after the temperature was decreased, the signal in the red channel 

raised. From this it can be concluded that at first the amount of storage lipids was enhanced, 

induced by the acetate addition and afterwards the concentration in the phospholipids.  

A further approach to enhance the DHA synthesis was to lower the temperature from 25 °C 

to 15 °C in the production phase. In principle the reaction rates are decelerated when the 

temperature decreases, while the fluidity of the cell membrane would decline as well. 

Nonetheless, the fatty acid composition of the phospholipids influences the fluidity of the 

cell membrane and the organism can compensate the fluidity decline with a higher amount 

of unsaturated fatty acids, which exhibit a lower melting point than the saturated ones. This 

feature was described for microorganism in general (Wynn & Anderson 2006), for bacteria 

(Gounot 1991), and for microalgae (Richmond 1986; Perez-Garcia et al. 2011). Jiang and 

Chen (2000b) reported the highest specific DHA content and the highest DHA production 

rate for C. cohnii when the temperature was decreased from 25 °C to 15 °C, which is 

analogous to the experiments described here. 

Furthermore, the amount of molecular oxygen rises at a lower temperature. It was described 

that this led to an enlargement of the DHA synthesis, because the enzymes might be oxygen 

dependent (Jiang & Chen 2000b; Wen & Chen 2003; Perez-Garcia et al. 2011). But since the 

oxygen content was controlled over the bioreactor and the oxygen dependence of the 

enzymes is not clarified yet (Ratledge 2004; Mendes et al. 2009), the adaption of the fluidity 

played obviously the major role. Besides, the oxygen consumption decreased after the 

addition of sodium acetate, which might be caused by the lower growth rate, but can also 

give a hint, that the enzymes for the fatty acid biosynthesis are not oxygen dependent, as 

already assumed by Ratledge (2004). 

To sum up: it was possible to establish a stable DHA production process with glucose and 

acetic acid and a temperature shift applied in the later production phase, which resulted in a 

DCW of 46 g L-1 and 5 g L-1 DHA. The DHA content was 170 % higher than in a comparable 

cultivation with glucose as sole carbon source and without temperature shift. In addition, in 

this process the amount of applied acetic acid and yeast extract was reduced and the reef 

salt was exchanged to an inorganic salt mixture. 



Discussion: Introducing the flow cytometry to monitor the cell physiology 

147 

5.4 Introducing the flow cytometry to monitor the cell physiology 

The flow cytometry was introduced to the project in order to monitor the impact of shear 

stress and oxygen limitation on the cell morphology. This was of superior importance for the 

comparison of different shake flask devices and the direct comparison of the CELL-tainer and 

the conventional STR. Furthermore, the DHA determination is time- and material-intensive, 

which led to the demand of a method that is faster and can be applied in parallel to the 

process and for a high number of parallel samples.  

Firstly, the flow cytometry provides information about the cell size and granularity during 

the process. Secondly, the cell membrane potential can be measured with the application of 

BOX, whereas the cell membrane integrity can be elucidated with PI. These methods allow 

the evaluation of the impact of stress in different shaking systems. For a rough, but simple 

and fast DHA determination Nile red was chosen.  

Box staining was applied in order to observe changes in the cell membrane potential 

throughout the cultivation. The obtained results suggest that the different degrees of 

fluorescence intensity of the BOX staining allow to distinguish between cells with a lower cell 

membrane potential and cells, in which the cell membrane potential is totally collapsed, 

which are very likely not cultivable anymore. Cells with a totally collapsed cell membrane 

potential had the same fluorescence intensity as the cells of the growing phase treated with 

ethanol for one minute. Cells with a lower cell membrane potential appeared only in the 

growth phase and were partly coupled with a lower granularity. It was described, that the 

granularity of cells in the G1-phase is higher (Yeung & Wong 2003; Yeung et al. 2006), which 

means that the daughter cells exhibit a lower one. Furthermore, the cell membrane 

potential provides information of the ionic charge of the cells, which is often described in 

general as energetic state (Müller & Nebe-Von-Caron 2010). This means BOX accumulates in 

the cells, when the active transport system has ceased (Dinsdale & Lloyd 1995; Hewitt & 

Nebe-Von-Caron 2004; Davey 2011). In daughter cells the fully functional transport 

processes have not been self-established yet. Therefore, the daughter cells might have a 

lower cell membrane potential, immediately after division, which can be recognized with the 

flow cytometry and BOX staining. This would provide information on the current process 

state. Another aspect, which has to be considered, is that the flow cytometer only measures 

the amount of the dye, not the concentration, and therefore the intensity depends also on 

the cell size (Plasek & Sigler 1996; Shapiro 2000). This means that if the cells are smaller, the 

cell membrane potential might be similar, although lower staining intensities are obtained. 

This could be also true for the daughter cells of C. cohnii , which are smaller than cyst cells in 

the G1-phase (Yeung & Wong 2003; Yeung et al. 2006). However, it was not possible to prove 

this hypothesis, since no significant differences in cell size were visible between these two 

BOX populations with the flow cytometry, therefore the hypothesis that the daughter cells 

exhibit a lower cell membrane potential seems to be more likely. This observation provides 

an advantage for the process development and control, since it is possible to recognize the 

transition time from growth to production phase early. This is of particular importance for 
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the process control, since this indicates the optimal moment for the switch from glucose to 

acetic acid. 

PI staining was applied in order to monitor the cell membrane integrity, but the amount of 

stained cells remained always below 5 %, independent from the applied culture devices. It 

was reported that shear stress caused by mechanical agitation lead not to the loss of the 

membrane integrity (Yeung & Wong 2003; Yeung et al. 2006).  

Another approach to monitor the cell physiology was the ethanol treatment of the cells. The 

cells were only stainable with PI or BOX after 1 min of ethanol treatment, if the cells were 

obtained from the growth phase. In the stationary phase longer treatment times were 

necessary. Temporary cysts are formed at adverse environmental conditions, mainly in the 

stationary phase or when other stress occurred. The development of the cyst can be coupled 

in microalgae with a resistant outer coating (Blackburn & Parker 2005). The cysts are more 

resistant to ethanol treatment than the vegetative cells, resulting in this different behavior. 

Therefore, the amount of non-cyst cells can be determined with the ethanol treatment for 

1 min and subsequent PI staining. With the ethanol treatment applied together with BOX 

staining, it was also possible to observe that the potential of the cell membrane was more 

sensitive towards ethanol treatment if acetic acid was applied as an additional carbon source 

in the stationary phase than with glucose alone, which might be caused by a higher 

metabolic activity. 

The application of Nile red staining was successfully applied to monitor indirectly the DHA 

content. A linear correlation was detected between the DHA concentration and the red 

fluorescence signal, which was already described by de la Jara et al. (2003). Additionally, it 

was proven that a higher Nile red signal is coupled with a higher granularity of the cells. 

Moreover, it was possible in the process development to evaluate, if the DHA increase was 

associated with the neutral (yellow fluorescence) or polar (red fluorescence) lipid content. 

This was achievable, because the fluorescence signal differs depending on the structure of 

the triacylglycerols, in which the dye is solved (de la Jara et al. 2003; Shapiro 2003). The 

correlation between the yellow signal (FL2) and the triacylglycerol content (Guzman et al. 

2010; Montero et al. 2011) as well as for red signal (FL3) and polar lipid content (Guzman et 

al. 2010) was already reported for Tetraselmis suecica.  

In summary, it can be stated that the flow cytometry was successfully applied in the process 

development for the detection of the impact of shear stress and oxygen limitations in 

different culture devices and to evaluate the influence of process conditions on the DHA 

content. 
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6 Conclusions 
The DHA production process with the heterotrophic marine microalgae Crypthecodinium 

cohnii was effectively improved in this study. The undefined reef salt, which is usually used 

for the cultivation, was exchanged to a defined mixture of inorganic salts. The required yeast 

extract could be substituted partially by ammonia sulfate, phosphate, and vitamins. 

It was shown that a combination of glucose and acetate was successful, on the one hand to 

enhance the DHA production in comparison to cultivations only with glucose as major 

carbon source, and on the other hand, to decrease the cultivation time compared to 

cultivations with acetate alone. This promising combination of both strategies was not 

described in the literature before. 

A screening system was successfully developed to elucidate the impact of different additives 

on the DHA production. This screening system can be applied also for the screening of 

different heterotrophic microalgae that could synthesize more DHA or other fatty acids. 

The use of the shake flask scale should be recommended for the optimization of the process 

parameter, in order to achieve higher cell densities. A combination of TubeSpin bioreactor 

600 and the TubeSpin bioreactor 50 turned out as the most qualified tool for this task. 

The comparison of different SUBs revealed that the SB200-X from Kühner shaker can be 

used for the scale up directly from the results obtained from the TubeSpin flasks. The 

installation of a reusable polymer based container or a stainless steel container, coated with 

chloride resistant material, is advised. 

The CELL-tainer was the most qualified SUB in this comparative study. Especially in the 15 L 

scale, this device is useful for the process development. Test trials in the new CELL-tainer 

200 with a working volume of 150 L for microbial applications with C. cohnii are highly 

recommended and will be performed in the future. 

A parallel cultivation strategy should be considered for the production process in order to 

reduce manpower and downstream capacities. The constraints in working volume of SUBs 

can be compensated with this strategy. 

The flow cytometry measurement was successfully introduced in the process development 

and is also highly recommended for the later process control in a production process since 

physiological changes of the cells during the cultivation can be virtually recognized in real-

time.  

All in all, it was shown in this study, that the consequent process development in three 

stages from small to large scale in polymer based systems was successful. This approach can 

be transferred also for the medium and process development for other marine 

microorganisms. 
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8.2 Supplementary Results 

Enzyme controlled fed-batch system in the mL-scale 

 

Fig. 71: Influence of different glucoamylase concentrations on the growth of the algae. DWP, 3 mL culture 

volume (duplicates), medium: 30 gL
-1

 dextrin or maltodextrin, 1 gL
-1

 yeast extract SOW, control medium with 

5 gL
-1

 glucose. 

 

Fed-batch cultivation with sweet whey concentrate 

Fig. 72: Fed-batch cultivation in 1 L 
glass bioreactor (Schott) with 
sweet whey concentrate and 
lactase. Batch: 39 mL L

-1
 sweet 

whey concentrate, 250 U L
-1

 β-
galactosidase (DSM), 10 g L

-1
 yeast 

extract, 25 g L
-1

 reef salt, Feed 
(Sweet whey concentrate with 2 g 
β-galactosidase g

-1
concentrate) was 

turned on every hour for 15 min 
with a feed rate of 0.0425 g min

-1
 

(corresponding to a total feed rate 
of 0.124 g h

-1
 glucose and 

galactose). 

. 

 



Appendix 

167 

Comparison of TubeSpin Bioreactor 600 and UYF 

 

Fig. 73: Comparison of the growth, DHA production and yields between UYF and TubeSpin bioreactor. 100 mL 

medium: 25 g L
-1 

glucose, 10 g L
-1

 yeast extract, 0.75 g L
-1

 Na2HPO4 H2O, SOW, thiamine, biotin, addition of 

ammonia sulfate and glucose within the production phase in dependence of the specific consumption. After 96 h 

1 % v/v sunflower, respectively rapeseed oil was added. Temperature was decreased after 161 h from 25 to 

15 °C. YX/S and YP/S is related to the added glucose concentration and does not include the amount of yeast 

extract and additive, which was similar in all experiments. 

 

KL1 determination in the SB200-X 

Fig. 74: results of the kLa 

calculations for a cultivation 

carried out in the SB200-X. 100 L 

medium: 25 g L-1, 10 g L-1 yeast 

extract, SOW, KLa values were 

calculated with the off gas 

analysis data the DO-data read 

out from the screen. 
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Cultivation in the SB200-X with new bags 

Fig. 75: Various trials in the SB200-X 
with advanced bag. Fed-batch 
cultivation was restarted several 
times. 1-3 correspond to pulse 
addition of sodium acetate: 1, 2: 
0.1 %, 3: 0.3 %, 4: glucose freed was 
changed to acetic acid. Culture broth 
was taken out in the third trial (after 
46 h) and transferred aseptically to a 
UYF and cultivated on a shaker. B 
and C data correspond to SBXnew 
bag 3. 

 

 
 

Impact of different carbon sources on growth 

 
Fig. 76: Comparison between the different carbon source: DWP experiments (quadruplicates), 1 % inoculum, 

3 mL medium: 5 gL
-1

 glucose, 1 gL
-1

 yeast extract, 25 gL
-1

 reef salt, glucose in A and B as control for the growth 

under standard conditions. 
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Influence of different lactase and lactose concentrations on growth 

 

Fig. 77: Influence of different lactase concentrations: A: DWP experiment with following medium composition: 

30 g/L lactose, 1g /l yeast extract, 25 g/L reef salt, gray scale: 3, 5, 10, 20, 40, 80 U L
-1

 beta-galactosidase 

(Sigma), red circle: 160 U L
-1

, green square: 320 U L
-1

 , B: 25 mL culture in 100 mL Erlenmeyer flasks, different 

concentration of lactose, 10 g/L yeast extract, 25 g/L reef salt, 250 U/L β-galactosidase, standard in both 

experiments: 5 g L
-1

 glucose, 1 g/L yeast extract, 25 g/L reef salt 

 

Influence of the ammonia addition 

Fig. 78: Influence of different 

ammonium sulfate concentration on 

OD492. DWP experiments, 3 mL 

culture volume, 1 % inoculum (v/v), 

medium: 5 gL
-1

 glucose, 1 gL
-1

 yeast 

extract, 25 gL
-1

 reef salt. 
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First cultivation in the CELL-tainer 

Fig. 79: Fed-batch cultivation in 

CELL-tainer bioreactor. Start with 

2 L medium: 25 g L
-1

 glucose, 10 g L
-1

 

yeast extract, SOW, feed: 500 g L
-1

 

glucose, 1: addition of new 

preculture (4.5 % v/v) + 5L fresh 

medium, 2: addition of a second 

preculture (3.7 % v/v), 3-7 

correspond to pulse addition of 

nutritients: 3: 0.4 g L
-1

 yeast extract, 

4: 0.03 mg L
-1

 biotin, 5: 0.016 mg L
-1

 

thiamine, 6: 0.54 g L
-1

 ammonium 

sulfate (correspond to 

0.07 g L
_1

ammonia), 7: 0.82 g L
-1

 

glutamine. 
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Influence of the temperature shift on DHA production 

Fig. 80: Influence of time 

and temperature shift (from 

25 C to 15 °C) on DHA 

production. A: cell number. 

B: pH C: volumetric DHA 

concentration, D: specific 

DHA concentration. Symbols: 

without additives (open 

circle), with additive addition 

after 85 h (closed circle), 

after 133 h (open triangle) 

and after 85 and 133 h 

(closed triangle). 

 

  

Impact of PPG 2000 on the cultivation of C. cohnii in the STR 

Fig. 81: Impact of antifoam 
reagent in a fed-batch cultivation 
in 1 L STR. Medium: 25 g L

-1
 

glucose, 10 g L
-1

 yeast extract, 
SOW, 0.75 g L

1
 Na2HPO4, 600 mg L

-

1 
thiamine hydrochloride, 18 mg L

-1 

biotin, feed: 500 g L
-1

 glucose + 
13 g L

-1
 ammonium sulfate. 

Addition of PPG 2000 with the 
foam control. 
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1 L CELL-tainer cultivation with 25 % acetic acid 

Fig. 82: Fed-batch cultivation 
with glucose and 25 % acetic 
acid in the 1 L CELL-tainer. 
Medium: 25 g L

-1
 glucose, 10 g L

-1
 

yeast extract, SOW, 0.75 g L
-1 

Na2HPO4, 600 mg L
-1

 thiamine 
hydrochloride, 18 mg L

-1
 biotin, 

feed: 500 g L
-1

 glucose + 13 g L
-1

 
ammonium sulfate. 1: addition of 
4.8 g L

-1
 sodium acetate, 2: 

temperature shift from 25 °C to 
15 °C. 
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