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Introduction

Developing high cell density culture (HCDC) technologies has attracted much attention as this may guarantee high product level. Lots of works have been done and many scientific papers have been published on the topic of HCDC. There is almost no problem to get a very high cell density in small-scale fermentation for several important industrial microorganisms, such as Escherichia coli (128 ~ 148 g/L), yeast (Saccharomyces cereciviae: 130 g/L), Bacillus (B. subtilis: 184 g/L), and Ralstonia eutropha (200 g/L) (Korz et al 1995; van Hoek et al 1999; Park et al 1992; Ryu et al. 1999). In all these cases, the high purity oxygen or oxygen-enriched air was introduced into the fermentor to enhance the oxygen supply.

In lab-scale fermentors, oxygen-limitation was usually overcome by employing either pure oxygen or oxygen-enriched air, sometimes by using overpressure strategy. As we known, the limitation of oxygen would become more and more serious as the volume of fermentor increases, and there is only a few part of introduced oxygen consumed in aerobic cell cultures. So, how to supply enough oxygen effectively to obtain a high cell density in large-scale fermentors and make the bioprocessing economical provides a hard task to engineers. 

Here, the fed-batch culture of R. eutropha was carried out with high purity oxygen or air as gas phase in three different scale fermentors. The impact of oxygen supply on HCDC was investigated, and the oxygen consumption was evaluated. The possibility for oxygen supply in a large-scale fermentor was discussed too.

Materials and methods

Microorganisms and media: R. eutropha was used in all experiments. The medium compositions have been described previously (Shang et al. 2003).

Culture condition: All experiments were carried out in several fermentors with different volumes (5-L, 30-L, 300-L). The gas flow-rates was maintained at the same value of 1 vvm based on the initial culture volume. The pH, and temperature was controlled at 6.7 and 30(C, respectively. When pure oxygen was used as gas phase, the dissolved oxygen concentration was maintained higher than 20 % of air saturation by increasing the agitation speed up to 800-rpm in the 5-L fermentor, 350 rpm in the 30-L fermentor. When air was used as gas phase, the maximal 900-rpm in the 5-L fermentor was employed to keep the dissolved oxygen concentration as high as possible, 400-rpm in the 30-L fermentor, and 200-rpm in the 300-L fermentor. The glucose concentration was automatically monitored and controlled at around 9.0g/L. Oxygen with a high purity (93%) was produced by a pressure swing adsorption oxygen generator.

Analysis methods: The methods used to determine the optical density (OD), dry cell weight (DCW), residual cell weight (RCW), and PHB concentration were the same as the previous description (Shang et al. 2003). Oxygen concentration in the effluent gas was measured with a gas analyzer (Model LKM2000-03, LOKAS Automation Corp., Korea).

Results and discussion

In the aerobic high cell density cultures, the high purity oxygen or oxygen-enriched air was always employed to eliminate the oxygen limitation, as mentioned above, but there is no report on the fermentation that used high purity oxygen as gas phase through all process, especially in the lab-scale fermentation process. 

Pure oxygen, or called molecular oxygen, is the best candidate for enhancing oxygen transfer rate by increasing its solubility. Based on the mass transfer regulations, the volumetric oxygen transfer rate can be increased more than 5 times when pure oxygen is used rather than air. With the increase of fermentor volume, the oxygen transfer capacity decreases much. Although there have been several researches focusing on the improvement of oxygen transfer rate by recombinant engineering, it is probable that supplying high purity oxygen is the only possible way to achieve high cell density in large-scale fermentors.

Oxygen can be concentrated to about 93% from air by the PSA (Pressure Swing Adsorption). Figure 1a shows the time courses of DCW, RCW, OD, and PHB concentration in the fed-batch culture with high-purity oxygen. The final DCW and PHB concentration reached 185.9 and 131.3 g/L, respectively. In the fermentation with air only, as showed in Fig.1b, however, the final DCW and PHB concentration reached only 49.2 and 21.3 g/L, which decreased 73% and 84%, respectively, as compared to the results obtained with high purity oxygen as gas phase. A similar result that the DCW of 51 g/L was obtained in fed-batch culture of Recombinant E. coli in a 30-L fermentor to produce PHB from whey was reported recently (Park et al 2002), where only air was used as gas phase. In contrast, the DCW could reach 109 g/L in a similar fermentation process when pure oxygen was employed (Wong and Lee 1998). 
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Figure 1. Time courses of DCW, RCW, OD, and PHB concentration in the fed-batch culture of R. eutropha 

with different gas phases: (a) High-purity oxygen; (b) Air.

In the 5-L fermentor, the final DCW and PHB concentration obtained with high-purity oxygen supply increased 2.2 and 2.9 times, respectively, as compared to the results of air supply (Table 1). The lowest DCW and PHB were obtained in the 300-L fermentor with air supply only. 

Table 1. Summary of fed-batch cultures with oxygen and air

	Fermentors
	Gas phase
	Culture time (h)
	DCW (g/L)
	PHB conc. (g/L)
	Notes

	5 L
	Oxygen
	45.0
	208.2
	138.7
	O2 Cylinder

	
	Air
	45.5
	96.4
	46.6
	

	30 L
	Oxygen
	47.0
	185.9
	131.3
	O2 from PSA

	
	Air
	45.5
	49.2
	21.3
	

	300 L
	Air
	49.0
	23.4
	8.4
	


Figure 2 shows the time courses of oxygen uptake rate (OUR) and oxygen concentration in the effluent gas from the 30-L fermentor. In the fermentation with high purity oxygen, the oxygen concentration in the effluent gas decreased from 93% to 78%, then increased a little to 84% at the end of fermentation. The maximal OUR was 334 mmol/Lh. In the case of air supply, the oxygen concentration in the effluent gas just decreased from 20.8% to 18.5%, and the maximal OUR was only 46 mmol/Lh, which decreased 86% as compared with the value of 334 mmol/Lh. In the case of supplying high purity oxygen, there were about 9~11% of introduced oxygen consumed by cells. However, this value decreased to 4~5% in the case of supplying air only.
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Figure 2. Time courses of OUR and oxygen concentration in the effluent gas from the 30-L fermentor:

(a) High-purity oxygen; (b) Air

Conclusion

Because of the insufficient oxygen supply, much lower DCW and PHB concentration were obtained in the fed-batch culture of R. eutropha with air only. As the fermentor volume increased from 5-L to 30-L, the ratio of PHB concentrations obtained between high purity oxygen and air increased from 2.9 to 6.2 times. This clearly showed the impact of oxygen supply on the PHB production process. Also, the application of high purity oxygen enhanced the oxygen utilization rate. Although several strategies have been developed to enhance the oxygen supply, the high-purity oxygen supply is probably the most efficient way to carry out high cell density cultures in large-scale fermentors.
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