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INTRODUCTION
1.  Curdlan is an insoluble polysaccharide composed exclusively of 
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-1,3-linked glucose residues, and synthesized by Agrobacterium species and Alcaligenes faecalis under the nitrogen-limiting conditions. 

After Takeda Chemical Industries Ltd(1). introduced curdlan to the market, a fermented polysaccharide, its usage rapidly increased. Curdlan's linear structure allows it to be resistant to heat and other external forces, including pH. In a clinical trial researchers used curdlan sulfate as an antiviral agent for the inhibition of human immunodeficiency virus (HIV)-1 infection. It was also used as a drug delivery polymer. It was found that drug release was sustained and diffusion-controlled by the curdlan. It can be applicable for use in a sustained release suppository(2).
Curdlan was also can be used for an admixture to concrete to enhance the fluidity of concrete and has been commercialized by Takeda Chemical Industries Ltd., Japan. There are other polysaccharides used as admixtures of concrete and their competitive price must be minimized to have economic feasibility. Therefore, it is important to increase curdlan productivity by manipulating the environmental conditions and its production cost should be minimized to compete with other polysaccharides(3). 

The increase of curdlan production rate decreases the production cost and enhances the profits. Therefore, the optimization of the curdlan fermentation process for maximal production has been of much interest to industry. There are many factors involved in optimizing curdlan production. Temperature, pH, nutrients, agitation, and aeration are the most typical factors. The optimization of agitation speed on the curdlan production has been done by Lee et al.(4). Since cell growth and product formation rates are greatly depend on pH variation, the optimization of pH profiles is also important in maximizing curdlan productivity. 

In this presentation, the optimal profiles of pH profiles for the maximal production of curdlan will be presented. The three inferential optimal control schemes are presented and the efficiencies of them will also be presented.  
MATERIALS AND METHODS
Seed Culture: The seed culture was prepared for the batch fermentation. The composition of the seed culture, prepared for batch fermentation was 20 g/L of sucrose, 5 g/L of yeast extract, and 5 g/L of peptone and the pH was set at 7.0. After transferring the cells from agar plates, a flask containing 100ml medium in a 500 ml baffled flasks were incubated at 30C for a day.
Batch Culture: The medium composition for developed by Lee et al(9). was used for the batch fermentation. The sucrose concentration was 140 g/L, (NH4)2HPO4 3 g/L, KH2PO4 1g/L MgSO47H2O 0.5 g/L, and trace elements 10 ml/L. The composition of trace elements was 5 g of FeSO47H2O, 2 g of MnSO44H2O, 1g of CoCl2H2O, and 1g of ZnCl2 per liter of 0.1N HCl. The culture volume of batch fermentation was 3 L in a 5 L batch fermentor.

Cell Mass: One ml of sample was mixed with 15 ml of 0.5N NaOH solution. The supernatant was removed by centrifugation. The aliquot was washed two times and the cell mass was measured in a weighing dish after drying overnight at 80C.  

Sucrose Assay: The sucrose concentration was measured with a modified DNS method. One ml of sample was mixed with 20 
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 of 3 N HCl. The mixture was boiled at 100C for 15 min. After cooling the mixture, 3 ml of DNS solution was added and it was boiled at 100C for 10 min. The absorbance of the sample was measured at 570 nm and the sucrose concentration was determined by comparing measured absorbance with the standard solution.

Curdlan Assay: One ml of sample with appropriate dilution was mixed with the 15 ml of 3N NaOH solution. The mixture was incubated at room temperature for 30 min. The supernatant obtained after centrifuging the mixture at 4000 rpm for 15 min and was mixed with 15 ml of 3N HCl. It was centrifuged again at 4000 rpm for 15 min and the curdlan was harvested at the bottom of the tube was harvested. The curdlan was washed with distilled water three times with distilled water to remove salts. The weight of the curdlan was measured in a weighing dish by drying overnight at 80C. 

Ammonium Assay: Ammonium concentration was determined by the indophenol method. 
Computer Control System 

     The Pentium(200MHz) computer equipped with analog to digital converter (A/D) and digital to analog converter(D/A) was used for the monitoring and optimal feedback control of pH. The fermentation variables such as dissolved oxygen (DO), RPM, Temperature, and pH was monitored and used for the control.

RESULTS

Optimal Control Profiles

     The pH effects on the cell growth and product formation were expressed as pH dependent model and expressed as following simple equations. 
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The optimal pH control profiles were calculated with the minimum principle of Pontryagin and shown in Figure 1. The pH was changed from its growth optimal state to the production optimal one after ammonium depletion. After ammonium depletion, some physical parameters are changed and they can be used for the maximal production of curdlan. They are DO, pH, and CO2 evolution rate.
Applied Control Schemes

1. Feedback Optimal Control with DO Changes as an Inferential Variable

     The inferential optimal control scheme was applied with the feedback control mode. After depletion of ammonium source, the cell physiology changed from the cell growth phase to curdlan production one. When cell grows, it needs a lot of oxygen. However, the oxygen demand for the curdlan production is small relative to that of cell growth. Therefore, DO increased after cell growth and it was used as an inference signal initiated the pH shifts. 

2. Feedback Optimal Control with NaOH addition as an Inferential Variable

    As the ammonium source depletion, the cells are not growing and do not produce acid byproducts. Therefore, the NaOH feed rate for pH control is almost zero. In this experiment, the feed rate of NaOH was measured by signals and A/D boards and was used as an inference signal for the optimal pH control of fermentation. 

3. Feedback Optimal Control with CO2 evolution rate as an Inferential Variable

When the cell physiology was changed from cell growth to product formation, CO2 evolution rate changed. Cell produced a lot of CO2 for cell growth and it produced small amount of CO2 for curdlan production after nitrogen source depletion. The CO2 production rate was used as an inference control variable for the optimal control. When CO2 production rate was changed, the pH was shifted from a growth optimal to a production optimal. 
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Figure 1. Calculated optimal pH profiles (line in the graph) and the experimental results obtained with optimal pH control profiles.
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