
Effect of Particle Loading on GM-CSF 
Production by Saccharom yces 
cerevisiae in a Three-Phase Fluidized 
Bed Bioreactor 

Chin-Hang Shu and Shang-Tian Yang* 
Department of Chemical Engineering, The Ohio State University, 140 West 
19th Avenue, Columbus, Ohio 43210 

Received August 18, 1995/Accepted February 8, 1996 

Continuous production of a recombinant murine granulo- 
cyte-macrophage colony-stimulating factor (MuGM-CSF) 
by immobilized yeast cells, Saccharomyces cerevisiae 
strain XV2181 (a/a, Trpl) containing plasmid paADH2, in 
a fluidized bed bioreactor was studied at a 0.03 h-' dilution 
rate and various particle loading rates ranging from 5% 
to 33% (v/v). Cells were immobilized on porous glass 
beads fluidized in an air-lift draft tube bioreactor. A selec- 
tive medium containing glucose was used to start up the 
reactor. After reaching a stable cell concentration, the 
reactor feed was switched to a rich, nonselective medium 
containing ethanol as the carbon source for GM-CSF pro- 
duction. GM-CSF production increased initially and then 
dropped gradually to a stable level. During the same pe- 
riod, the fraction of plasmid-carrying cells declined con- 
tinuously to a lower level, depending on the particle load- 
ing. The relatively stable GM-CSF production, despite the 
large decline in the fraction of plasmid-carrying cells, was 
attributed to cell immobilization. As the particle loading 
rate increased, the plasmid stability also increased. Also, 
as the particle loading increased from 5% to 33%, total 
cell density in the bioreactor increased from 16 to 36 g/ 
L, and reactor volumetric productivity increased from 
0.36 to 1.31 mg/L.h. However, the specific productivity of 
plasmid-carrying cells decreased from 0.55 to 0.07 mg/ 
L.g cell. The decreased specific productivity at higher 
particle loading rates was attributed to reduced growth 
efficiency caused by nutrient limitations at higher cell 
densities. Both the reactor productivity and specific cell 
productivity increased by two- to threefold or higher 
when the dilution rate was increased from 0.03 to 
0.07 h-'. 0 1996 John Wiley & Sons, Inc. 
Key words: bioreactor, fluidized bed murine granulocyte- 
macrophage colony stimulating factor * Saccharomyces 
cerevisiae 

INTRODUCTION 

The yeast, Saccharomyces cerevisiae, grows rapidly in a 
relatively simple medium to high cell densities with high 
levels of product secretion. S. cerevisiae also possesses 
an eukaryotic subcellular organization capable of some 
posttranslational modifications, which are required for 
most mammalian proteins. Thus, S. cerevisiae has been 
used as a host organism for production of several recom- 
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binant proteins,12 including granulocyte-macrophage 
colony-stimulating factor (GM-CSF)F8 GM-CSF is one 
of the four specific glycoproteins that stimulate a popu- 
lation of committed granulocyte-macrophage progeni- 
tor cells to generate granulocytes and macrophages, two 
important white blood cells.17 The carbohydrate portion 
of GM-CSF is not required for biological activity. GM- 
CSF has been cloned and expressed in bacterial, yeast, 
and mammalian cells and is now mass-produced for 
clinical uses.18 However, information regarding the pro- 
duction of recombinant GM-CSF is scarce in the avail- 
able l i terat~re .~ 

One major concern in recombinant cell fermentation 
is plasmid loss during fermentation, which results in 
reduced product yield and reactor prod~ctivity.~ Immo- 
bilization of recombinant cells offers an attractive alter- 
native to traditional fed-batch and chemostat processes. 
Because of reduced cell growth and selection between 
plasmid-containing and plasmid-free cell populations, 
improved plasmid stability and productivity can be ob- 
tained with cell immobilization.8~'3~23~2s~29~33~36~37 Through 
immobilization, the productive plasmid-carrying cells 
can be retained in the reactor while daughter cells, re- 
vertant and unproductive, are washed out. The in- 
creased plasmid stability in immobilized cells also may 
result from mechanical properties of the gel bead system 
used, which limits cell divisions.2 

Fluidized bed reactors (FBR) have been widely used 
in biological wastewater treatment. Recently, FBRs 
have also attracted great attention for potential applica- 
tions in fermentation because of their capability to 
achieve high mass transfer rates, high cell densities, and 

pared with other types of immobilized cell bioreactors, 
the fluidized bed provides better solid and liquid mixing, 
higher oxygen transfer, easier C 0 2  removal, easier cell 
regeneration, and a more uniform cell population in 
the reactor than does the membrane or packed bed 
bioreactor. However, cell density per unit volume is 
potentially lower in a fluidized bed than in a packed bed 
or membrane system because of packing considerations. 
The overall performance of the fluidized bed bioreactor 

high reactor productivities.6,10,14,15,21,26,27,30,34,35,38 Corn- 
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depends on its operating conditions. A draft tube three- 
phase fluidized bed bioreactor is considered to give 
higher overall gas loading and solid loading than those 
from conventional three-phase fluidized  bed^.^,^^ Be- 
cause of its simple construction, a three-phase draft tube 
fluidized bed bioreactor reduces the possibility of con- 
t a m i n a t i ~ n . ~ ~  Additionally, the use of gas to circulate 
the contents of a fermentor through a draft tube is a 
convenient means of achieving good mixing and aera- 
tion. Such airlift design is of simple construction and 
operation, has low power consumption yet improved 
oxygen transfer,” and is thus attractive for large-scale 
operation? The main objective of this work was to study 
the feasibility of using a three-phase, draft-tube, fluid- 
ized bed bioreactor for continuous production of GM- 
CSF by recombinant yeast cells immobilized on porous 
glass beads. Fermentation kinetics and reactor stability 
were studied. 

Hydrodynamic behavior of three-phase fluidized bed 
bioreactors is rather complicated and not well under- 
stood. Of the many hydrodynamic properties of three- 
phase fluidized bed bioreactors, phase holdup is one 
major factor affecting the mass transfer characteristics 
and reaction rate in the reactor. Solid loading in three- 
phase fluidized bed bioreactors also affects the volume 
of immobilized cell supports. An increased solid loading 
rate implies that increased cell density can be obtained 
for fermentation. As the solid loading rate increases, 
the hydrodynamic behavior of a fluidized bed bioreactor 
also changes. Consequently, the physiology of immobi- 
lized cells and reactor performance also could be af- 
fected by solid loading rate. The effects of solid loading 
rate on GM-CSF production, reactor productivity, and 
plasmid stability in the continuous fermentation with a 
nonselective rich medium were thus studied and are 
reported in this article. 

MATERIALS AND METHODS 

Culture 

The Saccharomyces cerevisiue strain XV2181 used in 
this study was obtained from Immunex (Seattle, WA). 
This yeast cell contained the vector paADH2, which 
consisted of pBR322, the yeast TRPl gene, 2p origin 
of replication, and cDNA for murine GM-CSF. Gene 
expression of the protein was controlled by the glucose- 
repressible ADH2 promoter. The selective marker for 
this tryptophan auxotroph is TRPl gene. Detailed de- 
scription of this vector can be found elsewhere.28 The 
recombinant yeast culture was maintained on agar 
plates with biweekly transfer. 

Media 

Two different media were used. The selective medium 
contained 6.7 g/L yeast nitrogen base without amino 

acids (Difco), 5 g/L casamino acid (Difco), 20 g/L glu- 
cose, 10 m& adenine, and 20 m& uracil. The use of 
acid-hydrolyzed casamino acid provided a tryptophan- 
free amino acid source; thus the medium is selective for 
the plasmid-carrying cells. This selective medium was 
used in preparing inocula and for reactor start-up. A 
rich (nonselective) medium containing 10 g/L yeast ex- 
tract, 20 g/L peptone, 80 mg/L adenine, 80 mg/L uracil, 
and 20 g/L ethanol was used in continuous fermentation 
study. Ethanol, instead of glucose, was used in the rich 
medium to ensure that the ADH2 promoter was not 
repressed by glucose and to attain high product expres- 
sion level. The pH of these media was about 6.5. For 
agar plates used in colony counts, the media also con- 
tained 2% (wt/v) Bacto-agar. 

Bioreactor Construction 

A 0.5-L draft tube air-fluidized bioreactor with a work- 
ing volume of 350 mL was used in this work. The biore- 
actor was constructed with a glass column (30 cm X 
5 cm), an inner glass tube (20 cm X 2.6 cm) located at 
the center as the draft tube, and a sintered glass filter 
disk (3.0 cm diameter; 60 pm pore size). Porous glass 
beads (Siran, Cat. # 012-0.5-120A, Schott Engineering, 
Mainz, Germany) were used for cell immobilization. 
These glass beads had an average diameter of 1 mm, 
porosity of 60%, pore diameter of 120 pm, and density 
of 2.07 g/cm3. The surface of the beads was hydrophobic, 
with a surface area of 0.2 m2/g. The bioreactor was 
equipped with a dissolved oxygen (DO) probe and a 
pH electrode to monitor DO and pH. The reactor was 
maintained at a constant temperature by circulating 
constant-temperature water through the reactor water 
jacket. Unless otherwise noted, the bioreactor was main- 
tained at 30°C and was aerated at a volumetric air flow 
rate of 1.5 std L/min. 

Reactor Start-up 

The bioreactor containing the selective medium was 
inoculated with 5 mL of 24-hour-old culture grown in 
the selective medium. The cells were allowed to grow 
in the bioreactor for -24 h. The bioreactor was then 
continuously fed with the selective medium at a dilution 
rate of 0.03 h-’ for 3 to 4 days to allow plasmid-carrying 
cells to grow to a high density in the reactor. During 
this start-up period, cells were also immobilized onto 
the glass beads by adsorption. After the cell density in 
the effluent had reached a steady value, an indication 
of obtaining an equilibrium immobilized cell density on 
glass beads, the fermentation was shifted to GM-CSF 
production phase by feeding the reactor with the rich 
medium at the same dilution rate of 0.03 h-l. 

Continuous Fermentation Studies 

The continuous fermentation was studied for four parti- 
cle loading rates: 5%, lo%, 20%, and 33% (v/v). The 
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reactor pH was not controlled, and the effluent pH var- 
ied from 3.1 to 5.7, depending on the conversion, which 
varied because of differences in cell density in the immo- 
bilized cell bioreactor. The reactor performance was 
studied at a low dilution rate of 0.03 h-' for a period 
of 80 to 160 h. To evaluate the effect of dilution rate on 
reactor productivity, the dilution rate was then switched 
between 0.03 and 0.11 h-' every 12 h. The reactor was 
operated at the average dilution rate of 0.07 h-' for 
-120 h. Effluent samples were taken and assayed for 
cell density, cell viability, substrate and product concen- 
trations, and plasmid stability. At the end of each biore- 
actor study, the total cell density in the immobilized cell 
bioreactor was estimated. Immobilized cells in the glass 
beads were also analyzed for cell viability and plasmid 
stability, and examined by scanning electron micros- 
copy (SEM). 

Determination of Immobilized Cell Concentration 

The concentration of immobilized cells on glass beads 
was determined by dry weight measurement. The cell 
dry weight was calculated by the dry weight difference 
before and after cell removal from the glass beads. A 
sample of glass beads of about 10.0 g was removed from 
the reactor at the end of each bioreactor study, and the 
sample was dried in a vacuum oven at 70°C overnight. 
After this sample was weighed, the immobilized cells 
were removed and lysed by boiling in 4.ON KOH, fol- 
lowed by washing with distilled water. A similar size 
sample of glass beads without cell immobilization was 
also treated in the same way to correct for possible 
corrosive effects on glass beads caused by the base used 
in removing cells. The results showed that there was 
-4% weight loss of glass beads caused by treatment 
with the base. All measurements were duplicated and 
the average value is reported. 

Removal of Immobilized Cells from Glass Beads 

At the end of each fermentation study, a sample of 
-3-g glass beads was taken as sample from the reactor. 
The sample was put into a test tube containing 10 mL 
of sterile distilled water. The immobilized cells were 
removed from glass beads by vortexing vigorously for 
1 min. The removed cells in suspension were then sepa- 
rated from the glass beads. These cells removed from 
the first wash were considered as loosely immobilized. 
The glass beads were washed again with new water to 
remove more strongly attached cells. The wash process 
was repeated several times until no more cells could be 
removed. The viability and fraction of plasmid-carrying 
cell population in the suspended cells collected from 
each wash were assayed. Cell samples from all washes 
were also combined and assayed to determine the frac- 
tion of plasmid-carrying cells in the total immobilized 

cell population. All samples and measurements were du- 
plicated. 

Scanning Electron Microscopy 

Samples of glass beads removed from the bioreactor 
were immersed in 2.5% glutaraldehyde solution over- 
night at 4"C, completely rinsed with distilled water, and 
then dehydrated progressively with 20% to 70% ethanol, 
in increments of lo%, by holding them at each concen- 
tration for 30 min. The partially dehydrated samples 
were left in 70% ethanol for overnight at 4"C, and then 
dehydrated progressively with 80% to 100% ethanol. 
These samples were then cryogenically dried at critical 
point with liquid C02. The completely dried samples 
were coated with gold/palladium before SEM photo- 
graphs were taken using a Joel Model JSM-820 SEM. 

Assay Methods 

Cell Concentration 

Cell concentration was determined by measuring the 
optical density at 660 nm (OD660) of the cell suspension 
in a 1.5-mL polystyrene cuvette (with a light path of 
10 mm) and comparing the measured value to a standard 
curve. One unit of OD was found to be equivalent to 
0.64 g/L cell when OD was less than 0.45. Samples were 
diluted with distilled water if the OD was greater 
than 0.4. 

Glucose and Ethanol Concentrations 

Concentrations of ethanol and glucose in the sample 
solution were analyzed with high performance liquid 
chromatography (HPLC) following procedures pre- 
viously described el~ewhere.~' 

GM-CSF Concentration 

The concentration of GM-CSF was determined using a 
reverse-phase HPLC.31 Twenty-five microliters of cell- 
free sample solution were injected into a reverse-phase 
column (Vydac C4,5 mm reverse-phase silica). A binary 
solvent system (Solvent A: 0.1% trifluoroacetic acid 
[TFA, Sigma] in water; Solvent B: 0.1% TFA in acetoni- 
trile) was used as the eluent, at a flow rate of 1.0 mL/ 
min, to separate the GM-CSF from other proteins in the 
sample. A gradient controller (Isco Model 2360 gradient 
programmer) was used to provide linear gradients of 
0% to 100% Solvent B in the eluent at the following 
increasing rates: 3% per min for 10 min, 0.67% per min 
for 30 min, and 5% per min for 10 min. Absorbance at 
280 nm was measured using a UV spectrophotometer 
(Waters Lambda-Max Model 481 LC). A standard con- 
taining 100 mg/L murine GM-CSF provided by Im- 
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munex Corp. was used to determine the concentration 
of GM-CSF in fermentation samples. Two to three 
peaks located within close distances on the chromato- 
gram were identified as GM-CSF proteins with different 
glycosylations from recombinant yeast fermentation.28 
The concentration of GM-CSF in each sample was de- 
termined from the total peak area of these peaks. 

5% solid loading 

40 

20 

0 

E 
-&- Ccll Viability Lr 

0 20 40 60 80 I00 
Fermentation Time (hrs) 

Cell Viability 

The viability of yeast cells present in the effluent and in 
the glass beads was measured using a modified staining 
method.16 The staining solution used was Ringer salt 
solution containing 0.03% methylene blue (composition: 
NaC1,0.9 g; KC1,0.042 g; CaC12, 0.048 g; NaHC03, 0.02 
g; methylene blue, 0.03 g; distilled water, to 100 mL). 
Cell samples were diluted with Ringer salt solution to 
-3.0 X lo8 cells/mL. Then, 0.1 mL of the diluted sample 
was mixed with 0.9 mL of the staining solution. A hemo- 
cytometer was used to count the numbers of colorless 
cells (viable) and blue-colored cells (dead) within 10 
min. The viability was determined by the number of 
viable cells divided by the total cell count. 

Fraction of Plasmid-Carrying Cells 

The fraction of plasmid-carrying cells in the total cell 
population was determined from the ratio of the colony 
counts on the selective medium agar plate and the rich 
(nonselective) medium agar plate. Cell samples were 
diluted to get the colony counts within the range of 30 
to 300. All plate counts were taken from the average 
of at least three replicates. 

RESULTS AND DISCUSSION 

Reactor Start-up 

Typically, the bioreactor reached steady state, as indi- 
cated by the stable glucose, ethanol, and cell concentra- 
tions in the reactor effluent, within 70 h. During the 3- 
day start-up period, the reactor pH decreased to -3.0, 
the effluent cell density increased to 2.6 g/L, glucose 
concentration stabilized at 4.6 g/L, cell viability declined 
to -8O%, and the fraction of plasmid-carrying cells re- 
mained at -96%. 

Reactor Performance 

The time-course data of four continuous fermentations 
at 5%, lo%, 20%, and 33% particle loading rate are 
shown in Figures 1 to 4, respectively. As is seen in these 
figures, the fraction of plasmid-carrying cells dropped 
significantly as fermentation time increased. The pro- 
duction of GM-CSF increased initially but then de- 
creased gradually to a stable lower level. Both cell den- 
sity and ethanol concentration in the effluent were stable 

5 1  

0 20 40 60 xo 100 
Fermentation Time (hrs) 

Figure 1. Kinetics of continuous fermentation in the fluidized bed 
with 5% (vlv) particle loading (Fraction: fraction of plasmid- 
carrying cells). 

throughout these continuous fermentations. The efflu- 
ent pH from reactors with lower solid loading (5% and 
10%) remained at - 3.2 throughout the fermentation, 
but pH value from reactors with high solid loading (20% 
and 33%) increased with fermentation time to -5.5. Cell 
viability in effluent from reactors with high solid loading 
was generally higher than 75%. However, with low solid 
loading, cell viability decreased gradually and reached 
a low value of -50%. 

Immobilized Cell Density 

The scanning electron micrographs (Fig. 5 )  of glass 
beads removed at the end of the study showed cells 
were immobilized by attachment to the external as well 
as internal pore surfaces of t'he glass bead. 

+Cell Viability 
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Fermentation Time (hrs) 

0 20 40 60 80 100 120 
Fermentation Time (hrs) 

Figure 2. Kinetics of continuous fermentation in the fluidized bed 
with 10% (v/v) particle loading (Fraction: fraction of plasmid- 
carrying cells). 
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Figure 3. Kinetics of continuous fermentation in the fluidized bed 
with 20% (vlv) particle loading (Fraction: fraction of plasmid- 
carrying cells). 

As shown in Table I, as particle loading increased 
from 5% to 33%, the density of immobilized cells in- 
creased from 4.88 to 28.68 g/L, but the concentration 
of freely suspended cells decreased from 11.28 to 
6.63 g/L. Although the total cell density in the reactor 
increased linearly from 16.16 to 35.31 g/L with increasing 
particle loading, the immobilized cell density per gram 
of glass beads decreased from 0.16 to 0.098 g/g as particle 
loading increased (Fig. 6). The lower immobilized cell 
density per particle at the higher particle loading indi- 
cated that there might be nutrient limitations at high 
particle loading and high cell density under the condi- 
tions studied. 

Cell Viability 

In general, cell viability of the immobilized cells should 
be lower than, if not the same as, that of free cells 

.- 
tl 40 rr 
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Figure 4. Kinetics of continuous fermentation in the fluidized bed 
with 33% (v/v) particle loading (Fraction: fraction of plasmid- 
carrying cells). 

Figure 5. Scanning electron micrographs of yeast cells immobilized 
in the glass bead. 

since immobilized cells should be older and subjected 
to nutrient limitations. Viability of immobilized cells 
was 5% and 15% lower than that of suspended cells for 
reactors with 20% and 33% particle loading, respec- 
tively. However, at the two lower particle loading rates 
(which also had a lower pH), viability of suspended cells 
was -50%, but viability of immobilized cells was much 
higher, 75% to 85%. This indicated that immobilization 
might have protected cells from adverse environmental 
conditions. For the reactors with lower particle loading, 
there were more suspended cells subjected to shear and 
particle-particle collision damages, resulting in greater 
mortality and higher fraction of dead cells in the effluent 
cell population. When the reactor dilution rate was in- 
creased to 0.07 h-', the suspended cell concentration 
decreased and cell viability increased to 85% or higher 
(Table 11). 

Plasmid Stability 

The fraction of plasmid-carrying cells in the reactor 
effluent decreased with time. As shown in Figure 7, 
the decay of the fraction of plasmid-carrying cells was 
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Table I. Cell concentrations in the fluidized bed bioreactor with various particle loading 
rates. 

Immobilized cells Suspended free cells 

Particle loading Conc. Viability Conc. Viability Total cells 
rate (v/v) (gn) (%) (m (%I cone.= (gL) 

5% 4.88 85 11.28 50 16.17 
10% 8.12 75 11.28 50 19.40 
20% 14.48 85 7.17 90 21.65 
33% 28.68 75 6.63 90 35.31 

'Total cell concentration in the bioreactor on the basis of reactor working volume. 

slower for reactors with higher particle loading rates, 
indicating that plasmid stability was improved by in- 
creasing particle loading. This improvement was attrib- 
uted to the immobilization effect, which became more 
profound when the particle loading was higher. 

For all samples from different particle loading rates 
studied, the fraction of plasmid-carrying cells in immobi- 
lized cells removed from glass beads was found to be 
similar to that found for the freely suspended cells in 
the effluent. This indicated that there existed low or no 
selectivity of plasmid-carrying cells by immobilization 
on the beads. This might simply be due to the physical 

- 
0 

10.20 0, n 

Particle Loading (% v/v) 

Figure6. Effects of particle loading on total cell density in the reactor 
and the immobilized cell density on glass beads. 

0 20 40 60 80 100 120 

Time (hours) 

Figure 7. Effect of particle loading on plasmid stability in the immo- 
bilized cell bioreactor. 

characteristics of the particle support used or might 
result from the hydrodynamics, which had high mixing 
and particle velocities, in the fluidized bed. 

Cell Yield and Product Yield 

Based on differences in ethanol, cell, and product con- 
centrations between feed and effluent, cell yield and 
product yield were calculated. As particle loading in- 
creased, cell yield decreased from 0.66 to 0.41 g/g, but 
product yield increased from 0.7 to 2.7 g/g (Table 11). 
The decreased cell yield at higher particle loading might 

Table II. Effects of particle loading rate and dilution rate on GM-CSF fermentation. 

D PLR Viab. Yxjs Ypis Ypix P P/X' 
0-7 (%I (gk) (mg/g) (m&) (mg/L.h) (mgm.g) 

0.03 5 
10 
20 
33 

0.07 5 
10 
20 
33 

50 
50 
90 
90 

90 
85 
95 
93 

0.66 0.70 
0.65 0.74 
0.47 1.42 
0.41 2.71 

0.59 1.74 
0.55 1.47 
0.41 1.30 
0.38 2.67 

1.06 
1.14 
3.02 
6.68 

2.95 
2.67 
3.17 
7.03 

0.36 
0.39 
0.68 
1.31 

1.98 
1.71 
1.50 
3.25 

0.55 
0.39 
0.22 
0.07 

- 
- 

0.91 
0.79 

~ 

D: dilution rate; PLR. particle loading rate; Viab.: cell viability in the effluent stream; 
Yd,: cell yield; Yph: product yield; Ypix: specific GM-CSF production; P productivity; 
P/X+: specific productivity. 
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be attributed to nutrient limitation at high cell density 
as a result of high particle loading. The increased prod- 
uct yield at higher particle loading was attributed to the 
higher plasmid-carrying cell fraction. 

Productivity 

The average product concentration during the last 48 h 
of fermentation was used to estimate reactor volumetric 
productivity. As shown in Table 11, productivity in- 
creased from 0.36 to 1.31 mg/L.h as particle loading 
increased from 5% to 33%. However, these productiv- 
ities were considerably lower than those found with 
batch cultures, 1.06 mg/L.h at pH 4.0 and 1.77 mg/L.h 
at pH 6.0.31 The low productivity obtained from these 
immobilized cell fermentations was attributed to the 
low dilution rate, 0.03 h-', used and the low fraction of 
plasmid-carrying cells in the reactor. Since GM-CSF 
production by this recombinant yeast cell was found to 
be growth-associated, and plasmid stability was better 
at higher dilution (growth) higher productivities 
should be attained when the bioreactor is operated at 
higher dilution (growth) rates than the one used in 
this study. 

The specific cell productivity was calculated based on 
the density of viable plasmid-carrying cells in the final 
period of each continuous fermentation. As also shown 
in Table 11, average specific productivity decreased from 
0.55 mg/h-g cell to 0.07 mg/h-g cell as particle loading 
increased. The lower specific productivity at high parti- 
cle loading rates was attributed to the lower growth 
rate caused by nutrient limitations at high cell density. 
Because the growth substrate, ethanol, was not com- 
pletely consumed, the limiting nutrient should be either 
the oxygen or nitrogen source. The gas-liquid mass 
transfer in a fluidized bed is known to be dependent on 
the particle concentration. In general, the kLa value 
decreased with increasing particle concentration once 
the particle concentration was greater than 5% in a well- 
mixed fluidizing system.9~'1~20~24~39 It is thus important to 
improve oxygen transfer in the fluidized bed bioreactor 
at high particle concentrations. 

Effects of Dilution Rate 

The effects of dilution rate on cell yield, product yield, 
specific GM-CSF production, volumetric productivity, 
and specific productivity can be seen in Table 11. Increas- 
ing the dilution rate from 0.03 to 0.07 h-' improved 
product yield at the two lower particle loading rates and 
improved the reactor productivity for all particle loading 
rates studied. The productivity could be further im- 
proved if a higher dilution rate was used. Low dilution 
rate may result in a low growth rate of immobilized cells 
and adversely affect the growth-associated recombinant 
protein p r o d ~ c t i o n . ~ ~  The specific productivity was also 
higher at the higher dilution rate, which was also ob- 

served in other related s t ~ d i e s . ~ ~ , ~ ~  High dilution rate 
also could improve plasmid ~tability.~' 

CONCLUSIONS 

It is clear from this study that the fluidized-bed bioreac- 
tor can be used for continuous production of recombi- 
nant protein. The porous glass beads used in this work 
were effective for cell immobilization and protected 
cells from external force damage. Plasmid stability was 
greatly improved by cell immobilization. In the immobi- 
lized cell system, maintenance of a plasmid-carrying cell 
population should be easier than in a suspended free 
cell system. This is because segregational plasmid loss 
and overgrowth of plasmid-free cells are less likely to 
happen as cell growth is Furthermore, the 
compartmental cell distribution and mass transfer limi- 
tation in the immobilized cell environment also limit 
the growth of plasmid-free ~ e l l s . ~ , ~ , ~  Cell immobilization 
also offers the advantages of providing high cell density 
and high reactor productivity and, thus, can be a prefera- 
ble alternative to conventional free-cells fermentation 
processes. The performance of the fluidized bed biore- 
actor can be further improved by optimizing the particle 
loading rate and the feed rate. The dilution rates used 
in this work were low and might have limited the reactor 
productivity because of nutrient limitations. 

We thank Immunex for providing the yeast culture and GM- 
CSF protein standard used in this study. Technical assistance 
provided by Dr. Price of Immunex during the course of this 
study is also acknowledged. 
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