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Abstract 

In order to determine whether the enhanced specific antibody productivity (qMAb) of calcium alginate-entrapped 
hybridoma is cell line-specific, calcium alginate-entrapped hybridomas (4A2 and DB9G8) were cultivated under 
the condition where we had previously observed significantly enhanced qMAb of calcium alginate-entrapped 
S3H5/"/2bA2 hybridoma. Unlike S3H5/',/2bA2 hybridoma, neither 4A2 nor DB9G8 hybridomas showed persis- 
tently enhanced qMAb when they were entrapped in calcium alginate beads. The enhanced qMAb of entrapped 
4A2 and DB9G8 hybridomas, which was 2-3 times higher than the qMAb of free-suspended cells in a control 
experiment, was observed only during the early stage of the culture. During the early stage of the culture, the viable 
cell concentration decreased probably due to cell damage during the entrapment process. As cell growth resumed, 
the qMAb decreased to the similar level of qMAb of free-suspended cells within 5-7 days. Thus, we conclude that 
the enhanced qMAb of calcium alginate-entrapped hybridomas is cell line-specific. 

Introduction 

A high volumetric monoclonal antibody (MAb) pro- 
ductivity, which can be achieved by increasing the cell 
concentration and/or increasing the specific MAb pro- 
ductivity (qMAb), is desired for economic production 
of MAbs. We previously reported that entrapment of 
S3H5/"/2bA2 hybridoma into calcium alginate beads 
significantly enhanced the qMAb as well as the cell 
concentration (Lee et al., 1991a, 1993). The enhanced 
qMAb of entrapped hybridoma cells was not unique to 
S3H5/'~2bA2 hybridoma in spinner flasks. A signifi- 
cant enhancement of qMAb has been also observed for 
SPO1 hybridoma in alginate/agarose composite gel in 
a packed-bed perfusion reactor (Shen et al., 1992), and 
for hybridoma cells in collagen microspheres in flu- 
idized perfusion bioreactor (Ray et al., 1990). Accord- 
ingly, the use of entrapped hybridomas could poten- 
tially improve the economics of in vitro production of 
MAbs. 

Contrary to these observations of enhanced qMAb, 
other researchers have reported that the qUAb of 
entrapped hybridomas was comparable with that of 
hybridomas grown in suspension (de la Broise et al., 
1992; Shirai et al., 1987; Sinacore et al., 1989; 
Wohlpart et al., 1991). These results were obtained 
using several hybridoma cell lines immobilized in 
calcium alginate beads. The differences between the 
results we reported (Lee et al., 1991a, 1993) and those 
found by others (de la Broise et al., 1992; Shirai 
et al., 1987; Sinacore et al., 1989; Wohlpart et aL, 
1991) are possibly due to the different culture con- 
ditions under which the alginate beads were carried, 
or due to the differences in the cell line used. Con- 
sidering the importance of qMAb, it is necessary to 
determine whether the enhanced qMAb of entrapped 
hybridoma is cell line-specific or whether the differ- 
ences in the results reported are due to the cell cul- 
ture conditions. In our previous report, we showed 
that cell culture conditions can influence the qMAb of 
calcium alginate-entrapped S3H5/~,2bA2 hybridoma 



significantly (Lee et al., 1993). Thus, the remaining 
question to be addressed is to determine whether the 
enhanced qMAb of entrapped hybridomas is cell line- 
specific. 

In the present study, we cultivate calcium alginate- 
entrapped murine hybridomas under the condition 
where we observed the significantly enhanced qMAb of 
calcium alginate-entrapped S3H5/3,2bA2 hybridoma, 
and thereby, determine whether the enhanced qMAb of 
entrapped hybridomas is indeed cell line-specific. 

Materials and methods 

Cell line, culture maintenance, and culture medium 

Two murine hybridomas were used in this study. One 
was Xoma's hybridoma cell line 4A2 adapted to serum- 
free medium (DMEM:F12 (1:1) supplemented with 20 
nM sodium selenite, 20/zM ethanolamine, 5 mg/L 
bovine insulin, and 30 mg/L bovine transferrin). The 
cells were provided in a frozen state by Xoma Corpo- 
ration (Berkeley, CA, USA). The antibody produced 
by this cell line is IgG2~ and the fusion partner used 
was NS1. The other was DB9G8 hybridoma (ATCC 
HB124) provided at frozen state by American Type 
Culture Collection (Rockville, MD, USA). This cell 
line produces an IgG2~ against bovine insulin and the 
fusion partner used was Sp2/0-Agl4 (Schroer et al., 
1983). 

Inocula for both free-suspended and entrapped cell 
cultures were prepared by thawing cells. The cells were 
subcultured in 25 cm 2 T-flasks (Bellco Glass, Inc., 
Vineland, NJ, USA) in a 5% COz/air mixture, humid- 
ified at 37 ~ The ceils were diluted 1:5 with a fresh 
medium every two or three days. 

Culture medium used for 4A2 hybridoma was 
DMEM:FI 2 (1:1) supplemented with 20 nM sodium 
selenite, 20/zM ethanolamine, 5 mg/L bovine insulin, 
and 30 mg/L bovine transferrin. Glucose and glutamine 
concentration were 17.51 mM and 6 mM, respective- 
ly. All supplements were obtained from Sigma (St. 
Louis, MO, USA). Culture medium used for DB9G8 
hybridoma was Iscove's modified Dulbecco's medium 
(IMDM, Sigma) supplemented with 10% fetal bovine 
serum (FBS, HyClone, Logan, UT, USA). No antibi- 
otics were used in any cultures. 

Immobilization 

Cells were entrapped in gel beads of calcium alginate 
(Keltone LV, Kelco, Chicago, IL, USA) as described 
previously (Lee and Palsson, 1990). For entrapped cell 
culture, 30 ml of a 1.5% (w/v) sodium alginate solution 
was mixed with different concentrations of cells. The 
alginate/cell suspension was pumped into 1 L of a cold 
1.5% CaClz solution. Different sizes of gel beads with 
diameters in the range of 0.9-1.2 mm were obtained 
by changing air flow rates in an air-syringe droplet 
generator (Lim, 1984, 1988). After several washings, 
these beads were transferred into spinner flasks. 

Cell culture 

Almost identical experiments except initial cell con- 
centration and bead size were carried out for 4A2 and 
DB9G8 hybridomas. Same inocuta prepared from T- 
flask culture were used for both free-suspended and 
entrapped cell cultures. 

For the free-suspended (non-entrapped) cell cul- 
ture, which was performed as a control, exponentially 
growing cells were inoculated into spinner flasks (Bell- 
co, Vineland, NJ, USA) containing 50 ml of medium. 
The initial densities used for 4A2 and DB9G8 hybrido- 
mas were approximately 1.8 x 105 ceUs/ml and 1.4 x 
105 cells/ml, respectively. The cells were cultivated in 
a repeated-fed batch mode, and were always passed in 
the late exponential phase. The cells were diluted 1:5 
with a fresh medium. 

For the entrapped cell culture, the entrapped cells 
were inoculated into a spinner flask. The working vol- 
ume of the spinner flask (Bellco) was 100 mL. Like the 
free-suspended cell culture, the entrapped cells were 
cultivated in a repeated-fed batch mode. To exchange 
the medium, the beads were first allowed to settle, 
and then 60-65 ml of spent medium was replaced by 
fresh medium either once or twice a day. After ca. 16 
days of cultivation, the alginate beads entrapping the 
cells were recovered aseptically from the spinner flask 
and were dissolved in a sterile isotonic citrate solu- 
tion (3% aqueous sodium citrate diluted 1:1 in 0.9% 
NaC1 adjusted to pH7.4) for 10 minutes with gentle 
vortexing (Lim, 1984). The cells were centrifuged at 
1500 rpm for 10 minutes and then washed with fresh 
medium. The recovered, free-suspended cells were re- 
inoculated into a spinner flask containing .50 ml of 
medium. The cells were diluted 1:5 with medium every 
two or three days (refer to Figs. 3 and 6). 



With DB9G8 hybridoma, we carried out two more 
sets of entrapped cell cultures. For the first set of exper- 
iment, the cells were entrapped into two different sizes 
of calcium alginate beads. The diameters of calcium 
alginate beads used were 0.9 and 1.2 mm, respectively. 
For the second set of experiment, two different initial 
concentrations were used. The initial concentrations 
used were 1.0 x 106 and 2 x 106 cells/ml, respective- 
ly. 

Analytical methods 

Cell growth was monitored by counting viable cells 
with a hemocytometer. Viable cells were distin- 
guished from dead cells by the trypan blue dye exclu- 
sion method. The cell culture suspension was cen- 
trifuged and the supernatant was aliquoted and kept 
frozen at - 8 0  ~ Glucose and lactate were mea- 
sured using a glucose/lactate analyzer (Model 2000, 
Yellow Spring, OH, USA). Glutamine concentration 
was analyzed with an L-glutamic acid kit (Boehringer 
Mannheim, Indianapolis, IN, USA) in conjunction 
with L-asparaginase (Boehringer Mannheim). 

The total secreted antibody, IgG2~, was quanti- 
fied using an enzyme linked immunosorbent assay 
(ELISA) as described previously (Lee et al., 1989). 
Standard mouse IgGza was provided by Xoma Cor- 
poration and Southern Biotechnology Associates, Inc. 
(Birmingham, AL, USA). Alkaline phosphatase (AP) 
labeled goat anti-mouse IgG2a (heavy chain specific, 
Southern Biotechnology Associates, Inc.) was used as 
an enzyme antibody conjugate. 

To count the cells and prepare the flow cytomet- 
ric samples from the entrapped cell culture, 60-100 
gel beads containing the cells were first dissolved in 
isotonic citrate solution for 5-10 minutes. The total 
cell concentration and viability were then determined 
by the trypan blue dye exclusion method and man- 
ual cell counting on a hemocytometer. Cell viability 
of hybridoma does not decrease significantly during a 
10 minute citrate treatment (Lee et al., 1991b). The 
amounts of intracellular antibody (IgG~) and DNA 
were measured simultaneously using flow cytome- 
try as described previously (Lee and Palsson, 1989). 
Fluorescein-isothiocyanate (FITC)-labeled goat anti- 
mouse IgG2~ (heavy chain specific, Southern Biotech- 
nology) was used as an antibody conjugate. Cell sam- 
pies for comparison were stained and analyzed at the 
same time and condition to avoid day-to-day variations 
in flow cytometer measurements. 

Evaluation of specific growth rates, consumption, and 
production rates 

The specific growth rate (#), glucose uptake rate (qgt~), 
lactate production rate (qt~c), and specific MAb pro- 
ductivity (qMAb), were based on the data obtained 
from each batch cycle and were evaluated as described 
earlier (Lee et al., 1991a). The volumetric MAb pro- 
ductivity, rMAb, is defined as follows: 

[MAb]t~ -[MAb]o 
T M A b  = 

tc 

where tc denotes the total cell culture time of each 
batch cycle, and [MAb]~c and [MAb]o denote the final 
and initial MAb concentrations of each batch cycle, 
respectively. 

Results 

In order to determine whether the enhanced qMAb of 
entrapped hybridomas is cell line-specific, we per- 
formed both free-suspended and entrapped cell cul- 
tures in spinner flasks. We also carried out free- 
suspended cell cultures with the cells recovered from 
the calcium alginate beads to study the transient 
behaviour of the cells from the immobilized state to 
free-suspended state. 

4A2 Hybridoma 

Free-suspended (non-entrapped) cell culture 

To compare free-suspended cells with entrapped cells 
with regard to their growth, glucose consumption, lac- 
tate production, and MAb production characteristics, 
a free-suspended cell culture in a spinner flask was 
carried out. An initial viable cell concentration was 
1.8 x 105 cells/ml. To maintain the cells in exponen- 
tial growth phase, the cells were transferred when the 
viable cell concentration reached approximately 1.0 
x 106 cells/ml (Fig. 1A). When the overgrown cells 
were transferred, the cells either experienced a long 
lag phase or died. Average specific growth rate of the 
cells was 0.89 + 0.16/day (:k standard deviation). The 
glucose and lactate concentrations during the culture 
were measured (Fig. 1B). The glucose concentration 
decreased markedly during each batch cycle, and glu- 
cose utilization was accompanied by a corresponding 
accumulation of lactate. Neither glucose nor glutamine 
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Fig. 1. Free-suspended 4A2 hybridoma culture. (A) viable cell concentration (a) and specific growth rate,/~, (e). (B) Glucose concentration 
(o), lactate concentration (rq), qglu (e), and qt,~c (11). (C) MAb concentration (o) and qMAb (o). 



(data not shown) was limited during the culture. The 
average glucose consumption rate (q~l~) and lactate 
production rate (qoz~) were 7.51 4- 0.83 and 10.71 
+ 1.31 mmol/109 cells/day, respectively. The aver- 
age ratio of lactate produced to glucose consumed, Y 
zac/gt~, was 1.43 + 0.17 mmol/mmol. 

MAb concentrations and qMAb are shown in Fig. 
1C. The qMAb of the cells was not constant during 
the culture, as indicated by the decreased qMAb after 
subculturing six times. The average qMAb of the first 
six subcultures was 67.58 :t: 6.24 /zg/106 cells/day, 
while that of the last five passages was 44.36 4- 2.56 
/zg/106 cells/day. As suggested by Hiller et al. (1991), 
the early loss of antibody productivity may be related 
to the recent thawing from liquid nitrogen. Hiller et 

al. (1991) observed that the antibody productivity of 
4A2 hybridoma cells decreased soon after revival from 
liquid nitrogen storage and was stabilized after sub- 
culturing approximately 12 times. Miller (1987) also 
observed a dramatic decrease in antibody productivity 
of AB2-143.2 hybridoma during the first month after 
thawing, followed by gradual decline after that time. 
Inoculum used in this study was prepared by subcultur- 
ing six times after thawing. Thus, the decreased qlt4Ab 
of the cells observed in this study is consistent with the 
observation made by Hiller et al. (1991). 

Entrapped cell culture 

Unlike the free-suspended cell culture, the entrapped 
cell culture has a limit in the sampling frequency of 
alginate beads for cell counts. Because some beads 
need to be dissolved to count the cells, we lose approx- 
imately 1% of initial number of alginate beads for 
each sampling, thus lowering the cell concentration. 
The glucose and lactate concentrations were measured 
twice a day. These metabolite concentrations may indi- 
rectly indicate the changes in the cell concentration. 

Figure 2 shows photomicrographs of entrapped 
cells. The diameter of calcium alginate beads was 
approximately 1.2 mm. Initially, the cells were uni- 
formly dispersed throughout the gel beads. Subsequent 
cell growth produced big clusters of the cells through- 
out the gel beads. Unlike S3H5/72bA2 hybridoma 
entrapped in calcium alginate beads, 4A2 hybridoma 
did not form linear spindle-shaped clusters of the cells. 

Figure 3A shows the growth characteristics of the 
entrapped cells. An initial viable celI concentration 
and cell viability were 1.3 x 106 cells/ml of medium 
and 83 %, respectively. The viable cell concentration as 
well as cell viability significantly dropped for the first 

Fig. 2. Photomicrographs of calcium alginate-entrapped 4A2 hy- 
bridoma cells: (A) day 3; (B) day 13. 

4 days of cultivation. This decrease in viable cell con- 
centration and viability may have occurred because of 
cell damage during the entrapment process (Lee et al., 

1992). The viable cell concentration increased from 
0.4 x 106 cells/ml to 2.0 x 106 cells/ml for the next 
4 days of cultivation. After day 10, 60-65 ml of spent 
medium was replaced by fresh medium twice a day. 
The cell viability also improved from 21% to 43 % dur- 
ing this period. After achieving the maximum viable 
cell concentration of 2.9 x 106 cells on day 10, the 
viable cell concentration gradually decreased to 2.3 x 
106 cells/ml by the end of entrapped cell culture. The 
free-suspended cell concentration in the culture medi- 
um during the entrapped cell culture was less than 1.0 
x l0 s cells/ml which was neglected in the estima- 
tion of viable cell concentration in the entrapped cell 
culture. The ceil viability of the free-suspended cells 
recovered from the calcium alginate beads improved 
by subsequent sub-cultures. After three passages, the 
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cell viability went up to approximately 82%, which is 
close to the initial cell viability. 

Figure 3B shows the glucose and lactate concen- 
trations during the culture. Glucose consumption and 
lactate production showed a similar pattern of changes 
in viable cell concentrations during the culture. Glu- 
cose consumption and lactate production decreased for 
the first 4 day of cultivation, and gradually increased 
until the viable cell concentration reached a maximum. 
Although the values of qgl~, and qzac were significant- 
ly varied during the entrapped cell culture, they were 
lower than the values obtained in the free-suspended 
cell culture (refer to Fig. 1B). The qalu and qtac of 
entrapped cells during the exponential growth phase 
were 2.03 and 2.92 retool/109 cells/day, respective- 
ly. These values were less than one third of the value 
obtained in the free-suspended cell culture. However, 
the Y lac/gl u of entrapped cells except the data on day 4 
was fairly constant at 1.46 4- 0.19 mmol/mmol which is 
almost the same as the Ylac/gl~ of free-suspended cells 
in a control experiment. The Yz,~c/gZ~, of entrapped cells 
on day 4 was 0.81 mmol/mmol. On day 4, the cells were 
preparing to grow after experiencing a notable loss of 
viability for first four day of cultivation. Accordingly, a 
significant portion of glucose consumed appeared to be 
used for biosynthesis and cell maintenance. When the 
free-suspended recovered from the beads were subcul- 
tured, the qgl~ and ql~c of the cells rapidly increased to 
the same level of the free-suspended cells in a control 
experiment. Glutamine was not limited during the cul- 
ture. When the medium was replaced twice a day, the 
glutamine concentration was maintained over 2.5raM. 

Figure 3C shows the MAb concentrations and 
qMAO during the culture. The qMAb of the entrapped 
4A2 hybridoma was not increased during the culture 
except day 4, as previously observed in an entrapped 
S3H5/72bA2 hybridoma. Thus, it appears that the 
enhanced qMAb of entrapped cells is cell line specif- 
ic. When the medium was replaced twice a day, the 
average qMAb of the entrapped 4A2 hybridoma was 
51.34 4- 13.65 #g]106 cells/day, which is close to the 
average value ( -  57.00 4- 13.00/zg/106 cells/day) of 
free-suspended cells in a control experiment. When the 
free-suspended cells recovered from the alginate beads 
were subcultured, the qMAb increased to 65.31 -t- l 1.53 
#g/106 cells/day, which is close to the average qMAb of 
free-suspended cells during the first six subcultures in a 
control experiment. The enhanced qMAb of entrapped 
cells was observed only around day 4 when the cell 
viability was lowest during the culture. The stress- 
ful condition, indicated by poor cell viability, may be 
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Fig. 4. Flow cytometric data of 4A2 hybridoma: (A) Intracellular 
MAb histograms of the cells during the culture. Numbers in the 
histograms correspond to the arrows in Fig. 3A. (B) Intracellular 
MAb histograms of the free-suspended cells and the entrapped cells 
coexisting at the end of entrapped cell culture. 

responsible for the enhanced qMAb of entrapped cells 
on day 4. The qMAb of entrapped cells on day 4 was 
130.90 #g/106 cells/day. 

Figure 4 shows the intracellular MAb data obtained 
by flow cytometry. The sampling times of the cells 
during the culture were indicated in Fig. 3A. Like 
the qMAb, intracellular MAb content of entrapped 
4A2 hybridoma was not enhanced, and rather slightly 
decreased when compared with those of the cells in 
the beginning of the culture (Fig. 4A). When the free- 



suspended cells recovered from the beads were sub- 
cultured, intracellular MAb contents of the cells like 
the qMAb increased to the same level of the cells at the 
beginning of the culture. Figure 4B shows intracellu- 
lar MAb data of the free-suspended cells and entrapped 
cells coexisting in the culture. Because more than two 
thirds of medium was changed per day, most of free- 
suspended cells during the entrapped cell culture are 
thought to be the cells released from the alginate beads. 
Accordingly, intracellular MAb histograms of the free- 
suspended cells are those of the cells previously located 
in the outer layer of alginate beads. The intraceUular 
MAb content of the free-suspended cells was high- 
er than that of the entrapped cells, indicating that the 
cells in the outer layer of the alginate beads have higher 
MAb content than the rest of the cells in the beads. 

Although the qMAb of entrapped cells was not 
enhanced, the volumetric MAb productivity, rMAb, 
could be enhanced due to high cell concentration. 
When the medium was changed twice a day, the aver- 
age rMAb of the entrapped cells was 121.97 4- 14.70 
#g/ml/day. This value is approximately 4 times higher 
than that of free-suspended cells in a control experi- 
ment, which was 29.37 4- 4.11 #g/ml/day. 

DB9G8 hybridoma 

Free-suspended (non-entrapped) cell culture 

Like 4A2 hybridoma, a free-suspended cell culture of 
DB9G8 hybridoma was carried out in a spinner flask as 
a control experiment. An initial cell concentration was 
approximately 1.4 x 105 cells/ml. In order to maintain 
the cells in exponential growth phase, the cells were 
diluted 1:4 with fresh medium every other day (Fig. 
5A). Average specific growth rate of the cells was 0.99 
4- 0.18/day. 

The glucose and lactate concentrations during the 
culture were measured (Fig. 5B). The average qgt~ and 
qgl~ were 6.79 4- 1.07 and 10.81 4- 1.71 mmol/109 
cells/day, respectively. The average ratio of lactate 
produced to glucose consumed, Y t~/gl~, was 1.60 
-I- 0.14 mmol/mmol. 

MAb concentrations and qMAb are shown in Fig. 
5C. Unlike 4A2 hybridoma, the qMAb of DB9G8 
hybridoma was almost constant during the culture. 
Inoculum used in this study (DB9G8 hybridoma) was 
also prepared by subculturing six times after thawing. 
Thus, the early loss of qMAb of the cells after the recent 
thawing from liquid nitrogen appears to be cell line- 

specific. The average qMAb of DB9G8 hybridoma was 
23.49 4- 5.46 #g/106 cells/day. 

Entrapped cell culture 

Three different sets of entrapped cell cultures were 
carried out in spinner flasks. 

First, the cells entrapped in 0.9-mm-diameter algi- 
nate beads were cultivated to determine whether 
entrapment of DB9G8 hybridoma into calcium algi- 
nate beads significantly enhances the oqMAb. Figure 
6A shows the growth characteristics of the entrapped 
cells. An initial viable cell concentration and cell via- 
bility were 1.0 • 106 cells/ml of medium and 79%, 
respectively. Like 4A2 hybridoma, the viable cell con- 
centration significantly dropped for the first 5 days 
of cultivation. The viable cell concentration increased 
from 0.3 • 106 cells/ml to 1.9 x 106 cells/ml for 
the next 3 days of cultivation. The cell viability also 
improved from 21% to 43% during this period. Like 
4A2 hybridoma, subsequent cell growth produced big 
clusters of the cells throughout the alginate beads, and 
not linear spindle-shaped clusters of the cells. The max- 
imum viable cell concentration of 2.9 x 106 cells/ml 
was achieved on day 10, and thereafter, the viable 
cell concentration gradually decreased to 2.3 x 106 
cells/ml by the end of entrapped cell culture. After day 
10, 60-65 ml of spent medium was replaced by fresh 
medium twice a day. The free-suspended cell concen- 
tration in the culture medium during the entrapped cell 
culture was less than 1.0 x 105 cells/ml which was 
neglected in the estimation of viable cell concentration 
in the entrapped cell culture. The cell viability of the 
free-suspended cells recovered from the calcium algi- 
hate beads improved by subsequent sub-cultures. After 
three passages, the cell viability went up to approxi- 
mately 80%, which is close to the initial cell viabili- 
ty. Figure 6B shows the glucose and lactate concen- 
trations during the culture. Glucose consumption and 
lactate production showed a similar pattern of changes 
in viable cell concentrations during the culture. Glu- 
cose consumption and lactate production decreased for 
the first 5 day of cultivation, and gradually increased 
until the viable cell concentration reached a maximum. 
The values of qgt~ and ql~c were significantly varied 
during the first 9 days of cultivation, probably because 
of dramatic changes in viable cell concentration dur- 
ing this period. The qgt~ and ql~c of entrapped cells 
during the stationary phase of growth were stabilized 
at 4.55 4- 0.62 and 7.41 4- 1.24 mmol/109 cells/day, 
respectively. These values were lower than the val- 
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ues obtained in the free-suspended cell culture. When 
the free-suspended cells recovered from the beads 
were subcultured, the qgt~ and qz~ of the cells rapid- 
ly increased to the same level of the free-suspended 
cells in a control experiment. Like 4A2 hybridoma, 
when DB9G8 hybridoma resumed to grow after expe- 
riencing a notable loss of viability, the Y ta~/gz~ of 
entrapped cells was significantly lower than the rest 
of values obtained during the culture. The Y lac/gz~ 
of entrapped cells on day 5 was 0.83 mmol/mmol, 
while the average of entrapped cells during the rest of 
culture was 1.56 4- 0.13 mmol/mmol. Thus, the low 
value of Y t,~/gt~ of entrapped cells may become an 
indicator of revival of the cells. Figure 6C shows the 
MAb concentrations and qMAb during the culture. Like 
4A2 hybridoma, the enhanced qMAb of the entrapped 
DB9G8 hybridoma was observed only during the ear- 

ly stage of culture when the cells were dying. Average 
qMAb of the entrapped cells for the first 5 days of 
cultivation was 51.64 4- 8.54 #g/106 cells/day. This 
enhanced qMAb disappeared as the cells resumed to 
grow. When the medium was replaced twice a day, the 
average qMAb of the entrapped 4A2 hybridoma was 
25.44 + 4.44/zg/106 cells/day, which is close to the 
average value (~ 23.49 4- 5.46 #g/106 cells/day) of 
free-suspended cells in a control experiment. When 
the free-suspended cells recovered from the alginate 
beads were subcultured, no significant change in qMAb 

was observed. Although the qMAb of entrapped cells 
was not enhanced, the volumetric MAb productivity, 
rMAb, could be enhanced due to high cell concen- 
tration. When the medium was changed twice a day, 
the average rMAb of the entrapped cells was 68.43 4- 
13.81/~g/ml/day. This value is approximately 3 times 
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Figs. 6(a)-(d). Entrapped DB9G8 hybridoma culture followed by free-suspended DB9G8 hybridoma culture. (A) viable cell concentration (o) 
and cell viability (e). (B) Glucose concentration (o), lactate concentration ([3), qgl~ (i), and qtac ( l ) .  (C) MAb concentration (o) and qMAb 
(o). (D) Intracellular MAb content (o). The solid line represents an average value of intracellular MAb contents of free-suspended cells in a 
control experiment (Fig. 5). The dotted line represents ~ 2SD. 

higher than that of free-suspended cells in a control 
experiment, which was 22.80 4- 4.08 #g/ml/day. Fig- 
ure 6D shows the intracellular MAb data obtained by 
flow cytometry. The sampling times of the cells during 
the culture were indicated in Fig. 6A. Like the qMAb, 
intracellular MAb content of entrapped hybridoma at 
the end of the entrapped cell culture was not enhanced 
when compared with those of the cells in the begin- 
ning of the culture. Since the intracellular MAb con- 
tents of entrapped cells which had the enhanced qMAb 
were not measured, it is unknown that the intracel- 

lular MAb contents of entrapped cells were constant 
throughout the entrapped cell culture. When the free- 
suspended cells recovered from the beads were sub- 
cultured, the intracellular MAb contents were slightly 
elevated when compared with those of the cells at the 
end of the entrapped cell culture. 

Second, the cell entrapped in 1.2-ram-diameter 
alginate beads were cultivated to determine whether 
the size of alginate beads significantly influences 
the qMAb. For comparison, the data obtained from 
an experiment with 0.9-mm-diameter-alginate beads 
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Fig. Z Entrapped DB9G8 hybridoma culture: effect of bead 
size. (A) 0.9-mm-diameter bead, viable cell concentration (o) and 
cell viability (.);  1.2-mm-diameter bead; viable cell concentration 
(O) and cell viability (11). (B) 0.9-mm-diameter bead, qMAb (o); 
1.2-ram-diameter bead; MAb concentration ([3) and qMAb (11). 

(refer to Fig. 6) were plotted together with those 
obtained from an experiment with 1.2-mm-diameter- 
alginate beads in Fig. 7. Both experiments were carried 
out at the same time with the same inoculum. Figure 7A 
shows the growth characteristics of the entrapped cells 
in 1.2-mm-diameter alginate beads. An initial viable 
cell concentration was 1.0 x 10 6 cells/ml of medi- 
um. Although the viable cell concentration in 1.2-mm- 
diameter alginate beads was slightly higher than that 
in 0.9-mm-alginate beads, the growth characteristics of 
the entrapped cells in 1.2-mm-diameter alginate beads 
were very similar to those in 0.9-mm-alginate beads. 
Figure 7B shows the MAb concentration and qMAb of 
the cells entrapped in 1.2-mm-diameter alginate beads. 
Like the growth characteristics, MAb production char- 
acteristics of the entrapped cells in 1.2-ram-diameter 
alginate beads were very similar to those in 0.9-mm- 
diameter alginate beads. The entrapped cells in 1.2- 
mm-diameter alginate beads also showed the enhanced 
qMAb in the beginning of the culture when the cells 

0 5 I0 15 
Time (day) 

Fig. 8. Entrapped DB9G8 hybridoma culture: effect of initial cell 
concentration. (A) initial cell concentration of 1 x 10 6 ceUs/ml, 
viable cell concentration (0) and cell viability (e); initial cell con- 
centration of 2 x 10 6 cells/nil; viable cell concentration (rT) and 
cell viability ( I ) .  (B) initial cell concentration of 1 x 10 6 cells/ml, 
qMAb  (o); initial cell concentration of 2 x 10 6 ceUs/ml, MAb con- 
centration (c~) and qMAb (11). 

were dying. Thus, it appears that the bead size tested 
here dose not influence the qMAb of entrapped cells. 

Third, the cells entrapped in 0.9-mm-diameter algi- 
hate beads with two different initial cell concentrations 
were cultivated to determine whether the initial cell 
concentration in alginate beads can influence the qMAb 
of the entrapped cells. In addition, by applying a high 
initial cell concentration, we may be able to achieve 
a high cell concentration under the stressful condition 
where the entrapped cells have the enhanced qMAb. 
Two different initial concentrations used were 1.0 x 
10 6 and 2.0 x 10 6 cells/ml of medium, respectively. 
Both experiments were carried out at the same time 
with the same inoculum. Figure 8A shows the growth 
characteristics of the entrapped cells with different ini- 
tial cell concentrations. An attempt to maintain a high 
viable cell concentration from the beginning of the 
culture by applying a high initial cell concentration 



showed a limited success. Although a viable cell con- 
centration during the lag phase was higher with an ini- 
tial cell concentration of 2.0 x 106 cells/ml than with 
an initial cell concentration of 1.0 x 106 cells/ml, the 
viable cell concentration decreased in the beginning 
of the culture regardless of initial cell concentrations 
used. When the initial cell concentration was 2.0 x 
106 cells/ml, the viable cell concentration decreased to 
1.2 x 106 cells/ml for the first 5 days of cultivation, 
and thereafter, resumed to grow. The entrapped cells 
with an initial cell concentration of 2.0 x 106 cells/ml 
had approximately 8 days of lag phase which is longer 
than that of the entrapped ceils with an initial cell con- 
centration of 1.0 x 10 6 cells/ml. Figure 8B shows the 
MAb concentrations and qMAb of the entrapped cells 
with different initial cell concentrations. To avoid the 
complexity of a figure, we plotted only qMAb for the 
entrapped cells with an initial cell concentration of 1.0 
x 106 cells/ml. With an initial cell concentration of 2.0 
x 106 cells/ml, the changes in qMAb during the culture 
showed the similar trends to those with an initial cell 
concentration of 1.0 x 106 cells/ml. At an initial cell 
concentration of 2.0 x 106 cells/ml, the entrapped cells 
showed the enhanced qMAb only during the lag phase. 
Due to the extended lag phase, the enhanced qMAb was 
observed for the first 8 days of cultivation and there- 
after, disappeared. The data obtained on day 5 clearly 
shows that the enhanced qMAb of entrapped cells was 
not due to the low cell concentration when the cells 
were dying. On day 5, the viable cell concentrations 
in the experiments with different initial cell concentra- 
tions were similar. However, the entrapped cells with 
an initial cell concentration of 1.0 x 106 cells/ml were 
actively growing while the entrapped cells with an ini- 
tial cell concentration of 2.0 x 106 cells/ml were still in 
the lag phase. The qMAb of entrapped cells with an ini- 
tial cell concentration of 1.0 x 106 cells/ml was 28.29 
/zg/106 cells/day while the q~Ab of entrapped cells 
with an initial cell concentration of 2.0 x 106 cells/ml 
was 64.24 #g/106 cells/day. Thus, the enhanced qMAb 
of entrapped cells in the beginning of the culture was 
not just due to the low cell concentration. 

Discussion and conclusions 

As outlined in the Introduction, one of the unre- 
solved issues surrounding qMAb enhancement in cal- 
cium alginate-entrapped cells is to determine whether 
the enhanced qMAb is cell-line specific. Thus, we culti- 
vated calcium alginate-entrapped routine hybridomas 
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under the same condition where we observed the signif- 
icantly enhanced qMab of calcium alginate-entrapped 
S3H5/72bA2 hybridoma (Lee et aL, 1991a, 1993). 

Two murine hybridomas used in this study were 
4A2 and DB9G8 hybridomas. Both hybridomas have 
been extensively studied in the literature (Heath, 1988; 
Hiller et al., 1991, 1993; Lee and Palsson, 1993a; Man- 
cuso et al., 1990; McKinney et al., 1991). Since phys- 
iological properties of hybridomas can change during 
the passages, there might be some difficulties in direct- 
ly comparing the results obtained here with those in 
the literature. Some of the features of hybridomas used 
here are as follows. The qMAb of a slow-growing, high 
concentration culture of 4A2 hybridoma in a hollow 
fiber reactor with high porosity and large pore size, 
was almost identical to that of flee-suspended cells 
in continuous suspension culture at low dilution rate 
(Mancuso et aL, 1990). Accordingly, we may be able 
to compare the qMAb of calcium alginate-entrapped 
cells indirectly with that of the cells in the hollow fiber 
reactor. It has been suggested that DB9G8 hybrido- 
ma has an upper limit for MAb concentration in the 
culture medium as the qMAb dropped to zero around 
27-36 #g/ml antibody (McKinney et al., 1991). It may 
thus be informative to monitor the changes in qMAb 
of the calcium alginate-entrapped DB9G8 hybridoma 
during the culture. 

Calcium alginate-entrapped 4A2 and DB9G8 
hybridomas showed the very similar changes in 
qMAb during culture. For calcium alginate-entrapped 
S3H5/72bA2 hybridoma, the qMAb as well as the 
intracellular MAb content was significantly enhanced 
since the maximum cell concentration was achieved. 
Unlike S3H5/72bA2 hybridoma, neither 4A2 nor 
DB9G8 hybridomas showed the persistently enhanced 
qMAb when they were entrapped in calcium algi- 
nate beads. A similar observation has been report- 
ed for the 63D3 hybridoma (Wohlpart et aL, 1991). 
Thus, the enhanced qmAb of calcium alginate- 
entrapped hybridomas appears to be cell-line specific. 
The enhanced qMAb of entrapped 4A2 and DB9G8 
hybridomas, which was 2-3 times higher than the 
qMAb of free-suspended ceils in a control experiment, 
was observed only during the early stage of the cul- 
ture. As the cells resumed to grow, this enhanced 
qMAb decreased to the similar level of qMAb of free- 
suspended cells in a control experiment. The intra- 
cellular MAb content of entrapped cells at the end of 
entrapped cells was also comparable to that of free- 
suspended cells in a control experiment. During the 
early stage of the culture, a viable cell concentration 
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was decreasing probably due to cell damage during 
the entrapment process. However, the enhanced qMAb 
of entrapped cells during the early stage of the cul- 
ture was not just due to a low cell concentration, as 
indicated by the results from experiments with vary- 
ing initial cell concentrations (refer to Fig. 8). Further, 
released antibody from dead cells did not account for 
the enhanced qMAb because the antibody contained in 
viable and dead cells together accounted for less than 
10% of the total extracellular antibody (Meilhoc et al., 
1989; Passini and Goochee, 1989; Reddy et al., 1992). 
Accordingly, the enhanced qMAb of entrapped cells 
was likely to be due to the stressful culture condition 
induced by entrapment. After the cells adapted to a new 
microenvironment in the beads, the entrapment might 
not provide the stressful culture condition to the cells 
any longer. Thus, when the cells resumed to grow, the 
enhanced qMAb of entrapped cells might disappear. 

In our previous report, we suggested three pos- 
sible reasons for the enhanced qMAb of entrapped 
S3H5/72bA2 hybridoma: slowed growth rate, stress- 
ful conditions, and presence of autocrine growth fac- 
tors (Lee, et al., 1991a). Stressful culture conditions 
would also result in slowed cell growth rate. The 
qMAb of S3H5/"/2bA2 hybridoma was elevated at 
slowed growth rates in free-suspended cell cultures 
(Lee et al., 1989). However, when the entrapped 
S3H5/3,2bA2 hybridoma had slowed growth rate and 
was under stressful conditions, the qMAb was not 
always enhanced (Lee et al., 1993). Cultivation meth- 
ods determined the extent of enhancement of qMAb 
of entrapped S3H5/72bA2 hybridoma. Thus, slowed 
growth rate and stressful conditions of the entrapped 
cells do not directly account for the enhanced qMAb 
of entrapped S3H5/3'2bA2 hybridoma. This study also 
shows that slowed growth rate itself does not always 
enhance the qMAb. In addition, the qMAb of 4A2 
hybridoma was reported to be non-growth associated 
(Hiller et al., 1991). As discussed earlier, the tran- 
siently enhanced qMAb of 4A2 and DB9G8 hybrido- 
mas is likely due to stressful conditions. Thus, even 
when the qMAb is enhanced by entrapment, the rea- 
son for the enhanced qMAb of entrapped cells appears 
to be different among cell lines. Different responses 
of the cells to entrapment are probably because of the 
nature of hybridoma ceils. Since hybridomas are the 
randomly fused cells between immortalized myeloma 
and antibody-producing lymphocytes, their properties 
are expected to be very different. For example, 4A2 
and DB9G8 hybridomas showed similar responses to 
entrapment with regard to their MAb production. How- 

ever, they showed different response to stress induced 
by freezing and thawing with regard to their MAb pro- 
duction. Further, the production of autocrine growth 
factors and inhibitory factors was also found to be 
cell-line dependent (Kidwell, 1989). Accordingly, as 
shown in this study, it is unlikely for all the hybrido- 
mas to show similar response to cell entrapment with 
regard to their MAb production. 

The results reported here may be compared with 
those in the literature (Mancuso et al., 1990; Mc- 
Kinney et al., 1991). For 4A2 hybridoma, like the 
qMAb of a slow-growing, high concentration culture 
of 4A2 hybridoma cells in a hollow fiber reactor with 
high porosity and large pore size, the qMAb of calci- 
um alginate-entrapped cells was similar to that of free- 
suspended ceils in a control experiment. Thus, calcium 
alginate bead does not provide 4A2 hybridoma with a 
unique environment to improve the qMAb. For DB9G8 
hybridoma, we did not find any MAb feedback inhi- 
bition. However, as we mentioned earlier, direct com- 
parison may be difficult because culture history was 
different. In addition, different medium was used here. 

In conclusion, unlike S3H5/72bA2 hybridoma, 
both 4A2 and DB9G8 hybridomas did not show the 
persistently enhanced qMAb when they were entrapped 
in calcium alginate beads. Thus, the enhanced qMAb 
of calcium alginate-entrapped hybridomas appears to 
be cell-line specific. Although calcium alginate entrap- 
ment did not enhance the qMAb of 4A2 and DB9G8 
hybridomas, it did enhance the volumetric MAb pro- 
ductivity because of high cell concentration. For 
both cell lines, the volumetric MAb productivity in 
entrapped cell culture was approximately 3-4 times 
higher than that in free-suspended cell culture. As long 
as entrapment does not deteriorate the qMAb, MAb 
production using entrapped cells may be feasible. 
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