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Abstract 

This study reports the use of lactate dehydrogenase release to monitor changes in culture viability in flask 
culture and fixed bed, porosphere bioreactor systems. Lactate dehydrogenase release shows good 
agreement with increase in non-viable cell numbers and decline in glucose utilisation in flask cultures. 
Studies with the immobilised system show that lactate dehydrogenase release can detect loss of viability 
which is not always indicated by a decrease in glucose utilisation. The data show that culture viability in 
a repeated-feed-and-harvest system is influenced markedly by both a) the medium change regime itself 
and b) the use of an immobilised bioreactor compared to a flask system for the same medium change 
regime. 

Introduction 

Free suspension culture is the preferred process 
technology for the growth of animal cells as it 
facilitates scale-up to large volumes, process 
monitoring and control, and allows a homo- 
geneous environment to be maintained upon 
scale-up. The health of the culture is readily 
monitored as the cells are easily sampled. How- 
ever, free-suspension culture is not always the 
most suitable technology. Commercially impor- 
tant cell lines do not always grow in suspension, 
or product may be expressed at a lower level or 
have altered properties compared to growth in 
anchorage-dependent cultures (Clarke and Spier, 
1980). Such considerations, coupled with de- 
mands for greater process intensity, have led to 
the development of entrapped cell systems (re- 

viewed in Griffiths, 1988). The need in such 
systems to maximise the surface area available to 
cells has resulted in the isolation of cells in/on 
structures which are difficult to access directly. 
Consequently the cells are not easily sampled for 
assessment of cell numbers and viability. 

A variety of techniques have been developed 
to assess cell viability (reviewed in Cook and 
Mitchell, 1989). However, most of these tech- 
niques suffer from the disadvantage that they 
require sampling of the cells for biochemical 
analysis or invasive microscopic examination. 
Such techniques are obviously not applicable to a 
system where cells are entrapped within, for 
example, an immobilised bed. 

Non-invasive metabolic parameters commonly 
used to assess viable cell numbers are glucose 
and lactate levels. A decrease in the rates of 
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utilisation/production, as a result of a decrease in 
metabolic activity, is taken as an indication of a 
decline in culture viability. However this has its 
disadvantages, especially for immobilised cul- 
tures: (a) as a trend may take time to become 
apparent; (b) since glucose is not the only carbon 
source used by animal cells in culture (Donnelly 
and Scheffler, 1976; Zielke et al., 1976) it is 
possible that a decreased rate may result from a 
switch in metabolism and not from decreased 
viability; (c) as variation in rates of metabolite 
production/utilisation also occurs as a result of a 
change in the growth phase of the culture (Reuve- 
ny et al., 1986); (d) because of difficulty in 
assessing whether changes in volumetric rates are 
the consequence of cell death or fluctuation of 
cell numbers. 

Analysis of the release of intracellular enzymes 
can be used to measure loss of cell viability. The 
release of lactate dehydrogenase (EC. 1.1.1.27.: 
LDH) is commonly used in cell culture studies 
(e.g. Petersen et al., 1988). The assumptions are 
made that intracellular enzymes are only released 
after damage to the cell membrane and that all ac- 
tivity is rapidly released from damaged cells. Thus, 
the larger the rate of release of enzyme, the greater 
the extent of cell death/damage which occurred in 
that period. The advantage of such methods over 
measurement of metabolite levels is that the param- 
eter measured varies in response to changes in 
culture viability and not cell metabolism. 

This study reports the use of LDH release to 
follow changes in culture viability of a hybrido- 
ma cell line grown in a fixed bed fermenter and in 
flask culture. The object was to assess whether 
LDH could replace metabolic parameters in moni- 
toring and controlling immobilised cells. 

for mycoplasma infection and found to be nega- 
tive by the Hoechst stain test. 

Cell culture 

The medium used was RPMI 1640 with 5% 
heat-inactivated FCS (56~ for 45 min) (Imperial 
Laboratories, Andover, UK). Glucose was in- 
cluded at 2 g/l. 

For both the flask cultures and the fermenter 
propagations, cell seed was taken from mid-expo- 
nential phase cultures (4--5 • 105 cells/ml). 

In the flask cultures I00 ml medium in a 175 
cm 2 T-flask was inoculated to an initial density of 
about 105 viable cells/ml. Growth was allowed to 
continue at 37~ and samples were taken daily. 
At the points shown on the figures, varying 
fractions of the conditioned medium were re- 
placed with an equal volume of fresh medium, 
and growth allowed to continue. 

For the fermenter propagations C1E3 cells 
were grown in Siran porous glass spheres (poro- 
spheres) (Schott Glaswerke, Mainz, FRG) in a 
fixed bed system, whose design and operation 
have been previously described (Looby and Grif- 
fiths, 1988a,b). The large pore size (60-300 I.tm) 
and open structure of interconnecting pores causes 
physical entrapment of cells within the spheres. 
The physical entrapment of hybridoma cells, in 
combination with their loose adherence to the 
sphere itself, allows changes of medium without 
excessive loss of cells. In this study the system 
was operated in repeated-feed-and-harvest mode. 
The times of feeding/harvesting and fraction of 
the reservoir volume (10 1) replaced are indicated 
in the figures. 

Materials and methods Assays 

Cell lines 

The mouse-mouse hybridoma cell C1E3 (Wright 
and Balfor, 1983), which produces IgG against 
Toxoplasma gondii antigen, was obtained from 
Dr. S. Clark (PHLS CAM-R). Cells were tested 

Cell numbers were determined in an improved 
Neubauer chamber and the viability by trypan 
blue exclusion. 

Glucose was determined using a Beckman 
Glucose Analyser 2 (Beckman Instruments Inc., 
CA, USA). 
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LDH activity was determined in cell-free me- 
dium. LDH was assayed spectrophotometrically 
at 30~ by following the oxidation of  NADH at 
340 nm (Vassault, 1983). The reaction was initi- 
ated by the addition of pyruvate. The rate was 
corrected by subtracting the value measured in 
the absence of pyruvate. Triplicate assays were 
done on each sample. One unit (U) of activity 
was defined as 1 ~tmol NADH consumed per 
minute. 

Results and discussion 

Flask cultures 

The relationship between LDH release and growth 
kinetics in a batch, flask culture (designated F1) 
is shown in Fig. 1. In the period between inocula- 
tion and early stationary phase (96 h) the viability 
of the culture was high (>90%). The LDH activ- 
ity of the medium was relatively constant (c. 0.11 
U/ml) in this period. As the culture progressed 
through stationary phase, the non-viable fraction 
of the culture increased - between 96 and 192 h it 
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Fig. 1. Relationship of growth and LDH release kinetics in 
culture F1. ( l  total cell density; �9 viable cell density; �9 LDH 
activity; O % non-viable cells). 

rose from c. 5 to c. 75%. In this same period the 
LDH activity of the medium increased by a factor 
of about 2.5. 

Thus the data for the batch, flask culture (F1) 
show a good correlation between loss of culture 
viability and an increase in the LDH release 
rate. 

To determine if the correlation between growth 
and LDH release kinetics holds in a more com- 
plex system, the relationship was examined in a 
repeated-feed-and-harvest flask culture (desig- 
nated F2). In culture F2, the medium was com- 
pletely replaced at 72 h, and thereafter on a daily 
basis until the end of the culture. Growth, glucose 
utilisation and LDH release data for culture F2 
are presented in Fig. 2. 

The cell number data show that the cells were 
in the exponential growth phase between 20-60 
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Fig. 2. Relationship of growth, LDH release and glucose uptake 
kinetics for the culture F2 (A volumetric LDH release rate; rn 
specific growth rate; �9 volumetric glucose uptake rate; �9 total 
cell density; �9 viable cell density; O percentage non-viable 
cells). The times when the medium was changed are indicated 
by the vertical arrows. 
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h, before entering the deceleration and stationary 
phases. This is in agreement with the specific 
growth rate data which show maximum rates 
between 2 0 - 5 0  h. After 50 h, tx decreased mar- 
kedly with the appearance of  negative values at 
about 190 h. The proportion of  non-viable cells 
showed a marked increase after about 90 -100  h 
(the start of  stationary phase). At about 290 h the 
number  of  non-viable cells started to increase 
rapidly. Between 290 h and the end o f  the culture, 
the percentage of  non-viable cells increased f rom 
46 to 93%. In the period 0--72 h, very little LDH  
activity was released. After  the first medium 
change (72 h), LDH activity started to increase at 
a relatively constant rate until about 270 h when 
the rate showed a marked increase until the end 
of  the culture. Data for glucose utilisation show 
that the utilisation rate was relatively constant in 
the period 90 -290  h. At 290 h there was a marked 
decrease in the utilisation rate, and corresponding 
flattening of  the cumulative utilisation curve. 

The growth and L D H  release data in Fig. 2 
show that for  a viable culture, the rate of  LDH  
release is low and the medium activity does not 
exhibit marked variation from the value at T = 0 
h. Loss of  culture viability was accompanied by 
an increase in the L D H  release rate and medium 
activity higher than at T = 0 h. In culture F2, the 
marked decrease in culture viability between 
290-360  h was accompanied by a further in- 
crease in the L D H  release rate. On the basis of  
this data, there would again appear to be good 
agreement between changes in culture viability 
and increases in LDH release. 

Comparison of  the data in Fig. 2 shows good 
agreement  between decrease in glucose con- 
sumption and loss of  culture viability, measured 
either as decrease in viable cells or increase in 
LD H release rate. However ,  closer examination 
of  the data Fig. 2 shows that the increase in LDH  
release occurred between 260-290  h whereas the 
marked decrease in glucose consumption and 
increase in non-viable cell numbers occurred be- 
tween 290-310  h. Monitoring of  LDH release 
was able to detect loss of  culture viability before 
it was detectable as a decrease in viable cell 
numbers or a lower glucose consumption rate. 

The data for culture F2 show that, in the period 
92 -264  h, the glucose utilisation rate fluctuated 
between 4.5 and 5.7 mmol/1/day with no overall 
trend. In contrast, over the same period the LD H  
release rate increased approximately linearly 
f rom 0.03 to 0.07 U/ml. The cell number  data 
show that over  this period there was a general 
downward trend in culture viability, the propor- 
tion of  non-viable cells increased from 17 to 52% 
of  the total cell count. The loss of  viability is not 
as readily observable f rom the glucose consump- 
tion data, because of  the apparently random fluc- 
tuation in utilisation rates in this period. In con- 
trast, the steady increase in LD H  release rate is 
clearly indicative of  a loss of  culture viability. 

Immobilised porosphere cultures 

As part of  our studies to optimise growth condi- 
tions in fixed bed porosphere reactors, the cul- 
tures were grown using different medium change 
regimes. LD H  release and glucose utilisation ki- 
netics were used to monitor  changes in culture 
viability. Culture I1 was grown using a medium 
change regime (designated regime 1) which in- 
creased the percentage of  the reservoir medium 
replaced from 50 to 100%. A second culture 
(designated 12) was grown using 100% replace- 
ment of  the reservoir medium (designated regime 
2), and is analogous to culture F2. 

Data for the glucose utilisation and LD H  re- 
lease by cultures I1 and I2 are presented in Fig. 3. 
In culture I1 the rate of  LD H  release was low and 
relatively constant f rom the start of  the propaga- 
tion until about 200 h. Subsequently,  the release 
rate increased by about twofold. In the period 
260-280  h there was a massive release of  LDH 
activity, accounting for one-third of  the total 
activity released. The glucose utilisation rate re- 
mained relatively constant, although there was a 
slight trend upwards over  the period of  the propa- 
gation. The data in Fig. 3b show that the marked 
increases in total LD H  released between 200-290  
h were not accompanied by a similar decrease in 
the total glucose used. The rate data in Fig. 3a 
show that the marked increase in LD H  release 
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Fig. 3. Relationship of LDH and glucose uptake kinetics for propagations of the cell line C1E3 in porosphere, fixed bed bioreactors 
using different medium change regimes, a) rate data for culture I1; b) cumulative data for culture I1; c) rate data for culture I2; d) 
cumulative data for culture 12. Symbols: A volumetric LDH release rate; @, volumetric glucose uptake rate; �9 cumulative LDH; 0 
cumulative glucose. The times when the medium was changed are shown by the vertical lines. The percentage of the reservoir medium 
replaced in culture I1 is indicated at the appropriate points in the culture. 

rate between 190--210 h was accompanied by 
only a slight decrease in the glucose utilisation 
rate. The large increase in LDH release rate 
between 260-280 h was accompanied by an 
increase in the glucose utilisation rate. 

LDH release in culture I2 exhibited a broadly 
biphasic pattem (Fig. 3c and d). After an initial 
release of  activity (possibly due to damage caused 
by inoculation and commencement of the run), 
LDH activity in the medium remained constant 
until the first medium change (72 h). At 72 h the 
rate of release of LDH activity increased to a 
level which remained relatively constant until the 
end of the propagation although fluctuation about 
this point was observed. The glucose utilisation 
data show that the utilisation rate increased with 
time. The glucose utilisation rate increased to a 
peak at about 160 h, before declining slightly and 

subsequently increasing. Changes in the glucose 
utilisation rate did not always mirror the changes 
in LDH release rate. 

Comparison of cultures 

The data in Figs. 1 and 2 show good correlation 
between LDH release and increased numbers of 
no:a-viable cells. Figure 2 also shows good agree- 
ment between decrease in glucose consumption 
and increase in LDH release. However, the data 
in Fig. 3 show that in long-term, repeated-feed- 
and-harvest bioreactor cultures the agreement be- 
tween the interpretation of changes in glucose 
utilisation and LDH release and changes in cul- 
ture viability does not always hold true. LDH is 
released from the cell upon loss of membrane 
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integrity, while glucose utilisation can decline as 
a result of  either loss of  cell viability or change in 
cell metabolism. The data suggest to us that L D H  
release is a more reliable indicator of  changes in 
culture viability in complex,  long-term culture 
systems than, for example,  glucose utilisation. 

The L D H  release data for culture I1 suggest 
that the media changes from the second 50% 
change onwards were no longer able to maintain 
the cell viability at the level observed in the first 
180 h. It is unclear why there should have been a 
massive release of  LDH activity after the first 
75% change. It may  simply be the result of  the 
cumulative damage caused to the cells by the 
series of  50% medium changes which were insuf- 
ficient to maintain the culture viability. Although 
it is assumed that L D H  is released immediately 
upon cell damage,  this is not always true because 
the primary effect  is not always in the cell mem- 
brane (see Cook and Mitchell, 1989). This results 
in a delay between the primary damage and the 
ability of  an observer  to detect it. 

The observation for culture I2 that the rate of  
release of  L D H  activity was generally constant, 
suggests that the medium change regime was able 
to maintain the culture viability at a stable level. 
This contrasts with culture I1, which showed 
considerable variation in the rate of  release. 
Therefore,  regime 2 was better able to maintain 
the cells in a constant state. 

The rate of  LDH release from culture I2 in the 
period 72 - 200  h was greater than for culture I1, 
although subsequently the rates were comparable. 
Part of  the explanation is probably, that there 
were more cells in the bead bed for culture 12: 
2.82 • 107 and 3.98 • 107 total cells per ml bed 
for I1 and I2 respectively. A higher cell density 
would result in a greater volume activity even if  
the specific activity was lower. 

At the end of  the experiments,  final cell num- 
ber and viability determinations were able to be 
carried out. Culture I2 had a higher percentage of  
viable cells (63%) compared to I1 (46%). This 
suggests that regime 1 was causing more damage 
to the cells than regime 2. This is supported by 
the observation that the LDH activity released 
from the beads at the end of  the propagation was 

0.281 U/107 total cells in I1 and 0.314 U/107 total 
cells in I2. 

Therefore,  it can be concluded that the medium 
change regime in culture I2 was better able to 
maintain the culture viability at a constant level 
and also did less damage to the cells. 

Conclusions 

We have shown that there is a good correlation 
between loss of  culture viability and LD H  re- 
lease. In flask culture, there is also good agree- 
ment between L D H  release and decline in glu- 
cose utilisation. The data also suggest that an 
increase in L D H  release occurs before either the 
decline in glucose utilisation or viable cell num- 
bers, allowing earlier detection of  sub-optimal 
growth conditions. 

In complex,  long-term growth systems, where 
it is not possible to assess culture viability direct- 
ly, LD H  release provides a more accurate indica- 
tor of  changes in culture viability than glucose 
utilisation because it is not affected by changes in 
cell metabolism. Measurement  of  LD H  has en- 
abled us to optimise the process conditions for 
maintaining immobilised cultures. 

Comparison of  the LD H  release data for cul- 
ture F2 (Fig. 2) with the data for culture 12 
reveals differences between the two culture sys- 
tems. Therefore  these results show that the growth 
system used to culture hybridoma cells has a 
marked effect  on the change of  culture viability 
with time. The data in Fig. 3 show that the 
medium change regime has a profound affect 
upon culture viability, and also on the metabo- 
lism of  the culture. 
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