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Abstract

The death rate of Vero cells grown on Cytodex-3 microcarriers was studied as a function of the gas flow rate
in a small air-lift loop reactor. The death rate may be described by first-order death-rate kinetics. The first-order
death-rate constant as calculated from the decrease in viable cells, the increase in dead cells and the increase in
LDH activity is linear proportional to the gas flow rate, with a specific hypothetical killing volume in which all cells
are killed of about 2-10~3 m? liquid per m® of air bubbles. In addition, an experiment was conducted in the same
air-lift reactor with Vero cells grown inside porous Asahi microcarriers. The specific hypothetical killing volume
calculated from this experiment has a value of 3-10~* m? liquid per m? of air bubbles, which shows that the porous
microcarriers were at least in part able to protect the cells against the detrimental hydrodynamic forces generated

by the bubbles.

Introduction

In small-scale microcarrier cultures of animal cells
gentle agitation is required to keep the microcarriers
from settling and to provide a homegeneous environ-
ment. At larger scales, more vigorous agitation is need-
ed in order to enhance the mass transfer rate of nutri-
ents and toxic metabolites. Besides more vigorous,
agitation, sparging might be required to increase the
oxygen transfer rate. However, hydrodynamic forces
associated with agitation and sparging are detrimental
to animal cells, which has led to the design of bubble-
free-aeration reactors (Henzler, 1993). Although these
reactors have been operated successfully, they are also
limited in their application scale and usually have a
more complex design than the standard reactors, like
the stirred tank, bubble-column and air-lift loop reac-
tor (Henzler, 1993). At larger scales the use of bubble-
column and air-lift loop reactors might become feasi-
ble. These reactors have, even at larger scales, good

oxygen and mass transfer characteristics, a relative
simple design through the absence of mechanical agi-
tation and the hydrodynamic behavior and mass trans-

. fer characteristics are well documented in literature

(Chisti, 1889). However, as stated, the presence of air
bubbles causes cell damage and death.

The effect of hydrodynamic forces generated by
air bubbles on suspension cells has been extensively
studied (Bavarian et al., 1991; Chalmers and Bavarian,
1991; Cherry and Hulle, 1992; Handa-Corrigan et al.,
1989; Jobses et al., 1991; Jordan et al., 1994; Kunas
and Papoutsakis, 1990; Martens ef al., 1992; Martens
et al., 1993; van der Pol et al., 1990; Tramper et al.,
1986; Tramper et al., 1988; Trinh et al., 1994) as
well as the effect of agitation on microcarrier cultures
(Cherry and Papoutsakis, 1986; Croughan et al., 1989;
Croughan and Wang, 1990; Lakothia and Papoutsakis,
1992) and has been reviewed by Papoutsakis (1991).
Nonetheless, not much is known about the detrimental
effects of air bubbles on microcarrier cultures. This is
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mainly because the upward moving air bubbles cause
aggregation of the microcarriers and accumulation of
the microcarriers at the air-medium interface making
the application of microcarriers in bubble-column and
air-lift reactors impractical (Papoutsakis, 1991).

The problems of microcarrier aggregation and
accumulation at the air-medium interface could be
overcome in this study by reducing the foam forma-
tion through the careful addition of antifoam, which
made it possible to study the effect of sparging on
microcarrier cultures. A careful study of the death rate
in air-lift and bubble-column ractors as a function of
process and reactor parameters, like the gas flow rate
and the height and diameter of the reactor, might lead
to a minimization of cell death in these reacors and to
an optimal reactor design. Cell damage might also be
reduced through the addition of shear-protective agents
like pluronics. In this paper the death rate of Vero cells
grown on Cytodex-3 microcarriers in a small air-1ift
loop reactor is studied at varying gas flow rates. In
addition, an experiment was conducted with Vero cells
grown inside porous Asahi microcarries, to study if
these microcarriers can protect the cells from the detri-
mental hydrodynamic forces caused by sparging.

Material and methods
Cell culture

For the shear experiments at varying gas flow rates
Vero cells were cultured on Cytodex-3 microcarriers
(Pharmacia, Uppsala, Zweden) at a concentration of
2.5 g dm3. Cultures were conducted in spinner flasks
(Techne, Cambridge, UK) with a working volume of
0.25 dm? at a temperature of 37 °C and an agita-
tion rate of 25 rpm. The medium was Iscove’s mod-
ified Dulbecco’s medium (Gibco laboratories, Pais-
ley, Scotland) supplemented with antibiotics (35000
U.dm™3 polymyxin, 1400 U.dm~3 neomycin and 7500
U.dm~3 streptomycin) and 5% (v/v) heat-inactivated
(30 minutes 56 °C) fetal-calf serum (FCS) (Sanbio,
Uden, the Netherlands). A mixture of air/5% CO, was
blown over the surface of the cultures twice daily to
maintain the pH above 7.0 and the dissolved oxygen
concentration above zero. If the microcarriers were ful-
ly grown with cells, which was always after about 95
hours, they were used for the shear experiments.

For the experiments with the porous microcarri-
ers Vero cells were grown in the same medium inside
Asahi microcarriers (Asahi Chemical Industry, Osaka,

Japan) at a concentration of 1 g dm~3. In parallel to
these cultures reference cultures were conducted with
Vero cells on Cytodex-3 microcarriers. In order to have
the same available surface for growth, the concentra-
tion of Cytodex-3 microcarriers was 5 g.dm™3 in these
cultures. Samples for shear experiments were taken
after 50 and 95 hours of culture.

Shear sensitivity

The shear sensitivity of the cells was determined in
a small air-lift reactor with an internal loop. For the
experiments 65 cm® samples were taken from spinner-
flask cultures of which 45 cm® was put directly in the
air lift. The other 20 cm? was centrifuged and the cell-
free supernatant was used during the shear experiment
as will be described. The air lift was thermostated at
37 °C by a water jacket. Air containing 5% CO, was
sparged into the inner tube through a nozzle with a
diameter of 0.001 m. The flow rates were controlled
by a Brooks rotameter and measured exactly after each
experiment.

The inner diameter of the draught tube was 0.012
m, the fluid height 0.07 m and the inner diameter of the
outer tube was 0.03 m. Experiments were carried out in
duplo at gas flow rates of 0.7-1076, 1.1-1075, 2.2.1076,
5 10~% m® s~!. During the experiments 1% (v/v)
anti-foam Silicone B (Baker, Deventer, NL) solution
in phosphate buffered saline (PBS) was added every
time foaming occurred. The total amount of anti-foam
added was smaller than 0.1% (v/v) for the experiments
at the lower gas flows. For the experiments conducted
at a gas flow rate of 5-10~% and 8.4-10~% m? s~! this
was 0.2% (v/v) and 0.3% (v/v), respectively. Samples
were sheared for a period of 3 hours and every half
hour an amount of 3 or 4 cm® was withdrawn for mea-
surement of the viable-cell concentration, dead-cell
concentration and LDH activity. If the liquid volume
of the air lift dropped below 45 cm® due to sampling, 3
or 4 cm? of the previously obtained cell-free medium
was added depending on the sample volume. If, due to
the addition of antifoam, the volume was higher than
45 cm?® after sampling, no medium was added. As a
consequence of the addition of antifoam and medium
the contents of the air lift were diluted resulting in
lower cell concentrations. Furthermore, in the case of
medium addition also small amounts of LDH activity
and serum, which were originally present in the spin-
ner culture, were added. Using the amount of added
antifoam and medium and the volume of the sample,
the measured concentrations were calculated back to



theoretical concentrations that would have been actual
if no additions or withdrawals had taken place.

Cell counts

Cells were counted using a Fuchs-Rosenthal hemacy-
tometer. Cells in suspension were counted using the
exclusion of trypan blue (1% w/v) to discriminate
between viable and dead cells. The concentration of
attached cells was determined by incubating the carri-
ers with a solution of crystal violet (1 g dm™3) in citric
acid (0.1 M). The error in the cell count was about
10%.

Lactate-dehydrogenase (LDH) activity

Lactate~-dehydrogenase activity was determined by an
enzymatic assay (Baker, Deventer, NL).

Photography

Photographs were taken of cells on microcarriers
stained with haematoxylon (1 g dm™* at different
stages during a shear experiment using an Minolta MPS
camera with a Ektachrome (Kodak) film placed on a
Leitz Wetzlar microscope.

Determination methods death-rate constant

Three methods, based on the viable-cell, dead-cell,
and LDH concentrations, respectively, were used to
determine the first-order death-rate constant. The first
method uses the decrease in the viable-cell concentra-
tion and the associated first-order death-rate constant
may be calculated according to:

nleg) e 0

where C,, (1) and C;,,(0) are the viable-cell concentra-
tions (cells m~3) at time 7=t (s) and =0 (s), respective-
ly, and kg4, is the viable-cell-based first-order death-rate
constant (s~).

The second method uses the increase in the dead-
cell concentration and assumes that no lysis of cells
occurs. This first-order death-rate constant may be cal-

culated according to:
Coy(t) + Czy(0)

Czu (0) -
‘L“( C.. (0)

where C,4(t) and C;4(0) are the dead-cell concentra-
tions (Cells m—3) at time =t (s) and r=0 (), respective-

) = kgat (2)
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ly, and k44 is the dead-cell-based first-oder death-rate
constant (s™!).

The third method uses the increase in the LDH
activity and assumes that a constant amount of LDH
activity is released per dead cell formed. The pertinent
first-order death-rate constant is calculated according
to:

B Crpu(oo) — Crpa(t)
Ln (CLDH(OO) —Crpu(0)

where Crpp(co) is the maximum attainable LDH
activity if all cells are killed (U m™?), Crpg(t) and
Cr,pr(0) are the LDH activities (U m™?) at time t=¢
(s) and t=0 (s), respectively, and kg4 is the LDH-based
first-order death-rate constant (s—!). The maximum
attainable amount of LDH activity is calculated from
the LDH activity released per dead cell formed, Yrpp
(U.cell™!), and from the viable-cell concentration and
LDH activity at the start of the experiment according
to:

) =kgt (3)

Crpu(o0) =YpuCx,(0) + Crpu(0) (4)

Since small variations in the amount of LDH activity
per cell exist between the experiments, the value of
Y ;. pr used is not the average value of all experiments
but is calculated for each individual shear experiment.

As will be shown, large variations occur in the total-
and viable-cell concentration due to difficulties in tak-
ing a representative sample of microcarriers. As can be
seen in equation 1, 2, 3, and 4 an error in the concen-
tration of viable cells at time zero (C.,(O)) enlarges
the error in each datum point and consequently caus-
es an increase in the error in the calculated first-order
death-rate constant. Taking more samples per datum
point would result in a too large withdrawal of medi-
um with microcarriers. Therefore, a more reliable value
for the concentration of viable cells at the start of the
experiment is obtained by calculating it from the aver-
age total-cell concentration at all datum points and the
dead-cell concentration at the start of the experiment
according to:

@ngzwm%wmm@>

where C,.(t,) is the total-cell concentration (cell m~?)
at time t=t,,.

For the measurements of the LDH activity and the
dead-cell concentration the problem of taking a repre-
sentative sample does not exist and thus the measured
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values are more reliable. However, for the calculation
of the LDH- and dead-cell-based death-rate constant an
extra substraction has to be executed as compared to
the calculation of the viable-cell-based death-rate con-
stant. Especially at high gas flow rates when the LDH
activities and dead-cell concentrations become large
and the result of the substraction is small, this leads to
large confidence intervals for the first-order death-rate
constants. A clear advantage of using the LDH activ-
ity is that it requires only very small (200 pl) sample
volumes. This makes it possible to take more sam-
ples during the experiment without diluting the air-lift
contents. In addition, this method also accounts for
cell lysis. If cell lysis occurs, the value of Y;, py may
be obtained by lysing all cells at the end of a shear
experiment. Thus, the three calculation methods are
related through a cell and LDH balance and provided
that no lysis of cells occurs and that a constant amount
of LDH is released upon cell death they should give the
same values for the death-rate constant. The difference
between the three medhods lies in the accuracy with
which these values can be determined.

Results and discussion
Growth curves

Figure 1 shows three typical growth curves for Vero
cells on Cytodex-3 microcarriers (2.5 g dm~3). By
plotting the logarithm of the viable-cell concentration
against time, the specific growth rate may be deter-
mined from the slope of the least-square regression
line through the datum points measured during the
exponential growth phase. The thus obtained average
growth rate in the exponential phase was 0.025h~! and
the final cell densities were about 1.5-10° cells. cm™3.
Differences between samples in terms of physiological
state of the cells, medium composition and number of
cells per carrier, are minimized by conducting all batch
cultures in the same way and by taking the samples for
the shear experiments always after 95 hours of cul-
ture, when the microcarriers were totally covered with
cells. Furthermore, duplo or even triplo shear experi-
ments were conducted with cells taken from different
batch cultures as is shown in Table 1.

LDH and cell concentrations during a shear
experiment.

Figure 2 shows the LDH activities and the viable-,
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Figure 2. Viable-, dead- and total-cell numbers and L.DH activities
for shear experiments conducted at gas flow rates of 0.7 10— m?3
s~1 (A), 5.010~% m® s—! (B) and 8.4-10~6 m3 s—! (C). {) Total
cells, A Viable cells, O Dead cells, [} LDH activity.

dead- and total-cell concentrations as a function of
exposure time in the small air-lift reactor at the lowest
(2A, 0.7-10~% m3 s~1), an intermediate (2B, 5.0-10~9
m? s~'), and the highest (2C, 8.4-10~% m? s~ 1) gas flow
rate. For the other three gas flow rates comparable fig-
ures are obtained. The confidence limits represent the
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Figure 1. Growth curves of Vero cells grown on Cytodex-3 microcarriers (2.5 g dm~3). Different symbols denote separate batch cultures

conducted at identical conditions.

variation of the cell counts and LDH activities within
a sample and not between the samples. At the lowest
gas flow rate of 0.7-107% m® s~! a small amount of
growth seems to occur when looking at the total-cell
concentration. At higher gas flow rates no significant
increase in the total-cell concentration occurs. For the
experiment at the highest gas flow rate (Figure 2C)
a large increase in the total cell density occurs at the
second sample (t=0.5 h). Since the total cell density
remains constant thereafter, this is probably due to an
error in the sampling at t=0 h, resulting in a too low
total-cell concentration at this point. The on average
constant total-cell concentration at gas flow rates high-
erthan 0.7-10~% m? s~! may be the result of the growth
rate being equal to the rate of cell lysis due to shear
forces. However, if cell lysis occurs it may be expected
to increase at higher gas flow rates. Since the growth
rate is likely to have more or less the same value in
all shear experiments and will always be smaller than
0.025 h~1, this would lead to a decrease in the total-
cell concentration at high gas flow rates, which is not
seen. Thus, cell growth and the amount of cell lysis

may assumed to be negligible.
LDH activity per dead cell formed

In Figure 3 the LDH activity is plotted as a function
of the concentration of dead cells in suspension for all
shear experiments. In addition, the least-square regres-
sion line and the 95% prediction intervals are shown.
All cells in suspension were dead, while the amount of
dead cells still attached to microcarriers was negligible.
As can be seen the LDH activity is linear proportion-
al to the dead-cell concentration. With the amount of
cell lysis being negligible, the amount of LDH activi-
ty released per dead cell formed, Yzpg (U.cell™),
is equal to the slope of the least-square regression
line through the datum points, which has a value of
4.140.4-1077 U.cell™!. This is of the same order of
magnitude as the values found by Legrand et al. (1992)
0f 4-5.5-10~7 U.cell~! and by Gardner ez al. (1990) of
2.85-1077 U.cell™!- Geaugey (1990) showed that the
LDH activity depended on the physiological state of
the cell with regard to the oxygen tension. They found
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Table 1. First-order death-rate constants with 95% confidence intervals for the three determination
methods at varying gas flow rates. The number between parentheses in the first column indicates
the batch culture from which the sample was taken

Experiment  F v Ki,viab Kd,dead kKa,LpH
10~ ¢m*s~1)  (1075m~3) (1075s~Yy (1075s71)  (10-5s 1y
Flow 1A (2)  0.68 56.6 4.244.0 6.442.6 6.7+1.1
Flow 1B (8)  0.70 46.0 2.54+2.9 5.0+2.1 34414
Flow 1C(5)  0.65 50.6 3.5+4.1 5.543.2 5.0%1.6
Flow 2A (1) 117 50.1 8.445.0 77423 5.7+1.6
Flow 2B (5)  1.15 425 6.8+4.6 11.946.3 9.743.5
Flow 3A (2) 222 50.8 12.1+4.2 10.8+1.4 9.9+1.8
Flow 3B (7) 230 43.9 11.442.7 11.14£7.3 12.9+1.7
Flow 3C(6) 225 47.2 12.5+4.5 10.3+5.8 10.8£2.6
Flow 4A (3)  5.09 48.3 22.649.1 21.0+9.1 22.3410.1
Flow 4B (8)  5.10 49.9 22.245.7 22.0+15.5 255478
Flow 5A (4)  8.35 52.3 32.6+188 3244392 3831206
Flow 5B (8)  8.51 51.6 33247.1 4524521 50.9426.7
Antifoam (9)  0.68 45.6 5.942.7 9.442.3 10.6+10.1
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Figure 3. LLDH activities [, least-square regression line (solid line) and 95% prediction intervals (dashed lines) as a function of the dead-cell
concentration for all shear experiments.



a value of 2.7-1077 U.cell™! at a dissolved oxygen
tension of 30% and a value of 6.2 1077 U.cell~! for a
dissolved oxygen tension of 1%. Here all cell cultures
were conducted in the same way and thus probably
have on average the same dissolved oxygen tension.
As can be seen in Figure 3 no large differences in the
intracellular LDH content exist between the cell cul-
tures indicating that the physiological state of the cells
is more or less equal with respect to the LDH content.

First-order death-rate constant as a function of the
gas flow rate.

Shear experiments

In Figure 4 the logarithm of the relative decrease in
the viable-cell concentration (eq. 1) is plotted as a
function of time for a single series of shear experi-
ments. For the duplo series of experiments comparable
figures are obtained. Also for the dead-cell (eq. 2) and
LDH (eq. 3) data comparable plots are obtained, where
only the confidence intervals for the datum points are
larger. The gas flow rates, average volume during the
experiment and the calculated death-rate constants for
the three different determination methods are given in
Table 1 for all experiments. In general the cell death can
be described by first-order death-rate kinetics. Only for
the dead-cell-based data (eq. 2) of the experiments at
the lowest gas flow rates (1A, 1B, 1C, 2A, and 2B)
and the LDH-based data (eq. 3) of experiment 1C and
2B a small increase is seen in the death rate during the
experiment (data not shown). Since this is only seen
at the two lowest gas flow rates, it may be due to the
occurrence of a small amount of cell growth during
the experiment. For the experiments at the two highest
gas flow rates almost all cells were killed after 1.5 to 2
hours, and the experiments were stopped then.

Since cell lysis is negligible and the amount of LDH
activity released per dead cell formed is more or less
constant (Figure 3), the three different methods should
give the same values for the first-order death-rate con-
stant, which is indeed the case (Table 1). In addition,
there are no significant differences between duplo and
triplo measurements, indicating that with respect to
shear sensitivity the physiological state of the cells in
the different experiments was the same. In the experi-
ments conducted at the highest as flow rate (Flow 5B),
the dead-cell-based and LDH-based death-rate con-
stant deviate quite much from the viable-cell-based
value and from their values in the duplo experiment
(Flow 5A). However, as expected, the dead-cell-, and
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LDH-based death-rate constants become quite unreli-
able at higher gas flow rates and the deviations are not
significant. When looking at the full range of studied
gas flow rates the viable-cell-based method has about
the same reliability as the other methods at lower gas
flow rates and is more reliable at the higher gas flow
rates. As shown for the viable-cell-based method in
Figure 5, the first-order death-rate constant is linearly
proportional to the gas flow rate.

Influence of antifoam

During the sparging experiments small amounts
of antifoam were added whenever foam formation
occurred. At low gas flow rates (below 5.0-1076 m—3
s™1) less than 0.1% antifoam was added. According
to van der Pol ef al. (1993) this would still increase
the death rate by a factor two. However, they added
all the antifoam at the start of the experiment, while
here it was added only if foaming started to occur.
Additionally, in parallel to the air-lift experiment con-
ducted at a gas flow rate of 2.2-10~% m? s~! a spinner
flask experiment was conducted. For this experiment,
microcarriers totally covered with cells and from the
same origin as the ones used in the air-lift experiment,
were put in a small spinner flask agitated at 100 rpm.
During a period of three hours every time antifoam
was added to the air lift, an equal amount was added to
the spinner flask. No cell death occurred in the spinner
flask showing that antifoam in itself was not responsi-
ble for cell death. To test if antifoam would render the
cells more sensitive to sparging, an air-lift experiment
was conducted at a gas flow rate of 0.7-107% m? s~!
to which the same amounts of antifoam were added
as in the experiment conducted at a gas flow rate of
8.4 1076 m? s~!. The final concentration was 0.3%
as compared to a final concentration of 0.05% normal
for experiments at this gas flow rate. The results in
Figure 6 and Table 1 show a small and insignificant
increase in the death-rate constant as compared to the
experiment conducted at 0.7-107% m? s~! with a final
antifoam concentration of about 0.05%. This increase
is negligible compared to the increase in the death-
rate constant caused by the increase in gas flow rate
to 8.4.107% m? s™1. Thus effects of antifoam on the
death-rate constant may be neglected. For comparison
the death-rate constant of the antifoam experiment is
also shown in Figure 5 (filled symbol).
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Figure 4. Logarithmic plot for the determination of the first-order death-rate constant according to the decrease in viable-cell concentration (eq.
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Specific hypothetical killing volume

To describe the death rate of suspension cells in bubble-
column and air-lift reactors the hypothetical killing
volume model of Tramper et al. (van ’t Riet and Tram-
per 1991) may be used. The model assumes first-order
death-rate kinetics and a hypothetical killing volume
associated with each air bubble, in which all cells are
killed. This results in the following equation for the
first-oder death-rate constant, kg (s~1):

24FX

b= gD

©)

where F is the gas flow rate (m> s™1) d; is the bubble
diameter (m), D is the reactor diameter (m), H is the
reactor height (m), and X is the hypothetical killing
volume (m?). Tramper et al. (1988) showed that the
hypothetical killing volume was proportional to the
bubble volume for bubble diameters in the range of
2-6-1073 m and thus equation 6 can be simplified to:

4FX’

k= opeg

Y

where X’ is the specific hypothetical killing volume (-)
being the hypothetical killing volume divided by the
volume of the air bubble. Trinh ez al. (1994) and Jordan
et al. (1994) relate the hypothetical killing volume to
a real volume associated with an air bubble.

The hypothetical killing volume model is used here
to describe the death rate of Vero cells immobilized on
Cytodex-3 microcarriers in a small air-lift loop reac-
tor as a function of the gas flow rate. By plotting the
first-order death-rate constant as a function of the gas
flow rate, the specific hypothetical killing volume may
be calculated according to equation 7 from the slope
of the least-square regression line for all three meth-
ods. The line is shown in Figure 5 for the viable-cell-
based data. The volume of the samples in the different
shear experiments varies between about 43 and 52 cm®
and an average value obtained from all experiments
of 48 cm?® is used in equation 7. Since no differences
existed between the death-rate constants of the three
methods no significant differences in specific hypo-
thetical killing are found between the three different
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determination methods. The average value of the spe-
cific hypothetical killing volume is 24:0.2-1073 (-).

Literature values for the specific hypothetical
killing volume show a large variation. This is caused
by the fact that the specific hypothetical killing volume
will depend on the cell line and type, serum concentra-
tion (Martens ef al., 1992; van der Pol et al., 1990) and
growthrate (Martens ef al., 1993), which are distinct in
the experiments presented by the different authors. For
insect cells in bubble columns Tramper et al. (1988)
found a value of 4-10~2 at a serum concentration of
10%. For hybridoma cells in bubble columns J6bses et
al. (1991) reported a value of 7-10~3 (1% serum) and
van der Pol et al. (1990) a value of 9-1073 (5% serum).
For hybridoma cells in an air-lift reactor a value of
2:10~* (5% serum) is found (Martens et al., 1992).
Because of the variations in experimental conditions,
it is difficult to compare the results, although the value
of the specific killing volume for Vero cells on cytodex-
3 microcarriers is of the same order of magnitude as
the values found for suspension cells.

Summarizing it may be concluded that the death of
Vero cells on Cytodex-3 microcarriers in a small air-lift
reactor can be described by first-order kinetics and is
linear proportional to the gas flow rate.

Photography

Figure 7 shows a series of representative photographs
of Vero cells on Cytodex-3 microcarriers after 0, 1, 2,
and 3 hours of shearing at a gas flow rate of 0.7-10~°
m? s71. In all experiments clear regions could be dis-
cerned, where whole groups of cells were removed.
Furthermore, in all experiments at higher gas flow rates
clusters of two or three microcarriers were seen towards
the end of an experiment (data not shown). The clus-
ters were held together by cells, which seemed to pile
up in the contact regions and were marked as dead by
trypan-blue staining.

Death rate of Vero cells immobilized in porous Asahi
carriers

One of the advantages of using porous microcarriers
rather than solid microcarriers is that the matrix of
the porous microcarrier might protect the cells against
hydrodynamic forces. Bugarski et al. (1989) success-
fully cultured hybridomas inside alginate beads and
microcapsules in an air-lift reactor with an external
loop. Shiragami et al. (1993) showed that porous Culti-
sphere microcarriers could protect CHO cells against

the detrimental effect of air bubbles. Additionally,
porous microcarriers have a larger available surface for
growth and thus support higher cell concentrations at
the same microcarrier loading. However, growth inside
the porous microcarrier may be limited by the diffusion
rate of nutrients into the microcarrier and toxic metabo-
lites out of the microcarrier (Cahn, 1990). Further, it
may be difficult to count the amount of viable cells due
to difficulties in extracting the cells from the inside
of the microcarrier without killing them (Cahn, 1990).
An experiment was executed to see if a porous micro-
carrier could indeed protect cells from hydrodynamic
forces generated by air bubbles. For this the death
rate in the small air-lift reactor was compared for Vero
cells immobilized inside porous Asahi microcarriers
and Vero cells immobilized on Cytodex-3 microcarri-
ers. The protective effect is quantified by calculating
the specific hypothetical killing volume.

Cells for the shear experiments were grown on
Cytodex-3 and inside Asahi microcarriers in spin-
ner flasks. To obtain an equal available surface for
growth in both systems, the microcarrier concentra-
tion was 5 g dm~> for Cytodex-3 and 1 g dm~3 for
the Asahi microcarriers. The growth rate was deter-
mined as described and had a value of 0.022 h~! for
cells grown on Cytodex-3 microcarriers and 0.018 h—!
for cells grown inside Asahi microcarriers. Two sam-
ples at 50 and 95 hours of culture, respectively were
taken for shear experiments. The gas flow rate during
the shear measurements in the air lift was 5.0-107°
m? s~!. Experiments for cells grown on Cytodex-3
microcarriers were done in duplo. The death-rate con-
stants with cells obtained at 50 and 95 hours of culture
are shown in Figure 8 and Table 2. For comparison,
the death-rate constants for Vero cells on Cytodex-3
microcarriers at a concentration of 2.5 g fm ™~ and the
same gas flow rate are also given. As can be seen there
is no significant difference between the death-rate con-
stants of cells after 50 and 95 hours of culture. The
rate constant is significantly smaller for cells inside
Asahi microcarriers as compared to cells on Cytodex-
3 microcarriers (5 g dm™>) for both sampling times.
Since samples are taken at different growth stages of
the culture, the reduction in the death rate cannot be
explained by a difference in growth state of the cells.
Furthermore, the specific hypothetical killing volume
calculated from the first—order death-rate constants for
Vero cells inside Asahi microcarriers is 3-107* m® of
air bubbles, which is substantial smaller than the value
of 2-1073 found for Vero cells on Cytodex-3 micro-
carriers (2.5 g dm™3). These results form a clear indi-
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Figure 7. Photographs of Vero cells on Cytodex-3 microcarriers after 0, 1, 2 and 3 hours of shearing in the air-lift reactor at a gas flow rate of

0.7-10~ ¢ m3 s~ 1.

cation that the porous Asahi microcarriers protect the
cells against hydrodynamic forces. Since the death rate
Vero cells inside Asahi microcarriers still exceeds zero,
the protection is only partial. Probably cells growing
on the periphery of the microcarriers still may be killed
by the air bubbles. Shiragami ez al. (1993) also found
that the protection of CHO cells in porous Cultisphere

microcarriers was only partial, with cells on the periph-
ery of the microcarrier being especially susceptible to
mechanical damage. Nikolai and Hu (1992) found that
no growth of Vero cells on Cultisphere microcarriers
occurred at agitation rates just high enough to keep the
microcarriers from settling. All the cells died and were
found in the exterior region of the microcarrier. In a sta-
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Table 2. First-order death-rate constants and 95% confidence intervals determined from the decrease
in viable cells for cells grown on Cytodex-3 and in Asahi microcarriers. For Asahi and Cytodex-3 (5 g
dm—3) microcarriers the death-rate constant was determined after cells were cultured in spinner flasks
for 50 hours and 95 hours. For cells grown on Cytodex-3 microcarriers (2.5 g dm™3) the death-rate
constant was determined after 95 hours of culture only (These are the same data as presented in

Table 1)
Experiment F \' kgv (50 h) kgy 95 h)
10~6mds~1) (0~m=3) (103s7 ) 1073s7h)
Cytodex (5 g dm~—3) 5.0 47.7 17.545.6 15.14+2.7
Cytodex (5 g dm—3) 5.8 47.8 14.8410.0  14.445.7
Asahi (1 gdm—3) 5.0 479 25422 3.743.6
Cytodex Flow 4A 2.5 gdm™3) 5.1 48.3 © 22.349.1
Cytodex Flow 4B (2.5gdm™%) 5.1 49.9 -) 222487
4E-04
3E-04 - 1T T
—~~
L 2E-04
o
o
W
~\
1E-04 |- )
0
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Culture time (h)

Figure 8. First-order death-rate constants for Vero cells grown on Cytodex-3 microcarriers at 2.5 g dm~3 (blank) and 5 g dm—> (dashed)
and Vero cells grown in Asahi microcarriers at 1 g dm™3 (dotted). Experiments with Cytodex-3 microcarriers were all done in duplicate.
Experiments for Cytodex-3 microcarriers (5 g dm~>) and Asahi microcarriers were conducted with samples taken from batch cultures at 50
and 95 hours of culture.

tionary situation cells grew inside the microcarrier cav- carriers as well as an influence of the microcarrier type
ities. However, they do not report if these cells inside on the strength of the cells themselves, may also affect
the microcarrier may be protected from hydrodynam- the first-order death-rate constant.

ic damage. Besides this, differences in microcarrier
properties other than the porosity, like for instance the
strength with which the cells are adhered to the micro-



Damage mechanisms

Cells on microcarriers in the air lift may be killed
directly by hydrodynamic forces or through the colli-
sion of microcarriers (Cherry and Papoutsakis, 1986).
At the microcarrier hold up of 0.05 used here, cell death
as a consequence of the collision of microcarriers may
be neglected (Beverloo and Tramper, 1994). For the
shear-related death of cells on microcarriers that, like
Vero cells, cannot survive in suspension, the strength
of the cell itself as well as the strength with which the
cell is attached to the microcarrier is of importance.
The tightness of the binding of the cells will depend
on the cell line, the microcarrier characteristics, the
growth phase of the culture, the medium composition
(Lokothia and Papoutsakis, 1992) and the amount of
cells per microcarrier. Cell cell contacts may cause
the cell to be more tightly bound to the microcarrier
and thus be less shear sensitive (Lokothia and Papout-
sakis, 1992). Thus removal of a cell may render the
neighboring cells more shear sensitive. In addition,
hydrodynamic forces affecting a cell may also affect
the neighboring cells either directly or through the cell
cell contacts. This may explain the observation of the
clear spots in Figure 7, where whole groups of cells
have been removed from the carrier.

Like for suspension cells (van ’t Riet and Tramper,
1991), death of cells on microcarriers due to hydro-
dynamic forces may occur at three positions in the air
lift: i) In the sparger region due to the formation of the
bubbles, ii) in the riser and downcomer section due to
hydrodynamic forces caused by the rising of the bub-
bles and the liquid flow, and iii) at the surface due to
the bursting of the bubbles.

In the sparger region suspension cells are killed
if they come in contact with newly formed bubbles,
which are not yet covered with surfactants (Jordan et
al., 1994). It seems reasonable to assume that also cells
on microcarriers are killed if they come in contact with
these bubbles. Since microcarriers totally covered with
cells are used, probably a group of cells at a certain spot
of the microcarrier will adsorb to the bubble instead of
only one cell. This again may explain the observation
from the photographs (Figure 7) that it appears that
cells are removed in groups from the microcarriers.
Apart from this, Murhammer and Goochee (1990) also
state that cell death in air-lift reactors may occur in the
sparger region and is related to the pressure drop over
the orifice.

In case the bubbles are partially saturated with sur-
factants the cell-bubble contact is not lethal and the
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cells adsorb to the bubble (Jordan ez al., 1994). Adsorp-
tion of cells to bubbles has also been shown by Bavar-
ian et al. (1994). Microcarriers that have adsorbed to
the bubbles may rise with the bubbles to the surface.
Although Jordan et al. (1994) showed that adsorbed
cells could not easily be detached from the bubbles,
this may be different for microcarriers, which experi-
ence a higher drag force due to their larger size. On
the other hand, the contact area between the bubble
and the microcarrier may be larger leading to a more
tight binding to the bubble. In the case of suspension
cells it is shown that the death rate is proportional
to the reciprocal reactor height indicating that no cell
death occurs in the riser and downcomer section due
to the rising of air bubbles or due to the liquid flow
(Martens et al., 1992). However, due to the relatively
large size of a microcarrier (200 pm) as compared to
a suspension cell (20 pm), the liquid velocity a cell
on a microcarrier experiences in a laminar flow field
will be substantially higher than the liquid velocity a
suspension cell experiences in the same flow field. For
the case of turbulent flow, occurring in stirred tank
and bubble column reactors, the size of the eddies
that cause cell death is substantially larger for cells
on microcarriers than for suspension cells (Croughan
et al., 1989; Lakhotia and Papoutsakis, 1992; O’Con-
nor and Papoutsakis, 1992; Kunas and Papoutsakis,
1990). Thus, cells on microcarriers may be damaged
at much lower energy dissipation rates than suspension
cells and death of cells on microcatriers in the riser and
downcomer section cannot be excluded. Shear experi-
ments in air-lift reactors at varying heights may reveal
if events associated with the liquid flow and the rising
of air bubbles are detrimental to cells on microcarriers.

At the bubble disengagement zone suspension cells
present in the bubble film and near the cavity wall are
killed as the bubble ruptures (Chalmers and Bavarian,
1991; Cherry an Hulle, 1992; Trinh et al., 1994). Trinh
et al. (1994) calculated that a specific killing volume of
2-1073 would correspond to a film thickness around the
air bubble of about 1 to 2 pm. Cherry and Hulle (1992)
did the same calculation for a specific killing volume
of 41073 and found a value of 5 um. According to
Trivh et al. (1994) the thickness of 1 to 2 ym would
imply that only cells attached to the bubble are killed.
For microcarriers, which are substantially larger than
1 to 2 pm, this would mean that only the cells, which
are adsorbed to the air bubble or are very near to it
are killed. This also may explain the observation from
the photographs (Figure 7) that it appears that cells are
removed in groups from the microcarriers.
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In conclusion, since forces associated with bubble
rupture are high enough to kill suspension cells, it is
very likely that they also cause the death of cells immo-
bilized on microcarriers in case these microcarriers are
near the bursting bubble. Evidence that larger particles
may be near the bursting bubbles is given by Lu et al.
(1992), who showed that nylon microcapsules varying
in size from 20 to 300 pm were ejected in the upward
jet formed at bubble break up. Besides death due to
bubble break up, additional damage in other patts of
the reactor cannot be excluded.

Conclusions

The death rate of vero cells on Cytodex-3 microcarriers
can be described by first-order kinetics. The first-order
death-rate constant as calculated from the decrease in
viable cells, increase in dead cells and increase in LDH
activity, is linear proportional to the gas flow rate,
which is in accordance with the hypothetical killing
volume theory. The specific hypothetical killing vol-
ume has a value of 2:10~% m? liquid per m? of air
bubbles.

Macroporous Asahi microcarriers were able to part-
ly protect the cells against hydrodynamic shear caused
by air bubbles. For cells in these microcarriers the
hypothetical killing volume was found to be 3-10~*
m? liquid per m® of air bubbles.
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