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Abstract

Macroporous microcarriers are commonly applied to fixed and fluidized bed bioreactors for the cultivation of
stringent adherent cells. Several investigations showed that these carriers are advantageous in respect to a large
surface area (Griffiths, 1990; L ooby, 1990a).

When growing a rC-127 cell line on Cytoline 2 (Pharmacia Biotech), no satisfactory product yield could
be achieved. A possible limitation in the supply of nutrient components was investigated to explain these poor
results. No significant concentration gradients could be detected. Nevertheless, fluorescence staining revealed a
decreasing viability, particularly inside the macroporous structure. Therefore, oxygen transfer to and into the
carriers was examined by means of an oxygen microprobe during the entire process. Additional mathematical
modeling supported these results.

The maximum penetration depth of oxygen was determined to be 300 um. A critical valueinfluencing the oxygen
uptake rate of the rC-127 cells occured at a dissolved oxygen concentration of 8% of air saturation. A significant
masstransfer resistance within alaminar boundary film at the surface of the carrier could be detected. Thisboundary
layer had a depth of 170 um. The results showed that even a40% air saturation in the bulk liquid could not provide
an efficient oxygenation of the surface biofilm during the exponential growth phase. Fluorescent staining reveals a
poor viability of cells growing inside the carrier volume. Thus, oxygen supply limits the growth of rC-127 cellson
macroporous microcarriers. Poor process performance and low product yield could be explained this way.

Abbreviations:  d, — diameter of particle; dp — diameter of reactor; ¢ — relative gas holdup; 7, — dynamic
viscosity of the fluid; v; — turbulent viscosity; p; — specific gravity of the fluid; Regc — Reynolds number for
bubble columns; Re, — Reynolds number for particles; U 1o — fluid velocity in the reactor axis; w, — relative fluid
velocity

Introduction

M ost large-scal e processesfor the production of human
proteins are based on stirred tank technology due to
its outstanding advantages (Werner, 1988). Howev-
er, there are till some stringent adherent cell-lines
of industrial importance (e.g. C-127, MDBK, Vero)

which cannot be cultivated in conventional suspended
systems. In designing large-scale processes for adher-
ent cells, there are two major obstacles: first, the cul-
tivation system has to provide a large surface area to
achieve high cell densities and a reasonable product
yield. Second, there is no direct access to parame-
ters that monitor the physiological status of the cell
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and its surrounding environment. In order to control
and assess the course of a process, reliable indirect
parameterswhich require athorough understanding of
biochemical links and metabolical activities of each
individua cell-line have to be established.

One of the problems was solved by introducing
macroporous microcarrierswhich offer ahigh surface-
to-volumeratio. They can be applied to both, fixed bed
and fluidized bed bioreactors (Looby, 1990a). Limi-
tations and low productivity which occured with sol-
id microcarriers can be diminished by a macroporous
structure (Looby, 1990b). In addition, fluidized bed
bioreactors provide a very high interphase mass trans-
fer since both cells and fluid are moved.

Nevertheless, some questions concerning possible
limitations within the porous matrix arose. Kennard
and his coworkers observed that after 20 days of cul-
tivating CHO cells of tissue-like densities inside the
carrier, the glucose consumption rate decreased as a
result of the formation of necrotic cores (Kennard,
1993). Low product yields were explained by criti-
cal mass transfer resistances inside the immobilized
volume (Bassi, 1991).

Since we obtained a poor product yield from
processes using macroporous microcarriers, we tried
to assess limiting parametersfor cells growing on and
within such carriers. A close examination of nutri-
ent components and their gradients throughout the flu-
idized bed was carried out. Moreover, the dissolved
oxygen (DO) profiles near the surface of a cell-laden
carrier were registered for detailed information on the
availability of oxygen on the surface and within the
carrier.

The DO was measured with amicrocoaxial needle
electrode. Thiselectrodewas established by Baumgartl
and L Ubbers (Baumgartl and Libbers, 1973) and has
been used for avariety of scientificinquiries: DO mea-
surementsin organs and living tissues (Baumgartl and
L ibbers, 1983), the estimation of oxygen masstransfer
from air bubbles into fluids (Riethues, 1986), O, par-
tial pressure distribution measurementsin penicillium
pellets(Wittler, 1986), immobilized systems (Beunink,
1989; Wiesmann, 1994) and biofilms (Ozoguz, 1994)
are examples of the succesful use of these electrodes
in medical and biotechnological applications.

Materials and methods

Cdll line, cultivation conditions and properties of the
carriers

For al investigations, a recombinant murine fibrob-
last cell (rC-127) which produces highly glycosylated
recombinant human proteinswas used. It was cultivat-
ed in a1:1 mixture of DMEM/F12 supplemented with
5% FCS. For the cultivation of the adherent cell linewe
used Cytoline 2® Carriers (Pharmacia Biotech, Upp-
sala, Sweden) with a specific gravity p of 1.03 g/cm?
and a size of 0.4 to 2.5 mm in diameter. Cytoline 2
is made of a plastic polymer matrix. The carrier con-
centration in the reactor was 20% of column volume.
Before usage the carriers were pretreated as specified
by the manufacturer.

Bioreactor set-up and analytical methods

According to our comparative studies (Prei3mann,
1994), a fluidized bed bioreactor maintained via an
external loop for oxygenation, pH control and medi-
um exchange, showed most promising characteristics
for the cultivation of the rC-127 cell line growing
on microcarriers. Therefore, we applied a 1.2 | flu-
idized bed column for these investigations. During fer-
mentation, microcarrier samples were taken periodi-
cally for optical analysis by fluorescent staining and
DO measurement. Fluorescent staining was performed
according to a method described by Nikolai et al.
(Nikolai, 1992), using fluoresceindiacetate (FDA, Sig-
ma No. 596-09-8) and ethidiumbromide (EB, Sigma
No. 1239-45-8). FDA rapidly crossesthe intact mem-
brane of viable cells and is transformed into fluores-
cein, agreen fluorescent dye, by cytoplasmic esteras-
es. Dead cellsincorporatered ethidiumbromide, which
causes red fluorescence, into the nuclear DNA strands.
0.2 mL of bioreactor sample were washed twice with
an equal volume of PBS to remove the medium. After
adding 2 mL of the FDA/EB solution to the microcarri-
ers, incubating it for 2—4 min, and washing the carriers
twice with PBS, the carriers were immediately exam-
ined with an Olympus stereomicroscope, type AHBT,
equipped with a camera.

Glucose and lactate concentrations were automat-
ically monitored with a YSI 2700 system (Yellow
springs Instruments, Yellow Springs, USA). Ammo-
nia, lactate dehydrogenase (LDH) and glutamine
were determined by enzymatic test-kits (Boehringer
Mannheim, Mannheim, Germany); the product titre



was analyzed by sandwich ELISA. Amino acid analy-
siswas performed by means of HPL C (OPA methaod).

In order to enumerate the cells on the carriers, cell
nuclei were extracted with a lysis-buffer containing
1.0% Triton X100in 0.1 M citric acid. After 4 hincu-
bationtimeat 37 °C and vigorousshaking, the samples
were counted in a hemocytometer.

Experimental set-up

The carrier was fixed within a glass airlift reactor
(height 130 mm, diameter 30 mm) using an exter-
nal loop (see Fig. 1). Measurements are performed
onasinglecarrier under culture conditionsin situ. By
changingthelocation of the aeration from the measure-
ment tube to the external loop, direct and indirect aera-
tion can be simulated. The electrode was moved back-
wards from the surface of the fixed carrier in defined
steps of 10 pm by means of a Hybrid Piezo Manip-
ulator (model PM 500-20, Frankenberger, Gilching).
Any movement of the carrier during the approach of
the electrode towards the carrier surface was prevent-
ed. The mini-airlift reactor was equipped with a stere-
omicroscope for the optical control of the exact probe
position.

Oxygen micro-electrode

Oxygen kinetics near the surface of the carrier were
measured polarographically with a membrane-covered
microcoaxial needle electrode (Baumgartl, 1983). A
schematic drawing of the electrode is given by Wies-
mann (Wiesmann, 1994). A polarisation voltage of
700 mV was generated by a highly insulated diode-
stabilized voltage source (MPI, Dortmund, Germany).
The current resulting from oxygen reduction is ampli-
fied by ananoamperemeter (typeN23/2, Knick, Berlin,
Germany) and recorded via a data acquisition unit
(type 3497 A, Hewlett Packard, Palo Alto, USA)
and an |EEE-488-interface (type KPC—488.2, Keith-
ley Instruments, Taunton, USA) and by a personal
computer (AT 8088). Before each measurement, the
calibration of the electrode was performed in nitrogen
saturated medium and a medium with a saturation of
40% oxygen, gassed with compressed air.
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Results

Time course of a typical fermentation run using
microcarriersin afluidized bed column

Figures 2 and 3 show the data of atypical fermentation
runfor the cultivation of rC-127. Continuousoperation
lasted from day 3to day 20. Thefeed rate was adjusted
daily to maintain aconstant concentration of nutrients.
A limitation of substrates was prevented this way.

In Figure 2 the concentrations of glucose, gluta-
mine, lactate and ammonium and the product titre are
shown. During the perfusion period, glucose concen-
tration is kept above a minimum of 1.2 g/L. Also the
glutaminelevel doesnot fall below 0.14 g/L.. According
to our experiences, these concentrations are far from a
critical concentration for the cellsand local concentra-
tion gradients should not have any limiting influences
on the metabolism of the cells. Thus, a limitation of
the main nutrients could be avoided. Additionally, the
amino acid analysis proved that no limitations occured
in this respect. Toxic metabolites, such as ammoni-
um and lactate, did not exceed a critical level (data
not shown). Frequent medium exchanges ensured low
concentrations of the toxic metabolites.

Product formation increased up to day 8. Then,
the product formation rate started to decrease dightly
during the entire cultivation period. Variations of the
fermentation parameters, such as feed rate and feed
strategy, did not result in optimized product yields.
At the end of the process we terminated the medi-
um exchange to investigate limited conditions during
the batch phase (see Fig. 2). As expected, product
titre, ammonium and lactate concentrations accumu-
lated whereas glucose was consumed completely after
3 days of cultivation.

In Figure 3 the consumption rate of glucose and
glutamine, the product formation rateand the cell num-
ber are shown. It is obvious that all parameters have
almost parallel kinetics. A maximum in the formation-
and consumption rate is reached on day 10 whereafter
the values lowly decrease.

As the cell number indicates, the cells grow to a
maximum density of 3.15 x 10° cells/mL on day 15.
Afterwards the cell number drops rapidly. This can
be explained by the previous decrease in metabolic
activity. Ending the medium exchange triggers a fast
decreasein product-formation- and consumption rates.
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Figure 1. Schematic drawing of the experimental set-up for the measurements of the dissolved oxygen profiles.

Sudy of concentration gradients regarding the major
nutrient components

Throughout the height of the fluidized bed column,
sample ports were installed. This way, we investigat-
ed axial concentration gradients in the column during
the course of the processes. For this purpose, samples
were taken simultaneously from the column and from
the conditioning vessel. After analyzing the samples,
the results were compared with respect to concentra-
tion gradients of the major nutrient components. The
sampling procedure was repeated daily to assess the
influence of increasing cell densities on the nutrient
supply and the concentration gradientsin the fluidized
bed.

Table 1 showsthe concentrationsof the major nutri-
ent components at different sample portsand at differ-
ent times during the course of various fermentations.

Thelinear fluid flow rate was also changed in order to
investigate the effects of mixing on the nutrient supply.

For al conditionstested in this study, it can be stat-
ed that no significant concentration gradients of nutri-
ents occurred throughout the fluidized bed. If devia-
tions occured, they were due to the tolerances of the
analyzation methods. Consequently, the fluidized bed
system is perfectly capable of maintaining an optimal
supply of nutrients and of efficiently removing toxic
metabolites.

Assessment of the viability of cells growing on
microcarriers by fluorescence staining

Since there is no direct access to cells attached to
macroporous microcarriers, it is difficult to obtain
information on the physiological state of thecells. The
fluorescent staining method used in this study enabled
us to differentiate between viable and dead cells in
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Figure 2. Time course of glucose-, lactate-, glutamine- and ammonium-concentrations and product titre during a fermentation run cultivating

rC-127 cells on macroporous microcarriers.

situ. That meansthat the cells could be examined opti-
cally without detachment prior to analysis. Therefore,
cell density, morphological featuresand distribution of
cells on the carrier surface were assessed in detail.

Figure 4 shows a photograph of a carrier sampled
from a fermentation run 48 h after inoculation. The
fluorescent spots, either green or red, represent single
cells. Itisobviousthat the carrier isnot yet completely
colonized. However, the cell distribution on the carrier
seems to be uniform. Staining reveals that up to 95%
of the cellsare viablein this early stage of the process
because almost al cells appear green.

Another carrier samplefrom day 20 of the samefer-
mentation run showsadecreasing viahility (seeFig. 5).
After nearly 3 weeks of cultivation, the surface of the
carrier is still not completely colonized although cell
density has obviously increased. This is indicated by
the darker regions lacking any fluorescent spots. This
means that cells prefer large pores and deep-seated
locations which offer protection against shear stress
and collisions of carrierswith the vessel wall and with
each other. On close examination, it becomes evident

that athin layer of scattered, green-fluorescent, viable
cellsonly occurs near the surface. The poor nutritional
condition of the cells beneath this layer is pointed out
by the uptake of EB. Even larger agglomerates of dead
cells can befound. They areindicated in Figure 5.

All these results coincide with a decrease in
metabolic rates of the fermentation runs. A lower via-
bility of the cellsresultsin diminishing metabolic activ-
ities. Additional scanning electron microscopy (data
not shown) revealed an extended and fibrous morphol -
ogy of rC-127. Theoutstretched cells cover evenlarger
pores, forming asheet-like structure. This morphology
has two main disadvantages:

—Firgt, the tissue structure at the carrier surface rep-
resents an additional resistance to mass transfer
into the carrier volume.

— Second, the cells are inefficiently attached to their
matrix by a few anchoring sites at both ends of
a cell only. The cell is stretched across the pore
volume. Consequently, the matrix of the carrier
can not stabilize the cells. So they are exposed to
mechanical forces (e.g. in case of collisions).
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Figure 3. Time course of glucose- and glutamine consumption rate, product formation and cell density during a fermentation run cultivating

rC-127 cells on microcarmier.

Figure 4. Photograph of a Cytoline carmier stained with FDA/ER,
The carrier was sampled on day 2 of fermentation.

Calculation of the hyvdrodynamic conditions in
fermentor and in the measurement apparatus

In order to ensure comparable and reproducible hydro-
dynamic conditions in both bioreactor and measure-
ment apparatus, the core parameters for the fermentor

—_——— —%

Figure 5, Photograph of a Cytoline casrier stained with FDAJEB.
The carrier was sampled on day 20 of fermentation.

were determined. Based on these calculations, the fluid
flow conditions in the measuring device were adjusted
according to those of the bioreactor.

One significant parameter to describe the fluid flow
is the Reynolds number. Equation 1 describes the mod-
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Table 1. Comparison of the concentrations of metabolites and product in the conditioning vessel and in the fluidized bed column

Runno. Runtime Sample port Recirculation rate  Glucose Lactate  Glutamine  Ammonium  Titre
(d) ® (mL/min) (gL) (gL) (mglL) (mglL) (mglL)

1 14 vessel 1030 3.05 0.17 417 33 1.07
1 14 column (200) 1030 3.04 0.19 423 33 1.06
1 14 column (100) 1030 3.03 0.17 419 32 1.04
1 21 vessel 1245 2.03 0.75 271 53 29
1 21 column (100) 1245 2.03 0.72 315 43 1.44
1 29 vessel 1620 1.83 0.72 278 50 1.46
1 29 column (100) 1620 173 0.81 261 61 1.89
1 34 vessel 1809 1.78 0.66 275 64 1.69
1 34 column (500) 1809 181 0.67 261 62 1.77
1 37 vessel 1809 1.77 0.74 265 69 1.69
1 37 column (500) 1809 1.76 0.74 278 62 17

2 17 vessel 1232 2.70 0.15 339 40 4,73
2 17 column (100) 1232 2.61 0.16 337 39 4,14
3 7 vessel 1028 6.14 0.25 466 37 2.01
3 7 column 1028 6.02 0.25 394 39 221
3 29 vessel 2046 4.69 0.401 87 92 5.84
3 29 column 2046 4.88 0.509 87 85 6.05
3 41 vessel 2046 2.82 0.467 330 58 4.88
3 41 column 2046 2.86 0.669 224 57 4.94
4 41 vessel 825 152 0.866 519 56 6.501
4 41 column 825 141 0.869 469 49 6.62

®: The numbers in brackets resemble the distance of the sample port from the inlet of the column.

ified Reynolds number for the flow around solid spher-
ical particles.

Re, = WP 1)
n
For the bioreactor we obtained Reynolds numbersin
the range of 6 to 75.7 resembling fluid velocities of
27x1073t025x 103 m/s.

Based on these results we set the same range of
Reynolds numbersin the mini airlift reactor. Since the
fluid velocitiy in an airlift reactor is determined by the
gasflow rate, wecal culated thefluid velocity intheaxis
with the help of Equation 2 (Deckwer,1985; Riquarts,
1981).

' 1 — 0.75%¢ eg g dpe

Yo = T oL a8y, @

The gas holdup e isgiven by
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For the turbulent viscosity, v, Riquarts proposed the
following equation.

3

0.125
v = 0.011dg+/dry <“G> (4)

Vg

The superficia gas velocity can be determined by
Equation 5

Vo
T
The fluid velocity, u'LO, can be applied to Equation 6

to calculate the Reynolds number for the fluid flow
around solid beads.

©)

Ug =

Re = Yo (6)
n
According to this calculations we adjusted the
Reynolds number in the mini airlift reactor through
the gas flow rate to that of the fluidized bed.

Measurement of oxygen-profiles at the surface of
colonized carriers

An oxygen microprobeand an experimental set-up of a
mini airlift reactor enabled the in-situ measurement of
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oxygen gradients near the surface and inside the pores
of the carrier. For this purpose, samples were taken
periodically during afermentation run (see above) and
the oxygen measurementsensued immediately. A typi-
cal oxygen profile near the surface of acarrier sasmpled
on day 5 of the cultureis shownin Figure 6.

According to the film theory (Whitman, 1923), the
oxygen concentration decreases almost linearly with-
in alaminar boundary layer. Repeated experiments on
various locations of the carrier proved this layer to
have a depth of 170 um. The oxygen profiles were
perfectly reproducible with only dight deviations due
to the irregular distribution of cells. In this tria, the
DO concentration in the bulk of the fluid was set at a
constant concentration of 40% of air saturation. At the
surface of the carrier only 14% DO could be detected.
This leads to the conclusion that a bulk concentration
of 40%, a standard operation condition for these fer-
mentations, is not capable to supply al cells in the
exponential growth phase sufficiently with O,. These
values, concerning cells growing directly on the sur-
face of carriers, raised the question of a supply bottle-
neck inside the pores. M easurements were carried out
to obtain further information.

A critical value of DO for the rC-127 cells was
detected with the hel p of dynamic OUR measurements.
As shown in Figure 7 the linear decrease in DO drops
significantly below a DO concentration of 8%.

Figure 8 depicts the oxygen concentration inside a
pore of the carrier. A microprobewas carefully insert-
ed into a pore and was then withdrawn in defined steps
to avoid artifacts during the reading. Before this pro-
cedure, the microprobe was carefully moved to the
surface of the carrier. With the help of a stereomicro-
scope the exact postion was optically controlled and
the micromanipulator was set to zero. The maximum
penetration depth of oxygen for rC-127 cells growing
on Cytolinecarrier is300 pm. At thispoint, the oxygen
concentration was reduced to zero. The dight increase
in DO at a penetration depth of around 110 xm can be
explained by an artificial membrane pressure caused
during penetration of the carrier matrix. The constant
plateau at the surface and 60 pm inside the carrier is
apparently caused by the cell layer. The DO profile
outside the carrier perfectly matches that of the other
experiments and shows a boundary layer of 170 um.
The scattering of the data starts to increase when the
probe leaves the laminar film around the particle and
enters the turbulent liquid bulk (see Fig. 8).

On day 7 of the cultivation, the boundary film
thickness was reduced to 60 um (see Fig. 6). The

oxygen gradient and, consequently, the uptake rate
had decreased. The experimentswere conducted using
40% of air saturation as bulk liquid oxygen concentra-
tion. At the carrier surface a dissolved oxygen concen-
tration of 17% could be detected. Since this value is
rather low an oxygen limited region inside the carrier
was most probable.

Although we tried to keep the hydrodynamic con-
ditions constant, the boundary film depth is influenced
by deviationsin the fluid flow around the carrier. The
carrierswere not exactly of the same size and shape.

On day 17 of the fermentation run, the oxygen
uptake had dropped even more (see Fig. 6). The gra-
dient within the boundary layer of again 60 ym had
decreased so that 26% of air saturation were detect-
ed at the carrier surface. The measurements on day 20
reveal ed that the oxygen uptakerate had dropped again.
The concentration gradient near the particle surface
decreased. Comparable results were found on day 24,
four days after termination of the medium exchange.

Mathematical describtion of the oxygen transfer from
theliquid to the carrier volume

Figure 9 shows the mass transfer of oxygen from the
gas phase to the cells in the carrier volume schemati-
caly.

Mass transfer gag/liquid from the gas phase to the
liquid bulk is not considered here, because the DO
concentration in the liquid was controlled at a constant
value of 40% of air saturation for all experiments.

When focusing on the transport from liquid to the
carrier volume, two masstransfer resistanceshaveto be
considered: mass transfer throuogh the boundary layer
surrounding the carrier (see Fig. 9: (2)) and diffusion
into the carrier volume (see Fig. 9: (3)).

Mass transfer through laminar boundary layerscan
be described according to Equation 7.

4o, X = kra.(co,bulk — co,surface) (7)

The specific oxygen uptake rate go, for rC-127 cells
was 8.72 g 02/10° cells h. The cell number X var-
ied during the fermentation runs. The oxygen concen-
trations in the liquid bulk co, bulk and on the carrier
surface co, surfacewere measured. The DO concentra-
tion of air saturated medium was 6.5 mg/L as proposed
by Henzler and Kauling (Henzler and Kauling, 1993).
The specific surface of the carriers was calculated by
Equation 8 (Kunii and Levenspiel, 1969).
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Figure 6. Profiles of dissolved oxygen at the surface of a microcarrier. The carriers were sampled on day 5, 8 and 17 of fermentation.

6(1—¢) surfaceof particles
vsd, ~ bedvolume

Thetransport coefficient k;, can be obtained by a mass
transfer model for solid particlesintroduced by Brauer
(Brauer, 1971). The Sherwood number is defined by
Equation 9.

(8)

krD
dyp

= Sh=2+ fig (Resc)*" 9)

+ (ReSc)1?
where fx isafunction of the Schmidt number
0.66
/1 + (0.84Sc1/%)

We compared theresultsfor k7, with themeasured data.
According to the film theory of Whitman £z, is given
by Equation 11.

fe =

(10)

D
k/‘L:F

where § is the thickness of the laminar boundary lay-
er and D the diffusion coefficient for oxygen D =
3.1 x 10~ °m?/s(H,0, 37 °C). Themeasured datagave
a mass transfer coefficient of 1.8 x 10~° m/s with a
boundary layer of 170 ;sm. The theoretical masstrans-
fer model supported these values. The mean deviation
of the results was 11%.

The diffusion into the carrier can be described with

0?r

Equation 12.
20c
10:4 = (a— * FE)

For a sphere with an anaerobe center the boundary
conditionsare: ¢ = ¢; a r = r, and ¢ = 0 and de/dr
=0ar = ry; —ro. The critica radius ro can be
approximated by calculating the radius of a spherein

(11)

(12)
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which cisjust zero at its centre. The volumeto surface
ratio of this sphere can then be transferred to the given
D 1-
e Peells (15)

6D c,
qo, X

radius =

(13)

For the estimation of the effective diffusion coefficient
in a cell-laden carrier the approach of Westrin and
Axelsson can be used (Westrin and Axelsson, 1991).
An approximate value of the efficient diffusion coeffi-

cient for the void fraction of the carrier D., is calcu-
lated by Equation 14.
_ 3
Deg _ (1= pp)° (14)

Dy B (1+ ‘Pp)z

The polymer volume fraction ¢, is defined as ¢, =
I ‘ZPC with the polymer volume fraction ¢,, and the
volume fraction of the cells pqis. The effective diffu-
sion coefficient isthen given by Equation 15 regarding

the cells asimpermeabl e spheres.

D¢y 1+ peais/2

This approach results in an effective diffusion coeffi-
cient of 3.4 x 10712 m?/s,

Based on the calculated data and the vaues
obtained by the measurements, a prediction of the
critical radius for oxygenation is possible. For the
set of parameters on fermentation day 5 (cell num-
ber. 0.985 x 106 cell/mL) a critical radius of 250 um
was calculated. The measurements showed a maxi-
mum penetration depth of 300 xm. This difference
could be explained by the inhomogeneousdistribution
of the cells on the carrier and the nonspherical shape
of the carrier. Different cell concentrations on days 7
and 17 (0.93 x 108 ¢/mL and 0.55 x 106 ¢/mL) yield-
ed oxygenated carrier shells of 300 um and 430 um
respectively.

In summary the mathematical describtion support-
ed the experimental findings.
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Figure 8. DO profile inside the carrier volume and near the surface. The carrier was sampled on day 5 of fermentation.

Discussion

So far, fluidized bed bioreactors using macroporous
microcarriers seem to represent the most efficient cul-
tivation method for adherent cells. Compared to fixed
bed systems and Roller bottles, fluidized bed reactors
showed promising propertiesin respect to optimal mass
transfer characteristics, scale-up potential, cell-loading
capacity and economy. In spite of these advantageous
features, our experience gives evidence of some con-
tradictory results.

Although glucose and glutamine as major energy
sources never dropped below a limiting concentra-
tion, the metabolic activity of the population started
to decrease at |east after ten days of cultivation. How-
ever, toxic metabolites such as lactate and ammonium
were not found to be responsible for this trend since
their concentration remained low. Even the composi-
tion of amino acids was thoroughly analyzed to con-
trol a potential influence. No shortcomings could be
detected in this respect either. To avoid harmful effects

through mechanical stress, the linear fluid flow rate
was diminished. The results showed that even very
gentle mixing characteristics were able to maintain an
optimal supply of nutrients and an efficient removal of
toxic metabolites. No significant concentration gradi-
entsoccured throughout thefluidized bed (see Table 1).
Local gradients effecting the metabolism of the cells
were not likely since the bulk concentrations were far
from critical values and the diffusion coefficients are
not ascritical asinthecaseof oxygen (Andrews, 1988).

Although, as shown above, the medium compo-
nents gave no evidence of any limitation, the fluores-
cent staining of the cells supported the impression of
suboptimal conditionsduring the fermentati on process.
The optical examination revealed that there is a close
correlation between a decreasing metabolic activity
and product formation and the viability of the culture.
A striking fact was, that only alayer at the surface of the
microcarrier was viable, whereas cells growing inside
the macroporous structure died after a short period of
cultivation.



132

—

Oxygen concentration

Figure 9. Schematic diagram of oxygen mass transfer from a bubble to the carrier volume.

Taking all theseresultsinto consideration, our inter-
pretation is as follows. The growth of rC-127 on
macroporous carriers is apparently limited by oxy-
gen transfer into the carrier. The time course of the
metabolic activity corresponds to that of the oxygen
consumption rate. Both show a decrease after a cullti-
vation period of 7 resp. 17 days (see Figs. 2 and 3).
With the help of an oxygen microprobe, we found that
in the early stage of the culture, during the exponen-
tial growth phase, a bulk liquid concentration of 40%
of air saturationis apparently not sufficient. Therefore,
experimentsusing higher initial oxygen concentrations
areplanned. Resistancesto masstransfer occured at the
surface and inside the particles, as recently mentioned
by Born et al. (Born, 1995).

The maximum penetration depth of oxygen into
colonized carrierswas found to be 300 xm, which cor-
responds to the maximum oxygen diffusion pathway
calculated by Griffiths (1990). Andrews calculated a
critical radius of only 200 um for tissue cultures using
an ‘effectiveness factor’ as a dimensionless metabolic
rate (Andrews, 1988). Compared to other results, the
measured value turned out to be much lower: Chang
et al. (1988) determined a penetration depth of 500—
1000 pum for animal and plant tissue regarding their
specific oxygen demand. They stated that the oxygen

transfer in a microcarrier system is usualy gas/liquid
mass-transfer limited. Bliem et al. (1988) proposed a
critical radius of 300-700 pm. Bignami et al. (1991)
presented a biofilm model based on the boundary con-
dition that an oxygen gradient between pellet surface
and bulk liquid does not exist. They also distinguished
an active biofilm layer near the surface and an underly-
ing inactive radius of limited conditions. The assump-
tion of equal concentrations in the bulk liquid and at
the pellet surface could not be proven. As our results
show, thereis asignificant gradient near the surface of
amicrosphere. Therefore, the mass transfer resistance
in the laminar boundary film cannot be neglected.

Moreover, the individual morphology of the cells
represents an additional barrier to mass transport into
the carrier volume. The tissue structure of the cell lay-
er at the surface coversthe pores and adds to diffusion
resistance. Consequently, the porousvolume of the car-
rier cannot be colonized and the cellsinside the matrix
deteriorate. The ‘micropump principle’ introduced by
Vournakis et al. (1989) which describes an improved
environment of porous microspheres in fluidized bed
bioreactorsthrough pressure-induced pumping effects,
will havelittle or no effect in this case.

Summarizing the results, the macroporous micro-
carrier is still not an optimal matrix for the stringent



adherent rC—127 cell line applied in these experiments.
The main disadvantage is that it lacks a sufficient
mechanical support for thecellssincethey arestretched
acrossthe pores. Thisphenomenon causesanincreased
sensitivity against mechanical stress and an addition-
al resistance to mass transport into the microsphere.
Therefore, the large surface area cannot be used effec-
tively. The cell density does not reach the expected
values and therefore the product yield is not satisfac-
tory.

Alternatively, stainless steel wire springshave been
established as carrier material. This matrix produced
far better results. Werner et al. (1988) reported that the
springs can be applied succesfully to the production
of various products such as interferons, vaccines and
monoclonal antibodies. Based on the results of this
study, these systems should be considered for a more
effective cultivation of rC-127 cells.

Conclusions

Theresults of this study lead to the following conclu-
sions for the cultivation of rC-127 cells on macrop-
orous microcarriers:

1. The macroporous structure of the tested carrier is
not an ideal mechanical support for cell growth.
rC-127 tends to form tissue-like structures which
are stretched across the pores. According to that,
the cells are exposed to mechanical damage.

2. No shortcomings concerning medium components
could be detected. Feed strategy and fluidized bed
operating conditions are able to maintain an effi-
cient nutrient supply.

3. Decrease in metabolic activity is apparently dueto
oxygen limitations within the carrier. The maxi-
mum penetration depth of O, into Cytoline carri-
ers colonized by rC-127 cells was measured to be
300 pm.

4. A mathematical description based on mass trans-
port models of the oxygen mass transfer supported
the experimental findings.

5. The oxygen gradient in the laminar boundary film
at the surface of the microsphere cannot be neglect-
ed. M easurementsshowed aconcentrationgradient
of 14% to 26% depending on the OUR.

6. Since there is a significant resistance to the oxy-
gen transfer into the carrier, the surface area can
not completely be used. Cell density and product
yield of rC-127 growing on Cytoline carriers are
therefore not efficient.
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7. Fluorescence staining revealed that only athin cell
layer at the surface of the microcarrier can be kept
viable. Cellsinside the carrier volume which grow
beneath thislayer will degenerate.
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