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Qarrot' cells immobilized in a hollow £fiber membrane reactor were
investigated for sucrose hydrolysis and formation of phenolics. The
rcactor system was run in batch, once-thru, and partial recycle con-

figurations.

The results showed that hollow fibers are suitable for

plant cells, but since they are expensive and fragile, a modified

system is proposed.

1. Introductien

Plant cells in culture can produce
or transform biochemicals in the same
Way as microorganisms such as bacteria
and yeasts. In order to exploit this
Potential, existirg fermentation tech-
Nlques and biochemical reactors have
been acdapted and modified for a variety
of plant cell uses such as steroid
transformation, alkaloid synthesis, and
Production of tobacco cell mass, among
others (11). Since plant cells grow
Slowly and exist almost entirely in ag-
gregates, however, immobilization or
entrapment should be considered as an
attractive policy for plant cell utili-
Zation. Brodelius et al, (2) first
immobilized plant cells by entrapping
the cells in alginate beads and demons-
trated the synthetic capabilities of
Various immobilized plant cells. Other
lmmobilization technigques have been
employed successfully since then (1, 2,
4 5,6, 9, 12). The most widely used
Method to date has been immobilization
bY entrapment in alginate gels, probably
©cause of the simplicity and mildness
Of the technique. The alginate beads,
however, -are subject to mechanical and
Chemical degradation and, in addition,'
allow for the propagation of free plant
€2lls in the medium. These are poten-

§1ally aggravating problems in  an
Ndustrial system that makes use .of
Plant cell reactions. An alternative

'Mmobilization technique that is still
Simple and mild, yet avoids the problems
g?zt mentioned, is the use of hollow
“P€r membrane reactors.

2

=~Experimental in
grown 1

Daucus carota cells were

;:g?ensiOn with Murashige and Skoog (7
lum jn rotary shake flasks at 282
use

r
isméh Seven-day-old cultures were
€ experiments.
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2.1 Growth and reaction in .free cell
suspension cultures.

Ten identical flasks were filled
with 100 ml of medium inoculated with
equal amounts of cells and placed on a
rotary shaker at 280 rpm and 25°C.
Every two days a flask was analyzed for
total phenolics, glucose, sucrose, fruc-
tose, and cell mass.

2.2 Initial rate experiments.

Toital asepsis was not required for
these experiments'a run lasted only for
a short period of time. Cells were fil-
tered off, washed free of glucose, and
resuspended in distilled water. For
each trial, one ml of the cell slurry
was transferred to a 125-ml erlenmeyer
flask and the total volume brought to 50
ml with sucrose solution (concentration
between 0.1 and 10% sucrose). The flask
was immediately placed on a shaker. and
one ml of the solution was withdrawn
every 5 minutes and analyzed for glu-
cose. At the end of each trial, the
cells were filtered off, dried, and
weighed. .The initial rate is the slope
at time zero on a plot of the glucose
concentration versus time. The rate was
expressed as activity units/mg dry cell.
An activity unit is the amount of cells
that catalyzes the hydrolysis of one
umol of sucrose per minute.

2.3 Entrapment procedure.

Commercially available hollow fiber
membrane reactors were used. (See Fig.
1.) The cells were entrapped outside
the fibers and the medium was passed
through the fiber lumen to provide the
necessary nutriencs and substrate and to
continuously remove the producgs: The
shell of the reactor was modified so
that more plant cel}s can be loaded.
Using a sterile syringe, approx1matg1y
four ml of a seven-day-old suspension
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Fig. 1 The hollow fiber reactor (Cha-
racteristics: 150 fibers, 200 pm inter-
nal dia., 50-75 upm thick, anisotropic,
10,000 Daltons MW cutoff, each fiber 5.7
cm long, extracapillary volume 2.5 ml
modified to 4 ml)

was lo. .ed in the shell side of the hol-
low tiper cartridge (sterile). The
reactor ports were then sealed and the
immobilized cells were incorporated in
the setup.

2.4 Batch experiment (total recycle)

The system, as shown in Fig. 2,
(autoclaved and cooled before cell load-
ing) consisted of a reservoir (250-ml
Erlenmeyer flask), silicon tubings, the
reactor, a sampling device, and an aera-
ting system. The flow rate was main-
tained at 10 ml/min. The phenolics,
glucose, fructouse, and sucrose concen-
trations were measured every two days.
The initial and final cell masses (dry
weight) were measured.
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Fig. 2 Setup for the batch operation
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2.5 Once-thru experiments

The cells were prepared in the same
manner as in the initial rate experi-
ments. Four ml of the resus»ended cells
was loaded in the crceactor. Medium con-

taining 3% sucrose (pH = 4.8 and T =
25°C) was allowed t»> flow tihru the reac-
tor. The effluent was analyzed for

glucose at different flow rates (0.1l to
10 ml/min) until a steady state value
was obtained. The dry ccll mass was
determined at the end of a set of runs.

2.6 Continuous mode of operation

The total recycle system was modi-
fied by adding a fresh feed input to the
reservoir and at the same time withdraw-
ing an equivalent amount of effluent.
The setup was autoclaved and cooled
before cell loading and filling with the
medium which was cold-sterilized with a
0.2 pum filter. During operation, ste-
rile m2dium was pumped to the reservoir
at 5 ml/hr using a peristaltic pump, at
the sime time that 5 ml/hr was being
withdrawn £rom the system, with 100 ml
of fluid kept in the reservoir. The
recirculation rate through the reactor
was 10 ml/min. The effluent was conti-
nuously collected in an automatic
fraction collector. The run was repeat-
ed for a large reactor (with 20 ml
extracapillary space) with feed flow
rate at 20 ml/kr ané a recycle rate of
50 ml/min.

2.7 Analytical procedures

The phenolics determination was
adapted from that given by Hillis and
Swain (3) using gallic acid as the stan-
dard. Glucose was analyzed using an
instrument that employs immobilized glu-
cose oxidase. Sucrose was analyzed by
hydrolyzing with invertase and determin-
ing the glucose. The fructose was
Aatermined by difference ({mols total
reducing sugars - mols free glucose}/2).
Reducing sugars was determined by the
method of Somyogi (10) and Nelson (8).
For cell mass determination, the cells
were filtered through a weighed glass
fiber filter, washed with distlllfd
water, and dried in an oven at 65°C
until a constant weight was obtained.

3. Results and Discussion )

Plant <ells produce phenolics and
have acid invertase enzyme at the cell
wall as well as in the interior of the
cell and we used this reactions to fol-
low the activity of the cells. we
compared the performance of the cell
suspension with that entrapped in hollo%
fiber reactors. The mass of the cells
in the reactor increased only 3 fold
after 20 days while the free cells
increased to over 100 fold. The free
cells showed a long lag phase, a loga~
rithmic phase, and a scationary phasée-
The hollow fibers in effect extended the
lag phase of the cells. Simple entrap~
ment is thus seen to reduce the growth
while maintaining viability.
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. 4 Sucrose hydrolysis by free and

entrapped cells.
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Fig. 7 Invertase activity versus flow
rate. Data obtained from once-
thru experiments.

We originally intended to focus the
investigation on the production of phe-
nolics by Daucus carota but as Fig. 3
shows, the cells do not secrete signifi-
cant amounts of phenolics. The immobi-
lized cells maintained a constant
concentration of 0.8 pg/ml star.ing at
day four (which in effect is only 0.3
ug/ml considering that the control
showed 0.5 pg/ml). The medium of the
free cells however showed increasing
concentration of phenolics. This 1is
mainly due to the stress on the cells
caused by nutrient depletion.

Sncrose hydrolysis to glucose and
fructose for both free and entrapr 1
cells are shown in Fig. 4. Both syste.s
converted the sucrose completely with
six to eight days. The free cells dep-
leted the sugars after 20 days while the
entrapped cells utilized only a small
fraction of the total sugars. The ini-
tial mass of the entrapped cells was
twice that of the free cells, and in
effect, the free cells was converting
sucrose at a slightly faster rate. The
difference can be attributed to some
inefficiency of cell distribution in the
reactor, where the cells had a tendency
to settle on the "hottom" side of the
horizontal reactor resulting on a
decreased effective contact of membrane
the plant cells. In some
lternated the regular medium
alternated with plain 3% sucrose solu-
+ijon every seven days.- Sucrose was
hydrolyzed every 6 cdays and the cells
were viable up to 28 days.

area with
runs, we a

Initial rate experiments with free
cells yielded inconsistent resuits for
cells from different batches. For the
sucrose concentration range from 0.2 to
108, a zero-order reaction 1S indicated
(two different batches with points rep-
resented by & and O respectively in Fig.
5). A wide scatter of points each of a
different batch is indicated by O . The
variability in activity was mainly due
to aggregate size as well as the aggre-
size distribution. Maintaining a

gate g . '
uniform size distribution for all the
runs was difficult.
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By using once-thru experiments, the
actual reaction rates through the reac-
tor as a function of flow rate can be
obtained. To avoid the variation of
activity encountered in the initial rate
experiments, a set of run was done on a
single batch of cells (same batch repre-
sented by & in Fig. 5). Fig. 6 is a
typical result which shows % conversion
versus the reciprocal of flow rate. The
plot is a straight line, indicating that
the reaction is still zero order and the
diffusional 1limitation of the hollow
fibers is minimai.

The data of Fig. 6 can be converted
to invertase activity units per mg dry
cell at different flow rates. The nor-

malization is shown in Fig. 7. The
batch of cells is the same for as the
batch for the data represented by in

Fig. 5 (0.09 activity unit per mg dry
cell). The values in Fig. 7 are well
below the value of 0.09 activity unit
per mg dry cell and represent 50 to 70%
of the values from initial rate experi-
ments. The discrepancy can be attribu-
ted to the inefficient cell distribution
within the extracapillary space of the
reactor. As was mentioned above, the
plant cells always settled after they
were loaded and only the half bottom of
the fiber bundle (horizontal) were in
intimate contact with the plant cells.
This in effect gave only a fraction of
the bundle to be working. Hence, the
inefficiency 1is observed. Continuous
mode of operation was done with small
and large reactors which showed consis-
tent performances.

4. Conclusiorn and Recommendations

We have demonstrated that the hoi-
low fiber cartridge can used as a plant
cell bioreactor. The entrapment is gen-
tle, the membrane barrier prevents any
cell washout, and -large-scale hollow
fiber units are commercially available.
However, hollow fibers are too fragile
for long-term use. Moreover, they are
expensive as they are intended for
ultrafiltration and other uses. Since
plant cells are larger than 25 um, mem-
branes with Jlarger pores can be used.
Therefore, a modified design such as the
porous-tube bioreactor (See Fig. 8 and
Fig. 9.) is proposed. The hollow fibers
are replaced by porous tubes (ceramic,
stainless steel, or plastic) with pore
size of 15 to 50 um. High density cell
suspension is loaded at the top port
and fills the shell to the level of the
top row of tubes. Air is bubbled
through the shell to provide oxygen and
agitation. The production medium passes
through the porous tubes. Part of the
outlet stream is recycled back. The
reactor can be used to recover products
from the outlet stream (extracellular
products) or plant cells can be harves-
t:d from the reactor for extraction of
intracellular products. We hope to
demonstrate a prototype soon.
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2 AIR OUTLET 6 AIR INLET
3 POROUS TUBES 7 MEDIUM INLET
4 MEDIUM OUTLET 8 AIR SPARGER
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Fig. 9 Porous Tube Bioreactor

Fig. 10 Proposed New Bioreactor System.
l-sterile production medium 2- 7- 11-
Pump 3-Porous tube bioreactor 4-Stream
to product recovery 5-Air sparger 6-Out-
let for plant cells 8-Holding tank 9-
Inlet for loading plant cells 10-Conden-
sate return 12-Air tank 1l3-Gas purge
l14-Make-up air 15-Filter l6-Sterile
growth medium 17-Air 18-Free cells batch
tank 19-Vent
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