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STELLINGEN

1.

Het vergelijken van zuurstofapname door vrije cellen met die van geim-
mobiliseerde cellen in het kader van zuurstof diffusielimitatie is fun-
damenteel onjuist.

{Gosmann & Rehm, Appl. Microbiol. Biotechnol. 23 (1986), 163-167.)

. Het bepalen van effectieve diffusiecoefficiénten van substraat in geim-

mobiliseerde plantecelsystemen of callusweefsel met behulp van een mathe-
matisch model waarin geen celkinetiek is wverwerkt, is principieel onjuist
wanneer deze experimenten met levende cellen worden uitgevoerd.

(Mavituna et al, Chem. Eng. J. 34 {(19¢87), B1-B5.)

. Het vermelden van de termen 'groot' en ‘'klein' als maat wvoor aggre-

gaatgrootte is niet eenduidig en moet worden vermeden, aangezien de ene
auteur (Kinnersley & Dougall, 1980) sommige aggregaten als groot
omschrijft terwijl een andere auteur {(dit proefschrift) dezelfde aggrega-
ten hooguit als een 'fijne celsuspensie' zZou bestempelen.

{Kinnersley & Dougall, Planta 149 (1980), 200-204.)

. Bij het hanteren van een methode voor het bepalen van diffusiecoéfficien-

ten in gelen dient men op zijn minst de diffusieweerstand in de stagnante
grenslaag aan het geloppervlak te beschouwen.
{(Sato & Toda, J. Ferment. Technal. 61 (1983), 239-245.)

. Het telkens herhalen van de eigenschap dat plantecelien zeer gevoelig zijn

voor afschuifkrachten lijkt verdacht veel op een 'brainwash' van de onder-
zoekers binnen de plantecelbiotechnologie.

De toe te Kennen saximale duur van een promotieonderzoek waarin het werken
met bioclogisch celmateriaal centraal staat, zou recht evenredig moeten
zijn met de verdubbelingstijd van deze organismen.

. Daoor de uitzonderlijk hoge bedragen die tegenwoordig zijn gemoeid met het

adopteren van een buitenlands kind, }ijkt dit zozeer een elitezaak te wor-
den, dat de pedagogische doelstelling 'het belang van het kind' enigszins
uit het oog wordt verloren.

. De bijbelse uitdrukking 'Onderzoekt alles en behoudt het goede' zou voor

de wetenschap in het kader van het natuurbehoud moeten luiden: 'Onderzoekt
het goede en behoudt alles'.

Een proefschrift dient een zodanige kwaliteit en kwantiteit te hebben dat
men geen aanleiding ziet om het onderdee)l 'telefoonboek scheuren' in de
titelstrijd 'Sterkste Man van Nederland' te vervangen door 'proefschrift
scheuren'.

Stellingen behorende bij het proefschrift 'Plant cells: immobilization and
axygen transfer' van A.C. Hulst. Wageningen, 14 oktober 1987.



VOORWOORD
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zelfs rond de bridgetafel, heb ik als zeer prettig en enorm leerzaam
ervaren.

- Klaas van 't Riet, jouw ‘pep-talks', adviezen en ideeén hebben telkens
weer nieuwe impulsen aan dit onderzoek gegeven.

- De ex-doctoraal studenten Hans Westerbeek, Harry Gruppen, Greetje Meyer,
Ron Ogg en Harrie Hens en de stagiaires Angela Joosten en Jos Sewalt, het
zijn jullie bijdragen die letterlijk tastbaar zijn geworden.

- De medewerkers van het Ital, in het bijzonder Hans Breteler en David
Ketel, het was met jullie zeer prettig samenwerken in de afgelopen jaren.
~ Nettie Buitelaar, door jouw bereidwillige aard zijn, vooral tijdens het
hektische eindstadium van de onderzoeksperiode, de laatste puntjes op de

'i' gezet.

- De mensen van de Centrale Dienst Biotechnion (werkplaats, tekenkamer,
magazijnen, beheer, bibliotheek, fotolokatie), mede door jullie ontelbare
diensten in de afgelopen jaren kon dit onderzoek 'gladjes' verlopen.

- De medewerkers/collega's van de sektie Proceskunde, door jullie colle-
gialiteit was een prima werksfeer gewaarborgd, wat voor mij een absclute
basis wvormt voor werkplezier. Met name Kkamergenootje Paul Verlaan, jouw
zeer nabije aanwezigheid heeft in positieve zin de afgelopen periode tot
een onvergetelijke gemaakt.
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CHAPTER 1

GENERAL TINTRODUCTION

In biotechnological research much attention is given to the production of

fine cheﬁicals. Culturing plant cells, which produce high value compounds as
secondary metabolites, in liquid media, is a promising production technique.
This can be performed in a bioreactor, where growth and production can take
place. Because of inherent advantages, like for instance continuous or
repeated utilization, the use of immobilized plant cells in a bioreactor can
raise the feasibility for industrial applications in some cases.
The subject of this thesis concerns such investigations on the production of
secondary metabolites by immobilized plant cell species. The immobilization
of plant cells, its consequences on oxygen supply to the immobilized plant
cells, and the possible effects on the secondary metabolite production were
investigated. This study was in close cooperation with the Research Institute
Ital in Wageningen, within the framework of NOVAPLANT, which provided the
thiophene producing cell lines of the Tagetes species.

The organization of this thesis is as follows., A general literature review
on immobiiized plant cells Is presented in Chapter 2. Here, the advantages of
the use of immobilized plant cells, the immobilization techniques, the con-
sequences of immobilization, the bioreactors, and the future prospects cou-
cerning the immebilized plant cells are discussed.

Chapters 3 and 4 deal with the upscaling of immobilization techniques for
plant cells in view of application of immobilized (plant) cells in processes
on pilot-plant or even industrial scale.

In the literature, some papers have been published which reported enhanced
secondary metabolite production for alginate immobilized plant cells, which
was not observed at plant cells immobilized in other gel supports. In Chapter
5 comparisons are made between the respiration rates of plant cells immobli-
lized in alginate, x-carrageenan and agarose in order to explain this pheno-
menon.

The effective diffusion coefficient of oxygen in gel supports is an impor-
tant parameter in order to predict the occurrence of oxygen diffusion limita-

tion for immobilized plant cells by model calculations. Chapter 6 deals with




the experimental determination of the effective diffusion coefficients of
oxygen in widely-used support materials like agarose, agar, gellan gum, K-
carrageenan, and calcium alginate,

In Chapter 7 experiments are described in order to test the validity of a
mathematical model for calculating oxygen concentration profiles in gel beads
containing viable plant cells by experimental measurements of these profiles
in the beads with the aid of oxygen micro-electrodes.

In Chapter 8, this model was used to calculate the oxygen concentration
profiles in plant cell aggregates in order to establish the effect of oxygen
diffusion limitation on secondary metabolite production.

In Chapter 9 the investigations are generally discussed.



CHAPTER 2

IMMOBILIZED PLANT CELLS: A LITERATURE SURVEY.
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INTRODUCTICN

Immobilization technigques have had a great impact on biotechnology‘nowaf
days. A review article on the subject of immobilized cells in general has
recently been written by Scott (1987). Plant cells have been investigated for
the production of high-value compounds, usually so-called secondary metaboli-
tes. In the last decade, especially immobilized plant cells made their entry
in this research field and recently much has been pubiished on immobilized
plant c¢ell cultures (Brodelius & Mosbach, 1982; Brodelius, 1983; Rhodes,
1986). This review will give a literature survey on the usage of immobilized
plant c¢ells without pretending to be complete. Historical perspectives, pro-
duction processes, immobilization techniques, bioreactor design and future

prospects, concerning immobilized plant cells, are discussed in this review.

AISTORICAL PERSPECTIVES (Gautheret, 1983; Staba, 1985; Street, 1977; Pierik,
1985; Fowler, 1984).

Plants always have played an important role for mankind. Not only as a
source of food, but plants were also used as rough materials for all kinds of
products (Brown, 1985}. For centuries, nothing principly changed in the use
of plants for these purposes. It was in the 1gth century that Schleiden and
Schwann postulated their plant cell theory. Their theory originates in 1838
and implies that a plant cell is capable of autonomy and in principle is
totipotent. With that theory in fact the fundamentals were given for the
cultivation of plant tissue and plant cells. It was about Goryears later,
when Haberlandt in 1902 was successful in caltivating single plant cells in
nutrient solutions. Although serious efforts were made by him, the ceills were
not able to divide and grow. After Haberlandt much work has been done by
several researchers in the field of plant tissue and cell culture. In order
to avoid an endless list of historical details, only the milestone events
will be mentioned in the following paragraph, showing the acceleration of

this kind of research.

It was in 1934 when Kdpl isolated and ldentified auxin (Indole Acetic
Acid, IAA) and the importance of this hormone was recognized in the contrel
of plant growth by Went and Thimann in 1937. This knowledge was applied by

White & Gautheret, in 1939, who were successful in their work to establish a



viable subculture of callus plant cells. Van Overbeek, in 1944, discovered
the positive Influence on cell growth of coconut milk on in vitro cultures of
Datura embryo's. Later on, in 1955, the growth hormone kinetin, a coconut
milk component, was discovered by Miller & Skoog. It were Murashige & Skoog
who developed in 1962 a chemically well-defined growth medivm (MS-medium,
Murashige & Skoog, 1962). It was this finding which offered prospects for the
usage of plant cells for secondary metabolite production purposes amongst
numerous other techniques like extraction of natural raw wmaterials, because
plant cells were able to grow and possibly produce secondary metabolites in
liquid media under defined, controllable conditions.

In the following years, much work has been done to improve plant cell
culture techniques and more insight was gained into the morphological, phy-
siological and genetic mechanisms of plant cells. During the 70's, plant
cells were mare and more investigated with the aim to be applied for the pro-
duction of several chemical compounds. It was in 1979 when Brodelius
{Brodelius et al, 1979) introduced the use of immobilized plant cells for

this purpose. A new area seemed to be opened.

Most publications on the subject of immobilized plant cells concern the
use of whoie cells, occurring as single cells as well as little cell aggrega-
tes. An overview of used cell species jis given by Shuler et al (1983} and
Lindsey & Yeoman (1983). In general cne can say that only theose cells are
used which are able to produce some secondary metabolite either for
industrial and economical production of these compounds or for model studies
in research.

For investigations on aspects of plant cell biochemistry and physiclogy,

protoplasts (wall-less plant cells) of Vicia faba have been immobilized in

calcium alginate (Scheurich et al, 1980; Schnabl et al, 1983). Bornman &
Zachrisson (1982) anchored protoplasts of Datura innoxia to a microcarrier
(Cytodex 1) as an alternative type of protoplast immeobilization. Linsefors &
Brodelius (1985) studied the viability of protoplasts of Daucus carota and

Catharanthus roseus immobilized in K-carrageenan, agarose and alginate. They

found that immobilized protoplasts were more viable after 14 days compared to
free protoplasts under the same conditions. Also an increased tolerance to
osmotic shocks compared with free protoplasts was shown {Linse & Brodelius,
1984). Warren et al (1984) was successful in reversibly binding protoplasts

an agarose beads. No reports have heen published in which protoplasts are




applied for production of secondary metabolites.
Ptitzner & Zenk {19382) immobilized the enzyme strictosidine synthase ,

purified from Catharanthus roseus cell cultures, to CNBr-activated Sepharose.

However, this is beyond the framework of 'plant cell immcobilization' but it
is more concerning 'enzyme immobilization'. Here, the plant cells can be seen

as producers of a specific enzyme as product.

ADVANTAGES OF IMMOBILIZED PLANT CELLS

At the time when plant cells were immobilized for the first time, immobi-
lization of biocatalysts in general was not a new area in the biotech-
nological field. It was &lready widely applied in fermentation processes for
enzymes and microbial cells for a relative long period (Chibata, 1978;
Mattiasson, 1983). The experience learned that immobillization of biocatalysts
in case of production could bring along some important advantages (Bucke,
1983; Rosevear, 1984), especially the improved possibility of continuous
application. The first step to immobilize plant cells, which was taken by
Brodelius et al (1979), was a logical one in view of the successes of appli-
cation of immobilized enzymes and microbes.

Brodelius (Brodelius et al, 1979) mentioned that the more general advan-
tages of iwmobilization such as lower cost because of the possibility of
reusing the biocatalyst, the ease of separation of product from the biocata-
lyst and the suitability for continucus flow-through processes, were also
valid for immobilization of plant cells. In addition, for plant cells as a
more specific advantage, he mentioned the more efficient exploitation of the
chemical potential of the slow growing plant cells as result of immobiliza-
tion. Later on, Brodelius and his group (Brodelius et al, 1982: Brodelius,
1985a) mentioned as additional advantages the better control of processes
based on immobilized plant cells and the increased metabolic stability of the
plant cells. Shuler et al (1983) mentioned the physical protection from shear
forces as an advantage. However, they emphasized that the most important
advantages of the use of immobilized plant cells were on the level of 'pro-
cessing', i.e. the possibility te maintain high cell densities in the reactor
which results in a high volumetric productivity and shorter residence times
(Lambe & Rosevear, 1983), the use of flow rates well in excess of washout
conditions, prevention of wall attachment of cells and plugging of outflow

lines, and finally the minor risk of contamination in the reactor. Prenosil




(Prenosil & Pederson, 1983) gave as additiopal advantage the prevention of
cell aggregation, in many cases an undesirable general characteristic of
plant cells. In some cases however, the cccurrence of aggregates is & prere-
quisite for the production of secondary metabolites by the plant cells (see
Chapter 8). In a recent review, Rosevaer and Lambe (1986) reported that the
uncoupling of growth and production phases is probably the most important
benefit of plant cell immobilization.

Specifically, for plant cells Brodelius (1984) and Wichers (1983) found
that immobilization of the cells stimulated the secondary metabolite produc-
tion compared to a free cell suspension. According to Lindsey and Yeoman
(1985} this could be due to a high cell to cell contact resulting in limita-
tion of the rate of cel)l division and establishment of gredients of
nutrienta, among other things. In contrast to free cells where the product is
often accumulated within the cell, the product can be secreted by the cell aa
a consequence of immobilization, a necessary phenomenon for application in
continuous processes (Lambe & Rosevear, 1983). Another specific feature for
plant cells was discovered by Morris and Fowler (19281) and later also
observed by Hamilton et al (1984). They used immobilization of plant cells as
a means for production of fine cell suspensions, c.q. absence of cell aggre-
gates.

In many articles, published on the subject of immobilized plant cells,
authors mention a number of the before-mentioned advantages to support their

particular use of immobilized plant cells.

REQUIREMENTS FCR PLANT CELL IMMOBILIZATION TECHNIQUES

Due to some specific characteristics of plant cells, the nomber of
available immobilization techniques which are suitable for plant cells is
severely reduced. Slow growth rate of the cells (doubling times in the range
of 24 hours to several weeks) makes pracessing with plant cells very sen-
sitive to bacterial contamination. This knowledge demands that the total
immobilization procedure has to be done under strictly axenical conditioms.
Because plant cells have large dimensions in relation to microorganisms and
possess a rigid, thick cell wall, the cells are sensitive to shear forces. It
brings along that generation of shear forces has to be avoided as much as
possible during the immobilization procedure. It is obvious thet plant cells,
once immobilized, should have a high retention of viability. In order to
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maintain the viability of the cells, one should avoid aggressive chemical
reagents, which are hazardous to the cells, in the immobilization procedure.
If they are necessary for a particular immobilization technigque, the effect
of reagents on the viability of the plant cells has to be investigated in
advance. For research purposes, working with spherical particles is profi-
table, yielding a simpler approach for mathematical modelling of bead-shaped
particles. Running a bloreactor with uniform particles will be advantageous
with respect to homogenization of the reacgtor contents and efficient use aof
the immobilized plant cells.

If reactors on pilot-plant scale or bigper geometries have to be provided
with a filling of immobilized plant cells, the technique of immobilization
must have a high production capacity. Otherwise it will take too long to
supply that reactor with immobilized cells. Plant cell immobilization tech-
nigques, on large scale also, should comply to the before-mentioned require-

ments as much as possible if plant cell immobillzation is employed.
IMMOBILIZATION TECHNIQUES AND SUPPORT MATERIALS

Since immobilization of plant cells was introduced as beneficial ald for
the production of secondary metabolites, gel entrapment has been the most
widely used type of immobiljzation method because it js a cheap, simple and
reproducible technique with mild conditions during the immobilization. Later
on, efforts have been made to uge other immobilization methods, some of them
with reasonable success. In the next parts, plant cell immobilization tech-

niques reported until now will be discussed and the consequences afterwards.

Gel-entrapment techniques.

Gel-entrapment technigues used to immobilize plant cells have recently
been discussed by Rosevear and Lambe (1986). The principle of gel entrapment
1s that cells are mixed with a pregel solution. After gelification the plant
cells are enclosed in the gel material. When applied in a biloreactor the
water-soluble substrates and nutrients 'freely' can pass the gel to provide

the cells its necessaries of Iife.

Immobilization in alginate gel is the most common method. A suspension of

plant cells 1s mixed with a sodium alginate solution. The alginate cen-




centration depends on the type of alginate used (2-8%), but has to be suf-
ficient to get a firm gel (McNeely & Pettitt, 1973). The mixture of cells and
alginate solution is dropwise extruded through an orifice or hollow needle.
The formed drops are caught in a salt solution with bivalent cations, usuaily
calcium chloride (50-300 mM) or in medium with the addition of calcium
chloride {Majerus & Pareilleux, 1988). As soon as a drop falls in the calcium
chloride solution, sodium and calcium ions begin to exchange and a water
insoluble calcium alginate gel 1s formed at the outer surface of the drop
resulting in a spherical particle (Figure 1}. The bead is further hardened by
remaining in the salt solution, so that the calcium ions can be transported
to the centre of the bead till an equilibrium state has been reached. The
hardening times reported in the literature show a great variety, ranging from
15 minutes to 12 hours or even longer. The minimum hardening time is depen-
dent on experimental conditions such as temperature, salt concentration, bead
diameter and type of alginate. During the hardening procedure the gelvolume
shrinks upto 40% of the original dropvolume, dependent on the type of gel,

the gel concentration and the salt concentration.

sodium alginate

and
biacatalyst
in water

a o

4
in water o

° o
L o
(o]

t~1 minute

Figure 1. Schematic representation of the exchange of Na* and ca2* jons
during the hardening process of calcium alginate gel beads.

Immobilization in K-carrageenan is carried out in a similar way as algi-
nate {Brodelius & Nilsson, 1980; Nakajima et al, 1985). Gelification of k-
carrageenan takes place when the solution is cooled to the appropriate geli-
fication temperature, but only in the presence of cations, usually K* ions.
The immobjlization procedure is as follows: A mixture of 5% K-carrageenan

solution and plant cells is extruded dropwise in a 300 mM KCl solution at a




temperature of 50°C. After gelification, the formed particles remain approxi-
mately 1 hour in the KC1 solution for hardening. The use of a purer K-
carrageenan (i.e. containing less cations) with a lower gelification tem-
perature (about 20°C) for immobilization of plant cells has not yet been
found in the literature. Mosbach & Nilsson (1983) patented a technique by
dispersing the k-carrageenan-cell mixture in soy 0il with subsequent cooling,
identical to the technique used with agar(ose), which is described below.
Moritz et al (1982) used locust bean gum to improve the k-carrageenan gel

structure.

Immobilization in agarose and agar is carried out by adding a plant cell
suspension to a solution of agarose or agar (3-5%) at the temperature just
above the gelling temperature, i.e. 50°C for agar and 30-50°C for agarose
depending on the type of agarose. The mixture can be moulded into beads with
subsequent cooling (Brodelius & Nilsson, 1980). Another method consists of
pouring the mixture in a petridish, cooling and after gelification cut inteo
small pieces (Nakajima et al, 1985) or dispersion of the mixture into a
hydrophobic phase {soy, parrafin, silicon o0il, tri-n-butylphosphate, dibu-
tylphtalate) by mechanical forces. After cooling the dispersion, beads are

formed and can be separated from the hydrophobic phase (Nilsson et al, 1083).

Gelatin immobilization is performed by adding a suspension of plant cells
to a mixture of 10-20% gelatin solution. The gelatin is crosslinked by use of
the crosslinking agent glutaraldehyde with a concentration in the range of
1.5-2.0%. Beads can be obtained by the moulding technique (Brodelius &
Nilsson, 1980), or other-shaped particles by fragmentation of the obtained
crosslinked gelatin gel structure (Felix & Mosbach, 1982).

Brodelius and Nilsson (1980) also immobilized plant cells in a mixture of
alginate and gelatin. Therefore, plant cells were suspended in a mixture of
5% sodium alginate and 20% gelatin in the volume ratio of 3:1. Beads were
obtained by dripping the suspension in 50 mM calcium chloride solution with
subsequent crosslinking the gelatin in 2% glutaraldehyde for 30 minutes. In
this technique alginate is used for obtaining spherical particles and gelatin

as the main support material.

Similarly, immobilization in a mixture of agarose and gelatin was carried
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out by Brodelius and Nilsson (1980). Here, the beads are shaped by agarose
with the moulding technique and gelatin forms the firmness of the bead.

Moritz et al {(Moritz et al, 1982) immobilized plant cells in chitosan. The
used method is described by Vorlop and Klein (1981). Plant cells are mixed
with about 2% acidified chitosan solution. The mixture was immediately added
dropwise to a stirred 1.5% sodium-tri-polyphosphate solution (pH < 6). In
this case polyvalent anions induce crosslinking and gel formation. Hardening
of the beads takes place in a sodium-tri-polyphosphate solution (pH > 7.5)
during 3 hours. During the hardening procedure the gel shrinks.

Immobilization of plant cells in polyacrylamide has been performed by
Brodelius and Nilsson (1980) by adding plant cells to a solution of the mono-
mers acrylamide and N,N'-methylenebis-acrylamide in Tris-HCl1 buffer. By
adding the polymerization initiator ammoniumpersulphate and N-N-N'-N'-tetra-
methylethylenediamine to the suspension, beads can be obtained by the
moulding technique.

Galun et al (1983) im-obllizedk plant cells in polyacrylamide-hydrazide
(PAAH) by mixing plant cells with a 3% agueous PAAH solution. Instantaneous
polymerization takes place after adding 0.5% glyoxal to the mixture. After
cutting the gel into cubes, spontaneous self-hardening and shrinkage will
take place during about 1 hour. Afterwards the gel pieces are fragmented.

A rather new polymer suitable for plant cell immobilization is gellan gum
{see Chapter 3}. The characteristics are comparable to those of k-
carrageenan. Plant cells are mixed with a 1% gellan gum solution in 0.03
g dme3 MgS0,.7H,0 at a temperature of 40°C. From this mixture beads can be

formed in a mould after cooling and subsequent hardening in 20 mM MgSO4, or
the mixture can be dispersed in a hydrophobic phase in the same way as

described for agar(ose).

Other techniques.

Adsorption and covalent linkage of plant cells to activated polyphenyle-
nepxide (PPO) was described by Jirku et al (1981). Activated PPO gel was pre-
pared by suspending it in a 5% glutaraldehyde solution during 48 hours under
stirring. Afterwards the activated gel is contacted with the plant cell

_114




suspension at rcoom temperature for 60 minutes. In this period adsorption and

covalent coupling occurs.

Another method based on adsorption was introduced by Lindsey et al {1983).
They found that plant cells strongly adhere to reticulate polyurethane foam
particles. When cubes of this material are added to a plant cell suspension,

plant cells spontaneously intrude into the foam material.

Another spontaneous immobilization by cell adsorption is described by
Rhodes et al (1985). They used nylon discs (15 mm diameter x 6 mm height),
which were added to a plant cell suspension. After 3-5 days of culturing,

cells are adsorbed to the nylon material.

Aggregation, the natural characteristic of plant cells in suspension, can
alsa be seen as spontaneous self-immobilization of plant cells. Fuller &
Bartlett (1983} call such aggregates Naturally Imwmobilized Cell Systems,
abbreviated by NICS. Dainty et al (1985) critically discussed the 'ar-
tificial®' immobilization methods like immobilization in gel supports. When
they are compared to the 'free cell' suspensions, they concluded that the
measure of aggregation in these suspensions shouid always be reported for a

proper comparisen,

Immobilization of plant cells in hellow fibre reactors was firstly
reported by Shuler (1981}. Prenosil & Pederson {1983) applied this concept in
their experiments on secondary metabelite production. The plant cells are
introduced via ports to the shell side of the reactor module. In fact, in
this way the immobilization step is realized by putting cells directly in
some type of membrane bioreactor, and will be discussed under that subject in

this paper.

Black (1984) divided immobilization techniques into two categories:
'passive’ and 'active' techniques. Plant cell immobilization in polyurethane
foam and cell aggregation are regarded as 'passive’ techniques and the other

described techniques are covered by the term 'active' techniques.

It has to be noted that plant cell immobilization is very difficult or in

some cases even impossible if these cells consist of big aggregates (clogging
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problems), so fine cell suspensions are preferable. Methods to obtain these
fine cell suspensions are described in the literature (Nakajima et al, 1985;
Morris & Fowler, 1981; Morris et al, 1983}.

CONSEQUENCES OF IMMOBILIZATION

It is obviocus that immobilization of plamt cells will have its impact on
several aspects concerning the manner of secondary metabolite production. The
consequences of plant cell immobilization discussed below are split up into

three main categories:
1. Practical consequences of immobilization methods and techniques.
2. Growth and production.

3. Mass transfer and diffusional limitations.

Practical consequences of immobilization.

The immobilization in calcium alginate has the advantages of being cheap,
simple, reproducible and mild, while uniform beads are produced. However,
calcium alginate ﬁlso has its drawbacks. In practice, the mechanical gel sta-
biiity can reduce in time. One of the major causes for disruption of the
alginate pgel is the chelation of ca2* jons with other compounds in the
medium. It is mainly by the phosphate ions, which are of frequent occurrence
in media (Robinson et al, 1985), including the polyphosphate ATP. Moreover,
the chelation of phosphates with Ca2* ions, makes them unusable in the meta-
bolic reactions in the cells itself (Prenosil & Pederson, 1983). In order to
prevent this type of gel disruption, the gel is stabilized by maintaining a

sufficient ca2*

concentration in the medium (Jenes & Veliky, 1981a; Wichers
et al, 1983) or by using other bivalent cations inducing pgelification.
Tamponnet et al (1985) used Ca2*, Ba2*, cd?* and Zn?* for algae cell immobi-
lization resulting in good mechanical properties of the obtained gels, which
was not the case with Mg2+. However cell viability only remained when cal*
and Ba?* were used. One has to be careful by using ral* because it is known
as an important trlggef for many kKey metabolic processes {Rosevear, 1984).
Rochefort et al (1986) used the trivalent A13* cation for extra mechanical
stabilization of the calcium alginate gel, but did not use plant cells in

their experiments.
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For research purposes, the effect of sclving the alginate gel by chelation
of Ca2* with chelating agents like phosphate (Nakajima et al, 1985), citrate
or EDTA (Brodelius & Mosbach, 1982) can be advantageous, because cells, which
have to be used for further investigations, can be released from the gel
without any harm. Wichers et al (1983) used 2-(N-morpholino)ethane sulfonic
acid (MES) for this purpose.

Another disadvantageous consequence of alginate entrapped cells of

Catharanthus roseus was mentioned by Felix & Mosbach (1982). They found a

lack of activity of the enzymes isocitrate dehydrogenase and cathenamine
reductase, due to the sequestering of positively charged NADP*Y cofactors by

the gel.

Especially for immobilizing plant cells, sterilization of the sodium algi-
nate solution before the Iimmobilization step is a first demand. If
autoclaving is applied, a permanent reduction of the viscosity of the algi-
nate solution occurs due to partial hydrolysis of the polymer {Rosevear &
Lambe, 1986; Brodelius, 1985b) with reduction or even total loss of gel for-
mation potency. These features are probably dependent on the type of alginate
because the problem is not always mentioned in the literature. Shorter
autoclaving tineé or lower autoclaving temperature can be the solution to
this problem, but increases the risk of microbial contamination. From one's
own experience we alsc had to contend with the above-mentioned problem with
immobilized plant cells in calcium alginate. Our solution was the application
of a maximum autoclaving temperature of 115°C instead of 121°C resulted in
firm alginate gel beads without the occurrence of microbial infection after-
wards. Other sterilization methods for alginate in case of plant cell immabi-

Yization have not yet been described.

Although alginate immobilizatien is the mast papular methed for plant
cells, Rosevear and Lambe (1988) stated that alginate immobilization is
lacking in bead size c.q. droplet size control. Our experience is that algi-
nate is an outstanding example of a gel support which results in beads of a
very uniform size. Brodelius (1985b) mentioned that bead size in the range of
2-4 mm diameter can be controlled by using different needle diameters.
Smaller beads in the range of 0.2 to 1 mm diameter can be obtained by using
an air stream along the needle. The size of the drops which are blown off

from the needle is controlled by adjusting the air stream velocity. From
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one's own experience with the latter technigue it was not possible to obtain
beads (without cells) smaller than 0.5 mm. In case of immobilization of plant
cells this limit can not even be reached because of the inevitable clogging

problems in the needle caused by the large plant cells.

The capacity of most in literature described immobilization procedures is
sufficient for use in laboratory experiments {(reactor volumes up to 10 dl3).
However, if experiments with immobilized plant cells reach the ‘pilot-plant
level', the conventional needle technique has one big shortcoming: the pro-
duction capacity is low. For one needle it is in the order of 100-500 cmd per
hour. Brodelius and Mosbach (1982) designed a device with six needles with
simultaneous dripping. Here, control of the bead size by applying the air
stream is difficult. Moreover, by using six needles instead of one, a sta-
tistical deviation in droplet (c.q. bead) size will be promoted. Another
technigue for upscaling the alginate immobilization technique has been intro-
duced by Hulst et al (1985a). They made use of a vibration nozzle. The prin-
ciple of this device consists of breaking up a jet of the cell-alginate mix-
ture inte uniform droplets by mechanical vibrations which are transferred to
the jet. The production capacity of the vibration nozzle is two orders of
magnitude larger'than the conventional needle technique. The drop size can be
controlled by varying the jet diameter, vibration frequency and Jet velocity.
Cell viability was very well preserved by this technigue, also plant cell
viability.

Rehg et al (1986} used a system with six needles combined with the air
stream along each needle, which he called an atomizer, for producing small
aniform beads (0.5-2 mm diameter). However, no cells were immobilized and the
production capacity was not stated.

Matulovic et al (1988) designed a device with a capacity in the order of
magnitude of the vibration nozzle. Thevy constructed an apparatus with a high-
speed, rotating, nozzle ring. Experiments for testing this device with algi-
nate, chitosan and k-carrageenan, were done with microorganisms, but no plant
cells were used. No data were reported of cell viability after immobiliza-

tion.
Immobilization in k-carrageenan is a good alternative if alginate can not
be applied in practice. k-carrageenan is less sensitive to chelating reagents

in media. In contrast to alginate, K-carrageenan particles produced by the
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dripping technique are less spherical and uniform. So, if spherical particles
are desired, the mixture of k-carrageenan salution and plant cells has to be
poured into a spherical mould and cooled until a weak gel is formed. After
removal fram the mould, the beads are hardened in KCl solution. When k-
carrageenan of high purity {(less contamination with K% ions) is used the
moulding technique is useless, because temperature gelification does not take
place. In case of x-carrageenan of high purity, the dripping technique is
simpler because it can he performed at room temperature.

Upscaling of k-carrageenan immobilization is possible with the vibration

nozzle technique {see Chapter 4}.

The drawback of immobilization in agar or agarose is the necessity of a
relative high temperature (= 50°C) which can be deleterious for plant cells
in some cases (Lindsey & Yeoman, 1983). Once immobilized, the gel beads of
agar(ose) are inert to medium constituents, However, Nakajima et al {(1985)
found that the mechanical strength of agar gels was insufficient for repeated
use of the entrapped cells. Felix & Mosbach (1982) have increased the mecha-
nical stability of agarose beads by cross-linking with hexamethylene diamine
and glutaraldehyde. However, this did have a deleterious effect on key enzyme
activities in the cells.

By immobilizing in low-gelling agarose high temperatures can be avoided,
but the raw material is very expensive which is not favourable for applica-
tion as support material in industrial processes.

The dispersion technique with agar(ose) in hydrophobic phases has in prin-
c¢iple a high production capacity. The bead size can be controlled by varying
the stirrer speed (Nilsson et al, 1983), resulting in finer dispersed
droplets. Nevertheless, the contrel is very rough and uniform sized disper-
sion drops (c¢.q. beads) can hardly be obtained with this technique without
fractionation afterwards. Another drawback of the dispersion method is that
after separation from the hydrophobic phase the removal of the hydrophobic
liquid film at the bead surface is very difficult to perform. Methods to do

this are not described in the literature.
The immobilization methods concerning gelatin are not very attractive to

immobilize plant cells because the crosslinking reagent glutaraldehyde is

deleterious to plant c¢ells, resuliting in non-viable immobilized cells.
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To our knowledge, no reports have been published in which plant cells did
survive the immobilization procedure with polyacrylamide. Chemical reagents
used in this procedure seem to be totally deleterious to plant cells.

Entrapment in polyacrylamide-hydrazide with retained cell viability is
only reported by one research group {(Galun et al, 1983; Galun et al, 1985),
Despite their successful results, no use of this method has been reported in

the literature by other researchers.

The same comment is valid for adsorption of plant cells on activated
polyphenyleneoxide. To our knowledge, only one publication shows some
experience with this type of immobilization but not many data are given

{Jirku et al, 1981}.

The most important advantage of plant cell immobilization in polyurethane
foam is the minimization of the incidence of microbial contamination because
it is performed as a single step process (Lindsey et al, 1983). The method is
natural, easy, and harmless to cells, but the 'immobilization time', in the
order of 10-24 days, is extremely long.

The common form of a polyurethane foam is a block. Formation of
polyurethane beads is described by Klein & Kluge (1981), but the immoblliza-
tionh procedure, based on polycondensation of monomers, is different and plant
cells very likely do not survive.

In order to establish a more effective invasion of cells into the foam
matrix, Mavitupa & Park (1985) keep the foam fixed with respect to the
surrounding medium, resulting in a better filtration effect of the cells.
However, if the fixed blocks with cells immobilized in this way are to be
collected, this alternative method would degradate to a multi-step process
again.

As a forerunner to immeobilization in peolyurethane foam, Lindsey & Yecman
(1983) used nylon pan scrubbers in combination with agar or alginate as sup-
port material. However, these techniques are very cumbersome and were not

applied later on.

The formation of plant cell aggregates always takes place to a certain
extent in 'free cell' suspensions. However, the size of the aggregates is
very dependent on the type of plant cells which can vary in the range up to

30 mm. Even in the same cell suspension a great variety exists in aggregate
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diameters. Controllability of the aggregate diameters by external measures is
hardly possible until now. Due to this fact, in addition with the fact that
apggregates in most cases are of varying shapes, aggregates are not very

suitable for usage in a bicreactor (Premosil & Pederson, 1983).

Growth _and production

Production of biochemicals by immobilized plant cells can be classified
into three categories (Brodelius et al, 1979; Brodelius & Mosbach, 1982).
First the 'de novo' synthesis (e.g. anthragquinones by Morinda citrifolia
cells). This type of production is called 'de novo' because the product is
formed in a multistep synthesis out of simple carbon and nitrogen sources as
the basic materials. The second type is the formation of products frem pre-
cursors {(e.g. indole alkaloid ajmalicine from tryptamine and secologanine by

Catharanthus roseus). Here, the precursors are transformed into the product

by a limited number of metabolic reaction steps. The third one is called the
biotranaformation, where a substrate is transformed into the product by cne
step within the cell metabolism (e.g. digitoxin to digoxin by DPDigitalis
lanata). All cases of production by plant cells described in the literature

can be classified under one of these three types of product formation.

After inmobilization.of plant cells it is important to know if they have
survived the immobilization procedure and if so, can the plant cells stay
alive in the period after immobilization., The latter item is mainly dependent
on the possibility of substrate transfer from the medium. This will be
discussed later in this paper.

The way to express the cell viability is open for discussion (Lindsey &
Yeoman, 1984a). Brodelius & Nilsson (1980) gave three distinct methods to
test the cell viability. First, the intactness of the cell membrane, which is
tested by staining techniques. Other staining techniques are based upon the
presence of speciffc enzymes in the cell, for instance esterases by
fluorescin diacetate (Galun et al, 1983). A second indication of cell viabi-
lity is measuring the retained cell respiration after immobilization by means
of an oxygen electrode. The third test is determination of the capability of
cell growth and cell division (indicated by mitotic index, (Bradelius, 1984))
after immobilization. From experiments by Brodelius & Nilsson {(1979) it can

be concluded that membrane intactness is not a good criterion for cell viabi-
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lity because they found that glutaraldehyde used as an croaslinking agent for
gelification does not destruct the membrane, but respiration and cell growth
after immobilizatioen did not take place. Lindsey & Yeoman (1984a) used deter-
mination of enzyme activity (cell staining) and nutrient uptake by the immo-
bilized cells as a measure for cell viability beyond the respiration of
celts. 31p NMR spectra, which can be used as a measure for Intracellular
pH-shift, were also successfully used by Brodelius and his group (Brodelius &
Vogel, 1984; Brodelius, 1985) as an indication for cell viability of immobi-
lized cells. In most studies cell viability was tested by respiration
measurements (Nakajima et al, 1885). Nakajima et al (1985) alse confirmed
cell growth by determination of increase of cell number and chlorophyll con-
tent. Another obvious method is the microscopic observation of the state of
the immobilized plant cellsz, something that could be done as a first indica-

tion of immobilization survival.

In general, alginate entrapped cells show a high retention of viability.
The support material has been used in most studies on immobilized plant cells
after it appeared to give the best results compared with other supports
{(Brodelius & Nilsson, 1980). Veliky & Jones {1981) used alginate entrapped

Daucus cargta cells for the biotransformation of gitoxigenin to S58-hydroxy-

gitoxigenin. Cell viability was determined by measuring the respiration rate
which was directly correlated with the rate of bilotransformation {(Jones &
Veliky, 1981b). The biotransformation of g-methyldigitoxin to g-methyldigoxin

with alginate entrapped Digitalis lanata was studied by Alfermann et al

{(1980). The biotransformation activity of the immobilized cells corresponded
to one-half of that of free cells under the same conditions and remained
constant for more than 60 days, much longer than that of free cells. After
this period the alginate gel started to disintegrate. Later on, Alfermann
et al (1983) showed that the constant preduction rate could be prolonged to
at least 170 days with alginate immobilized cells. In contrast, the produc-
tion by free cells parallels cell growth, reaching a maximum after 13 days.
Free as well as immobilized cells excreted more than 90% of the product into
the medium. No explanation was given why disintegration of beads did not

occur in this case. The growth of alginate immobilized cells of Daucus carota

and Petunia hybrida was investigated by Hamilton et al (1984) and compared to

free cells and appeared to be quite similar. They alse investigated phenolics

production by immobilized D.carota cells at different temperatures and found
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an optimum range between 22 and 23°C. Alginate entrapped D.carota cells were
chosen by Jones & Veliky {1981a) as a model system mainly for studies of the
effects of a number of medium constituents on the cell viability by measuring
the respiration activity, which resulted in the formulation of a simpile
buffer mixture without loss of the production capacity of the cells. Nakajima
et al (1985) used agar, K-carrageenan and alginate to immobilize Lavandula
vera cells for production of blue pigments. Alginate entrapped cells for
pigment production were used for over 7 months by alternating growth and pro-
duction phases. The total amount of pigment production of immobilized cells
was similar to that of free cells. In both cases the blue pigments were

excreted into the medium. Alginate entrapped cells of Mucuna pruriens were

used by Wichers et al (1983) for the biotransformation of L-tyrosine into
L-DOPA. In the experiments they did not observe cell release from the beads.
In contrast to a free cell suspension of M.pruriens, where 90-95% of the
L-DOPA was stored intracellularly, immobilized cells excreted 90% of the
total amount of L-DOPA produced. Additional ca?* in the medium to stabilize
the beads severely inhibited the synthesis of L-DOPA. Alginate entrapped
Papaver somniferum cells were used by Furuya et al (1984) in order to perform
the biotransformation of (-)codeinone to (-)codein. In shake flasks, 88% of
the codeine converted was excreted in the medium and the immobilized cells
were biologically active for 6 months. Robinson et al (1985) experimented

with algal cells (Chlorella emersonii}) in alginate beads. They mainly

investigated cell growth in the beads and cell leakage from the beads.
Occurence of c¢ell leakage with alginate was mentioned as a serious problem.
Cell leakage was stopped by drastic decrease of the phosphate concentration
in the medium from 66.7 mM ta 1 pM without significant affecting the respira-
tion activity and growth of the cells. Also Tamponnet et al (1985) used algi-
nate immobilized algal cells (Euglena gracilis). They studied the long term
storage of immobilized cells, which could be more than 2 years in case of Ca-
alginate., The effects of immobilization (agar, aparose, k-carrageenan and
alginate) and environmental stress {low temperature, periodical absence of
oxygen and carbohydrate-free medium) on growth and production of non-polar
metabolites with Tagetes minuta cells were investigated by Ketel et al
(1987). As a result, they cobserved a significant inhibition of cell growth in
case af alginate compared to the other gel supports. They also ohserved that
the effect of low temperature (10°C) is prompting the immobilized cells to

excrete the non-polar metabolites into the mediunm.
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Lindsey et al (1983) tested the immobilization method with polyurethane
foam for Capsicum frutescens and Daucus carota. They investigated cell reten-

tion and viability: 95-99% of the cells remained in the foam particles after
4 days of cultivation and <70-80% of the viability was left of both

C.frutescens and D.carota cell species after 21 days of cultivation. It was

found that the capsaicin production by immobilized cells of C.frutescens was
two orders of magnitude higher than in freely suspended cells. In both cases
the capsaicin was excreted into the medium. Addition of precursors gave a
50-60 fold higher yield in polyurethane immobilized cell cultures (Lindsey &
Yeoman, 1984b}. Cold storape at 3°C of C.frutescens {(for 4 weeks) and
D.carota (for 6 weeks) immobilized in polyurethane foam did-not affect the
cell viabllity (Lindsey & Yeoman, 1984a). Mavituna & Park (1985} showed with
their experiments that the growth pattern of freely suspended cells and

polyurethane immaobilized cells of C.frutescens are comparable.

Mentha cells, immobilized in polyacrylamide-hydrazide, were used by Galun
et al (1983) for biotransformation of (-)menthone to ({+)neomenthol and
(+)pulegene to (+)isomenthone. If compared to free cells, the immobilized
cells show a similar rate of bictransformation. Repeated use of immobilized
Mentha cells did ﬁot affect the biotransformation capability. Later on, Galun
et al {1985) used y-irradiated Mentha cells, resulting in non-dividing cells,
to suit the purpose of biotransformation of monoterpenes in a continuous pro-

cess without growth of cells,

Jirku et al (1981} investigated the production of steroid glycoalkaloids

with Solanum aviculare cells on polyphenyleneoxide. Adding the substrate

sucrose semicontinuously to the immobilized cells, the glycoalkaloids were
released into the medium with significant regular oscillation :n time,

varying from 0.10 to 0.30 mg per gram dry cell weight per day.

Mass transfer and diffusional limitations

One of the objectives to immobilize plant cells is the improvement of the
secondary metabolite production rate. It has been observed that immobilized
plant cells have in some cases a higher production rate than free cells in
suspension under otherwise the same conditions (Brodelius & Mosbach, 1982),

Ne satisfying explanation has been found for this phenomencon. However,
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Mattiasson & Hahn-Hagerdal (1982) hypothesized that microenvironmental
effects, which apply for immobilized cells, could change the metabolic beha-
viour of the immobilized cells. In general, for plant cells, the production
takes place when the cells are not able to grow (Yeoman et al, 1980)}. This
'non-growth' condition is fulfilled when plant cells have reached their sta-
tionary phase in their growth cycle. In case of free cell suspensions it is
here where in general the secondary metabolite production starts (Lindsey &
Yeoman, 1983). Immobilization of plant cells is one of the means to meet this
'non-growth' condition. Although it is not clear what the real mechanisms are
for this so called 'stress', one hypothesis is the occurrence of a dif-
fusional barrier of substrates and products to and from the plant cells in
immobilized state or in big cell apgregates (Shuler et al, 1984). The latter
is stated by Shuler (1981) in relation to cell growth. He mentioned the
occurrence of substrate diffusion limitation which results in partially dif-
ferentlated cells in the centre of the apgregates named as 'feeder' cells.
These cells seem to excrete products which are thought to be stimulatory to

peripheral cells.

In studies of substrate diffusion limitation of substrate consuming bioca-
talysts in gel béads, the importance of knowledge of the wvalue of the dif-
fusion coefficient of the concerning substrate in the gel material is evi-
dent. Tanaka et al (1984) measured glucose diffusion coefficlents in 2% Ca-
alginate gel beads (6.83%*10710 n2 5~1) and found that this was equal to that
in pure water (6.80%10710 p2 =1} at 30°C. Nguyen & Luong (1986) did the same
for 3% x-carrageenan and found a diffusion coefficient of 4.8%10°10 p2 571 a¢
30°C, which is 70% of the value in water. Mavituna et al (19387) determined
the effective diffusion coefficient of glucose in callus of Capsicum fru-
tescens, which was supposed to be approximating the value of the diffusion
coefficient in polyurethane foam immobilized cells. Their results gave a
range of 0.028-0.28*10"9 m? s~1 for the diffusion coefficient at 25°C.

Not only the type of gel is important, also gel concentration and cell
loading within the gel affects the diffusion rate of substrates (Klein &
Manecke, i982]. To this purpose, Hannoun & Stephanopculos (1986) determined
the influence of yeast cells on the effective diffusion coefficients of glu-
cose and ethanol in Ca-alginate. At a cell concentration of 20% (w/w), no
effect of the cells on the diffusion coefficients could be determined by
them. Other workers (Rhodes et al, 1985) attach much value to the formation
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of a thin mucilaginous film covering the plant cells immobilized in
polyurethane in relation to diffusion-limited oxygen uptake kinetiecs. This
film is formed by secretion of polysaccharides by the plant cells in immobi-
lized state.

Especially exhaustion of oxygen, because of its relative low solubility in
water or aqueous media, can play an important role in connection to growth
and production of plant cells (Veliky & Jones, 1981; Jones & Veliky, 1981;
Adlercreutz, 1986). Brodelius {1984) observed that growth of plant cells
entrapped in alginate only occurred at the periphery of the beads. He
reported that this was possibly caused by an oxygen dlffusiop barrier in the
alginate matrix. Hulst et al (1985b) investigated the diffusional limitation
of oxygen for plant cells immobilized in agar, agarose, Kk-carrageenan and
alginate by respiration measurements in order to explain the higher produc-

tion rate of ajmalicine by Catharanthus roseus cells when immobilized in

alginate as compared to other supports (Brodelius & Nilsson, 1980). Assuming
an equal diffusion coefficient for oxygen in these gel materials, a higher
oxygen diffusion limitation in the centre of the alginate beads with respect
to the other gels, could not be determined.

Although some work on diffusion of oxygen in beads with immgbilized plant
cells or cell agéregates has thus been done, it still needs further research
to obtain a better understanding of the influence of oxygen on immobilized

plant cells.
REACTORS

Experiments with immobilized plant cells which are described in the
literature are in most cases executed in the most simple 'reactor' con-
figuration: batch cultivation in an Erlemnmeyer flask, varying in volume from
50 to 500 cm3, on a rotary shaker. It implies that to date the use of more
advanced bioreactors for immobilized plant cells is still in its infancy in
contrast to free cell suspensions. Free plant cell suspensions have been
studied in airlift loop reactors (Schmauder et al, 1933; Fowler, 1981; Smart
& Fowler, 1984; Breuling et al, 1985), stirred tank reactors (Spieler et al,
1985) and bubble columns {Kato et al, 1975). Nevertheless, some work has been

done with immobilized plant cell bioreactors.
Majerus & Pareflleux (1986} used calcium alginate entrapped cells of
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Catharanthus roseus for the continuous production of indole alkaloids in a

simple 1 dm® Erlenmeyer reactor which was placed on an orbital rotary shaker.
Their system was functional for more than two months, but only a small amount
of the alkalpids was excrefed into the medium. Enhenced excretion of the pro-
ducts was obtained by lowering the pH value in the medium from 6 to 5.

Plant cells of Daucus carota immobilized in Ca-alginate beads (2.5-3.0 mm
diameter) were used by Veliky & Jones (1981) in a column reactor with a
rather small volume of approximately 0.20 dm3 {Figure 2). The reactor was
operated by two different ways of air supply. Firstly, 'external' aeration of
the medium with subseguent flow through a packed bhed of the beads and
secondly, ‘'internal' aeration with the bioreactor operated as a bubble
column, The reactor was run in a semi-continuous way and was functional for
more than 30 days. The way of oxygen supply had significant effect on the
rate of biotransformation of gitoxigenin to 58-hydroxygitoxigenin by the
cells: with 'internal' aeration a conversion of 75-80% could be measured and

60-65% in case of 'external' aeration.

Figure 2.
Column bicreactor: 1) column with

immobilized cells in Ca-alginate
beads; 2)air inlet; 3) air outlet;
4) airlift pump; 5) medium-buffer
reservoir; 6} sampling outlet;
(from Veliky & Jones, 1981).

A 0.140 dn? bubble column was used by Furuya et al (1984) in which they
investigated the effects of temperature and the aeratioh rate on the observed
biotransformation of (~}-codeinone to (-}-codeine by alginate immobilized

Papaver somniferum cells. A packed-bed reactor was used by Brodelius et al
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(1980) (Figure 3). They used alginate immobilized cells of Catharanthus
roseus for the production of ajmalicine. The medium was continuously cir-
culating through an external vessel containing chloroform, which was used for
the extraction of the product. Traces of chloroform in the circulating medium
did result in a pronounced release of the product from the cells to the
surrounding medium. Merris et al (1983) made use of a fluidized bed reactor
with a working volume of 0.857 dw3, In their experiment, alginate immobilized
cells were used for the continuous production of a fine plant cell suspen-
sion. But the reactor can also be used for production of secondary metaboli-
tes by immobilized plant cells. According to the researchers, upscaling of
this reactor to 30 dm® will give no problems except for the energy input to
keep the bed fluidized.

.
hale for
1Y
| Soniatning
pump :‘mm?‘iﬂle:d M .
iy ¢ Schematic diagram of the experimen-
:;:::br tal setup wused for continuous
L | prosenn ™ extraction of lipophilic products;

(from Brodelius et al., 1980).

Hamilton & Pedersen (1984} also used a fluidized bed reacter {0.400 dm3
medium volume, 0.075 dmnd total alginate bead volume) in which sugar conver-
sion and phenolics production were studied. The way they aerated the reactor
is rather notable: air was sparged into the medium in an external reservoir
just below the inlet port to the reactor itself so that in this way medium
and air bubbles were pumped into the reactor.

Lindsey & Yeoman (1983) used a batch reactor based on percolation of the
liquid medium through a bed of plant cells immobilized in nylon pan scrubbers
and gel material. The medium was continuously circulated through the bed.

Large aggregates (up to 2 cm diameter) of Tagetes patula were cultured in
a 165 dmstairlift-loop reactor by Hulst et al (1987). The aggregate size did
not change and the cells stayed viable during the experiment. However, after
one week the experiment was terminated due to microbial infection. Within
that time no secondary metabolites {thiophenes) could be detected in the

medium.
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Another type of immobilized plant cell reactors, known as membrane reac-
tors, was divided by Shuler et al (1984) in five possible configurations
namely hollow fiber units, flat plate systems, spiral wound units, tubular
membrane reactors and amultimembrane reactors (Figure 4). The principle of a
membrane reactor is that the plant cells are physically separated from the
liquid production medium by a membrane, allowing substrates, nutrients and
cell products freely to pass. In comparison to gel immobilized plant cells
Shuler et al (1984) mentioned better control of fluid dynamics and flow
distribution, a direct access to the cells during actual operation, and an
easler scale-up as advantages of the membrane reactors. However, membrane
reactors are expensive, liable to fouling, and the occurrence of more severe
problems with gas transfer may be considered as drawbacks. An additional
problem for the tubular membrane reactor is the difficult manual loading of
the cell solutions into the dialysis tubing while still maintaining sterility
{Shuler et al, 1986).

A preliminary experiment (phenolics production by tobacco cells in a flat
plate system) showed good prospects for a contipucus production process, but
also demonstrated that the membrane resistance to mass transfer and the
thickness of the cell layer are important variables in the design of a
merbrane reactor.

Other workers (Prenosil & Pedersen. 1983; Jose et al, 1983) used hollow

fiber reactors and studied the production of phenelics with Daucus carota

cells and the invertase activity of the cells by measuring the sucrose con-
version to glucose.

An inherent advantage to the usage of membranes is that they give an extra
prevention against wmicrobjial contamination in the plant cell compartment
(Prenosil & Pederson, 1983).

Several aspects of immobilized plant cell reactors and reactor operation

have heen recently reviewed by Rosevear & Lambe (1986).
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Figure 4. Configurations of membrane reactors: A) one-sided flow reactor; B)
two-sided flow reactor; ) tubular membrane reactor; D)} multi-
membrane reactor; (from Shuler et al., 1984; Shuler et al., 1986).

PRODUCT RELEASE

A continuous process with immobilized plant cells is only feasible if the
product is released by the cells. However, secondary products are often
stored in the vacuole of the cultured cells. According to Lindsey & Yeoman
(1985), inducing the release of intracellularly retained products is perhaps
the most obvious potential difficulty. However, in order to obtain release of
the products, some techniques are described in the literature.

It was observed that products were excreted by the cells in response to
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immobilization per sé& for some unexplained reason (Lambe & Rosevear, 1983}.
Better results could be achieved by using chemical agents to alter the
membrane structure of the cells. Brodelius & Mosbach (1982) reported that
permeabilization of the plant cells can be carried out with organic solvents,
such as ether, toluene or dimethylsulfoxide (DMS0O), with proteins such as
cytochrome C or protamine, or with lipophilic compounds such as nystatin or
lysolecithin. Fuller & Bartlett {(1985) reported the successful use of the
detergent cetyl trimethyl ammonium bromide (CTAB) as permeabilization agent
for plant cells. It was also observed by Brodelius et al (1980) that traces
of chloroform in the medium probably permeabilized the cell memebranes of

Catharanthus roseus.

It has been shown by Brodelius & Nilsson (1983) that it is possible to
release products by permeabilization of the cell membranes with DMSO without
affecting the viability or biosynthetic capacity of the immobilized cells.
Majerus & Pareilleux (1986) observed a pronounced product release from plant
cells by decreasing the pH of the medium {(from 6 to 5) in their experiments.

One can see that there are a number of possibilities to release secondary
products from the immobilized plant cells. In contrast to the opinion of
Lindsey & Yeoman {1985), it was Shuler et al (1986) who optimistically stated
that product accﬁmulation in the cells 1s not an insurmountable barrier to

the use of immobilized cells.
FUTURE PROSPECTS

Immobilized plant cells used for secondary metabolite production can be
applied in two different ways, which are schematically given in Figure 5.
This figure roughly outlines the process from plant to product. The first
application concerns the production of fine cell suspensions under growth
canditions (Morris & Fowler, 1981) and the second application is the use of
cells in order to produce secondary metabolites under optimum conditions for
production. Despite all successful research that has been done in the past
few vears and all the hopeful expectations within the field of immobilized
plant cells, no announcements of economically benificial industrial processes
with immobilized plant cells have heen reported. This development, to our
opinion, could partly be ascribed to one or more causes which will be men—

tioned below.
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- The research on immobilized plant cells has only been started in 1979.

- The types of optional products from immobilized plant cells are limited to
only high-value compounds with a small market.

- If suitable cell lines have been found, the overall costs of producing
secondary metabolites by immobilized plant cells are too high with respect
to conventional production processes (e.g. chemical synthesis, extraction
from whole plants).

- Improvements of production by immobilized plant cells are often marginal
with respect to already existing processes.

~ The immobilization procedure is an extra risk for contamination and
requires extra investments.

- General characteristics of plant cells like slow growth and cell aggrega-
tion do not encourage industrial application.

- Most of the secondary pathways in plant cells are very complex and not
well understood.

- Plant cells generally show genetic instability after subculturing for a
long time.

- The consequences of 'stress' conditions such as immobilization of cells,
which can trigger secondary metabolism in the cells, are not very well
understood.

- Products are often stored in the cells, which makes them unattractive for

use in continuous processes.
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Figure 5. Schematic diagram of the possible applications of immobilized plant

cells in view of secondary metabolite production.

It can be expected that future research will mainly be aimed at obtaining
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more insight in these problems. Atcording to Rosevear & Lambe (1986a), immo-
bilized plant cell technology is likely to have its greatest impact in the
so-called 'new product area', like new bitter flavours and anticancer égents.
They also see immobilized plant cells as producers of phytoallexines as
natural antiviral and antimicrobial agents, if elicitors are supplied. Scott
(1987) expects a continuation of study of new approaches and materials for
immobilizing plant cells but emphasizes that the research trend will probably
be directed towards the more effective utilization of existing immobilization
techniques. In contrast, Rosevear & Lambe (1986a) emphasized that there is
still further scope for new polymer matrices with low toxicity, high rigidity
and high porosity. Further investigations are reguired in the biochemistry of
some secondary metabolic pathways and the factors involved in its control
(Lindsey & Yeoman, 1985; Rhodes et al, 1986). As future prospects Fuller &
Bartlett {1985) reported that there will be a need for more productive cells
to immobilize rather than more ways of immobilizing relatively poor producing
cells. The conception that immobilization of plant cells is now sufficiently
well developed will shift the major emphasis to process development,
including operation of pilet plants (Scott, 1987). Fuller & Bartlett {1985)
extend this view by integration of downstream processing of the product in
the process.

Apart from research aimed at processing of products, immobilized plant
cells can serve as a valuable tool for fundamental physiological studies like
interrelation of cells in whole organisms (Fowler, 1985; Rosevear & Lambe,
1986).

In our opinion, it can be concluded that the research area on immobilized
plant cells is a relatively young one and many unanswered gquestions will need
more research in the future. However, it is obvious that immobilized plant
cells offer potentials to both industrial production of high value compounds
(Kennedy, 1982) as well as a tool in scientific research, but on the short
ters no one should expect spectacular developments. This is also the view of
some cother workers in the research area of plant cell biotechnology
{Brodelius, 1985; Fuller & Bartlett, 1985).
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