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SUMMARY

• ; . (

\

\

A novel techniq~e was developed to immobilize plant

cell s. The ".cell sare "deposi ted on a' 'surface of a man-made

fibrous material which provides for strong bind~ng of the
..

plant tissu~ biomass growing in the submerge~c:ulture; It
. • J

was shawn that 'the pl ant, cell s need to be full y viabl e for,

the attachment process to occur. Relatively uniform biomass
--.........

·loadin9.s of upto 20 mg d.w. of plant cells pero cm'"' of

support material, which corresponds to a wet biofilm

thickness of ~ 5 mm, were attained i~ flask cultures.

,.
The scale up of ~his technique

élr- \
to specifically ~esigned

laboratory size bioreacto~s was performed successfully.

The immobilizing matrix was formed into a vertically wound

spiral. This configuration resulted {n a high immobilizing

area-to-volume ratio (0.8-1.2 cm-». 'A modified airlift

(riser-to-downcomer area ratio of 0.03 and vessel

height-to-diàme~er (H/D) ratio of 3) and a low H/D (~ 1.5)

mechanically stirred vess7ldeliver~d a best bioreactor

performance characterized by low biomass frothing and

highly efficie~t plant cell attachment.?nd retenti on (2

96%) •

The growth .of Catharanthus roseus plant cells

investigated in these bioreactors was found, notto be mass
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c.
. .. t-rans'fer

, , ,

.1 imi ted___
'., .

.
It requi'red ,mild mixing and

le\(81s' (k,_tI ,-- 1,0-15 h~"'). The biomass'formation pattern of

surface 'immobilized plant ~~ll~ (SIPC) generally exhibited

•
a linear growth phase followed 'by a stationary phase

char~cteri2ed .by ~emaining carbohyd~ates in the medium,
,,-

cor1trary ta suspension cultures. This culture behaviour

"Jas' 'round t,o. -depend on the plant cell type and/or line

cult~red as weIl as on the inoculum age. The culture space

restriction and ?--unidirett10nal growth of the SIPC biofilm

combined with the limited intracellular availability ,of

(~ssentiaJ.
• q

nutrients rapidly acc8mL,lateo from the medium by

tde sta'tion..::.u-y 'phase in.oculated plant éells are aIl. ..
contributing te> -the culture behaviour.

likely

1

SIPC.

Tt1e gentle surface immabili~ation technique develope~

in this "JOd:'did not hinder the biosynthesis potential' of

In fact, it appeared t'o' induc,,; a partial' sé'cretion

o'f some. valuabl", compounds into the cul ture medium. The

mildness, easiness, efficiency, mass transfer

cl-l?·~cteri~:d:i'c:.s, scale up potential and biomass .loading

(11-13 9 d.w/L) of the surface immobilizati6n

technique mBke it Buperior to aIl other immobilization

c i:èchniqL""s used to CLII tLLre plant cells,. In addition, the

plant cell concentrations
.,

SIPC

wi1:h

overBll

suspended

biomass capac:ity compares

attainable in conventional bior~actor~, (15-20 9 d.w./L).
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SOMMAIRE J..

Une nouvel I.e technique a été d~veroppée pou..

, . immobilise.. des. cellules de._plante. Les cellules sont ',
déposées su.. une su..face d'un maté.. i~l fib ..eux synthétique

qui assu..e un attachement solide de la biomasse végétale en

c ..oissance subme..gée.
"

.-
n a été démont.. é que les cell ul es

de' plante doivent êt.. e vi vantes . pou'.., que le p..oc E;!SE;.!.\S,

....

d'attachement se p ..oduise. 'Des cha..gements en biomasse
V

..elativement unifo.. mes jusqu'à. 26 mg .de .matiè.. e végétale

sèche pa.. cm:Z de maté.. iel de suppo..t·, ce qui co....espond à

.-,
~j

,
cultu..e en flacons.

épaisseu.. de

t

fu..ent obtenus pa..

,

La mise à l'échelle de cette technique dans des
\ ,

bio..éacteu..s de "·labo..atoi ..e spécifiquêmerit' conçus à cet
,.

effet a ~vec succès. La . mat.. ice

d'îmmobil"isation était fo.. mée en spi ..ale ve..ticale. Cette

configu..ation a pe..mis d'off .. i .. une' g ..ande su..face

d'immobilisation pa.. ..~ppo.. t au volume de médium du

..éacteu.. (0.8;-1.2 e:m- 1 ). Un ..éacteu.. de type ai .. lift

modi'fié (..appo..t des su..faces d'écoulement
.'

.. app 0 ..1ascendante/descendante ~ 0;03 et hauteu.. /diamèt.. e

,(,Ht,D) de 3) 'et un ..éacteu.. agité mécaniquement,'d'un faible

H/D, 1.5) p..oduisi ..ent les meilleu..es

f

pe.. fo..mances de cultu..e. On. y obse..va de faibles moussages
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~l~ biomasse et
.,;

<2: 96%.).

son attachement' efficace et RrcJ. ongé
.... 1.. ' ....

La croissance de cellules de la plante Catharanthus

roseus étudiée'dans ces bioréac1;eurs n'étai 1:.- pas limi tée

par le transfert de masse lorsqu: agi,tés et aérés 'à des

niveaux d'intensité moyenne (kl-a ~ 10-15 h -,' ) • La

formation. de la biomasse végétale' immobilisée en .surface

(BVIS) était constituée d'une phase de croissance linéaire-

suivie d'une phase stationnaire sans consommation complète
•

des carbohydrates du médium contrairement aux cultures en

type de cellule ou de l~ souche particulière cultivée ainsic
,suspension. Il a été déterminé que ce' phénomène dépend du

que de l'~ge de l'inoculum;
• <

Ceci a été attribué à la

structure particulière de croi'ssance, d . un biofilm

(restreinte en espace et unidirectionnelle) aipsi qu'à'l~
.~ .

disponibilité intracellulaire ntltritifs

c

essentiels rapidement accumulés du médium par les cellules

végétales affamées de l'inoculum stationnaire util{sé.

Cett~.~echni9ue d'immobilisation douce n'a pas nui au

potentiel bi osynthéti que de la . B~S. En fait, cette

t'echnique semble stimuler une sécrétion partiel-le de

certains composés dans
.
le cultur:e • Lapré~ieLlx médi.um de

douceur, la facilité, l'efficacité, les caractéristiques de

transfert de masse, la possibilité de mise à l'échelle et

, '
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le c:hargement en biomasse'

\
'\

possible 111-13 g. m~s./~1.. ..
de la

...

•

tec:hnique d'immobilisation en surfac:e en ,font une approc:he

supérieu~e à toutes l~s autres tec:~~iques ' d'immobilisation

utili'sées' pour c:ultiver des c:ellules végétales. De plus"

'c:e c:hargement en biomasse immobilisée se c:ompare avanta-

geusement aux c:onc:entrations en biomasse qui peuvent être

atteintes lors de la_c:ulture de
--......

c:ellules végétales en

,
,4"""\

. l ,.
'.;0,'

.
suspension dans des bioréac:te~rs c:onventionnel~ (15-20 g

m.s./LI.

.,
.'

r
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1.0 INTRODUCTION.

.'

1.1 Situation in F'lant-derivlId 8ioc:hemÙ:alli.
,

Vinblastine (Figure 1~) is one of the few drugs

obtained from plants that is approved'for c:anc:e.r treatment.

It is biosynthesized by.theplant Catharanthus roseus at. a
.D '. la'

c:onc:entration. of O.OOOS/. (w/w of plant biomass). Its low

c:oncentration, its structural complexity precluding _ any
;

chemic:al synthesis, and the plant supply sources
(

unreliability e:<plain its exorbitant price of $S' ,< 10'" (US

1982)/kg (1).

·C

Plants are a unique and versatile, but barely e:<plored,

source of such high value/low volume -fine chemicals

(2,3,4) • These compounds are not synthesized through the
~

"-

P~4Î- mary l if.e sustaining biochemic:al pathways of the· pl.ant'

cell. They originate frëm the s~condary metabolism of the

,~ organism and are believed to play some kind of ecological,

rather than physiological, role for the plant (1,4) •. They

are mainly used as pharmac:euticals, flavours, fragrances

and dyes (2). In fact, 2S/.'of aIl US prescriptions contain

plant derived products (1) and 90/. of aIl natural produc:ts

(US 1984) of annual aroma product sales (6).

10'" eus 1984) of annual retai l drug saI es and $1. S x 10:"

are found in plants (S). rhis represents more than $9 x
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Figure 1. 1

,.-

Alkaloids from plants.

\.
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<
Plant secondary metabolites cannot be economically

elaborat~

structural
~.

throuRh very
~

(7) • Thei rchemically by man
~ ,

impl~es biosynthesis

synthesized

comPI~ty

biochemical.pathways involvins multiple interacting genes

~nd enzymatic steps•. This also rulesout biosynthesis

using isolated. enzymes,-and genetic. engineering, at least

for many years when considering our limited kow~edge of the

control of plant genetics, as means of producing .these
D.

chemicals (7-9) • Consequentlythe culture in vitro of

viable plant cells remains the only practical alternative

to plant vegetative growth for the production of these

important compounds (1,4).

~ In fact, this type of cell culture ha7~been suggested

.as an alternative source for. these chemicals since the

1960's (10,11). Ho~ever, research in this field has

resulted in only two recent i~d~strial applications (2),
•

1:;).

with the production OT Shikonin from cells of the plant

Lithospermum erythrorhizon having received some publicity

(1). This process is based on 'traditio'nal batch s~spension

culturing and ~~xtensive and delicate biomass extraction. ,

dAt an estimated production volume of 5kg of. Shi~6nin
',9;'

per
&

three weeks and a
•selling 'price.o~ $4000 (US 1982)/kg,

relative to $4500/kg ~h~~ produced· from the plant, the

~

thi~ production.
)

"
addition, the many factors which made

profitability of' thi 5 process . appears margi nal~ In

•
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\

successful are believed not ~o be e~sily applicable to the

culture of other types, of ,plant celis (1).
,',

, Major basic' plant physiology and.
, .

L engin~ering advance~ are still required for this technology

to be use'ct wldely in indu~j:ry (2~,3,7). The ma.in pr;oblems
il.

0
""

. "

to be solved include - :
/'

-, or
the genetic instability, of the selected high. . .'",

" ,,,

of cul tur'edbiosynthetic behaviour

producing pl~nt ~ell lines (11-13)
~ 41-

the um::ontrolled
• >Il

. ', .. ' ~

plant ce.<). 15 (7-,8)
",{ ,

the heterogeneitY,Slf the plant' cel! éulturing milieu,

"

: .

-'

, (2,.8,14) and
(:

the 101'1
• # -J", . , •

concentration of ,the produced che~icals,

mostly retained within·dl;.he,Plant cells (2,6,7,12).

,
.>

, '

-?
, .

1 ;...
•

-,

, . "

" .
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~

\...
1.:2·LitSlratul'"Sl RSlViSl"'. ..

..
,!.-

: '~-"~'~~O:"""

, .

." ,
1.:2.1 ThSl TSlchniquSl of Plant CSlll TissuSl CulturSl •

1.:2.1.1 Plant CSlll Physiology.

,. Plants are iorm'ed of .hi9bly compt-:ment.ed eUk~~~~tiC'

cells (Fi.gure '1.2).' Their phy?iology is ,much morÉ!' ...c-ompJ:i?x...... .
than that ·of'. mi cro,organi sms. .80;;1'.;. of' thei r "important

. ,

.
ph)'siological

'inclûde

ctlaracteristics
~ . . ...:.."'-,-.. -

,.

relevan"b- project

. ,

m6i:"Phological pèculiarj.'lt':ies,·

"
......

...,:., •

growth behavioyr,
....

~ .. •

:

.".

oxygen r.eqtlirementsi'· ,.. ~ ..- .
# .

nu~rients'uptake a~d

geneti C' potential.'

/

..~.

"

the

into

t,hat

. t .
~ n.;. 9

;the, . plastids,
"

Pro~lastïd); a:.e organelles

,stor~compartments,',>

Organ~li~ ,and/or

various

active

into

b i'ochami calI y

differentiate

In addition. t,d' the usual eukar:y.otic or·g.anelles, plant
. j.

cells have three unique •.elements:
~ .

vacuo~e and the cell wall.

. .

.'
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Typical eukariotic cella
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photosynthetically active chloroplasts

conditions (15) •.,

under suitable

The vacuole is an important, complex, highly active and
.

'mul ti -functional organelle. Developing with age, it

becomes ~he prominent structure of the mature plant cell (>

507. of
,

( 16-18)

its volume) ( 15) • Its main functions include

control of the cell volume and osmotic-potential,

'lysosomic activities,

enzyme compartmentation,

l~cation of other organelles,

control of the cell ion and metabolite balances
- "

and

storage of

metabolites.

nutrients and primary and secondary

The plant cell is particularly sensitive to its osmotic

environment. The vacuole controls the internaI osmotic

pressure , (turgor pressure) of the, cell, which is

~echanically equilibrated by the cell wall, relative to the

external 'in'edium osmoti.cum. This regulatory, mechan1sm is

involved in certain aspects of the plant cell metabolism,

for -example in its growth process ( 19,-22) and. in

'. morphpgenetic differentiation (23). This phenomenon maY
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exp ...ession (24-27) and to fo... c:ed osmotic: sec: ....etion of

sto... ed c:ompounds.

- The wàll of plant c:ells is a mO"'e int... ic:ate and

dynamic: st...uc:tu...e than that of othe... types of c:ells. It is

c:omposed of an. elabo...ate mix.tu... e of polysac:c:ha... ides,

st... uc:tu...al and enzymatic: (inve... tase> p ...oteins and metal

ions (27-29). The c:ell wall c:omposition evolves with

.
... igid p ... ima... y wall, an inte... nal c:ellulosic:lignified

g ... owth (30-31) and eventually diffe...entiates into a

sec:onda...y wall and an ext ...ac:ellular middle lamella c:omposed

of gluing pec:tin substanc:es in the plant (32). Cultu... ed

plant c:ells gene...ate mainly a p ... ima... y unlignified c:ell wall

(33).. Thè... e is evidenc:e of the sec: ... etion of mac: ...omolec:ula...

c:ompounds (mainly polysac:c:ha... ides and p...oteins) by 01 de...

c:ultu...ed plant c:ells in thei ... c:ultu... e medium (27,32,35 and

~the s) ,~i~g them stic:ky (2). It ois impo... tant

~nde line this last point fo ... its potentiàl in assisting

the' plant c:ell immobilization.

to

in.

•

This no...ma·~ly ... igid wall p ...otec:ts and c:ontains the c:ell

ef~ic:iently.. The c:eli wall plastic:izes du... ing g ... owth unde...

ho... monal (auxin) induc:ed loc:al ac:idific:ation and ... igidifies .'Ir,<

afte... expansion (27,32). It is f ... eely pe...meable to sp~c:i~s

of mo12c:ula... weight 1600 an,d 10'c"le... (36).
"

It forffis with the

c:ytopla~mic: memb... ane a physiologic:al uni~y ...elative t~
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·envi ...onmental 'ex change and g ...owth (37) • Finally, it is

inte...esting ~ note evidence of' a ... ecognition ...0112

associated with the cell wall (38,39). .This is involved in

the elicitation of plant cells fo ... the p ...oduction of SM.

This subject will be discussed in Section 1.2.2.

Plant cells a ... 12 much l a'" 9 12'" (20 100 .!lm) than

mic...oo...ganisms (1 !lm) and ànimal cells (10 They

a ... 12 natu... al tissue fo... me... s and g"'ow -~~y division and

e:<pansion, . wi thout detachment f ...om the pa...ent cell. This

tendency towa...dsagg...egated g ...owth leads to the fo ... mation

of la...ge hete...ogeneous clumps of cells. These cell

aggr-egates b ...eak up easily whencultu... ed in suspension upon

·C
excessive mixing shea...

,
(3,15). Cultu... ed plant cells a ... e

voluminous and highly hyd... ated (95%).

Plant ce~ls g ...ow slowly (division time of 20 te 60

hoù... s) (4'0-42) and pe...petuall~ when çultu... ed in vit ...o in

thei .... undiffe...entiated state'and ai làng as nutr.ients a ... 12

available. This fact is ...eflected in low biomass

emphasizéd , by the ... ich defined gr:owth medi~ ...equ:lr-ëd· (43).

cultivation times' () 10 days) implying st... ict ste"'iiity

(s:. 7" d.w./L/day (2,8» and 'extended

onlyis
• •
This

p ...oduction ...ates

... equi ...ements fo... the culture' system.,

c
The g... owth follows the well known sigmoidçl patte...n, even

thoughfew gene...ations occu....

....~ .



The oxygen requirements of plant cells are lower than

for' microorganisms (10 to 50 times lower) (2) • and for

'C

animal cells (44). Maximum oxygen'consumption rates of,5

to 85 ~L 02/mg biomass' dry weight/h have been reportéd

(24,36,45,46) for various plant cell types and culturing

conditions. A minimal dissolved oxygen concentration of

16'l. of saturation, has also been

.->'

mentioned,at which the growth of carrot cells was still

not affecteel (45): The oxygen requirements for plant cells

immobilized in calcium alginate ,are also within this range

and do not seem to differ significantly from that of plant

cellos cultured in suspension (25,46-48). This is, reflected
. - ,

in the low aeration rate .r-equir-èd <0.3 VVM ,or- kl-a - 10-25

h- 1 ) to cultu~e plant cells in suspension (49-52).

The ceJl wall, with its weakly acidic ion exchange

pr-oper-ties (2.9) , its limited por-osity (36) and two active, .
membr-ane systems, the cell's plas~alemma and the vacuole's

,
tonoplast· (Figur-e 1.2), co";-tr-ol 'the uptake of nutr-ients by

the.cell (53,54). The\elant cell ~onstantly accumulates

nutr-ients fr-om the envir-onment either- to fulfill "metabolic

requirements~ for- storage and/or- for- tur-gor- pressl,lr-e

stabilization (55) • The.cytoplasm regulates this flux of

~,
,,~

"

species by means of i"ts metabolism and of the.. active

plasma\emma, r-elative to the ever-,changing cultur-e medium'

and of the actively accumul~ting vacuol~.
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The primarytransport mechanism of plant cells' is

, '-"acti ve H- excreti on from' the cytopl asm. Thi s mak"f'>. the

'cytoplasm alkaline and acidifies the vacuole, the cell wall

'and the culture medium }54,55). This mechanism isinvolved

in the growth process and, more specifically, in,the ~ell's

volumetric expansion. It is hiqhly sensitive to the growth

hor.mone auxin and to the medium osmoticum. .Auxin addition
t Ù

or increased medium osmoticum:.lowers the medi.um P.Jiïl;:from its

normal equilibrium level of 5.7 to 4.8-5.0. Dther exchange

processes. between the plant cell and the medium include
c '

either passive or osmoti~ di-ffusion and .acti ve and

sel.ective ·secondary transpor.:t of nutrients cliosely coupled

to H- secretion .(57-59).

Finally, this review of the physi~logy of plant cells

need to be completed bya brief discussion of its complex,. .
":,."

and poorly controlled genetics (15). Each pl~nt cell,
contàins all the geneticmaterial to generate a c~~lete

pl ant , (toti potency). The requi.red parts of .thi s enormous

geQe~~c potential are expressed during the normal gr.o~th

pattern of the c!,!ll fn the plant, from its' ~ppeararic~e at

division in the meristemic mass, up .to its elongation and

(15) •
. . .

differentia~ion into: the various organs of the plant
,l

f.rom the swi tching' of gene",This differeptiatiori,results'. • ' ..J
expr-essi'on ''for morphol ègit:al and ·fun·cti onal ~ecial i zati on.

,~~ induced b Y... a comb.inati·oll bf

,

'J

\ . , ,

. /
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a change in growth pattern,
,~, .

spontaneous plant cell self-assembly,, .

intercellular interactions,

tissue requirements,

various environmehtal factors, etc.

Thi'~' differentiating behaviour, which may be reversed,.

is particularly important for the culture of plant cells

and their induced biochemical $pe~ialization for SM
,

production (2,S). In fact, one of the main barrier ta the

industrial exploitation of this type of culture cames from

our jnability ta control the biosynthetic behaviour of

plant cells (S) ,
•

whic~ may require same level of

m~rphogenesis (2,50,60) or tissue forming simulation (42) ,

and/or a weIl controlled, homogeneous andparticularly

defined chemical and physical ~stressing) en:--ird.nment (61).

'As discussed in Section 1.2.1.2,.this culture mode has not

been achieved veto This may par;tlyexplain the"well known

non~reproducibility of plant cell cultures (2;S~ and"'" ,

others). Anoth!,!r major genetic problem associated with-this
•

·t"echnology involves the tende~cy towards polyploidy of

cultur.ed plant'cells with i:ncreasing cell line age and 'the

, \,

observed ' concomitant

(8,13,62-65), •

'.
.-

. ...o~

loss of bio~ynthe~ic ,potential.
. "
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Cells are obtained from a plant by excising,

sterilizing and placing a tissue on a solidified and weIl

defined medium containing various growth regulato("s. ,

Within 4 to 6 weeks, a solid mass of dedifferentiated plant

cells'are generated from the original expIant • Continued

. growth, of a heal~hy callus of undifferentiated plant cells

is obtained by subculturing. monthly onto "Tresh solid •

medium. Easier ,handling and faster growth of. plant cells

are achieved by trans~erring.the friable biomass to liquid

medium, similar' to the one used for cal lus growth, mixed in
'-' -:. "1'

a shaked flask. Weekly subculturing at an, inoculation'
, "

vol ume rati 0 of 5-20% i Çlsur~s cont.~nued growth of thi s

suspension. . ..... , ,.,,-:.

. "

",

J... ,

Suitable scale-'-up of. this_.type of cultLlre, even 'only to
........ . .. ~~:,,~~:~

the level of à laboratory bioreactor, represents a special
.,',._":?<,-.

challenge when compared to most microbial ferment-ations

(42,61,65,66). MaJor areas of concern include the type o:f

growth"mixing and aeration requir,ements of the suspension
,

in relation to the biomass charac~eristics. \

The
4

slowness· of plant cel!

requirements ,on the cu~t,ure "systèm for r~liab il i ty ~an~'

, '.

sterility (42),•
•

. ,
A large inoculum '(5-:-20%) ,is essent,ial ta,. "

..
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ensure the presence of sufficient self-growth factors (67)

and. the stabpity of the culture (68). This requirement

fo~ a large inoculum·and the slow growth of, plan~ cells

.
represent a serious process time lengthening for the scale

up of such a culture to large volumes (8 weeks to attain.

10000 L from a 10~ mL inoculum~ (69).

•
When cultured

aggregated water

in suspension, the large, glue~'and

. .. ",,-. .
bal'l'oons.· tl;1at 'are plan.t cells create

considerable difficulties. ·"T~·~L
'-.,. .... ~

ettle within minutes i~'. .

not agitateé (40,70).' .Th i(,.l,arge size> and rigid.but shear

-::--- "'. .
sensitive' cel·l ,wall (71) lilÎlit the .mi·xin·g rate in stirred

- • . .1

tank reactors (STR) to100-350 RPM'~hich ~s' just' màrginal

for...
.' ' "

good gas dispersi~n, mass transfer and main~~a~ce of

, the cul ture homogenei ty (40,66 ,,7;Z, 73) •

Plant cell suspensions are limited t-o . biomass ....

The(95ï.+)p (69) •..
thinning fluids, atculture·.~roths behave as viscous shear. .

"-- "concentrat~ons of le~s th~,3~ to 50 9 d.w.ïL of suspension
~., . .

because of,-their high hydration·· le,vel

least for biomass'co~cêntrationshigher tnan 10· 9 d.w./L
'" . " .

(74). These Non-newt'onian flLlids obey the Power· Law. Model",'.

t. '
~ --. .

1 "C = K<du/dr.)" (1, 1)

...
.,

.. ..
• .>.. ..;-~

.,.
• ,

1 .,
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.C The values of K and.n parameters of this model for various

.0
plant cell types cultured in suspension l'lere pres~nted by

Tanaka (74) • For example,' values of 0.72 and 20.6

(K) indices of a.20.7 9 d.w./L Catharanthus roseus cell

and Appendix 1) for the, flow behaviour (n) and consistency

g/cm.s·· 2Q l'lere experimentally measured (see Section 2.7

.
suspensi on ' of 'Li ne. MCR'17 , the mai n bi 01 ogi cal model system

, ,

with othersconsistent

work (see Section 2.1).

(74) • The

Thesefigures are
, '. ~

measured apparent

viscosity (Jl.) of this sus~ension,at a rotational speed o,f

50 RPM of the viscometer l'las 52Ô cps (Appendix 1). It l'las

morphology
C

the 6,...7thto

n does notdep~d.on t~e b~omass concentration,
,0 ",

and' Jl.."are dependent on the'ç~lture

These parameters are proportional

whereas K

and age.

shown that. ,

c
power of the dried biomas's concentration (74) •

Conseq~ently, a C. roseus cell suspension of 30 9 d.w./L

would have a Jl. (at 50 RPM) of 5800 cps.

.'
This serves to illustr'ate the giffi,culties encountered

' ....
by marY researchers .(69,,7Z' and'

impellers operatedat

,homogeneous

equipped with shear intensive (Rushton
,~'

low spe~ds, '(80-300

others) in t~ying to achieve

cUlturJ{. Many have usedsuchofmixing
1

microbial fermenters

turbine o~ marine)

.J

• '>1 •
•

RPM). Thisequipment, and ~perating conditions are ,not
~ .

,.
~ suitabie for .achieving uniform mixing of. these shear··

,
sensitive and shearthinning plant cell(:.

'~'_.,.0
'" . ~.~
~ .,.. ~. ". ."

" .~

"

suspensions.
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better

They.
"

provide for

efficient mixing and aeration at 10w sh~ar, because

of better fiow characteristics (36,73)
>

better sterile containment.(50),
'.

•

more re1iable operation (73),

easier~scale up ~nd

"

good gr.owth (~ ~ 0.38 d~' for C. roseus celis (73»

and SM production (75).

"
However, even this bioreactor conf i gurati on' s,uffers

""",; 1":
~'

',.
from serious drawbacks. Plant cell suspensions, when they

are directly aerated even to the required ·low ,rate of 0.3. " - . ( '..

VVM for sUfficie~t oxygen.transfer (49ï52)," are~ell known. . '

for their excessive foàming.
o

They produce thick :froth of

seèrèted macromol ecu1 ar .co'mpounds and6àgg l omer~te.ci c:ell"iÎ: on '

top of the cul ture brotti (2). Thi s cannot ·be sol ved by
. ,.

antifoam addttion since it m~y be deleterious to the

c~lture (71).
,

This cufture be.haviour limit~ both the

"

"aeration/mi':<'ing ,rate of airlift to 0.4':'0.6 VVM,and the

susp~nded biomass conc~ntration which can be cultured in

such a bioreactor to d.w./L (2,40) • Higher
.,,'

'aeration' r"ates have al so beEtn sho~n to over1;Jas.,~.he'"cul ture

, (hi gh dissolved oxygen
~

':cèncen,trat i on) (76) . and to
,~

hyperven~ilate the bfomass which results in ~essive

, ,. •



. ' .
~?~" . .:....

':~~
, '

, :. 0

111'
.- d.'.,'~

.,
carbon 'di oxiçle strippi,ng fr:-om ~hey' plant cel ~~s <.77 ,78>, Both'. "."

j", . -ac.tions lead to Lower growth rate (by > 16/. (73) > and

ascell suspensions,

e~ici ency' ,of

thinning plantshearforespecially

requi rements (52).

r
'mixing ·and mass ·transfer

.:
,bif'm,,:~s' ryld\;..• (by ~ 37/.(73) J, .'69, 76J]~)" In fact a 0.6

)VVM ~~r'aFioh rate' or a kL-a of ~~, h~1 ~~~'e suggeS1l:ed as 'best
~ • ;...... 0

'~peratin9., conditions -fi;>r Pl~tt;.<~l;{~bi~';afis ,pr,~d'uetion }in\;:. ,~!l~ ,<;:} , o' •
airlift bioreactol"s without conside":'.;rt'i:o~,~OO~.ic~ mi:<in,?

, ~~ , .
This limited aeratio~nJe reduces the

) ,

this type of vessel,

, '.

.~ .
.'

•

,) compared to 'the

optimum .~i,fing

1.0-1.5 VVM
J

in an 'a.J. rI i ft

aerati:on, rate

(79-82) _~
~

sLlggested

. ~'.'

for

• ,
"

• Most of the research efforts ~entioned abovehave been
. .'. ~ ,

mainly concerned with the shear sensi.tivity, frothing an.d

;~~essive 'aerat~n'p~oblems asso~ated w~t~the suspensio~
'~

,
.., -

, culture of plant cells in bioreactors....... Much l ess attenti o'n "

has been given to investigating the rheolog{cal properties

fluid and their effect on the mi:<ing within.....
•

to attain,a homcgeneity level comparable to

of this type of

·:the.l' bi~react'or
. "). .

~at in' a shake fl ask. Mass and oxygen :transfer to a

c:onsi1:l~ring .the

In parti,cular,

) , ,.
homoçfeneousl'y mixéd curture ,may be less critical when

~ ,

~ativelY slow metabolism of plant cells.

aeration means which tend to indùce less

f6am f6r~ation s~em notto have been considered to 'improve

the cul~ure system efficiency.

(
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The stickiness ,of plant celLs further

.. \ ...

~~
1..-.....-.-- ,,,

compl i:cat.es t':w:

to ",al.J..
,

All" these
.-f ',~,

This stickiness leads
y

plùgging :' (42;69~,70),.

situation describ"eë'" above.

'/\gro",th ,nd instrument:

difficulties, wh;'l;,h wo'rsen upon -scale up.; contribut'e to th::;~':;.
,

and to the formation of

n~mer,ous dead zones leading to premature senescence of
, .

"

culture (83,84)-.

heterogeneity the suspension
(' .

the..

,..\

'.'

In s~ry,~ most bioreactor configura~\\Gll:l...s used: to grow.,'

pla.. t cells in suspension have failed to provide for' an

, " ,apropriate ",el l controlled and homogene~u~ culture

environment. con\~~On~l, mechanically stirred tank

reactors are too shear stress intensive, ",hile airlif~

reactors produce too much foam. Batch or continuous..
operation fe"tures ei th,;r a conti nuousl y changi ng medi Llm or

_",ashing out of the, precious biomass. Consequently the

cul tU,re' of pl ant. cells i ~ , suspension in' bioreaçtor's,

besides being unnatural to these ti~sue formers, has

resi.l1 t.ed in very heterogeneous biolpgical systems' of

limited biomass density.' In view of the high sensitivity-
of :' the, di.fferentiating behaviour of piant .~·ils to the

cul ture envi ronment, • wh i ch i s so important for SM

diffi~u'ties encountered

prod:.<ction, it, is.
i-

easy to understahd> seme of

in 'adevelOPing this' technology..

the

.. •
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•

c -l'rom

,,'

•
Cultured Plant Celle •

•
j,
,.",' ....

Secondar~ metabolites, ,and ,more speci-l'ically indole

alkaloids l' rom the pl~nt Catharanthus rose~s, the mod~l,
system of thi s project, ar;e not '{n-ert end products

,.~ .
(85) •

Th~y are present in the plant ina dynamic'metabolic
4:>,

eqLlilibriLlm which' is strongly dependent on the location .and

developmental. ' ,~tà..g"è< of the r;eposi t~ry tissue ~s well as on

the environment (861. The net product accumulation results

'1' rom the .difference between biosynthesis, storage and

..

either conjugation, ~ i nterconver-si on,· oxidative

(:
,..,

polymerizatioh or si'mply degrt~~ion.•

The situation for cLlltured
. \

plant cells i~ much more

complicated and obscure because·of

the heterogeneity of the cell popûlation

and. developmental stage).

(g'enetics

the poorl y controll ed physi·cal (and chemical) cul ture

enyirqnment,

"the ever. changing medium compos~tion and

,- the unnatural morphological state of the suspended

cell s,

and non-dividing' plant çells under conditionsC·
Ge~erally, SM are

stable

biosynthesized. '
by viable, active,

.' t-o"
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'V.

\

"

p~omoting soma 'biochemical speciali~~tion/differentiation

<1,42,61) . The requirement for non-growing; stationary

plant 'cells originates~from the fact that growth

, . di-fferentiation
\.

ce~ l . energi es

metabolism•. ~ In

..,
prevents

and specializatibn and .mobilizes aIl the.
~ .

towards its .primary· life proliferating
\.

addition, :the need for aggregation and

.intercellulàr closeness seems important (42,87), whereas

morphogenetic

..
(2,59-61,88-90).

requirements '. are still uncer·tain

cultured plant cells at yields comparable or higher than in

the original plant tissue (~ 0.1 to 3.5% of the cultured

biomass dry weight) (84,91-95). Most of .the yields of

interesting compound? are still too low for industrial

application, even though a yield of 23% has been reported
•

for the industrial 'production of Shikonin from cultured

plant .cells of Lithospermum erythrorhizon mentioned in
':."

Section 1.1 (6). The product spectra vary and are not as

wide as in the plant (7); They become narro~er ~nd the

yje)ds diminish ':JI"wlth the ,cell. li ne age . (.':I.e- to 50% in 1

year) (84,92,96) • No dimeric alkaloid, .)'iuch as
. ,

Vin.Jlastine, '.has been found in cultured plant cells'

(91 ,~4) .

.'

.. .
'. •
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••

'. The higher product yields' mentioned above l'lere obtaine~

-by cultur~ng plant cell lines, specially selected for their. . ... ~

superior biosynthetic capabilities, in media designed to

'.

compounds (14,88,97).
•

..
promote the biosynthesis

These differ mark~dly from

of these

/II!. 1 "standard' grol'lth media. This

scheme i mpl ies" some grol'lth/producti on decoupl i ng

l'lhich may be dependent on the culturing system type (14)

and/or on the aggregati on l evel '. of the cul tL\red cell s.

This decoupling phenomenon may ryot be g~nera~ized for aIl

types of plant cells (98).

This scheme is not ,l'lithout problems. F'roduct ion.
,

results ar~ variable andoften unreproducible
..',

(7,8) •

Depending on the original plant sp~cies, .the high producing

cell l.ines: are generally unstable (7,8) •. 'The l'lide genetic

potential of the plant cell,· its uncontrolled. expression

and the

believed

heterogeneity

to be the

of the culture environment are. .
main causes for the !-,nreliability 'of

this production scheme (12,13,88,96), l'lith SM t!-'rnover.

(87,88) and retent.i on of the compounds l'li thi n the cell

(7'9,100) as other "possi b.l e fact"ors·· i.nvol ved. AIs'o,

differentiation induced by, .the producti on meOi.a; i s \

tolerated by plant cells only for a short term (101).

It has been said that SM play some ecological role, the

c plant responding to environmental chal~,nges by some
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defense
\

chemical mechanisms ( 102) ." S~ccessful production
• •.

of SM from plant· cells requires that such triggering

• )
·stresses be dei;ermined and simulated under close control in

the (103)"... 'Three cl as~s of such,
"triggering factors, and some 'combinations, haye been

evaluated: éhemical, Physical;and bioengineering factors.

f

The design of production media mentioned previoL\sl y has

':'been the approach most studi ed to i mprove the produJti on of

SM from plant cells.
, ,

Although results vary with the plant

species cultured, some general tendencies, at least

applicable to Catharanthus roseus, plant cell lines, have

been observed. The 'main features which distinguish the~

media from growth media are their higher sucrose content,

their lower phosphate and nitrate concentrations and the

hormones'used.

Sucrose', 'at concentrations of upto 8%, has been shown'.
to promote SMexp~ession (96,103-106). Growth inhibition,

osmotic shock" ~nd/o~ .induced differentiation are believed

t~ be responslble ~23). Low phosphate concentrations

(

Nitrate is rapidly (2 days) accumulated(103,104 r 106,107).
"

0.5mM) t'Mat l imi t gro,:"th improve SM production

'~
~

~'

by plant cells and stimulates growth~ . Following nitrate

as'si:m~lation, significan~' metabolic changes occur iricluding

an increase of the eflzymat.ic activity of phenyl ammonia
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l yase " (PAL) which' leads to tryptophan, an
,:

essential ..

nitrate limitation per se reduces alkaloid? expression

. ,

precursor of indole alkaloids (108).

( 104) •
. ' .

•

"~

Consequehtly the

.,..

The effects of' phytohormones are variable. It was

r

shown that the growth promoting auxin indole-3-acetic acid

. (IAA) (and naphthalene acetic acid (NAA» at concèm'trations

lower than 0.5 ~M is essential for the culture survival and

does not inhibit SM expression. Higher concentrations.and

th~ use.of the synthetic auxin 2,4-dichlorophenoxyacetic

may be related to the fact that the synthetic auxin cannot
..

acid (2,40) strong~y hinder SM production (88,109). This

be metabolized by plant cells (110). The cytokinin

hormones, ki~etin'and 6-benzylaminopurine, have also .been

shown to promote SM expression. The mechanism of action is

believed to involve their protein synthesis enhanc;ng

capabilities,

activity (111).

mainly directed towards PAL incr.eased

The use of these SM biosynthesis promoting media for

the production of these compounds requires long cultivation

periods (> 2 weeks) and still gives relatively low product
r

yields. Recent development originating from the field of

phytopathology may drastically improve this process. It

was found

o

that antimicrobial chemical defense
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.
, filI'

of cultured plant cells can
\;.

'by the addition ,of some elicitor

be directly

compound (s) to

secretion of some of them

the culture •... This result.::;n the 'rapid

biosynthesis of aritimicrobial ~~oducts (SM)
'. :.

(up 'to 50%, of
. '\

produced) in the medium (112~115).

« 72 ht:lurs)

and the partial'

the quantity

technique is difficult, sensitive and must be

optimized for- ,.each plant cell type cultured. An optimfzed

elicitation system'includes a specific cell line, 'a

suitable elicitor preparation, which may be well

......
...--

defined chemically or a dead and sterile'microbialor

fLlngal homogenate, and a proper·process pr-otocol. This set

- < of operating procedures involves introducing a 9iven amount
1 ~ •

of the elicitor (:S, 5% V/V) 'intoa culture of a specific age

for a time period not epceeding. 24 hours ,in order to
,

maintain the culture viable. The products biosynthesis

starts after 6-12 hours of el.icitation, with prOdL\ction and
'. . ~b,.

medium secretion peaking -after ~ 24-36,hours. No special

culture medium ether than the regular growth medium is

required and reelicitation of the~ viable plant cells is

possible • The amounts of.SM biosynthesized co~pare to the

{~.',...,.

. quantitttes obtainedb~ using a production medium •.~

Th~s promising technique is still in its infancy, with

little r~ported results in systems larger than shake flasks

'.',
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•
(114). Numerous theoritical unknowns and practicak problems

remain to be solved, including the 'variability..
. • ~ ~J.

~estricted chemical~respoHse ob~ained (113)' and its
~ .

, up in a suitable physical system •
•

of t~e

~

scale

Fe... physical factors hiwe been evaluated to impr~vè the

) yield of SM from cultured plant cell s. The effect of

aggregation has been discussed briefly above and wîll be

further elaborated .li, Sections 1.2.3 and 1.2.4.1 together

with i mmobil i zation. Osmotic shock with sucrose at

concentrations of up to 8ï. has been used in most-·· -SM
..,..;;.

production media with success (44,72,97,1Q3-106). Osmotic

and/or ionic salt stresses (NaCL at - 7.5ï. w/v) have also
,.

been shown to double SM production espe~ially in large

aggregates of cells (5-10 mm). (116). This may also affect
Jf)

the cell membrane permeability (117), a subject that will

be discussed in Section 1.2.3 together with pH effects

(118) •

'Varying the culture temperature has been examined with

mixed success,
.1",

resulting fr~m no effect (116) té' improved

biosynthesis (119), chilling stress .and SM release by

organelle rupture (120). The cultur.e of Catharanthus roseus

cells in suspension at 16°C in a suitable production medium

resulted in slower growth

improvement in SMc biosynthesis but in.

(by a factor of

significant

4) and
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accumulation (by a factor of 4.5)' a~ compared to 27~C

(121,122). This improvement was related to the fewer but

>

",larger cells of the culture and the lower' degradation of SM

at the lower' temperature. Another stu~y (119), showed best

growth of the culture at 30°C and best SM biosynthesis at

-This could' be, exploited for a process in which

growth and producti on are decoup'l·ed.

Light has variable effects on SM prodLlcti on', by

suspenslo~ cul tured cell s, \oepel")di ng on the origi nal pl ant

species. Its effect is reflected in'altered' cell membrane

~.

permeability (123,124). The few results available show an

increased Pr.oductiol") (by a factor of 3 or more depending on

the produc~)., relative~to dark culture (83,116,125). Light

also affects the SM spectra produced (104).

High aeration rates (k~a > 15 h- 1 ) have been shown to
,

lower biomass' growth rate and yields' (52) because of

,hypervent'i l ati o~::-is discus~ec! in the preceedi ng Secti on.

The~ also have been found to improve SM bio~ynthesis ?f
"

plànt cell suspension cul tLlr.es (75,83,91). " 'The

concentration of dissolved' ,oxygen (DO) in the medium ha";

been suggested as a more"valuable parameter to assess the
•

effect 'of this operating condition. A DO ,con~entration of

30% o{ saturation ,was found 'optimum for biomass growth and

yield a~d SM production in this case (76). However, most of
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t~stû~ies-on -the e'ffect of the aera~ion rate on the

'-

• "

performance were car:ried out, with·'air...ift

bioreactors which fUffer from ~he 'operational 'problems

discussed··previously. These problems 'were shown-to limit

·the ef··Hci'ancy of this type of bioreactor. Consequently

'0

",

these results must be assessed wjth care.

':.:. Besides the-de nove biosynthesis capabilities discussed
.~'.

above, pla~ cells can specifically biotransform complex

•

-.
(t~, .

chemiçals into valuable products <126,127) and be fed

precur~ors to improve SM.yields (91,97) •

•
-1.2.31"roductiort cf 'Sec:ondary Met.bol i tes from Plant

Cell Suspension Cultures.

~

In othis process-;-- one is trying 'to stiÎnulate and

r-egulate the delicate genetic ,machinery of, pl.ant.
0,

cells, to

produce SM within the culture systems discussed in Section

1.2.1.2. The scale-up of thesesystems further increases

the su~pension heterogeneity,

mass transfer defLciencies and

,contamination problems.

The limited mixing intensity.allowed slows down growth.

The culture must be maintained in a sensitive stationary'

state' for long periods (> 2 weeks)· under absolute



. . ..
Fomplicates the process.since SM are generally.not:secreted"

.'. ,

.'

.. ~30-

hàrvesting
, , 1. ~ _

:.'

•
the

v

.'

'.
~; ~

.,
pGeduct~urtner'

~

,~/

.,
in the medium

•
but .- retainèd .

.~ ....

in the cell's vacuole ~
.• ~.J~ '.;,.

-
•

Consequently, the whole process scheme to producé SM

.from 'a sLlsJ?ension cultLu:e· of a hi:gh yielding plant ce'1l

1 i nereq,Lùre .

process strain in a suitable growth env~ronment,

.:..
1- Inoculation <2: 10%) of cL . stàbil i zed and def i ned •

.-.,,'~' .-,

2-'Rapid growth to the,maximum biqmass' concentration,

cHangeove.r

3- Induction of

~,
SM expression, with or

or~'~dditi cm' of

, -
w~thout "!edlum

chemical<s)

4-
,~

<elicitation) _,

Maintenance of the culture in this produ~tion stage

ror the necessary time,

" 5- Product harvesting, which may involve either

a) , ~omass/medi.unï, separation -and

for product recovery, or

biomass extraction
-(

b) induced SM secretion in the medi~m,

biomass/me'diLlm separ~tion, with possibl61 Ie~use of .'..
the ceUs

'.
and finally medi,Llm extraction for

J

~'

product recovery. _".. r

~
~'è'

This lengthy procedure requires extreme care and sterility

"as •.ell 'as delicate lîquid/solid handli'ng and extraction..
operatlcrns which, are difficult to implement industriallY.

, .' •

• , .
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, '

studies

..
, "<'c',

""

"
ai).t~nti.on:i:tei' '. .•..

_'../~·~ihe&fe.(e~g~~·eou:.arrdL;~n~~ur.ai
. ~.~ '. ." . ~'" -z~ . . '-il

cül ~ur:fd'., i n ~Llsperi~'1ci.n , and.

expréssi,on,

.. .' . ~

".

•• '<': •
.'

,.

•
~ulturingenvironment,·C
the· close control. " of the physical and chemical

th,e .J.effect of the cul tur.ing system conf i gura.t'i on and
a;

" ,

SM retenti~ in the biomass on final product

, , 'recovery. '.
Efforts have been directed mainly at

. .,'t' ~~.

'growth/produc;ion decoLpling characteristic

handli ng the
, ,

of many of

these pl ant cell' cul tures wi th their numerOLIS operati onal

restrictions (2,129). 1.1
~.

The batch

r ..
'ft.

configuration Mas been preferred because

"

of
.'

th~ handling difficulties and the reduced viability,of a

recycled biomass as weIl

plant cells (69) • The

i=- .
as the product retentlon

usé 0~4the less ~fficie~t

in the

stirred

•
tank reactor (STR) has resulted in gt~h rates comparable

\
,or lower than for airlift and in 'lower~ (~ 0%) SM yields

(40,69,72,126) • Recently the use of a spiral sti rrer, has
,.

been reported te; mix growing lant cells in suspension

(130). Good SM production was ~eported but aeration means

and rates' w,ere. not disclosed • The fedbatch (131) and
•

mult:~e continuous ~TR (26) cOl)figurations were .evalLlated
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for .th~

"

operational

flJ;
flexibility reqLlÎred. by

'.'
this

configuration allci..,ed adapting· the

growth/produ.c;tion
O'

dissociated.
medium" composition

the cell's needs within certain limits. This resLllted in

,
aerat"i·on and mi>:ing of th.is type of system is difficult·

!~proveë product yields <150;':) • However, control a,ver ..

(69). 'The second configuration allowed some physical

productsorne;.(
phases,· with an

.,
growth and production

. '. 1.4'-- "".
cul~ure 'heterogeneity,

the

.the

of

o"····" .. ~..:.,~ . .'. .
(- 30;':) dnd serlOUS contaminationp~oblems.

inincrease

improvement

separation

,

\~ In fact, the industrial production of Shikonin from

cel,.ls 'of the plant Lithospermum erythrorhizon mentioned. 1.n
~'..-' ,

A growing inoculum is prepared in the.

·Section

STR.

1.1 is performed in two consecutive
-G:-

batch.operàted
.<;:

first vessél

(200 U during 9 days. This biomass is concentrated by

filtration in an intèrmediate small tank and fed with a

production medium to the ma-i n b'i oreactor
~

(750 U where i t
.~•• -<

is retained ~for 14 days. Thereafter the biomassis

··...,separated. from the medium- and is extracted 'for SM .(1l. The
>;..;"., •
<:,-.~

'~reported Shikonin productivity of thfs system is 0.07 g/L.d

.
Increases in SM yields of the. order' of 30 to 100;': have.

been repor~ed when .culturing plant 'cells
....

in airlifts as

compared to other suspension systems
-'(
~

~

(68,75,126). Thi ~
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,j
"improveme;,t is ascribed 7the superior aeration effic;i.ency.

of this type of bioreactor. Presently the a11'~f~

conf i gLlrati on remai ns the preferrêld al ternati ve of many

researchers to study the production of SM.' :.J'.

cul,tured 'Pl ant' cell,s. Howeter the ST~

,..:.
from suspenslon

<"
seems ,to be

regaining the favor of a few"research groups (69,72) •

•f. 2. 4 Plant' Call Immob1li zat1 on.

'>

1.2.4.1 Why to Immob1lize Plant\(ellS?

This ~hn?logy represents one of the most i

solutions to tnè unique p'roblems associated with

regarding

cul ture· ,of

....;. "

advant~es are

cel.ls: for

num~rou~

the P~odLction of SM.
l'

especially
, "

Its
the,

physl 01 ogi cal,'
~

hydrodynam'i c • hand 1ng. and process

...... ,'

,
,engineering aspects of this)iype of

"

•

••

".

:- .

•
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This sta1;:ionary stafe of plant cells also improves tneir

~etic s,tability, (132,135). The biomes';:; organization
, . '

.level attainedupon i'mmobil ization., whicti is intermediate

.::,~

betweena suspension and' the original plant ti,ssue, favors
of

1> celi/celr" contact. This orga~ization of the Pla)t cel!

biomass, 'its polarized and ~symmetrical 'aggregation and its

,reduced ~rowth rate are precursors of differentiation and

secondary metabolism (133,134). The physi cal and chemi cal

~radien~s created by,' and' surrounding the immobilized

biomass generate 'particular microenvironments which are
,

believed to in?ûce some degree of

.~
secondary metabolism (133,136).,

;

'/

"

different~ati?n and fav~r

The immobilizing matri>: and/or the,induced aggrega~,ion

configuration provide t~s fragile biomass with good ..
:, • ..

~
.....

protection from mi:xing shear (132,'134) , .".
~, ' .. .,..; .

. "

~. ',-
"""\o"f!. .'

~he ~ènfineme~t of

. proce!;is Si"!pl er and more

reasier,· with· uniform

th'f·, plant

flexible.

mixing .of

cel. l s mal&es ~e wholt'

Overal! ~orr;.{lol' ~ s
, -,:

-;:;.;

the med i ulll :ind j/llass"
•

'The bi.omass isno~' carried 'into the '·foam, transfer.
'-'

which may

..
form •(133). The i nherent slowness

layer

," .
of the plaçt

diffusion

cel! metabolism may

limited

very weIl not make tlÏis process
0

<5> • While the sol ub il''Ii t·y of the
• ,-

di-ffusing species ·(for exampl';o- ,oxygen or 91 hydrophobic

secondary metabolites) in the medium, "onfinin~ matrix

•



-35-:-

and/or oiomass may affect: mass transfer and production

kinetié:: (133) • Denser. plant cell cul tureJ co.u!:l:l .. be.,

\
.'

..

?t~ainêd by immobilization
,

cu.l.tur i ng ,'. espec ï all y when.. '. '

-as compared

considering

to suspension

th~ limited mass

transfer efficiency and the numerous operationàl
. .' .

problems

associated with this last culture mode (see Section

1.2.1.2) (133).

,
The. effi ci ent bi omass' and medi um separati on .al so allows

the easy chemical and physical manipulation of the culture,

including the possib~lity of separating the growth and

\ ~rod~ction phases (133,13~~7).

"'... -.

of the pro.cess can be improved by

The vèlumetric ~fficiency

"'-
the reuse of the biomass, ~

by the better mass transfercharacteristics· of the, -
i(llmobilized ~ystem, by continuous flow?peration and by the

positive' influence of ' ..the rested state of the

~ i~~obilized.' plant cells ( IPC) on their biosyn'thesis .\

of 140-1767.,

• observed for cell~ immobilized in calcium

were

In· fact, increased SM yields
'-.'.

to sLlspensi on· cul tures,as compared
''b .

ç"", rose!,.lS'

(1,133, 135'v137).potenÜal

..

algi;;ate gel beads (5).~ever,
i.~·~4

attributed to the weak eliciting
•
this effect

property of

may ·be

the gel

immobilization matrix used (138).

"

The i·lIlmobilization of plant cel)s is n.ot •without

problems. The use of the immobilization technology requires

..
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that the growth of the confined biomass be limited for

efficient

metabolism•.
""

.
mass transfer and stimulation of secondary

ThiS: has been diffii::ultto a;:hieve when,

popular gel entrapment
",

immobilizing' 'plant cells by the
"t.

·technique (see Section 1~2.4.3) (5,133) • While the
:

sècretion of the products in the medium; a crucial

prerequisite to the usefulness of the immobilization

-.
'~',;

technique, remains, a particularly restrictive step for

plant cells as discussed in ;Sections 1.2.2 and 1.2.3

•
(1,133,135L

-.
1.2.4.2 The Whole Cell Immobilization Technology.

The techniques used to immobilize enzymes and whole

cell s, have been rel·ati vel y well devel oped., The technology

of whole, cell 'immobilization

provides for, one-operation

is gaining ir;>
~

. ,biosynthesis

popularity. It

of ,cOmplex
•

;.
::::.'

,.;::;..~>~

..

compounds from si mpl e":;·.. ·substrates wi thout the need for
-, ~'"

:~, . ~

. specific and costly enz~~ purifica!ion, special .enzyme.. ~",,; .
,environment '1!)r cofactors artificial regeneration (139-1,41> •

•
, .

. ,.

1
In addition to the advantages discussed in the previous

Section, this technology has been reported to
. .., ....

improve signi~icantly (10x) the stability of confined

cells as compared to free ce}fls·. (142),
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<-'provide ,for means of regLllating the immobilized

biomass physiology by better. control over mass

transfer, oxygen supply, cell density and

microenvironment factors (140,143-145),'

'i mprove the· cel l, resi stance to the envi ronment and

accelerate certain aspects of the cell

(142) •

metabol i sm'

C.

However, the sLlccessfLll application of this technology

requires that

1- growth, 'after full loading, .be ·severely limited to

prevent biomass leakage and sLlpport. matrix breakage

(145), even though some growth may be reqLlired to

..
maintain biomass stability (142),

, ,
2- the product be extracell LII ar, sol ub.l e and non-gr.Clwth

'.. , .
associated .(145) •

In addition, somè",other restrictions mLlst not be

overlooked. , Thèse include the 1055 of activity,dLlring
-'..:.

i mmobil i zati on,"t~'e reduced mass' transfer
·f

düe ". to
, .

the aggregation of the' biomass and the .presence

,of the immobilizing matrix, the difficulties of

ma~ntaining an active biomass over iong periods (145) ;nd

c •

...,
downstream processing requirements.

~
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The basic attachment technique must be sterile, ,easy,

non-contaminating, non-toxic and be performed under mild

and non-damaging conditions. It must ~e of a high biomass

witt}out imped'ing physiological -and mass- transfer\ capaci ty,

}rocesses, and be easy to scale up. The support matrix

must be mechanically stable and weIl configured to provi'de

for an efficient interaction between the immobilizing

material"the biClmass and the medium. Three whole cell

immobilization technique have been ·pioneered.

Solid carrier attachment involving physical and/or

chemical bonds between an insoluble support matrix and

cells is a mild and simple pro'cess. I~ results mainly' in

surface immobilization with good mass transfer. It is

difficult to control and highly sensitive to tt)e •
environment. Its

biomass attachment

problems are efficient initial

subsequent retention, which is
~

~inversely related ,to t~ cell-carrier bond strength and to

J•

••

amount

<140,141,1"45) •

biomass att'ached to th.e support

Cell aggregation by :410cculation and/or chemical

cro=slinking results in culture micro and macro

heterogeneity.
,

Chemicals toxiè~y, biomass retention anQ

mass transfer restrictions are but a few of the problems

that limit the application of this technique (140,141).
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Cell entrapment in a matri x, 'ei ther sol id, formed' in

situ from synthetic polymers (polyacrylamide) or natural

gels (agar, agarose, alginate, carrageenan) crosslinked by

metal ions, or in a prefor~ed membrane (encapsulation) has.

been used with some success ~139-141,145). Entrapment in a

porous solid is easy and mild. Its problems'are similar to

the surface immobilization.technique, with initial biomass
\

attachment in the interior of the matrix and subseq~ent

mass transfer being more difficult.

The ,popular gel immobilization technique provides for

good protection of the fragile biomass. However" it

suffers from serious drawbacks. This technique involves

mi x i ng a suspensi on of cell s wi th a sui tab 1 e pol yn.er

This -mixture is subsequently treated with a

gelling agent (Ex. CaCI 2 ) and formed mechanically into

••

,
solution.

desired matrix structur:e '(beads, sheet etc.) •

the.'
, - "

•
This

technique is difficLllt ,to perform and to scale . up,

especially when carried,
1

,
OL\J;: und er

, "
sterile conditions

.'
(133, 146)'~ The g'elling treatment is stressful to' the ,c'ells

The

unlessstabilitymechanical

. ..... . .. : ":.~ '" . .
(10•. ~/:o ,_~5ÔcC heat shock or"toxie: crosslinking agent).

resulting niatrix . lacks•

chemically crosslinked (147), has reducedporosity and may

be sensitive to chelation by medium ions (calcium alginate.

.. ',-..!:~~
~r-

'},'-" .....

c and PO...

They~". provi de

Hollow fiber cart~es are expensive.

for heterogeneou~ immobili~ation and
J
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difficult'ies in aeration may be encountered' (145). The

entrapment membrane represents an additional resistance to

mass transfer and affects, or may be de~troyed (gel beads)

by, regenerative growth.

The main bioreactor/matrix configurations

experimentally examined include (14)

1- the STR, airlift, packedand fluidized beds and

rotati'ng basket scheme fo~ the matrix/biomass

-'...,~
..,J;/

\

particulate form,

2- the wound roll in a cylindrica1 vessel, the baffled

.tank. and the fi l ter press arrangements when the

mairix is available or made in a fIat sheet and·

~- the circulating loop for the'hollow fiber ~artridge. ".

AlI systems cen be adapteq to bàtch or .continuous

••
'1.2.4.3 Immobilized PIAntCeli. for the Pr6ductio~df

.".,. ,
operation. .... ., .

SècondAry MetAbolites •
•

production >(Table 1.1).

" " .'
- ,

; .' . ~.

Few research groups have immobilized plant cells for SM '.,
Brodelius and coworkers have led

the way since 1979 in en~rapping plant cells in'natural

gels,
. .

the most· successful matri ces ( 136,147-151> •

, .
They

have shown that,

., ," ~

•



~

,

"

'"
"

~

TABLE 1.1

~

~

...

,

EXAMPLES OF IMMOBILIZATION OF CULTURED PLANT CE~LS

Plant species Imm~bilization' Polymer Products Reference
~method

,
C. roseus , Entrapment Agarose Ajmalicine isomers , 153

• Alginate
~

148
Agar • 134
Carrageenan 134,'

,
D. carota Eiltrapment Alginate Digoldn 148

'"
Alginate , ,'5- :-hydroxygitoxi- 154

, .. genin·<;1
· -, .

G. max ' ,Entrapment, H()l1ow fibèr Phenolics '42.
- ,

L. vera' Entrapm nt Urethane pigments • 155

• t prepolymers
, . Agar,alginate, Pigments 156

carrageenan .

C. frutescens Adsorption ' Polyurethane capsaicin 157.
1 ' ' " foam,.

,..~

S. aviculare Covalent linkage Phenylene Steroid glycerols 158
oxide ,

· " . .
A. triéolor. Entrapment chit:osan Oxalate 159

A. syriaca Entrapment ohitosan Proteases ", 3:59 "
~,

M. piperatus,
,. .

Entrapment Polyacrylamide Neomenthol 160
• .

J

,
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-,
--alginate crbsslinked with calcium)ions is superior to

most other gel supports'tested f9r the mildness of

the technique, the retained viability and SM'

productivity (148), "/
long term retained activity (6-7 months) is -j'easible

( 148) ,

upt050% of the wet incoculum can be easily

entrapped' (136) and

SMproductivity can be increased up to 140% (or 176%

if .precursors are fed to" the culture) boy

immobilizatio~ as c?mpared to suspension culturing

(136) • Al~hough this, can, be ascribed to the weak

elicitation properties of alginate (138)'.

They were 'successfulin appl yi ng thi s technique to

~". ,l •

have immobilized a vari~ty of plant ce}ls' by,
•

•

termlong
, . ,

productiYity- and~echni~ue with good

Iinm'obi1 izatJ.on' of .plant,

cel.is' iri 'a gel of pOlYac'rYlami~e':"hYdr.azi~ecro~slinkèd wa.h. '

immobilize delicate plant protoplasts (~ell wall deprived,e>, ' .
highl Y osmotic sensi ti vè p'l ant cell s) (152)·...

'glyoxal has also been'examined with relative success (160).
, \

The result:i,ng matri>:. is more stable than calcium alginate,

but the immobiiization procedure is stressful' to delicate

{i\\
~$,P

plant cells (oac, glyoxal toxicity).
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•
=l 1f~.:

.The serious drawbacks of thè gel entrapment technique,

are

the excessive amount of the crosslinking agent

required for the matrix gelling:
1:>

it renders the

,.

support sensitive to the énvironment (P04 ·chelation)

or reduces. the cell viability, SM yields and ",. .
secretion .(66),

the limited mechanical stability of. the gel matrix

which cOIn be chemically crosslinked only to a. limited

extent becaase of toxicity problems (167), ;
•

the i ndi rect contact of ,the , cell s wi th the med i um
J

resulting in limited massftransfèr and oxygen supply,

which mOlY cause- intern",l cell~eath for· large

aggregates (5 mm) (48,149,162;165'-
~,". .'

the bur~in.gof beads during long

limited,growth (46,13~150,168).

and,

term op'eration Olt· .~

4,

. .'

•..1 trA-
The p,eferred process~arrangemen~ ~o~this technique is

•
€he bead form of the ma~rix and the bubble cblumn b~cause

, , .
o'f the relative·ease·of preparation a:nd :operation. T"'e

\packed bed- cannot be used since i t causesc,ompressi 01")" mass

transfer and death problems (47) • Fluidization and STR

cause attrition and biomass leakage (47,164). The airlift

configuration represents a

mixi~g Olt 10.. shear rate and

b,ett~r, compromi se, wi th good. ,
\

suff i è:~ ent aerati qn (24,. 16.4).

~

~, /
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In fact" it is reported that calcium

sensitive plant P~paver som~ferum

"

'.0-

", .

Ij.
.alginate' IPC

(3~ ,;"m ~';'~s)

of the

cltltured

in an airl ift bioreac.tor required 3. 75VVM c(,!) -f.or survival'
i '

and producti'on '(,162). 'Othér's haxe- stressed' thè, importance
'. '

of\ aeration 'for- SM production ,by gel entr-apped IPC (154) •

The scale

questioned

up potential of this

<133,169). Formation, 'of' the

technique has

gel matrix

b.een

'\.'
loaded

with the plant cellsin a sheet form'reinforced'by cottqn

and/or s~ainless steel
•mesh' has been suggested as a

stronger conf igurati on easi er, 1;0, handl e and to- scal e' up
'. '

(133) . However, this further:, complicates the initial
.~

.. ' ~ '.,

.~

'~;\

sterile immobilization process •

Two other particulate semi-entrapment tec~niques,

,i nvol vi ng porous 'po1'yphenyl ene'

pretre~ted.. wi~. (tox i·c)

ox i'de ,.'partiel e:i (250
-''!'''"

glutar~ldehyde (158)

llm)' ~
-~r;;~.

and

"

,
ret'i.culated p.olyuret~ane foam parti'cles', (1 cm"') (157,170),

~ , .-

have beèn developed. The second~ppr~~ch is' par'~'CUlarlY
"

attrac~ive for it~simpl~t~, mildnesS-and

:95%) \and viability ~.etention <> ,70 -'80%)'
'" î .' ,:.. ,

...-.. .'" •.•. .s. ' " . '. (
cLl1'ture. It' 'PW'~itted more than a 100 fold

-' -gpol:! bl omass (>

after 21 days of

increase in S~

~,
productivity when compared to' suspension cultùring ùnder

. '"' ...... ~

growth lialiting condit'i~ns (165).

appears difficult (171).

.,

Howevêr,

.'

'.
q

i.t'" scale

'~

up
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Immobilization of plant cells in preformed membrane

, .. systems is another interesti ng al ternati ve.· Hollow fibers

provide for gentle and complete entrapment without cell'
..-

leakage. Easy control of the mepium and efficient

biomass/liquid separation are ·achieved <135,172). Good

growth was obtained for 20 days.

"
Howeyer, direct access to

the biomass, " aeration and mass transfer are restricted.
'.

• Biomass loading un"iformity and efficiency are unknown . In

addition, the hollow fiber cartridge is e>:pensive,

\

difficult to obtain and must be

el~borate circulating system subject

install1d within

to c~ination.

an

A fl~t plate adsorbing membrane has been experimented

,. with succéss for 110 days (129).
•

The two sided arran~ement

,

physical separation of the ·medium

:.••
" .

Fi nall y, purposef.LII aggrega~îon ha!;' been suggested as a

such technique, the resulting

•
the ,inhe~ent. difficutly of
':. ~

..

•

new immobilization'technique

." . . '•.
di-f'oficulty.ofc.ontrollln'?J

biomass heterogeneityand

•

. ,

•for plant cells (173) • The
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" .
.....

c:ulturing plant c:ells in anaggregated suspension, as

disc:ussed in Sec:tion 1.2.1.2, severely restric:t the

usefùlness of this approac:h.

.... In summary, most of the researe:t>

immobilization has c:entered "around

work on pIanI. c:el!'
" ,

c:ell el'ltrapment
• • J •

tec:hnology that c:an be sc:aled-u~ o~ly

o <'. \ tt,
was shown to be a viable alternat'lve•

·0
with diffic:ulty. ; It·

for produc:ing SM irom

c:ultured
"'-Ql

plant .c:.ells even· though there may be seme

sec:retion, so important to the

disagreement (169) • However, growth c:ontrol and produc:t
S " ~~ .

suc:c:essful applic:ation of'
."

-. IPC (9), 'have beèn addresséd only to a limited extent.

Growth c:ontrof ~y med },!,P mani pul at.i onhas been suggested as

a'best ~lternative (lJt). Solvent· permeabilizâtion was,' at
. ... .

one time, suggesteé to pr'omote SM s~retio.n .,'<134,&,53)<.4" This
. .- .'

~ec:hnique~mited the long term viabilitY::~f plant cèlls

sfnc:e .so~vents af:fec:t ..,their physiol'ogy' (174). :.Milder means

...

".'

(124), temperature (175)., pH (118).•

have
.,

since beeri suggested.,.
~

(9) , as inc:ident light
'"

osmos.is '(106), ..ionic:

shoc:k (li7)', hormbnes (87)" and introduc:tion"of a fourth

produc:t absorbi ng phase. <176,177).

o

1

state itself was found to "nduc:e some sec:retion of the

produc:ts in the medi~m (133,163,1~8).



}. .~

~
1 ,. ..,

•'" -47- . .; l
~

J.

·C
R"~"~<tjV",

..-1.3

>
1

C 1.3.1 pefining the Pr·oc:eSls.

, .l ..

- In most c:ases, the pr9duc:tion of s~c:ondary 'metabolites

. by q.:11!e.r-ed plant c:ells will be better. effec:.ted b.~' using

the immobilization
, .. tec:"hnoi ogy, even ~hough no suc:h

;'

..{et::hnique ~as

. il, industrY. ~
Jl)-~ .,'
pr'oduc:'ti vi ty

yet' be",n' .devel oped that cano be .easi l y appl·i ed
, .

The economics of this process require maximum• •

which impldes maintair1ing the- biom'ass active

"" ."•-.
for long periods according to a process scheme such as the

c ..~
.' .

one i:hat follows.

,
.........,"
... \ 

.h

1- Selection anp maintenance·of a productive. plant ce~l
o :~ . './

l if'\e.

iJ, . , .

of ,the i mmobil i zàti on

~..
't

cultur.ing· bio-

..; .
volume>and<quali tysuitableaof

; .

reac:tç>r.

,'" i nocdl um:

2- Prepar-:<tion

'4- .Inoculation.

.--:-3- Preparati.on

.<>.. ,

'5- UniTorm and rapid distribution and immobilization of..

..
/ ..

....

...
'.

. '

.. .
,

this inoc:uiumwithin the matrix configuration.
> ~.

8- !'<api d growth of "the IPC •

.. '7- Indu~i~n of '8t1 b'i OSy,:,ih~••

8- Harvest'i'ng of the procle~ .:

9-. Regenerati ve gro~'thoflIP~·.
~' . . .

10- Fïnalproduct·pl~ification..

•
'0

".-

·C·. .
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, -~.
Steps 2 to 6represent the central theme of ,the process

forming the basis of this research project:' Step 7 is to

be e~plored onlyotentatively. Steps 1 and 8 to 10 will not

be pursued.

\

-
1.3.2 Th&'Objecti~es of th~ Rese.rch project.

1

•

. ~ ,.

,

,l~
(

The"main objective of',th.is r,esearch project was

'.
ot
i

to develop à 'bi oreactor system"for the cul ture,

of immobilized Catharànthus roseus plant cells

J
for the production of secondary metabolites .

"

• '.

, ..'~, .

is broken down and detail'e,rIn the following

,i. ;.

"

• 1=his objective
l ' '

Sections.

, ,

'", . ,~1.3.2.'1,Devell?pment. of • Novel Immobiliz.tion T,echnique.,

for PI.nt Cells\
.,;,

.r

•
•

'" surfa~\.'immob,ilizati.on of plant ceills (s'IPe( seems mft f

to 'e 'be'èn studied e~tens'ively. The immobilization
.J ...... ,

'\Jproces's based on',' adhesion 'is gentle and easy. Mass'
, .

{', ".,
r, '

,
? J

Q.. \ \r

, ,';
"

.~
.-~.

.~,

• 0
.trans~r i s . ,on1 y "a' ,fl...nction of the sLlpport corifi guration,,'

.J'.' '
and of, the medium flow hYdr-0;rnamics; two vari~es easy to

maniPu~at~. .' Ef~i.,ent :l'hal 'attachm~nt. of ~the plant \~
cell s and control ,of-, ,the bi omass l ea!(age fro,m the

t
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, ,

immobilizing matrix, the,two"most obvious problems of this

,technique, can be ensured by .using~~ a suitable inoculum,

selecting a proper support' material, forming the support ..

into an', ef,ficient con:fige.ration 'and" designing a culture

system for effective and etnif'2rm mixing.

Low shear mlxing and surface aggregation should provlde

for sufficient, me'chanica! protection and' mor:phological r~st

, ,
, '•" a...~to S~C:~-, ,','

0,. ,,', r'-~'
~,
1.~.2.2 SC.lR ,up of, tha SIPC Technique to a Laboratory

".

c
Si::e Bioreactor. "

o An efficient culture system 'need to take into'acç:oun't
, ,

the parti cul ari~ties of' the pl ant cell sand therequi rements

"
of the

~, ,
immobilization technique

,.,
and of the process. It • "

me.st provi de for a controll ed" well adapted and uniform
., ,.

, '

.'
must ensure sufficient aeration

, ~

It'environment.cul ture-
) .. > ~

f.'cr the survi val of the cul'ture and SM ~rodu;ti\n." ~ :l'he

bi oréactor and matri x must be conf igur,ed·l,to provi de ,for a, ~,

" 1

high immobilizinq-Jrea eastly ac~~ssible te tQe inoculated
, .'

'plant cell,,:,and 1;0 ,the flowi,ng mediUm,. Finally the system

.
mustallow the changeover of th,e medium, and a, reliable',

<steri l el operati on rof\·the process.

c ..

•

,
" ,..
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1.3.2.3 Evaluatien cf the Perfermance cf the SIPC

Biere.cter.

The operational prqcedure must be, est1biished for a
,

best and reproducible performance of the b~oreactor. The

înoculum 'must- be uniformly distrfbuted in the matrix

structure ~or rapid and 'e~ficjent immobilization~' Rapid,

'uniform .~ut controlled growth of' the biofilm must be

achieved. High biomass loading of the bioreactor- . \' '. must, be

attained. The handling of the culture for the various

process requirements must be easy. Finally,the long term

operational re~iability of' the system must be ensured.
" "

,In addition"

performance of the

moni.toring, ,predicti,ng and 'optimizing
1 ' . .

procèss will require the development

the

of

~'
,a suitable model, mostly empirical since thephysi?logy of

in' vitro surface immobilized p'lant cells l'las never been

'. studied no.. thei.. SM producing êapab.i1'~ty. This' will 'be
,

.. estr;ictè.cJ to th,!" growth kinetics of SIPC from, inocula,t:ion
, '

'to,' full biomass IO,ading' since t.he ;Pro,dw;:tion Of s7condGy f

p ..edicting the SIPC
'. '

This...: ..~:

,metabol'i tes. i'$

project.

not'w~tbj n/~hé scbpe, of

,growth"t/ kineti~;' 'model
'\ .

conèent .. a:tion·' in 'th,e.
" v

this resea..ch

,wi 1"1 per-~i t

bioreactor, in

,~.
•,

rel'atiorr. to"operatin.g ,condi,tions1!y monitoring Signifi~a,:,t., • '

measGrabie vari~~les (C~rbohYdr.ate consumptibn, .. atel.' ' ~

/
.....
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surf.ac;:e -immobilized Catharanthus roseus plant c';'11s' undér

medium stimulation, ....ill ~e

, ,
assessed .... ith· product

secreti on in the, medi um.,

...

.,

) " "
," ',-

"

,',

, , .
/

c
•

-,.

" ,

, \

. ,

" ,

.'

.'-

, ,

'. ~.

!
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2.0 MAT~~IALS AND METHODe.,

2.1 The Bielegic~l. Medel Systems.

..
from ci.tltured plant' cells. Th.e main alkaloids cf interest

w~;e"t'he monomers '~;m'ai~c:inet(S";rpentin.e, Caj:haranthine and
'-

,l.,

..
Fewer are produced

'.
(178) ~

~

medel system cf this p~eject was

•
roseus which produces a. wide

, , .
''li ,~ .'.

,i nd.él.~~, al kal oi dsof
'.~"

, 'Of,
Th~ main' bielogical

,.. '~.

plant C~tharantnusthe

spectrum...

Vindeline (Figure 1.1). Dimerization cf the last two

.c:empounds g",ves the èxpen~ive: vi nÔ'i stineand' Vi nbl asti ne

whic:h have never been projuced' by c:ultured plant cells

-"'~'

(14) •
'.

•
Various Cathar.anthus reseuscell lines were generated

.
'at' ,McGill accerding te thé method summari'zed in Sec:tio'n , ,

o

1.2.1.2 (43) fr9m p~ant ~rgans. Line ,MCR17 was initiated,
,~

o
. from part of a .leaf on 84-09-05. The ,c;allus cf plant cells

preduced was SUbculture,{ from 'that time on iolid medium NB5

this cell, line was lnitiated on 84-11~13 in liquid medium
. ' .

•
. IB5' (43) (Appendix 2) ~ Thi~ "CLlltLlr'e, has' be~ maintained

~ " . - . .

,..

(43)' .(Appèmdi x 2) ,~very month. The suspènsion culture of.'

"r,

~ince that time by weekly t~~nsfe~ (5 te 20% V/V), in this
.'

•

'.

synthetic grewth medium~

..

,

.,

f - ".
.

!
>-

"\
J. ~

• .-
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•

The SM productivity of line' 'MCR17 cultured in the

Alkaloid Production Medium (APM) (<j.3) (Appendix 2) was

•

.\

.found superior: .. to. other Mc:Gill Catharanthus roseus cell
, -'

l iIles."'''It compared. favorably to NRC-PBI producing lin", 953~- .'

(Tabl~ 2.1>\ 'Consequentlythis line,has been. selected as
\.

the main model

•

'.~

Nicotiana tabacum (lobacco) and Glycinê max (Soybean)

cell l~nes Su582 and 'SBl were obtained from a callus

initiated at NRC-PBI using the sol i.d'lned i um .·NB.5; '•. .They.. ,- .... . were"

subcultured

suspension

monthly

of these

as line

plant

,MCR} 7,. ,
,

celi '. line's

The. cuitur~ in
';..,

was initiated on ' ..~. .
86-09-12 in 'lïquid medi.um tB5. 'These cultures have· been

" • c.:

.. ..
1"'-

grown' in 500 mL

-'

were

since that time by wèekly transfer (10-20% V/V). .

The thre.e

in this synthetîc growth'medium.
~ ...~-

maint-aîned

~.

Delong flask.:s con1::aining ( 200 mL, of liquid medi",m
'~''<: . .

-,; •.supp l emènted ' wi:th 2 mM of the gr;owth hormbn~ 2" lt""\
l.;j • - \. " ..

" '

pichlorophenoxyaceti~ acid and 20 g/L of sU:crose (43) • The

, '....
..... . -.'

(

"

Q

pH value: of this'medium
, . :-...
steri l iz'ati on' (120a C,

,
(lB~) .w~s adjusted

. .
15 psi, l, t:lr)."

.' '

to 5.5·' before

The same'gro~th .~ \

•

.'
" ':!

i I;'lo'i cated '
<rLlnl êsscultûres

!

SIPC

. , -

and

"

otherwise.

. ,
":,ediul)l, excef;>t f,o.r '~ucr~se .c9rce~tr';\tion, were used for ,all. ... , ... ~

bi,oreactor- .flask

,.
,'-='

J.~
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'TABLE 2.'1

.;~.

·.
..'

l>

•

~

, ,
1<'

~

.•
\

~.q)

•1

• - .
Plant Gell . Orig~n l'lace of Hedium Al ka l;.'ida Content ('Ig/gr"drled biomasa)

JI' .,
Line .Culture, '. ',

,:~, S. Lactam Tryptamine AjnÎalieine Ca tharantlne Taberaonirie VIndolinine '. .
, ,PBI

,
APH(G) 549 "New 953 PBI -. 1220 - '. 242 Traeea

·

-H6Rl<1~' HeGJ.ll ,
" Py,

~ APH • ,158,.6: • 1452.7- , ,-, - -
" ~ \~.. . ' .

3
I:ICR170 ,~ HeGiH ' '. PBI . \. APi!' 359.2 ' 73.1 616 - . - -

, , ' .
HCR17 HeGill ' HeGUI":" :tPH 15&.7 44.5 511. !i - - -

~ .. ·.. ..... .
HCRI7

..
HeGUI HeGtll APH 315.7 ,,91.3 '310.5 Traeea - .. -. ..

~6h91
,~

" l . •
400:'3\ -HCRl7 HeGiH .. HeGill .: APH 37.1 ~ - 117.9 -'., -

\ . 2~O.2
, ..

ifCR17 HeGUl HeOUI APH . . 244.3 ' . 350.2 - 92.1 Traeea '
. /,

. ~

.J
, ' ,,

- •./',

S. Laetam:- Strleto.si~inë Lactam.
.,!

'.'
'0.'

.' "

~•

. ,

·.~I .'

,\J

,

l;

"
'';-:'

' ..

,
~j

~

,.
,

)

':',
, ~

"'J''
.' ~ 1

r,

•

~ .~.

-
, ...

1-.

,

, .
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The weekly subcultured.flas~"suspe~sion cultures wer~

maintained at 27°C ~nder continuous
"

illumil)ation and

agi·tation on a rqtary shaker oper"ating at 150 RPM .• Typical

growth Ct.lrves of these suspensi ons are shown .i n Fi gures 2. 1

and 3.28·. (J'

.. .~

•
2.2.Selection· of Surface Immobiliz,ation Materials •. ·

, .'
" •

"

'. " Strips" of '7"at.erials €valuated' '.fo/: ' tlie surfi'\ce

immpb.iliz,ation .of p.lànt· 'cells we"e 's:terili,zed i'n 70%

.-of, .as

"
washed with' ster.ile mediu,r.;·. pla~ed in ,Petri

c.overed Wi~h' fresh medi u~'lS5~ 'inocul at;;;li! wi th

susp~nsion~.. of..~ ei.th<:r . SO~b~';I~~: Tobacèo ·or
. .~

1 ~ .;; ,

The Pe·tri~. di sheS were

cell cÙl~ur~ growth as weIl

Catharanthus r~s~~ 'dlant cel"s~
, ,,- J'

maintained ~.t 27°Ç and.agi~~ted at-50 RPM for-3 to 7 .days.
~- • ,1'-

Sel ei:ti çm cri teri a i ncl uded . vi sua]. assess.men.t. of . ~he J='l.ant

ethanol,

'dishes,

•
""..

.'
res~dua'l .' b i omass,
. . .,,_
"'ater. wash,

attachei:l to the support after a seVere
•..

. ,

.,

\

'-u.
;.

2.3 Tec:hniques of the' s.'oulture in Flasks.' •.

: ~cted - :~pp~rt Ûwere.·:~~ into Piec::s ~:
u' .", 1.-

8x8x30 - " They' '~ere' ~usp.ended in ,groups of .3' wi th
~ , .'

..
,"

."

• 1

..
stainless steel wires in 500. mL' Delong flâskS; 'sterilized'"

~' . , ) :
(l'ZO°C., '.15 psi, 1'~) wi,t-h or· witi:lot.lt medhlm 1·S5.. (275 inL)',

,.'

•

,.
".
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."
"

"

, '

..

''\'' • ,

.

, "
f

.., J:ypical growth ,~'urve of C. roseus .'cells of'
, , .

,J

line MCR1'1 gro"{n .i,n, shake, f las'k r' suspensi on

culture under stan~drd ·conditiots. '
:'l /,

J.1 = 0.58 d- 1 (r == O~'96)·'''·
r

" ,

.'

"

•

,~'

•
,

.'

dX/dt = 1.8, 9

,
J.l -O. 53 d-~ (r = O. 94~ ,

"

-
dCHOt.dt, = 3.3g/L.d(r = 0.96)

, -,

.' J.'
d,w./L.d(.r =.Q.99)

y. = 54.0%

-J

dxidt = 1.9. ,g d.w. IL,.d (r = 0.98)
, "

1.

y. = 56.2%

.6," dCHO/dt =~. 4 g/L:d (r' = 0.95)
•

.'

"

, ".

"

• '..

, ,
0

i

"
,

..... . .

/
"

..
" 1

Figure 2.1

.,

, ,

·5
',-

•

........,.
"':.i;
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,- which in the latter case was subsequentl y add,?d. ~ . Tf!e'. -,
flasks wer.e inoculated (5-10%>" wi,tn growii'lg suspensions of,

plant. cells and maintained at 27~C ,under' continuous

"iliumination for periods of 2 to 1~ days at mixing speeds,

of 130 or 150 RPM orr' à rotary shaker.
~' .:

'<il; , '" '

"

In order to increase the available cell 'immobilizing

area relative to. the culture~volume, a second plant cell
, '

surface"mmobilization ,flask syste", was developed. Strips

of ,support material were, formed into a spira:l'configurati~n'

of' 4.0 cm outsi de diameter wi th 100 cm'" total surface area.

The wound support bundle was suspended in a widemouth

,~,

<~! Erlenmeyer flask (50t) mL) containing 300 mL ,of medium IB5.

This culture ,vessel 'was ster-i1 ized, inoculated. and

maintained at 27~C as above. Agi tati on was by
. ~ - . -.'""- .. a", magneti-C::.. , ..-.~_.:' ., '" ..~:.,,-_ ..... ,

bar o cm:.: 5cm:). at, 110 toP600 RPM. In certain cases, sterile_. ,.
'.' , li l

air ,was passed through a sLlbmerged s)ntered "glass sparger

• at a rat'e of ~'5l"mLtmin', DurinÇj the first dayof culture,

low ,mi:<ing (110-:-1?5 RPM).' was

efficient plant', ce,l.lattachment.

generally provided for
,.)f

SubsequentlY t~e mixing

.. ratewas increased to'the desired' level,
<;>

"

"

•

2.4 Evaluation cf the AdhQsicn StrenQ:th' cf SIPC •

. ,

In order tc'assess the biomass adhesicn strength, plant. \:

cells surface-immobilized 'accord'ing to the first ,technique
1

"

• \
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. ,
'-;~.

. " .
preseT]ted in Section 2.3 were subjected to various

hydraulic shear and osmotic stresses simulating .the

bioreactor cLllture conditions 't0r per·iods of 30 to 180

minutes.

1B5

,
The testliquids were either water, growth medium

9
(sucrose concentration of 20 g/L);,- or the Alkaloid

, . Prod.uction Medium (APM)· (sucrose concentration of 50 g/L)

(43) •

.:;fi:
During the first series ·of tests, SIPC samples,.

(i~stalled vertic~lly) were exposed to each of three test

'liquids circulating at flows rates of· 1.5 to 22 Limin in a

•

.' .

Air

the

These

in

series

series .

The. second

the first

.submitting. SIPC to two-phase flow
. \

(Figure 2.2) as for

2.54' cm inside diam):er column (F!g~re 2.2).

conditions~ co>re~pond' . 0 flow··of ·Reynol<!snumber 1,000 to
.P

. .
15,000 relative to the column diameter.

«
of~~ts involved

same apparatus. --_.," .

."

,"

was injected' at rates of 150 to 600 mL/min (gas superficial

velocities: of .0.5,tà 2.0 cin/s) ,into e~ch :of the three test

'liquids circulatiJ:lg at rates comparable to 'the first series
. _ J} ..

'of tests.

submerged. vertically in 'a c'olumn of an internaI 'diameter of

.'?-.' ,"

,"pùFing
.....

'. . . ".. .•
. , ,-

~..
.... . ~'" . :

,,-, "!.:.,•.•, ..• "

t n·"t'h· ci. e .... 1r
•

ser.ies df

•

tests, SIPC samples
,
were

10 cm (FigLlre 2.3) . 'contai n i ng ~acti. ' of the' . three test
:C';:: :.

liquids •. Air was sparged a1;. rates of 200 to 8;::00 mL/min

(superf.icial velocities.of 0.0.4 to 1.8 cm/s).

• •

\
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strength of adhesion of SIPC is indirectly related

to biomass leaking. This parameter was"used to assess SIPC

attachment to var~ous supports. The residual biomass (dr~

weight) of stressed SIPC samples (i • e. the immobilized

biomass loading of the sample) was.cpmpared to the loading

of similarly grown but unstressed SIPC samples.

were

Th?se data
'. ~ .-.

fully corrected for any flowing medium sucrose .

entrapment in individual support matrices. A percentage

wa~ -calculated t~at represents th~ variation of the
"

SIPC loading caused by the hydraulic wash stressing. A

lOO'l. figure, for example: represents no~ignificant,leaking

of SIPC.

2.5 Electron Microscopy Study of SIPC.

Plant cells of Catharanthus roseus, Soybean and Tobacco

were immobilized on selected materials by the first

techni que·. presented in Section .., .,.
4 ....... Subsequently, they

were either submitted to the vario~s shear and osmotic

stressingconditions described in Section 2.4 qr not •
•

They

were fixed with glutaraldehyde, stained with osmium

tetroxide, l~ad citrate and uranyl acetate and embedded in

an epoxy resin according to the standard practice for

Transmission Electron Microscopy (TEM) observations.
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2.6. Anal.ytic:al. -";;".'

"

2.6.1 Plant Cali Viabrlity~

. "

,

..

V,iabili ty. staining,~f ,SIPC was performed ac:c:ording to

Widholm (179).

2.6.2 Chemic:al Analysi.;
, ,

The c:arbohydrate c:omposi ticn of, the fi l·tered (0.4511m)

c:ulture medium was analyzed with a Waters High Performanc:e.. "'\
"-

Li qui d Chromatograph (HPLC) model' 6000A-U6K equi pped wi th a

Refrac:tive Index detec:tor modal R401. The ,separ,ating

column used was Bi~rad Aminex'HPX-87. HPLC grade water was

the liquid phase. The column was operated at 80~C 'and at

flow rates of 0.4 to 0:9 'mL/min with a bac:k pressure of 500

to 700 psig.

Sec:ondary matabolites were extractad from the biomass,
ac:c:ording to the method presented. in (180). Their

identification and quantitative evaluation were performed

by Thin Layer Chromatography (TLC) and HPLC.

alkaloids standards were obtain~d from NRC-PBI.

1ndole

The TLC

plate~ uséd were Sigel 250 ~ (Baker Scientific: Ltd).
,

---Develo~ment and staining were done using respec:tively a 10%

•
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" '. .
solution of methyl 'alcohol in ethyl acetate' and a 1:r. cer;c

ammonium sulfa~e solution in o-phosphoric acid. (

.--
The HPLC used for SM analysis were either the apparatus'

...'~.

menti oned above eqûi pped. ;,ii th a Spectr~' Physi cs Model". . 8300

UV détector set at :254.nm or' a Spectra Physics Model 8000

system ~~uipped with a variable wavele~gth UV· detector.
,

Separ:ateion was achieved with e~ther

~m column or a RPS S~heri5 5~m coiumn

a RP 3000 Aquapore'10
~ .

supplied byBrown Lee

Labs Ltd. The 'liquid' phases were.either a constant.60:r.
. .

(Waters HPLC) or a 55 to 6S:r. gradient solution of HPLC

grade methyl alcohol in water.
..-..:,

. . ~::u .~';~..'

Su~pended plant cells were filtêred (10 ~m)~ washed

with distilled water and refiltered under vacuum. 1hey

were

oven

weighed
.~:;;- .

at 60 oê

wet and dri ed overni gh.t in an. air ci rcul ati ng

to assess dried biomass.,

•
cells from flask studies were washed wi,th. dis;tilled water,

."

dried to constant weight (24-48 hrs)

assess the 'dried biomass l~dingsame oyen to

wei<:1hed wet and

-::;,
structure

in the

of the

biomassimmobi'lized plant cel l

bioreactor wasremovep from thea

The

of

mater.i.al •
4>-

loaded

..
support

"""
-~ ~

cUlture vessel at harvestirig and drained.'. It ·was weighed

wet and driedto constant weight (48-72 hours) in the same

..
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circulating oyen to assess the immobilized dri'ed _ biomass

.loading (Appendi?, 3) • The wet and dry weight of any free
. --'

piomass .was determined as'above.

C.Il Susp.nsicn.

The rheological properties of a line MCR17 plant cerI

suspensi on (subcul ture 75) cul tured as per Secti on 2. l .were

measured according to Tanaka (74) with a Broo~field Model

RVT rotation viscometer having five spindles. The réading

of the viscometer (9) shows shear stress in terms of the

magnitude of the torque at shear rate in terms of the

revo1Ll~ion of the rotor (W ERPMJ).

Law Fluid is

The equatioo of a Power

<1. 1)

.'

where T is the shear stress (g/cm.s=), du/dr. is the shear,
rate (s-'), K is the-consistency index (g/cm.s~-n) and n is

the. flpw behaviour index. -This equation can be re_rranged

•(74) as

where' O<e is an instrument/spindle constant

(2. 1)

(74) •
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Appropriate log li near ...r,egressi ons of the vi scometer

r.eadi ngs for vari'o~s.speeds of the rotor---aRd spi ndl es gi ve

the K ~nd n parameters of the model (Appendix 1). The
, . /

apparent viscosity'of the suspension was measured at 50 RPM

with spindles 2 and, 3 (Table Al.l).

Al! meas~rements were made at 27a C. For each spindle,

a set of readings was rapidly « 5 minutes) taken for 4 to

• 7 ',rotor speeds (0.5 to 1.00 RPM) from low to high" speeds.

Between each set of measurement~, the suspension was mixed
,. .

to minimize settling effjc~s. For each speed, three to
~

five readings were taken', which were general"ly consistent

to :!: 37..

A relative mixing time (am) and the oxygen transfer

coefficient (k~a) of both SIPC bioreactors (IP and lA, see

. . .
Section 3.2.2) were measured by the tech~iques described in

For ,J;lioreactor lA, the B matrixthe next two, Sections.

struc'j:ure
-.

(see·Table 3.7) was used with Material A07.
~

The

resulting reactor downward flow area consisted of 4 matrix

spacings (termed A,to D, ~rom the exterior to the interior

of the structure) and of the peripheral spàcing between the

vessel wall and the matrix external layer. Thè measuring
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probe (pH or DO), was plac:ed in any of these ,five spac:ings'

~t, a height of 13.5 c:m ,from the reac:tor 'bot tom. A similar

(4 matrix plus 1 peripheral spac:ings)

~ase, the pH elec:trode was

, arrangement
~,

for Bioreac:tor IP-:" In this

was used

plac:ed in any spac:ing at a height of 7.4 c:m from the bottom

of ,,'the reac:tor. The small size of Bioreac:tor lP (2L) _

prevented installing the DO probe in any matrix spac:ing.
""~,.: ,-; . /

Consequent'l y thïs. probe was· i nstall ed inc:l ined on top' of

the matrix struc:ture.

A relative mixing time was measured for both SIPC-{~)
2.8.1 Relative Mixing ,Ti me••

\

bior~ac:~ors by the ac:id trac:er method (81) using.an Ingold

Model A420 pH elec:trode, a Cole Parmer Modfl 5997-20 pH

c:ontroller with a 0-2 Volts output signal and Cl Linear

Model llÔO c:hart rec:order set at an input signal of 0-2

Volts and at appropriatec:hart.speeds. ,The pH elec:trode

was c:alibrated before each series of tests. This

calibration was found not to c:hange after each series~ The

response time of' this system was su'ffic:i.ently fast (s. 1 s)·

as compared 'to the range of relative mi.xing times measured

0;0-200 s). AlI air flow meters were calibrated with a wet

test meter.' Mixing speeds (Bioreactor IP) were measured
\

with a ~trobosc:ope.



[' li '.. ..

, .
-70- . .

.'

"

.' For 'eaëhtest, the' reactor,
,-,

arranged in a given

-eonfigùration '(matrix, flow div.erting plate level and pH

electr':'de locat,ion), "las filled to the desired level with

\ tap water (lSQ C).
,

Operating conditinns were set (fiiteredf,
air flow rate and mixing:level for Bioreactor lP). Th", pH

value. of, the' "latel" "las adjust,ed to 5.5 "Ii th a 3N HCL

solution; At time zero of the test, a given volume (2 mL

and 0.5 mL respectively for Bioreactors lA and lP) of tlhe
-1-

,

HCL solution necessary to attain a final 3.4 ± 0.2 value' of
.-J

the "latel" pH "las rapidly added from the top of the reactor.

h ..... ~
Slmultaneously the chart recorder "las started.

A typical respohse curve is shown on Figure 2.4.
•

A

lag preceedes a smooth decreasing curve. Either the

measuring s'ystem, ,thespeed of the tr;acer diffusion/mixing

and/or the reactors configur.ation prevented measuring ,a

'.:." .
circufation time." 'The relative mixing time measured (em)

is defi'ned as the ti'me, requir'ed to attain 957. of

homogenei ty <'SU. Three to five measurements were made for

eàch operating condition with variations of ±57..

The volumetrie transfer rate of oxygen from the sparged

air to the liquid,phaseis given by (181)
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Figure 2.4 - Typical _re~ative mixing time ~esponse cu~ve.

Conditions:

Bio~eactor.: lA.

pH elect~ode ai 13.5 cm f~om the ~eacto~ bottom

located between t~e fi~st and second inte~nal

immobilizing st~uctu~e làye~.

•

-..

./ Liquid volume: 5.2 L .

Liquid levél: at th~ive~ting plate height

(2.54 cm above ~ise~ tube o~ 30.5

cm., f~om bottom).

'-Ai~ flow ~ate: 8.1 L/min (1.6 VVMi •
.'

..-~ .

Cha~t ~eco~der. speed:

'"
6 cm/min.

;

,
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-:."
::;. -, ":S:~;;.. .

'. •

\

= k ...a (C;; -C';')
-.... -._..

•
-,:.-

(2.2)

, ... '
j-where Ci!; i 50 the di 505001 ved oxygen . (DO) e:one:entrati on (mM/L)

2

in the liquid, Co is thedissolved oxygen cO~Gentration in

in the liquid oit 2 saturation ineq}';li,brïum W:th t·he ga·s

pha,se and k ...a is the vol U/petri e: overall oxy~en· _ transfer

e:oefficient (h-'). This equat~on e:an be re.arranged as'
~ .

+ ..

dCo
= ~(__1_) (---=) + C-

ok ...a dt 2

. \ .

(2.3)

- ,(oxygen) .

dCo Idt
.....

Co' .. ·-agai nst
::--2

"a e:onvenien~ way of ~etermi~ing
\9

'l:l "< ..
foll.owing a step. e:hange -·in ,the' airmeasuring Co

2

whie:h· gives

supply to the liquid phase•. A plot of
\

. (the ratel, of change in di 505001 ved oxygen e:one:entrati on)

(~
~

gives a -linear relatiÎ::mship w_~tt> a slope equal· t9, -l/k...a~

,.

, ·The .k...a of' both bioreae:tors was determined using'
q

distilled water (26"'C, pH .... 3) with a Yellow Spring

Instrument Co Ltd Dissolved Oxygen Probe and the assoe:iated

Meter Model 54BP. The meter.. "" was li nked to the ::::hart

re~or'der used' for themixing time ,meàsurements set at

appropriate e:onditions. The DO probe was calibrated 'in air

(8.3 ppm at 27"'C) as suggested by the manufact'ure.r. This

e:alibration

-(,.periments.

did 'not e:hange signi~ie:antly during the

oThe response time of this measuring system

). ,-
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c
was sufficiently fast (~ 1-2 s) relative to the oxygen

v
transfer rates measured (!. 30. h- 1 ) (SO). The DO probe was

installed either reversed (Bioreactor lA) or inclined

(Bioreactor lP) in the vessels to prevent direct air bubble

(
•

the reactor was arranged in a givenFor each test,
" ..'

nfiguration (matrix, diverting plate. level and DO probe'

contact which hinderstpyoper measurement.

" location) and filled to the desired level with.distilled

d'. water.·- This water was purged of its dissolved oxygen by

oxygen free nitrogen at the required operating conditions,

. \ (filtered nitrogen flow rate and. mixing level for

Bi oreactor lP) until a minimal residual DO concentration

was reached (~ 0.2 - O.S ppm). At time zero of the tèst,

the gassource was rapidly changed from nitrogen to air

(maintai.ned at the same flow rate) and the chart recorder

was started. •

A typical response curve is shown in Figure 2.5. A lag

preceedes a smooth rising curve. The k~a values were

calculated from these curves according to Equation 2.3•. The

. ,.. ~.

experimental data of
,

anyexperiment cpuld be linearly
;;,~·_.:4 .--'"

. . "'. ..,":.. .... c.or:r--el at9çf

"

as per (Equation (2.3» with correlation

coeffi"2ients (1'7) higher than, 0:~S5 for 5 te 7 points. The
,,~ ..

c
V..lues

1

reported
-.
are,· thè

.'

av~ages of

, .

3to

•
'.
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•

Figure 2.:5 Typical response curve of the ,oxygen

absorption by water.

•

-.

Conditions:

Bi\oreactor lA.·

DO probe àt 13.5 cm from the re?ctor bottom and

located in the peripheral spacing.

Liquid volume: 5.2 L.

Liquid level:'

C\
at the flow diverting plate height

(2.54 cm above the riser tube or

30.5 cm from bottom).

Air flow·rate: 5.2 L/min (1· VVM).

00 0 = 0.2 ppnl.

DO... = 6.15 ppm.

Chart recorder speed:· 15 cm/hr.

kL.a = 23.5 hr- 1 C-o~ = 5.7 ppm r = 0.85
...-
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3.0 RESULTS.

3.1 Development Qf the Surface Immobilizaticn Technique.

3.1.1 Selection of Surface Immobilization Material ••

'Di fferent . selected materials' were tested by the

technique'presented in Section 2.2 for toxicity, growth and
,

attachment of C. roseus, Tobacco and Soybean plant

-:.

growth.

Most4) •

of various

and allowed cell

texturessurfaceand

They were metals, plastic~

non-metallic supports were not

natures

surface,
cells.

The plant cells attached onry to three . types of

materials. A porous but fragile
.. '

ceramic. I)latrix r:etained

cells efficiently.

"
A rigid and porous matrix made of

synthetic· fibres bound by polymeric resins (WS and QS) and'

a series of fibrous materials (A07, A09 and A12) were shown

to attach plant cells in a superior way. These . l ast two

typ~s of supports are characterized by .their fibrous and

representat ives of the.. l ast

extremely i rregul ar' surface texture.
1

two types of

The best

materials were

selected for further study.
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3.1.2 Ch~r~ctsrizing Fl~.k Cultured SIPC.

3.1.2.1 The Mech~nism of Biom~ss Attachment.

Plant cells culture-immobilfzed on Material W8 in shake
\

fl~sks, as described in Section 2.3, were treated for TEM

study as described in Section 2.5 •. Results are shown in

Figures ::;·.1 t03. 7.. They show surface-immobilized plant

cells to be highli vacuolated and round.
•

Extremely go!"d

and close contact between the plant cell wall and the

support surface of Material W8 can be observed. At this

contact area, the cell wall adapts to the support

( configuration. There is evidence of some compounds being

secreted by the plant cell and accumulating between the

cell wall and ",the support.. A substantial layer of this

material can be observed at the cell attachment edges where

the cell wall is not in close contact with the support.

These compounds seemto be acting as a gap filler and/or

glueing agent. Closeups, of the Tobacco cell wall ,and

support contact area shèw the arrangement of this compound

in strands different from either the cell-wall or the W8

Material and parallel to the interface (Figure 3.7).

The 'surface immobilized plant cells were fully viable

as shown by the fluorescein'diacetate staining technique of

Widholm (179) mentioned in Section 2.6.1. The TEM result~



cells (PC) on support Material W8(M) at

.~,

~:

..-...

Figure 3.1 -,A, B Catharanthus roseus

,

(PBI Li ne 953)

a magni fiicati on of 3785.

The plant cell wall (CW) is flattening

at the contact
.. 1.

. area with the support

material surface. Extracellular mate-

is accumulating between the

o '

,',
cell wall and- the support surface (See

Figure 3.3).

•
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Figure 3.2
,

<,'

"

•

Closeup of Figure 3.1 (Al.

Catharanthus roseus (PBI Line 953) cell wall

(CW) on support MaterialW8 (Ml at a magni'

fication of 19360.

Intimate contact of the cell and the support

material is weIl seen.

,
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Figure 3.3-

"

.. ,

,

of Fi gure 3.1 (El.

Catharanthus roseus (PBI Line 953l cell wall

(CWl on support Material W8 (Ml at a magni-

fication of. '19360.

The plant cell wall- (CWl is'seen approaching

..

"

the support material~ The extracell ut ar

material is accumulating between th~

cell wall and the support surface.
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Figura 3.4 -\Soybean IPBI Line SB1) cells APC)
-,

on support

,

Material W8 (M) at a magn~fication of 3785.

As in Figure 3.1 fàr the Catharanthus' roseus

plant cell, the close contact between the cell
.,

wall (CW) and the support - surfacé. is
'\

~

noticeable. The cell wall flattened in the

~ontact area and the extracellular material

ICM) accumulate.d between the cell wall and the,

support surface (Gee Figure 3.5).
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Figure 3.5

.'

Closeup of Figure 3.4.

Soybean (PBr Line SBi) cell wall (CW) on

•

support Material W8 (M) at a magnification of

19360•

The cell wall (CW) and. the support surface

are in a close contact. The accumulated

e:<tracellular material (CH) at this interface

is of a different nature· than that of the

cell,wall.

•

-~
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:.e:.;..gure 3.6 - Tobacco (PBI Line Su1277), cell <PC) on suppCJrt

Material W8 (M) at a magnification'of 3785 •
•

As in Figures 3~1 and 3.2, the close contact

'be~ween the cell wall (CW) and the supp,ort

surface can he observed. The cell wall at'....

materi al. (Cw ) i s accLlmul ati n'g betwe~lf' the ce~ l ... .";.: .•. ~ -\,,,
wall and the suppo~t surface (See Figure 3.7).

"

this contact area is flattened. Extraceliular
• .•. 1ilt

' ..

(



'---

....,

..
pc::

•

~'\';- '\',
. ~

:..
\

','

.--;.

,



"

Figure 3;7

.'

•

1

Closeup of Figure 3.6.

Tobacco (PBI Line Su1277) cell wall (CW) on

support Material W8 (M)

19360.

at a magnification of

The .closeness of the cgll wall-s~lpport surface

as well as the accumulating extracellular

at this interface can be easily

~.,:";;j .

o

seen.
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of Figures 3.1 to 3.7 show structurally intact plant 'cells

at the surface of the support material underneath the whole

biofilm. Thi,s indi cates that autol ysi s of these cell s has

The viability of SlPC was subsequently

confirmed by the numerous growth experiments performed upon
, ,

scaling- up this technique to flask cultures and to
• ~t

laboratory size bioreactors ~see Sections 3.1.2.3, 3.3.1
" ~

In fae-t, this viability was dramatically

confirmed during' experiment lA-11 (see Section 3.4 and

Table 3.21>. A suspension culture of viable plant cells of

line MCR17 was,introduced in Bioreactor IA and successfully

immobilized and grown for 13' days according to the standard

ster-ile and dead fungal elicitor' preparation was added to'-'
procedure"developed (see Section 3.3.2.1). At this time, a

the culture (280 9 of elicitor preparation or 5% of the
-,

culture volume) as per the recommended protocol (114). The

characteristic browning reaction of an' eli,cited culture

occured within 8 hours after the addition. However, the

medium was not changed, contrary to recommendations (114) ,

after 24 hours from elicitation. Consequently all plant

" c;"e!lls died (black biomass and medium, cell debrisin the

medium which became alkaline) after 36 to 48 hours from

elicitation. This resulted in complete detachment of the

:,~
\"g;;'

biomass from the immobilization matrix during this period.

Two ot;,er si mi l ar experi ments (IA-13 and lP-47, Tabl e 3.21>

were c",rried out with the appropri,at,e medium changé. In

, ,
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the plant cell b.iomass remained active

(carbohydrate consumption and culture appearance) and

attached to the im~obil~zing matrix.

3.1.2.2 The Strength of the Biomass-SupportBond.

A crucial criterioM for selectirig a suitable material
,

for plant cell surface immobilization is the strength of

the biomass-support material'"bond. The leakage of biomass

•
out of the immobilizing matr~}:, tlle maintlimiting/factor of

this type of immobilizing technique, is directly related to

thi;; parameter~ This was indirectly evaluated by the

method presen-t:ed in Section 2.4 for Soybean, TobaccD and

Catharanthus roseus cell s iJl1mobil ized on Material W8 '"in

sha~ce fla6ks as described .in Section .., ".
..:.. .. '-0'.

'. The first two series of tests involved submitting'SIPC

samples to one or two phase flow circulating respectively

at 1.5 to 22 L/min and 150 to 500 mL/min (superfici~l gas

velocit:les 6f 0.5 ta 2.0 cm/s) for the liquid and gas

phases in a 2.54 cm column .. These conditions correspond to

a laminar boundary layer surroun~in~ the SIPC samples

(sample surface R~yrlolds number -range of 13,000 ta 25,000)

and. to c:alr:u1c::ttE·d sur'f'ace shear stresses of 0.5 ta 2.6 N/m2

(182-185) .
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Under these conditions, the immobilized biomas? loading

varied from 35 to 195/. with an average of 98/. for the

S6ybean and Catharanthus roseus cells regardless of the

exposLlre tïme and test medi um.

During the third series of tests, SIPC samples were

suspended in a stagnant liquid column of a 10 cm diameter

in which air was bubbled at.200 to 8300 mL/min (superficial

velocities of-O.04 to 1.8 cm/s). The objective of this-

series of tests was to assess the effect of air bubble

attrition on the SIPC biomass.

Under these.conditions, the immobilized biomass loading

·varied from 70 to 200/., with an average of 100/. for cells

of Soybean and Catharanthus roseus, regardiess of air flow

rate; exposure ti me or test .medi um. Immobilized Tobacco

cells performed less satisfactorily during both series of

tests.

The ~pread of these figures come from the variation in

t~e initial loading of SIPC and the absorption by the

matri:< and biomass of nutrients from the testing medium.

However, these resul~s and visual examination permit to

concl 'Ide that plant cells remai n attache.d strongl y to thi s

matrix under the high shear stress and air bubble attrition

conditions of these .tests.~
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3.1.2.3 Siema•• Leading Perfermance ef SIPC Cultured in

Flasks.

~~The following parameters were investigated for line 0
MCR17 to assess the biomass loading performance' of this

•immobilization technique and to define scale-up-design

criteria.

1- Ma:,:imum biomass capacity of the two types of

material selected.

2- Wet volume occupied by the immobilized plant cells.

~- Efficiency of the attachment process.

4- Growth rate of surface-immobilized plant cells.
ç'

The sLlrface- .immobilization of growing plant cell

·suspensions cultured in shake flasks resulted in relatively

\
uniform biomass loading of the suppo~t materialstested.

Various factors were evaluated to ma:,:imize the bioma~s

loading. Results are presented in Table 3.1. Loading of

plant cells on the support surface'depended mainly on the

immobilizing material, on... the inoculLim age and on the

mi:,:ing speed. The- combination of gentle mixing and

Materials A07, A09 and A12, which differ only in their

thickness, resulted in (200-400%1 higher biomass loadings

c
than those'observed with Materials WS and QS.' The A series

/
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TABLE 1.1

/ @

~URFA~~!~OI!ILIZAT}~N OF C. ROSEUS PLAt!T_Çf:.~S_ IN SHAI5E._~LASKS

Haterial Inoculum • Culture Shaker Suspended Residual Final Biomass % Of Biomass 1
Haterial SterUized Time Speed Biomass Csrbo- pli Yield Biomass Loading

lUth. Hedium % Of Age (d) (d) (RPH) (g d.w./L) hydrates Attached (mg d.w.
. Hedium (g/L) Icm 2

. 8.4
.

"18 No 9% 6 15 130 0 5.5 38.1% 3.6% 2.7
--

Q8 No 10% 8 12 130 3.8 ll.O 5.7 46.8% • 26.0% 10.6. ...
Q8 No 4% .10 -16 130 8.7 3.9 5.3 64.0% , 13.1% 6;0

Q8 - No 7% 13 14 130 5.L _ 6.1 5.8 55.5% 25.1% 10.5
1

Q8 No 7% 14 14 , 150 2.0 12.8 5.5 55.3% 50.9% 12.6
:

-
A07 Yes 7% 6 13 130 6.8 6.6 5.5 54.5% 9.4% ' 8.0

A07 Yell 7% 6 14 150 7.5 0 5.7 38.9% 7.1% 6.0

• 45.7%A07 Yes 7% 12 14 159 8.3 0 5.3 7.9% 6.1
,

~ A07 2 Yes 4% 13 14 150' 8.1 0 5.4 42.0% 1.7% 1.6.
A07 No 4% 12 14 150 7.9 0 5.4 43.4% 7.9% 5.7

, .
A09 :'Yes 7% 6 .13 130 3.5 10.9 5.2 48.7% . 19.6% 9.0

A09 Yes 7% '6 14 150 _ 8.2 0 5.7 43.2% 7.9% 5.7
, ,

..
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TABLE:3:1 (CONT'.D)

1 •

SUR~!-CE IMHO~IUZATION OF~ C. ROSEUS.~LANT .Ç.!lLLS I~ ~IIAKE FLASKS

~.

•

,
Biomass 1HsterhJ Inoculum Culture Shaker Suspended Reaidual Final Biomass % of

Material Sterilized Time Speed Biomass Carbo- pli Yield Biomass Loading
lUth Medium % of Age (d) Cd) (RPH) (g d .w./L) hydrates Attached (mg d.w.

Hedium - (g/L~ , /cm 2
, ..

1.12 Yes 7% 6 13 130 6.8 5.7 5.6 56.0% 22.2% 9.5

1.12 Yes 7% 6 14 150 8.4 0 5.7 45.7% ' 9.5% 6.6
"

1.12 l'es. 4% 10 14 130 4.9 . 8.3 5.3' 58.6% 29.9% 16.3,
, .

1.12 Yes 4% 10 14 130 4.9 7.7 5.3 63.2% 35.6% 20.7'"

1.12 3 . Yes 4% 10 14 130 5.1 6.9 5.4 51.1% 29.8% 17.0

1.12 Yes 7% 14 14 150 () 7.7 0 \ 5.6 41.9% 7.3% 4.7

1.12 Yes 7% 14 14 150 7.4 0 5.5 40;6% 8.2%. 5.6

\

(l)
(2)
(3)

SIPC dried biomass loading mg
Free floating support.
Culture without illuminstion.

J
~

d.w./cIl1 2 of support area (average of 3 results)~

.~.
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Materialscan also be sterilized in the medium without

inhibiting the subsequent growth of plant cellS.

The inoculum age is a crucial factor in increasing

biomass l oading. Inocula Sto 14 day old gave the best

resLll ts. Increasing the mixîng speed from 130 to 150 RPM

improved marginally (20%) biomass loading on the QS
~,

.
Material whUe reducing it substantially on the A07, A09

~

and A12 Materials.

During the experiments, it "las observed that the

sLlrface immobilizatiol) 'of plant cells on free floating

'support is not efficient. Light did .not affect the surface

adhesion of cells. /.However, the SIPC culture growth must

have encountered some kind of restriction because an

incomplete carbohydrate consumptionwas observed at biomass

loadings higher than 3 mg d.w./cm2 when the mixing speed

"las 130 RPM. Plant cell suspensions cultured under

identical condit:ions resul'ted in complete carbohydrate

consumption at the 12th day of culture (~ - 0;24 d-').

The highest loading attained "las 20.7 mg d.w. per cm2

of Material A12. The thickness of this biomass layer "las

of th,.! order of 5 mm, whi ch gave a wet-to-dry bi omass rati 0 ,

of- 25. consi'stent with the 95% hydrationc level of plant

cell s.
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The efficiency of bïomass deposition
'--

on the support

material (i • e. the amount of SIPC over the total quantity

of.biomass present in the culture vessell reached 25 to 50Y.

in the sha~e fI ask, system where the iI~mèbi l i z i ng area .was

33 cm~ relative te a suspension volume of
'.. 300 mL (A/V

0.11 cm- 1 l. The large quantity of plane cells produced and

not attached to the supporthas masked sorne other

characteristics of the shake flask SIPC, for exampl'e in

distinguishing between the adhesion and growth processes.

Much higher attachment efficiencies
-;

(75-99Y.l

employing magnetic bar agitation with a A/V ~ 0.3 cm- 1 (see

Section 2. 3l •
c

attained in the second flask SIPC culturing system

Complete immobilization'of the inoculum

occurred generally withir~ the first or second day of

CL!1 ture. The med,ium was completely free of cells until

harve~:;in8' wi th the li ttl e free b i omass produced ei ther

"'"at tached ' to the fI ask or ao;:cumul at,in-g in the small foam

layer in the air-sparged system.
j!!J

.- /.;

,;::: The superior immobilization efficiency of thetechniqL!e

"

o

was later confirmed upon scale-up te the laboratory

bioreactors described in Section 3.2. Almost ~omplete

immobilization (> 95%) was consistentlyobserved in these

larger vessel's -<Sections 3.3.1.2 and 3.3.2.2l. The medium

was free of suspended plant cells within 1 or 2days after
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.~ -
inoculation and until the end of tne cuiture.

~ -:,
'".--

.The little-.
amount of non-attached biomass present in the culture...
vessel accumulated mainly in the small foam layer on top of

the medium •

. Results of culture experiments in the magnetically

stirred flask system are p'resented ~n Table 3.2. High

biomass loadings and uniform cell coverage were observed.

The final medium pH was lower (Avèr.age of 97 experiments:

pH = 5.0, s = 3.0) than in normal plant cell suspension

cultures -<pH ~ 5.6-5.8) and SIPC. cultured in shake flasks.

Restri cted ,growth and al tered metabol i sm of
9'èo

indicated by the low average growth rates (~

the SIPC

0.10

were

and biomass yields ( 19-30%) as weIl as by incomplete

carbohydrate 'consumption, as". compared
",.~

to suspension. .
cultures (~~ 0.24 d- 1 and yield ~ 50-60% at 130~PM).

An ~gitation rate of ~25 to 2?0.RPM (Impeller Reynold

Number 5200;8300 or a tip speed ,...,., 33-52 cm/s)
,

seems to

represent a threshold m~xing level at which mass transfer
./

. is sufficient to insure maximum· 'g'i-'owth
~--:

.
rate. This is

illustrated in Figure 3.8.' Plant cells remained firmly
...

attached to the support material ..even at a mixi~gspeed of

600 RPM (Impeller'Reynolds Number of 25000 or tip speed of

157 cm/s).

... .... •
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"1 SURFAÇE IMMOB~LIZ~,!ION 0l'G. ROSEUS PLANT CE,!;,!-S 'o!L~TER~AL A12 gl'THE_MAGN~TIC, S~I:RRER SYSTIl~
"

"

<

"

. - , '

lnoculum Cull:ur<f % Of "Mixing Residual Finsl' ~iomllss Biomsss Aversg~ Growth rate.
Speed Time Csrbo- pli Yield Biomass Laading

, ", , ,
% Of Age (d) Aerati~k (RPM) (d) , hfdrates ......... Attached (mg d~w. ;

(f- ~)
mg d.w. 1Medium . ' g/L) . , /cm ) ( 2), ,~ 'f. , cm od '.'

10% Perl0.lic 1 16.2'
.

0.25'9 110 13 . 4.8 22.5% 99.~% 6.8 0.05 '
, .,

" ,;J
7'1. 10 Sparging 125 Ij 10.6' 5.1 30.6% 99.5% 7.8 " 0.08 . ,,', 0.38

•
10'1. )0 Periodic 125 '14 14.3 . 4.6 18:9% 97;2'1. ,7.,10. 0.06 0.29

" • ,, 0
10'1. 10 Sparging 125 14 ., 10.6 5,,0 24.3'1. 91.8'1. _ • 9.7 0.08 0.48

, ,
'.

10'1. ,. lQ Periodic 125 14 15.0 5.1 24" 9'1. ,96.6% 6.8 0.07 " 0.29
•

10'1.' . 10 Sparging 200 14 . 8•.8 5.4 29.5% 78.8'1. • 9.8 ' 0.09 .0.51 ,
J ~ ;, , ,

10'1. 10 Sp'l~ing 300 14 8.1 5.4 28.2'1. 88.6'1. 10.6 0.10 ~ '0.51
" '- ~-,t'" ." ' "

i2.110'1. 10 Sparging '400~ 14 7.4 5.4 29.2% 89.4'1. 0.10 0.67,
1 .

" 10'1. 10 Sparging 500 ' :.14 8.1 5.3 27.5% 90.1'1. 10.7 0: 10 0.58
,, 0-. 10l- 10 Sparging 600 14 6.9 5.0 26.8'1. 96.3~ 9.3 0.11 0.52,, . .

1

,
..

,

(}) Average net growth rate'
(2) 'Flask opening every 2 days

Medium: IB5, g • 20 g/L '

1
.. .,

, 1 ~~ •

,. ~
:.I~. r

.'.
"

"
•
~

i
1,
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Figure 3.8'
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Effect of the. mixing/speed on the biomass
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The growth rate of SlPC cultured in shake flasks was

evaluated by periodic retrieval of a flask and measuring

the amount of immobilized biomass (SlPC loading Cmg

d. w. lem"']) • Results are presented in Figures 3.9 and 3.10

for Materials A12 an~ QS. These results are compared to

the growth of plant cells cultured in shake flask

suspensions (SC, X Cg d.w./L]). \

depleted.

As sho~n in lable 3.3, the.amount of immobilized plant

cell biomass in this system showed a significant linear

correlation wit~ time as long as nutrients were not
,

The carbonydrate consumption of both series of

compared to thecarbohydrate consù~tion of

expe~iments

<?.Il
resul.ts are

•

are presented in Figures 3.11 and 3.12. These'

pl·ant cell seul tured i il. shake f l ask suspensi ons ·(SC). The

effect of th~ agitation intensity on the growth rate of
A:lt

immobilized' cells for. each material was as mentioned

~ncreasing the mixinQ'speed,lowered the SlPC

val ue ••

, . •

growth rat-e on Material A12 to 74% 'of the original

The same incr~ased mixing improved significantly (100%) the

3lPC growth rate on Material QS.

•

," smaller

P'The .SlPC
'li '

(by ~

11.$:
growth rates presented

')
70%') than' f'or suspensi on

in Table 3.3 are

cultures and,srmilar
, .. , .' ,.,.

to th'," average .r\?~!-llj:.s, presented in Table 3.2 for the
~ -.

m'&gnetic stirre/"'s~stem.···A series of similar êxperiments

'?

"",, .
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Figure 3.9 .- Growth curves of Ç..:.,. roseus SIPC on support
.,

Material A12 in shake flasks (average of 3

resul t·~)~

sc: Suspens~on culture.

~>.

V:. 130 RF't1.

f:::,,: 1 ::'.0 RPM.
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Figllre 3; 10 - Growth C:lIrves of ~ roseus SIF'C on support

Material Q8 in shakd flasks (average of 3

sc: Suspension cultLlre.

r;p Y:' 130 RF't1 .. '. ,

8: 150 RF'M.
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'. TABLE 3.3

CORRELATED GROIlTH RATE OF Q. ROSEUS SIPC IN THE
SHAlŒ FLASX SYSTEM.

Mixing Data l'ime Biofilm growth rate Specific
Material Speed growth rate

(&PM) (d) Correlation r
, Il

" (d- l) r

. A12 130 Figure3.9 C> 10 SIPC*0.54t+ 4.3 0.88 0.07 j 0.89
Une 1 (3.,1) .-

A12 ..150 Figure3~9 9 SIPC*0.40t+ 4.0 0.84 0.07 0.86
Une 2 (3.2)

Q8 , 130 FigureJ;iO 14 SIPC*0.26t+2.2 0.74 0.06 0.73
Une 1

, , (3.3). ,

Q8 150 FigureJ::1C 11 SIPC*0.57t+l.9 0~96 0.11 0.95
._. Une 2 p.4~

Contr?l' 130 Figures 12 X-0.81t-0.36 0.96 0.24 0.95
Suspensions 3.9-3".13 (3.5)

.
150 Figures ... 7 X-l;64t-O.3t t 0.97 0.41 0.98

,"3~3-~13
. 3.6)

\ ';l., .

X; Control suspension biomass concentration (g d.w/L).
SIPC: mg dried biomass pei cm 2 of immobilizing surface.
t: culture time (day). ,''fi'
r: . Unear correlàtion coefficient.
(1) Inoculation: 7% from lOd old inQculum •

.'

,

..
.,

'/



.....,. Figure 3.11

..

,

Carbohydrate consumption of SIPC on Material

A12 in shake flasks.

sc: Suspension culture..,.
1

..

Symbols are as in Figur~ 3.9.
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a..-e compared to

.' " ~
was· ca..-..-i·ed out with this latte..- "s~te~'

\
~. '.O.. '

p..-esented ln Figu..-es 3.13 and 3.,14, and
"

Res~ll t s a..- e
. '.,-

shake / flask suspension cul t~l..-es (SC) " Thesè..-esuits a..-e

~ summa..-ized in Table 3.4.
>

The ..-elative scatte..- of the data

p..-esented in Ffgu..-e 3.13 illust..-ates the sensitivity to

.condi ti'ons' of thi s c~ll tu..-e, technique whera' ca..-..-i ed

"'

The

g,,-o,wththedistinctlymore

as compa..-ed to the

system

show

flask

Much l ess·f'i",e!é bi ornas';; i s p..-esent' in. th!"._
,9'

sh.ak~ ~ l asr ./'_,.
beh'avi O~l"-. ~ \ ,.

\ \: ..

small

f Figu..-e '3.13

tbis

\ '

mag~~y sti..-..-ed flasks,
... ~ . '\ ..
system, which-~y,mask this g..-owth

ope..-ating

'--. t 'OLt ln

\. ~
..-esult. •

1
"

"

, , . ( ,

gr0':"lth"...... The ..-esults of Figu..-e 3.13 show the same linea..-
~'. , " b

ofpatte..-n of SIPC .. llp to app..-oxiniâtel'y the 8th day the

cultu..-e. The..-eafte..- the SlPC 'biomàss
6"

5tationa..-y phase. Thi~ was confi~med

ente..-.s 'a stable
\'1:

by ca..-bohyd..-ate

,consumption ..-a~s me~.s~t..-èments,as shown' in Figu..-ê· 3. 15.. Ihe.-- '

,p..-esence of this station~..-y phase of, SlPC~' cul tu..-es is

..-athe..- su..-p..-ising.. since it occu..-s without comple!e

.' ·ca..-bohyd..-ate cons.!-lmption by the immobilized plant 'cells. l''1'

faè:t, less than
"

50/.'. '

of the o..-iginal ca..-bohyd..-ate

•

~.. > :

concent..-ation in the medielm ~~s gene..-ally consLlmed by the
" " ,~ .

g..-owing plant cells. This stationa..-y phase of SlPC 6ccu..-s.- .~. ") .,
• a'!; the same' cultu..-e time as that of a plant cell suspension

i~

'. :..

c~lltu..-ed in shake flask agitated at 150 -RPM. ,Howeve..-, in
.'

• (--
, .

, .
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~laterial ,0,07

,
of C. roseus SIPC on support
4~ -,--

in the magnetically stirred

(

•

.system at various mixing speeds arld sucrase

èüncentrations (see Table 3.4).

sc: Suspension culture (S. ="20 g/L) :

'W: E:-:periment OiT (S = 20 g/L, 4,00 RF'M f.

6,.: E:.:perimen't P (S = 40 g/L" 200 .RF'~l ) .

0:, E::periment F( (S .- 10 g/L, 2"00 RF'~l) ..

9: E:·:perimerli: T (S = 10 g/L,.200 RF'M) .
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TABLE 3.4

GR,OWTII KINETICS OF C. ROSEUS.SIPC IN TIIE MAGNETIG STIRRER SYSTEM
(1' .

Med Hixing ·Max No. Time. ~ BiofUm growth dCIIO/dt bap dCIIO/dtaap Average Average Average
rate BiomassExp. [CliO 1 Tillie flaska ta S. P.

. yield wIn YX/I(g/L)o (RPM) Cd) (n) (d)n (d- 1) r ( mg d.w.) g/L od r g/L'd r.r ,,
cm 2'd .

1\ 20 200 la 6 84 0.19 .99 1.21 .99 0.71 0.97 - - 24.1 :18.3 31.6 11 •9 76.5 15 •.,
J . 20 200 14 8 84 0.32 .97 1.25 .95 . 0.78 0.95 0.25 0.50 2i. 2 ±S.9' 42.7 i14.6 78.3 113
K 20 200 12 2 81 . 0.22 - 1.05 - 1.26 - 0.65 0.35 ~1.3:t4.1 44.6 16 •1 75.8 114,
L 20 200 14 7 . 84 0.30 0.99 0.93 0.97 0.53 0.99 0.35 0.90 28.1 :l8.6 52.3 iI6 •3 63.5 16 •.

1

M 20 200 14 7,' 83 0.18 0.99 . 0.64 1.00 0.34' 0.85 0.90 0.99 23.2 15 •4 41.0 ±s.a 82. i ±J.!

UlM
,

l'. 08 0.84 2~. 5i7. 0 42.9 iI2 •5 75.5 112 ,20 200 14 30 816 0.25 0.87 0.87 0.66 0.62 0.46

OIT 20 '400 14 10 ; 85 0.14 0.88 0;56 0.90 0.51 0.80 1;0 0.57 3,4.lili.2 3~.9±J:3 90.2 14 •. ..
0.64 lr.91 0.47 0.87 • 3&.l i13 •8 80.3 i1 1.P 40 2.fl0 16 8 - . 0.13 0;91 - - 38.9 i7 •8.

- j • (P' ) 83 0.33 0.99 1.1l 0.97 . 0.26 0.57 0.89 0.93
,

R ,la 200 9 7 8 0.22 0.85 0.72 0.72 0.80 0.70 - - .30.7±4~8 42.2 14 •5 73.,,9 iI3 •6

T la 200 10 7 85 0.10 0.73 0.33 0.55 0.11 0.31 - - 37.3 112 •1 47.7 i7 •8 77.2 120•

RIT . 10 200 10 14 811 0•.1 6, 0.76 0.50 0.64 0.41 0.42 2.45 0.99 34·~:19.7 44.9 16•7 75.6 i16, .
Conditiona: Mater~al A07. Sparged air li.eratfon 28 il oC; Inoculum: 10X/I0d old

~
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"·this case·this coincided w~th carbohydrate exhaustion from

the medium (see Figures 3.14 and 3.15).

. " The growth rates of SIPC cultured .. in this system,

before stationary phase and at an initial sucrase

concentration of 20 g/L" are much larger (1.08' mg

d.w./cm~.d! than the average values presented in Table 3.2.

They are 'also much la~ger <100 to 200/.+) than for ·SIPC

shake flask cultures.· <Table 3.3). In fact, the specific

" growth rate of the combined 5 experiments·H to M (0.25 d-»

compares to that of a plant cell suspension, cultured in

·.....
\~..

shake flask a~itated at 130 RPM (0.24 d- i ).

~s shown in Table .3.4, the growth rate of SIPC on

Material AO? is decreased by 44-48/. upon incr!asing the

.mixing speed 'l'rom 200 td 400 RPM (Impeller Reynold~ Numbers

.'

of 8300 and 16600 or tip. speeds of 52 and 104 cm/s). A
'.t,

similar negative effect of increasing the mixing speed oh

the growth of S!PC on this type of material cL\ltured in

sliake flasks was noticed in Tab'les 3.1 and 3 .• 3.

of the initial carbohydrate concentration on

The.ef'f~

the growth

ra~e of SIPC is not clear. The biomass yields of SIPC
.~

cLlltured in this system is lower' (20-39/,) than for

.SL\spensi on
-

cultures (50-~0·1.) as observed in Table "'=:' .......... ...:.. The

.....

(25-50) is higher than the value presènted previously.
,~
'~;

weight-~o-dry weight ratio (W/D) of the SIPC biomass

..
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Developmentof Laboratory Size'Bioreactors for.Surface ImmoQ~lized Plant Cells •

3.2

.
•

3.2.1 Selection of Biereactor Configurations.

The numerous factors, either biomass, engineering or-

immobilization technique r-elated, which ~ave influenced the

development this system, were discussed in Sections 1.2.1,

1.3 and 3. h They are summarized in Table 3.5. These

three groups of factor-s' are interdependent and play _ an

impor-tant role in determining the mixing and aeration rates

and the maximum biomass concentration of the system. These

cons-ider-ations wer-e tr--ansla-ted in the development of the

culture systems discussed in this Section.

The immobilizing structur-e had to be
~

fixed for-

efflcieDt immobilization and ta prevent biomass abrasion

and attr-ition. The matrix ar-~angement had to pr-ovide for

~n easily accessible high immobilizing ar-ea per unit of

r-eactor- volume._ Ef-fi ci ent inoculum - attachment and

~ubsequent - r-etention of the immobilized biomass wer-e

ensur-ed by using Material A07, which was shown in Secti"on-_.

3.1 to sur-face immobilize plant cells better ~han other-

mater-ial~, and stati onar-y phase -plant cell sLtspension

inocula. Material A07 was available in thin '(1.5 mm)

c
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TABLE 3.5 :'

DESIGN CRITERIA FOR SIPC BIOREACTOR .

.!-

1"

/)

Design Restrictions

3 mm

WID ~30.,.50

Objectives

~

Criteria

- Ilet biofilm thickness
. ,

Minimize diffusion limitstions(02)'

- Wet-to-Dry weight biomass IMsximize biomsss losding of syst'em.
rstio ,

"~

1 11 '. I~)r--._--.:..-~~~II- Biomsss

~

- Sensitivity to ~ mixing IPrevent biomass disruption, heterogeneity
and reduced growth rste.'

- aeration IPrevent~biomass hyperventilatlon.
.~

Low ahear, .controlled
mixing .,.;,i;:
Limited aeration
rate (kLa <15 h- 1) •

. .....

- Stickiness

2- Engineering

Prevent accessories plugging and hetero
geneity.

..

fi.

- Mass transfer

- Culture environment

v 'Allow efficient, uniform and controlled
mass transfer to and from SIPC favoring
productive physiological proce~ses.

Allow biomass and medium homogeneity and
efficient separa~ipn.

, Suitable and
matched bioreactor
hydrodynamicsand
matrix configura
tion.

- lIigh biomaa'a .concentration 1Permit high productivity without hindering
masa transfer and'phyaiological procesaes.

- Proceaa requirementa
~,

Allow regenerative growth, media change
overs and high reliability.

lIigh AIV arrange
ment.
WID Limitations. 
Fixed structure.
Matrix spacing and
bioreactor struc
ture.

.. "

....

1 1_____ ,
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TABLE 3.S"(CONT'D)
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DESIGN CRITERIA FOR SIPC B~OREACTOR

Criteria Objectives Depign Restrictions
.

'.
<J

3- Immobilizstion Technique
1 .".

.

Matched bioreactor- Immobilizstion process . Provide for low shear pumping and uniform
1

. distribution of the inoculum in the matrix hyd rodynsmi c snd ma- .. structure. trix configuration•
Initial low mixing

, snd. aeration rate.
....~ ..

Provide for rspid and efficient recruit~ Use-of Material ~O7',
ment of the inoculum. and late stationary, phase inocula

(8-IOd old),'
,

- ~iomass retention and Permit a weIl sepsrated two phase s~stem ' As j1bove.,
,growth snd high biomass loading. Controlled mass

trsnsfer • .

• lIigh A/V flxed mittrix
" structure., ,

\ ,

,..

1

.l

,1

,

~.

.'

,-
,

*
"

..

.' '

"

....

'-0

.,

" •

\
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•
the fixed spiral structure....
flexible. sheets. One of ~e most compactoconfigur.ation is

. - .",1

,..

'~'". . The hydrodynami cs of the bi oreactor. had tô p":'ov~d.•e· for
• •

the pumping and uniform distributio~ of the sensitivé and

large inoculum througho~t'the immobilizing structure w~th

. mi"nimal . foaming. The resulting flow ~ttern .had .to

permeate uniformly the whq~e biomass
•••,"")of"

loàded matrix~

configuration without creating dead volumes t~ensure good

mass transfer to the immobilized plant. cel'1s; It addition,

the system had to provide for."an effective aeoatiori of the
..

cul ture', i ts rel i abl e ste,:,i !J:;e.ocontai nment and good scale up

potenti~ls.

this context, 'the fixed
"

vertical ..spi ral-wound

.' immobilizing structur~ installed in ~n airlift bioreactor,

with the riser tub~ atthe center of the

meeting these requirements •

.;..
al ternati ve'

'\
arrangement

selected· which offered

spiral,, was the

structure

.configura.tion,

immobilizing

Was developed • which

i"nstalled
. "

heigQt-to-diamete~ mechanically

àir sparged bioreactor.

, J

magnetical~y
. '..;:

. .. "

stirred and

The main parameter that governed the design of these

". . ,.
bioreàctors is the thickness of the at~ached wet biofilm •

•
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techniqul'! .

fi
" "

)/ ' ~

~ .. ~,'.

.~ .- ~
• ..... .-0. '. ~ ~.' ll.

~:7,~nr:k~l.~~ng.;-aci:~r, as l,Qn~ as .~Llff.ic.~e..t' mtxing• is

.e",s~,~" 1s" ~lffuslon,~it.~",~n ::h-€! p~a,nt cel~s lay;r',~his
asp";'ct '1s' d':ktferen:t.~from thj{cell ent,..apm';'t im~obili?ation

• . t ' ';', " 1. .' v {t'j. -'
The i nter,mal di ffusi on, in the '''layer of cell sis

, .

•

:~ .... ' -

'. .
-~

r:~. ".:,
"...... ,

.~ (.: :~':.' .... ,.
.. .ra:.-;:'~ .....~ .~ .
• ~ . "", .;;1.

,j.. '

, "
a di'rect :function. of the biomass nature, strLlcture and

density as weIl as of .secreted extracell ul ar products

(186) ••Di:.f.fusion of oxygen a",d nutrients in microbial
a;

was found ta be in the range of' 80 to 90/.: of that

, ,

biofilms
.~
'~n water (86) • A crit,ical radius of 80 to 2000 T'm for

.~.: .

transpor;t (186).

,

••

mold pell ets, has, been reported
:e ..~,

T
Informati on on

- for

the

sufficient oxygen
< •

diffusion within a

pl ant cell biomass layer does!not seem to be available.

".

C··
However, they ~ave been

'$.,
viability

i~mobilized 'with good retained'

'A
in calcium alginate 'beads .3 to 4 mm in diameter

(47,187 and others), with 5 mm beads being less

efficient (5). Recently a range of bead diameter of

1. 4. to 3.8 mm has been ''fuggested ' 'that permi ts

sufficient oxygen supply for retained viability of

immobilized plant cells (48),

in polyurethane fbam particles 1 cm x 1 cm x 1 cm

(1'70) and

on a porous membrane at a thic:kness of 3.2 mm' (129).

Also, the ,metabolism of plant cells being inherently slow,

it m~l.~~robablYbe less 5ubject to diffLlsion limita'tions

.C
-':',1

:

"
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. ,"

wi~hin the proposed

systems (149).

"configuration
•

OIS compared ·'to other
, .

"

, F~om these considerations, a wet biofilm thlckness of

3.0. mm was chosen as the. basic design criterlon for 'th.e

current new system. Thi~ will allow immobi~i=ing 6-12 mg

of dried plant cell bi'omass (W/D

"
ainer design characteristics of bothsupport surface area;, . ,

o······· . .
SIF'C bior..a:ctors are ,',summarized ln the

"
two· fol l owi ng

, .

Sections.

3.2.2 Descriptien ef the:'SIPC Biere.cters.

,
'. . po ,

3.2.2.1-Mech.n(cally Agi:tated Biereacter IP. 'Il;

,

As shewn in Figure 3.16 a~ 'Table 3.6, this SIF'C

It is ~gitated' b~ a

L glass v~ssel withbioreac'tor

bottom.

is a 2

magnetic

a conical profile
<,

.~:'....
bar. ' Ae~atioh is

•. "'" provided a sintered glass sparger. The

immobili=ing material is formed ' into, a vertical ,square

cenfiguration with a supporting !'cage" structure

made of stainless steel rods, (0;24 cm)., This strLlcture is

vertically in- the bioreactor and rests 'on the top

edge of the inverted conical bottom.

.'
_o •• ~.

,'.

•
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Ccnfigctr'ation of Bioreactor IP.
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TABLE 3'.6

CHARACTÈRISTICS OF BIOREACT,OR IP'~ :'~

.1'!-_' -'- C_h_a_r......a_c_t_e_r_i_s_t_i_C_s_, +I:.._"_D_i_m_e_n_s_i_o_n__-!/'
1 Vessel

2'

InternaI height

Inside diameter

Conical profile bottom
InternaI' height

- Smaller inside diameter

Magnetic Stirring Bar

20;0 cm

13.0 cm

3.0 c,m
8.0 cm

\ '1i?' Diame te'r ..

, "

3 ·-Maxim.um allowed liquid ,volume (VLm )
(with matrix)

InternaI height

'\ "

4 - Immbbilizini structure

10.0. cm

.:otal availab~~ immobiliZ~ng area (A)I 1728.0

A/V (Max. Liquid and ~tri.2t height~) 10.89-1.03

c

'" .,»

."llo••

4

••

..

Net 1ayers spacing at zero loading
(Material thickness: 0.·15 cm)

Number. of spiral turns

1.- 35

':. 4'
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The main characteristics of this bioreactor are its

height-to-diameter (H/D) ratio, the spacing bèt~een the

laye'::.s of , the immobillzing the total

1.5, 1.15 and 1.0 relativé to the

available

bioreactor

immobilizing
'1

(respecti vel y

area. The low H/D ratio of this

:
tbtal vessel height, to the maximum liquid level and to the

immobilizing structure height) were,selected to ensure full
1

permeation of th~ immobilizing structure by the culture

broth. This was achieved bythe swirling motion imparted

by the mixing bar to the liquid phase.

spacing (1.3~ cm) allowed a theoritical

The selected layers

flow'passage of.,
0.75 cm at maximum biomass loading of the immobilizing

structure. This spacing limited the length of, the

immobilizing material' that COLlld be wrapped 'around '.:he

holding rod structure to 85 cm. The available immobilizing
!
r

area (1728 cm"') ;;;hould permit retentîon of ~ 15.8, 9 (WID ~

'::::..'
,·.~·':;'.~ ...:·:èlr, ..

. . '. '"'. .- '). ,

37.5) of dried plant cell biomàss at 'max'imLlm loading ~n the

"b.i oreactor. Tohi s quanti,ty corresponds to dri ed bi,omass

concentrations which 'ca~~ibe imm.obiliZ"Id in' this system of

8.3 to 9.5,g.d.w./L ]~eacto~'vol~me at the maximum and

immobilizing~structure levels \esp~ctivelY.

3.2.2.2 Airlift Bioreactor lA.

-.

, .

The characteristics of bloreactor are

illustrated in Figure 3.17 and" presented in Table 3.7.
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Figura 3.17 Configuration of Bioreactor lA.
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TABLE 3.7

\~

_._ ••• -•• __._ •• >- .........,...~

f!\

"
..."', . CIIARACTERISTICS OF BIOREACTOR lA

)

\....

"

• y -.. •

. ..":j';'~1.~. .•__ :~:.~l

\" \.:- '",~
• .,'of,',; ..

e>
~.

"

Characterisdès' Dimension Charitcteriatics Dimension

1 - Vessel. . • 2 - Liquid Volumes.
(with matrix)

InternaI height (II) 45.7 cm Maximum (height)' . 7.6L (45.7 cm)
Inside diameter (0) ..15.2 cm .
Slenderness ratio (11/0) .. .. 3.0 Maximum allowed (h) 6.5L (39.4 cm)
Inversed conical profile .

- height . 3.8 cm To diverting plate (VD)(h) 5.2L (30:5 cm)
- smaller. diameter.. .... 3.2 cm To matric level (h) 4.4L (27.9 cm)

Riser tube.· . ' 3 - Immobilizing structures.
- length (Q I. structure 24.7 cm

. .' height)
- instde diam:ter 2.54cm ABC
- loca~ion from bottom 3.2 cm
- riser-to-downcomer. ratio 0.03 'Layers spacing 1.• 12 1.09 0.92

. . . (ARI AD) . at no loading
~,' (cm)'

Flow divertt'ng plate"
- diameter . 3.8 cm Immobilizing 5400 6500 8430
- location above riser' 2.54cm area (cm 2) . 1

Accessories volume ~ 609 cc . A/v (cm- I) 1.04 1.25 1.62
(without lmmobilizing 0

material)

,

,

. 1

f :'

\
'J'

"
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Bio~eactor lA is a modified ai~lift 6 L glass vessel. It

is eq~ipped with a teflon inverted conical p~ofileto

ensu~e no dead space at the bottom of the ~eacto~. The

immobilizing mate~ial is fo~med into a vertical squa~e

spi~al configu~ation within a structu~e of stainîess steel..
~ods (0.24 cm) welded to a cent~al (yertical) stainless

steel tube of a 2.54 cm ID. This strelcture is fitted

vertically in the bio~eacto~ and is attached to the top

flange. The ~ent~al tube of the immobilizing st~uctu~e is

,......,

the,~ise~ tube of the ai~lift.

The main cha~acte~istics of this bio~eacto~ ~~e the

flow diverting plate, the spacing between the immobilizing

laye~s and 'the total available immobi~izing area. The flow .', ,

diverting plate fs located on top of the riser tube at 1

,

feature comb"ined with ,suitable bpe~ating,conditions (liquid
, ~ ,

ievel and ae~ation ~ate)" pr,?vided "'fo~ elniform and effi"c(el)t

,
diameter above' its highe~,end., Th'S particula~. meC:-tianica'l. '

,

mixlng within the immobilizing structure. . (see Section

3."2.4.1>. The selected spi~al laye~ spacings lA: ..1. 12 cm;
" " .' "

B: 1.09 cm; c: 0.92 cm'> allowed -theo~ètical flow passages

of 0.52 cm, 0.49 cm ,and 0.32 cm ~espeètively ,at the max i rnLtm

biomass -loading of the immobi l i z i,ng st~uctu~e'.·
<.

These

spacings limited ~he length of th~ immobilizin~ material

that coul d be w~apped a~ound each rod 'hol di ng st~elctu~e to

-,
117 cm (A), 133 cm (8) and 173 cm (C).

•
,

"'" ,",-

The quantities and
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concentrations of driéd ,plant cell biomass that cbuld be

retaîned by these i mmobi l i zi ng structLlres are presented in

TaOle 3.8.

The two SIPC bioreactors were designed without internaI

accessories other than those required for hydrodynamics

control and immobilization to prevent heterogeneity and

instrument fouling with the biomass. The control ,of

temperature was ensured by operating the bioreactors in a

. temperature ·controll ed chamber. The pH of the medium,

measured at sampling, was relatively stable and was not

controlled. The dissolved oxygen concentratlon of the

medium was not controlled.

3~2.3 Modelling the SIPC .Bioreaetors.

In this Seetio~, a model nted tnat relates the

operating conditions, ~mass transier eharaeteristiesand
.;

confrgurâtion of the dè~igned'bioreactors ta the be~viour

of the SIPC bio~il~.· 7hism~del will be used ta correlate,
the gr.owth of SIF'C to carbohydrate '. .c,onsLlmption since' the

, i mmob i l i z ed biomass eannot be sampled ta meaSLlre

concentration without ~?mantling the bioreactor. This

. fli!.

. '

\'

•
SLlbstrate, is the major' contributor ta bi'omass formation and

•
its concentration in the medium is easily measLlred. The

model willfbe 'e:<tended 'ta describe sorne proeess engineerirlg

~'



-

TABLE 3:8

BIOREACTOR IA IMMOBILIZED BIOMASS CAPACITY

IA Immobilizing structure .
A B C

SIPC
>

W/D - 25

Total dried SIPC biomass 65.4 78 .8 '102.1
Cg d .w.)

Immobilized Biomass Ccincen- ""1 12.6 15.1 19.6
tration
Cg d.w./L of reactor
volume at Flow Diverting ,

1
Plate Level)

.
.

W/D - 50 '. 1.
"

Total dried SIPC biomass 32.3 39.4 51. 1
Cg d .w.)

,
Immobilized Biomass Concen- 6.3 7.6 9.8

" tration
Cg d.w./L of r~actor~'" >

volume at Flow Diverting
Plate Level) • l!I

,.

~\, ...

"

•

, '

(0\/"
"~

•

•.. ::
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.'

c aspects of the ,induction of p"'OdLlct biosynthesis

elic:itation. This last Sec:tion is p...e~ented to c:omplete

the model and has not been ve... ifi,ed e>:pe... imentally.

The main ope...ational c:ha...acte... istic:s of the SIPC

•
bio... eac:to... s a"'e the ae...ation and mi>:ing ...ates within the

immobili=ing st... uc:tu... e. The low oxygen ... equi ... ements of

,'.plant cells discussed in Sec:tion 1.2.1 (k~a ~ 15 h- 1 ) will
o

be me~ witnout diffic:ulties by the ai ... lift and sti ...... ed tank
,

bio... eac:to... c:onfigu...ations selec:ted, espec:ially in a mo... e

mass t ...ansfe... effic:ient (su... fac:e) ,immobili=ation, system..

This has been ve... ified expe... imentally anJJwill be p ... esented

in Sec:tion 3.2.4. ~t.:
\ ,~

,lt- ~'.
. .

Mixing ...ep ... esents a more c: ... itic:al oper-ational pa... amet·e ...
" ..

.of the SIPC system.·' The.•mixing ... ate. ~nd unifo... mity· and .the _~
• .e. • .-

!./tfmass t ... .;nsfe... c:apac:i ty 'df both~io ... eacto... s· a ...e. c:l osel y
-'
, ...el at'ed to thei 1". li qui é1 pumpi ng c:apabi l i ty.
" ,

Thi'S 'pum~ing

.
....ate fo ... a s.ti ... red tank ... eacto... is diffiC:Ltlt to' evalu.ate.

i

Co...... el at i.ons we...e developed ... el ati ng the mi x'i ng time to

geometric:ala~d ope...ational pa...amete...s. The ünique

configu...ation of 8io... eac:to... IP makes the analysis pf its
,

hyd... odyn.amic:s even mO"'e diffic:ült while c:ompa... ison to

..

. . ...
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existing. co~~elations a~ not reve~nt. Consequently the

mass transfer characteristics of Biorê~ctèr IP were

evaluat,d only experimentally. Tt'ey were:ppt.imized for the

culture of,SIPC.·

A theoritical hydrodynamics analysis of the air~ft

Bioreactor lA ca~, be more easily ~eveloped a~d was found
)

more useful considering the ,'scale up p6tential of this

system. The liquid pumping rate'of an airllft vessel can
"

be correlated with its air flo~-. rate. Howevèr, this is

~iffi~ul€ since it
9"

depends on' the geometry of the system

and on two phase flow hydrodynamics. Few literature

..... ,

"

correlations exist that relate thèse two vari1l:bles and that- can be applied to varied geometries (82,188) ..

'''!'''"

. .
~ A system geometricarly similar (rise~-to-downcomer ar.ea,
rati 0 • (ARIA';) ~. 0.023) to Bi oreactor"'IA (AR/AD '%. 0: 03) w~s ".:.. .. '~

did not in~lude the immobiiizing

, "

". .";r."

(82) based~~n earlier

..

it

WOlSIt

built i '1.to .

w.as, . or ig.i,riall Y'

as

al'!.cr. .restri cti ve
•

.~

equatlon

,
,secti on" sltch'

" "...
.a mor~ C,omp l ex

work .(182,189)... ~
acco~nt thé abov.e exceptions;

te" •
into

The f'ollowing

. -t:I own c omer:

It featured
~

device and

ta\:e

lA.

to

.
(82) •

motlified

developed
-'

Bioreactor

st~ldied

'air\ injection
~ .
~t~U,ctLlre .,i ~·.•t"'e.

~,

relates' the indUced liquid flow rate to the airflow rate in

Bi oreactc:ir lA.
.~

q ,...
'.
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(3.7)

(3.S)

,
the ~riction losses·of the liquid flow in the

.,,",,

immobilizing structure for laminar flow (190)is given by

= JL.Lrr(D~/2)= K~~L.

abî
(3.9)

..;. '.;

..~
~~~

~,..
"..

. :.~

• ~v-;.

......

~'

'.

•

"

and..'

Dg: ~ ·c·

f?
PL.'

ev:

f . :

. .

. .

, ,
•

•,....
ljq~id superticial velocity (mis),. . '. . .

t
gas superficial velocit'y .(m/s),

entrance effect in a tube ~·0.7S,
._~... .

.Fann~ng friction factqr for turbulent flow'

in a· pipe (;;1 O.OOS),

\
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~

0",: r-iser tube internaI diameter (m) ,

(LlO",) ..o~: equivalent fric:tion' length assoc:iated to

the fiow diverting plate on top of the
<

.;
riser tube, ,

K.. : model parameter, equal 'to 12 (190');
, " ·C

spa'c:ing' for liquid flow (m).

liquid vi sc:os.i t y" (kg/c:m.s),
\ ~ '.

. .
':'.

. -
i engttl,<m) ,spiral

-C .

·spiral

llL.:

.. a:

......
,I~

Equation (3.7) was used to estimate the liquid pumping

c:a'pac:i ty of· the bioreac:tor for air flow rates (Q~)

.
The experiment~l'(182) •

model, .and

1 '..D
s'emi -annul"àr

.~~.

.'\.-

be

t-Wo

where

gives

c:ar]

"lis,

range

0.4

This

of

than

'.

the

p_hase ,fl~~' regime were o(served

resLllt!Ol"of .(82) fitt.ed Very~ell

c:orrelated as fol~ows for;
. ~ ~

varying from '1.0,~?0"10.0 L/min.

superfic:ial gas v~~c:ities lower
, ...

reduc:ed PUmPingeffic:ienc:y~a~donstf

..,
~

. '

j", s:. 0.236 mis: ,
~., '\

.,

,.
JL. = ,l.9J~ + 0.•'42 (3.10)

with a linear c:orrelation c:oeffic:ient.r of 0.98.

.\ The c:alc:ulated
)'

pumpingc:apac:ity of the bioreac:tor c:an

be c:orrelated simi~arly for jo s:. 0.33 mis by
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O. 78,J~ ... 0.26

, .J}
.f

.(3.11l

-
,

,

;,:.
QL. = O. 78Q';' + e... 02 (3.12)

The . madel

immabilizingtheofeffect

•
li ttl e

witha linear carre-latian caeff,icient of q'-95.
'\

( shows very
.l\)- . '.' .,
,0, siructure, with. or '1ithaut attached bialllass, on jL.' or QL.'

, .
. '"in airlift vessels (81l. Under··these cirèumstances .\PL =
) . ç •,,' '/

'014.1 L/m> , the 'madel predicts a 'circLllatian time a.f 22 s.

"Tni's compares ta mi:'; ng times 'af 22 ta 28 s (81l and 52 s

~,

rate (7.S· L/min for Biareactar lA> pravides for best mixing

As mentioned in Section 102.1.2, a 1,5 VVM aeratian

. . ,," , ...-- "" ', .," v"l'. '~'!'.,4'Tl')is will be

..
mixing 'thraugh

'1 '
EqLlatian ,(3.12) premcts laminar, flaw

, ,
(7"1 > reparted f;or syste:ms near.l y si mi l ar:

~: . "
~~rified for Biareàctf'r 'lA "in Section 3~2';;·4.1.

.~, .. .',~.. ~,.
~ . .

c
>0

'/-".'"

~ ,-
'.

~. ~

aeration r",tes lawér than 1.5 VVM and for, the three matri..x.

... ·si:ructLlres used , ....egar-dles~ a~iomass laading.' '1. T<'lrbulent ....

flaw wo~'" require exce'.~l;.··~;:U:jU.id"(and 'air.> circu~"a.tian'
rates () 50 L;minl.

" ,.,' 1 :

velacities and the hydraulic radius concept>

on th~ average liquid

c •
'0

.'
~

the.. ma·tri x . (Re...'

'6-

~

240-325

'0

based

".

for aIl

,
/ .

. -'.

"
\,.

..
".

•
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\
~ ~

The .bulk mass tran'sfer coefficient k.... "for a fl-at plate'

geometry Lll~deG" laminar flow mixing (Re .... < 5 >: 10", in our

case Re.... ~ 11000) is related to .the system hydrodynamics
,.

and the liquid physical properties by (185,191)

'.

"

"

.......
.~.

...
S ...

.
= 0.664 ... Re l-2./2 ... Sc ....""

1 . .
.

Ioli'th : .. ",/

-l~
.\

.,
Si-, =0

k ....L

(
0 .... t

~ pvL
ReL" =, j.l

" • ~
"

,.
1 -LSc = pD....

,
~

(3.13)

.'
"".

(3.14)

(3~ 15)

(3.16)

•

..
1

-',.-

"where ~

, '.
iquid ve,loclty (cm/s).

1 (

bul~ liquid mas~ transfer coeffici~~t(cm/s),
./

flowing'lenght of plate'(cm),
,f . ~.' .... .

diffu"jion coeffi.cient (c~~,

".

·L:

~") ,Di-:

:. '.

.~

' ..

".

, •

ln our case, -~quation ~(3.13) reduces· to
;..

...
(3.17t-

, ,-

--./' - . )/

r
J

( -

"j

<.

.. ';

v·

f)';;.'
L\
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c
'~ ..

which gives a range of possible k~ values of 1.01 to 2.12 *
, )

10-4 cm/s.

'3.2.3.2 SIPC Bi of i,l m
~

Growth.
--...... ..

•

The central them~ of the model involves relating 'the

the

cell

mass~rR~tH behaviour of ~-S~PC biofilm to the operational
,::.ct",., _,., " • •
~::~.... _.:.~. ... 0

~.rZ:-,r' cha,racteristics' of the bioreactor and to
, ,

ca 'lohydrate consLlmption by the biomass. The basic...,
physlcal model is shown in Figure 3.18. A plant

..

"
"

biofilm attached to a vertical fIat ,immobi'li::ing surface is

in a stationary productive. "

.( submitted to downward laminar flow mixing.

either growing or maintained

Th.is biofi lm is
, .

secondary metabolite production) pattern of a,.

phase. The model is semi-empirical since the
~

growth <and
' .., ,

S IPC b i of il'rn
,-

is unknown. "The model links macr~, mass transport ,to

macrokinetics ph~nomena.

\
, .
'",

"

,~

This model
,.

is different ;rcim others_prese~ted in thé

.'
literature for' immobilized ,Wl'loie cells '<~86,,192-:197)'an_d

" .for bi oh l ms (.198-200).". "
It coniidel7,s the s'lowness of ,plant

,
cell sbiological reacti ons <days) as compared to mïcrobi'al

(\. " ,', , \
kinetics <hours) •. Tt i-n-volv~s il thick <3.0 mm against 0.')3

, • • d

,to 1.2 mm) and dynami,c biofilm attached to a fIat plate
'. or

not covered ~y'an entrapment membrane; ~

• " ,
~

.'



Surface immobili~ed plant cel~s physical

~'

J'

.. ".: .
'~.

Fi gure 3.18

":

"

, ' .. ""

"

;model.

,

•

,
"

•.,
" ...

", '.

!

..
•

•
•

,"

. ,
J

( \,

'"
,

/'... ",~

1
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Matrix:.. . ,
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'.
...

'. .
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~,
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f

i
;
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\
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•
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." "' ';'l'~ foll owi ng assumpti ons, partI y taken from a model

'presented for immobilized whole cells (186) define.the

basis of this model •.. '. '

Al--The blo~ass generates no slgnifica~t'heat,and is

..
..

<'. • • .. .
A2- The macl"o,'mass transpor.t mechànism"in, the'biofilm

• . • i ,'~ .

'involves onlY'fickian molècLllar 'diffusion, without

convective or ele~trQstatic effects .
.~

,~

The diffusion'· of· oxxgen...
.

,and nutrients through

microbial ~ilms (186) an~ ih,3.3 mm calcium alginate beads

(201) has been foun~
" . .comparab'le to that of water. '" An

efféctive diffLlsion coéfficient .Q.... ~ 6.6 x 10-... ·cm"'/swill
.

be ~sed for the SIPe biofilm (48,201-203)., •

A3- The fmmobilized biomass is an homogeneousphasè. ,~

o

, .
Active plant cells are ,assùined .uniformly distribLlted

in: the biofilm.
l>

Its D.a · is constant throughout and'is •..
independent of the I?hysiological state of the .bi'omass-.

~.
'" "

,; .. •

A4- A trans-fer"cc'eff'icient (k~) defines mas's 't.r'ansport "
. "

A6- The biofilm is at steady'state.

, ..
, l'

"

•to and from the biofifm t;lccurs ,.fn

'.

! ,.
\

~.

•

..
c

transpor: t

, .

betweénthe medium and xhe 'biofil~.
. .,

one direction (yI .

A='. "'-. '

.' ,

..

•

•

..
...

c1"0'.'
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•

c This ,is '"jusj:.ified by c:omparing thè

, ,

. maHimum

<
under

> Id)".

f!~
" vessel

.
establish a steady~state

, , /
in the biofilm (d~/D_e ~ 3.8 hours) 1

, ,
t

This

profile

biologic:al rates (division 'tim,e

the medium

toplant \el ~s

implies ttiat

c:harac:teristic: time reqLlired to. .
. ~' .~.

c:onc:ën~trati on

o ••

suffic:ient miHi~g and

... the c:onc:entra~ion profUesin the biofllm are nearly
" ." .~..,

, .
. unifOrm.' '(- .

.' . .~..

- .
A7- Growth of the

?

biofilm Ï,'s p01arizèd in
~

on.~

.-
-,

") .
. , ~ \

spec:ie-=;

on ·the

This

'the inte~nal~mass

~aintenanc:e and

to', de'pend

spec:ies.

c:arbohydr'ates' ,at .- growth,

...
reduc:ed

within the.biofilm !=onf:ine growth
.' ~

(

the' total

..

restric:tiol')s

"'i 11

5pac:e

\ A8- The prob lem i's
. .

- c:onc:e~tratiori . of o~e

,

.
to its 'oLlter. l·;"yer. The metabolism of

evolves pr~g;e~Si~el~ tèwards
-. r- . .

'di fferenti'ati on.

, '

.'

l'

the'" ,"be'
. ~ '. ~)

";nd' the

•

c:onsidered
/'\ , .' ,

It would

al kaloi.dsc:harac:teristic:. . -group
,

together durin~ pr'Od~c:tioni~c:reti~n:

maintenanc:e and regeneration.
, . \

4 • (" '"

~ ndLlc:i ng c:ompoLtnd." duri "g .ell c:i 1::at1 on

' .... '

,.

'.

c ..
).~.~ ~,

,"
..=l
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'.
A9- There is on1y one major reaction and few,~ l:lmited

side reactions occuring at each stage" ~f., ,the

<see ' . Sect ion
'".. ~

They i nç.lude '. ~ ~

proc,ess

.'growth and

1. 3. 1 ) •

maintenance ' during the gr:owth

stag~. They 'woùld, include
" ;

elici:batio'n at

,"
the

"

biosyntbesis'lsecretion,"stage and,.-

- -'
i,nduc.ti on

mai ntenance and negl-i g'Lbl e 9r-owth
~ ,'-, '..

producti on .st,ege. : '

....

,the

.0

>
"It was s'ho\;,n in Section' 3.1-.2.3 tha't the 'growth rate

"'; of SIPC .'cu1tLlred in f1asks ,'was constant ,with time ("( 8 ci)

• ':~as 10':'9 as nutr.ients· we~bLtndant. In addition.-'-h~'" '.

, espec,i aIL y upon scal e: Llp.

'im"lobi l i'zatioQ' ,·eff.icienco/, <>80-99%>'

Tt;>i s growth pattern, can"', be

-, .. .

1.~ .

-

!
.~.
. ~'::V

,.
• .J(

-1
" •

cell

"

,.

bt

,\ :

dr~ed ... - pl ant
•

b{ omô\ss-.
'~ :fol'

immobilized'p,er cm'" ~f sup'port-surfac:é area
, _ v ~ •

average

•

- .
whereSIPC (t):,

-,

.'

represented,empirically by
--,

,

SIPC (t>:'<= '~o +
.r , J

"

.,;....

"
, .

'Io: .

,

(mg d. w.l,cm"',) ,

•
, '.

the i riocLll.ated, -

! ," -,
.'

'. •. t7
, .

Î



-152-

, ,
biomass at'high immOI:>.il'izati·on eff~ci.ency

as ~oserved,

A: available support surface' . area for

i mmobi l i zati on (cm"',), ,
t:' Q' -

cultu~e t~me (d),
"- •

b: growth rate of tHe SIPC bi~film on 'the
,

suppo.... t materfal (mg d .. w.l,cm"'.d).

.''" " -
F ~.

. Th i s growth p'at te.r" '-,was al so
. . J:

observed '-'pon scale. .' . up of
.-

, the' SIPC .techn\qLle ion the bioreac'1:or,? described in Section

,.' '- ~ .~ ( '" . t"" - - l' - d
~.~.~ see ~ec 10ns ~.~.. ~ an

LI,~efLllness 'of EqLÎation ~3.18).
~ ,

•

•..

,.

~ .

biofil/T,

-.
is

and

'cÇlD,fi rms the
"1 • • ,

./ ';.-
bLlI k

the" Biomassf,medium
. '",

the s~ow ~onsumption
, ,

the

at

, ,::'

"" - ~~. 'h•.:t' • ~'., _.~ • '.. , wn, l C
~ ..

. '" ~. ,
, ,. . ,

. \. - ~-

~C?ncentrati on , prof il e

growth pha~e,, '. '

c.arbohydrates

equilibj-'ium with.

This ;s .... epresented·.by

at

biofilm

are

. The

.
("i~sumption A6).

-
interface

,J

diffusion fluK~s of
. '

. rate.

,

,

.'

,.

r-'"

'.

",»

" l,

•

..

;.

. ' 'D d(V.Cl
k ....A(C.. Ca) __ ,~.. , (Ca - Cl' ,=' dt-

wher~ A: ,sur.-n:~e.l.a..e:'~Q'b Ohl~/'(~~",),, ')' ~Of th~ ,

. ~. 'wet bidfilm thickne~s '(cm)', '.
~.~
, '- Va ='A .;. ô',

r

..
,"

•

~
vi,: volume

)

l of' biofilm (cm:;:;).,

C
,

t ..
o·

,1 " ", ,

,..

(' " . .- ~., "
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C: concentration of carbohydrates in the biofilm

(C). at ï ts sLlrface (Ce) and
,

in ,the bulk

liquid phase (C.. ) ,(glU.

The solution of the mass ~ra,:,sport part of this double
..

. ,
_ B.C;;' + C

:C.. 1 '+ B..-'

, <.

eqLlation gives'
- \..

•

(3.20)

or
"

1 1

..~
, '

J

C - C.. (-l"+ B.)
,

B.C..

where Bi. ;the Biot number-, -'1 sdef i ned by
• ' 1.

'.
~, ko...iBi =..:.. . D...

:~ •
"
Tp~ ~arbohydrate .consumption

. ~ . .
~evelo_ped,,.as fol'low. <Il

,(
rate in the bicifilm can

<"'.

1, (3."23)r· d(X.,.)

Y. dt

"
d(V..C) =dt

,

"

,.

·f

• ..'
, .

•

where Y .. is the immobilized biomass (X.,.) yield relative to

Equation (3.24) , results fr-om comlJ.ining,~ : car.bohydr?tes.

Equations (3:211
, ..

to the empiric~i growth ~del 'of Eqùation

(3.'18) "

" -

"..
.'

...,.

:"~
"~:;

~"

"

/
,

"

,d (V,.c)
dt = bA/y.

,~"
,.' ~'

, "

(3.24)
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c
. ',~,-

.,

The comb'inati"on of Equations'

gives

and (3.19) -.

,

C '" CIO
b
Y.

(1 :,. Bd/kt... <3.25)
•

If' app...op ... i ate v,alues of the pa...amete... s ,a... e i nt ... oduced
,.

.~- ,.

in Equation (3. 2~).. i t can, be shown

..
that C ', the

concent ... ation of
•

ca... bohyd... ates· in the' biofilm is not ve... y

" much 'diffe... ent f. ...om the bulk medium concent...ation.
.... .~.

@,
• " G'I

'~

·C = CIO
~~

0.'2 - (3. 26)

Thi.s is explained by' visualizing the gt'owth of a \OIPC

biofilm as foll 'Ows. Où... in'g' - the" inocLllat"ion and

• ~ . . -
immobilization phase of th·e· p ...ocess, ·the biofilm thickness

<8., ~ 0) .• G...owth occu... s ,~t· ~·C",.· As the biofilm
>

is small

thickens (B. > ~), g ...owth isconcent ... ated mainly
, '

at the
/

biofilm oute~ laye... since no'sp~ce is available inte... nallY

fa... expansion"and division (assumption A7). The g ... owing

bi omass l a~ ... see'~ ~ai'nl y' the bul k medi um ca...bohyd...ate (and

o~he... nutl'".~nts) .concent...ati\n~ The inte...nal biomass

e"pe""en~ p ... og ...esslve g ...owth' decline and adapts it.s

metabol i sm ta a 'stati ona;y behavi ou..... Thi s i nte... nal

bio'ffiass is exposed ta nutcients ·difofusing f ... om the inedium
'.

and

\
not useçl' Llp
~

by' the exte... nal
.... ,;

'v
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, "

.€)
biofilm .

. . ~,

. The bi omass yi el d of 'a SIPC c:ul ture may somewhat
,

dec:li ne wi th
" '

time":'Yas the of stationary
~", ...

te -'

growing b i.omass i ncre,ases.': .. This i·s· relat:ed 'te the
. ,

immobilizin'g""area available rel?tive to .the c:ulture' ~olume:

Some important' c:onc:lusion'S c:an be drawn ,.-from these
. .:..- ..

c:onsi de;"a'ti ons.

1- The growth rat.e of a 'SIPC biofilm' i's not mass

" !-'" transfer limited above sorne minimal mixing

level insuring a suffic:ient, supply of c:riti~al

nutrients (oxygen' to the plant ~elis and possibly

the removal of, inhibitory metabolites..

rate of a SIPC c:ulture will
',,...

,2- The'.... optimum ~ixing. '" ~

be determined to fulfil~ 'satisfac:torily 'other

proc:ess req~irements, for example the transfer of

sLlffic:ient· oxygen from' the sparged.~ir to the

liquid phase (k...a, see Sec:tion 3.2.41 •...
9 3- The rat~ of c:arbohydrate c:onsumption byth~ biomass

".

, ,
•

c:an be estimated by the rate of c:arboh)Cdrate

di sappearanc:e from the medi um ac:c:ord'i ng to EqLla~ion

..
•

..

•

TMe (growth rate of the SIPC bi of il m c:an, be 'estimated

-(~ ••from the rate of ~ar~~hYd~ate disappearanc:e from
•

the
\

mediL\m

•

., , .
,



, ,
\'1' -156-

"

,

~cc6rding to the ~ollowing equations.

b = 2:2.. d(\'l",C)
A dt (3.24)

c,

b = ~ ~t (Aô(Ca - ~. ) <:5.27)

dô dC+ ô~)
dt dt
:Ji;

(3.28)

dC.
{ô +

dt
dô
dt (3.29)

.'
(3.29) the value of the results

The

• D_e )

By

C ali'{;l
,C}

its

bicimass yield (Y.), the mass:"transf!"r parameters (k... ;

and the'biofilm growthrate (b) were assumed constant.
,li<

introducing in Equation

pa~ameters presented previ ousl y, i t can' be shown' tha,t'

second term on tHe right hand side is relatively
•

smaller (:>:, 30Ïo) than t,he first term dLlring the growth

,"

,
Cons~quently . the SIPC biof1lm growth rate can be

ëst i mated by,.
i:>

.......
b

.
= YJ.ô

• J.'

(dCa/dt) "',
,

(3.30)

'c

•
. .; ,.

. - ,. , . '.", - •• ~.. :., ~ <

,,,...Th.~,s,.i s:';Z~~i st~nt"wi ~h
~, . ~. . . , .

the
'.

growth mechanis,!, of, a SIP.C.

(3.26) and as?umption'

A7) • Equation (3.30)· 'was ,derived
, , .

r~lative
: '

to the

" e,

carb0!Jydrate' . concentration· -in the bibf il m' (dCa/dt) "' •
..

,Whereas the' ~rbohydrate di sappearance rate from the"medi um. ,

',l

'(dC.. ) is the
dt, m

me~sured

•

parameter. These

"
"

two rates

' ..'

are
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related by their respective phase volume. Equation (3.27)

must be modified accordingly

#
b ;;; f.:(dC,,) V~y,", ë3't ~ 'V,;

."

(3.31)

.• b ~ V~ (dC,,)= y,"1'\" ë3't.n , 0.32)
",

•

The ernpirical model of Equation (3.18) can be rearranged

_ iQ the simple following equation.

SIF'C

b

( dC.. , t)
~J", . (3.3,3) •

~..
This equation allows estimating the amount of plant cell
·r

. ~ .. .
·biomass produced and immobilized in the,bioreactor du ring the

,

growth phase from known parametBrs (A, la, VM and t) and Qnè"

SIi-'C biofilm is the only parameter' which needs to be

measured variable CD_ Th~ biomass yierd factor (y~) of the

: . .

•
• 0" • Ij

f'f'.
~.'

determined empirically'and seems to declineduring growth

(Figures 3.29,and 3.~7)·.. .
~' -.

3.2.3.3 SM,Product~~n.

",

',,' The product eJ.icitation and biosynthesis phases of the

prOCl:~SS may be mor.e subj ect .. ta .mass .tr-?-.nsfer restrictions

than the. groloJ,th phas8because of the higher reacti.on ra-te-e.,;

~:

involved (S 6-72 hours) and/or of the limited. s~lubilit~ of

.,

.....

•
•
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the moving compoonds.
",

These steps involve a thick (3 mm)

and st~ble wet SIPC biofilm and sequential transport,
processes.

At t~e productelicitation

lnducing compound(s) occurs. The

t'akes place. Some'signalling'to the

stage, no real reaction

plant cells ,by the,

main conc~rn is the

achieved between the(C.,." )degree of contactminimal

elicitor compound(s) and the plant cells after the 24 hours

of' the,elicit~tion period. This is essentiall~ a transient

passive diffusion problem thr~ugh a biofilm of constant wet

thickness ô which has been sOlved (204).

:n;~
'..Qj,/ .J

The situation ois equivalent to dipping a fIat slab of

an absorbing biofilm (total thickness of 2*ô + the

immobi~izing material thickness (tK .), with coordinate

y' = y into a
'"

weIl agitated solution of the

el i citor "compound (s) (concentration Ca.). The transfer

area is much Iarger thàn the slab thickness (6500 cm~/0.75
, .' /

cm). Consequently the transport of 'the elicitor compound (s)

occurs in one direction (y'). The init'ial concentration of

,the e.licitor compoLtnd(s) in the biofilm (C.) is zero.
' .. .- ,'{::.. . ',.~ ".

The

biofilm volume is smaller than the medium volume. -

«1.95 L < 3 L) and is largely occupied' by the wet biomass.
:..,.....:

These two côôditions m~ke CD' approximately constant •. ,,'

Transport in the biofilm is mainly by diffusion •

., .
....

/
J
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(3.34)-

,

. . l . Jdlmenslon eS5?

This situation is desèribed by·Fick·s second law

D_.. Ô"'C, = ôC,

"" ôy '", ôt

or ,

D_.. ô"'e, =
ôe,

ôy'''' ôt

upon writting concentrations in the following

1
"

~

~
~, .

•,,
il,
J,
\
j

,

,

form

, 9:1 = Cs._ - C:l
C,.

(3.36) __ ..
'with C•• , the co~cen~rati~n of the elicitor compound(s) at

c. the biofilm surface. Equation (3.35) l' can be solved by

separation of variables with the foll·owing boundar'y

" conditions èBC).

BC1: ôe, = 0 at y'= 0 for all t.ôy'

BC2: ei = 0 at y'. = l'for all t > 0 with l =
ô+ t K ,/2. "

BC3: e, = 1 at t = 0 for all the biofilm.

The general s~lution of Equation (3.35) is

with n', an.integer number.
(3.37)

,
A graphical solution of Equation. (3.37) is presented (204)

which shows complete saturat~on
•

of the'biofilm with the
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o
el-icitor compound (s) 'af.t~r ~ 10 hours of contact. ,.,".•'.:

\ <> ~,~

After this elicitation. st'age, 1jJ1e medium i~ changed

A fraction (f) of

in the biofilm ,(p. = fP,,)these products is unèler

toassumedisand biosynthesi~ of secondary metabolites
" .. ' .', ~

start uniformlyi,ry .~he biomass (P,,).

secreted

prodùcts diffuse in the- biofi!fIi towards the

stimulation if re;quired. Subsequently the secreted
..: ;

biomass~liquid

interface (P.) where they. are swept away
f;

medium (PM)' The mechanism(s) controlling

by the fi owi ng

this stage of

the process may be

the inherent biosynthesis kinetics of :plant cells,

the requirement for some kind of continuous

stimulation for biosynthesis,

•the secretion of the SM in the biofilm,'

the'removal of these compounds from the biofilm,,

the saturation, either chemical or mass transfer, of

the medium with the compounds,

some other"bioreaction or

a combination of these factors •

...
The few reports available on the elicitation of plant

cell s cul tured in suspensi on-.:show best producti vi ty fi gures

of 0.0025-0.0003 9 SM/L.h and f'~ 10-50% <114,205). These

figures indicate that tHis pr,ocess is more biologically
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.,"

.
-ra~her than mass transfer limited.

•
Equilibrium ,of fluxes

at the liquid/biofilm interface (as Equa~ion (3.1~> > gives

l'

•

or

or

k....BlP.. - p ... > =
D_DA (P.. - P..> = V.f dPM

ô dt

.>- -;'.; .

...B..=...... (PD - p ... > = ôf dPM

l+B. dt

.-
k.... (fPx P... > =ôf dPx

1+B. ëit"7

(3,38>

(3.39>,

(3.40>

Equation (3.40>
"',"

represents the 'p'roduction stage of

C' this process. It contains numerous-unknowns.. - The inherent

kinetics of ,product biosynthesis by surface immobilized

pl ant cell s under medium i nduc.tion or el}-ci tati.on and...

product. secretion has not be studied and ""as not part of
,.

the scope of ·this project. This equation is the starting

point of the engineering evaluation of this production

"

process.

, ..
-
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.: "

3.2.3.4 Process Efficiancy. •

•

.
The met,~bolism of immobilized wh.ole cells is genera~ly

sensitive to mass trans~er; Growth . and· production

bioreactions are closely cOLlpled to externa"l mi:<ing ·and

internaI diffusion. : The
.

controlling process, and its

effect "on - the producti~ity of the system, can be assessed
"'. . r ~

.,
, -

by using the effectivenèss ·factor,concept •
•

: This 'approach

• can be used to evaluate the validity of the process model

presented in the previous Section. There i5 some confu~ion

about the app1 i cati.on o{· thi s concept

"
the following two factors.

i-mmobilization' (194,196).

disf~~9SiShing
This can be

to whole. cell
// t

resol ved by ;

,0"

-
'An Efficiency Factor can be defin.ed

,

as fOIIOWS'~-'
,~ .

•

(3. 41'>"~

where v%c: rate of react~on tor,immobilized cells (g/L.d)
. ,

.::.;.0 ..~..v...c:
'r,'

rate of the same rea~tion carried out under
. . "
ldentlcal conditions by free suspended cells

(g/L.d) •

il

.... -. ":-~'

-"
This factor is not an effectiveness f~ctor, as defined

in traditional chemical engineering.<186,196).· It includes

•



-163-

(morphological rest, close cell packing, reduced growth,

mass ~ranSTer effects (mixing, reduced transfer. area and
Q .."

1/ •
and .physiological effectsdifTusion throu9h a biofilm)

•

exposure to a microenvironment difTerent from the medium

and influence of the immobilizing matrix material). In

+act, this last series of effects may enhance cértain

favourable biochemical reactions and make D. larger than 1.

The Effectiveness Factor used in traditional il chemical

engineering is defined as

c
~_ ='-' v:c/(vzc) "m~. (3.42)

where (V:z:c>.nmt: rate of the same reaction for immobilized.

cells (g/L.d) carried out under identical

conditions but withoL(t mass;• transfer

li mi tati ons •

•
,- "(

This factor depends on external mixing and internaI

diffusion. This is generally repr:.esented '<186,196> by

.' , = f(Sh,~,S'> (3.43)

\
.'

,wh'ere{>, the Thiele modulus is ·defin.ed'by ....~

(3.44)



~' .-

1
,
.......

-164- .;
with v ... : reac:tion rate at the·sj.lrfac:e c:onc:entration t' ..

(g/L. d) , r
reac:tion r,até in the biofilm (g/L.d).

The ef.fec:t" o""both mass trarisfer operations are assessed

as follows.

1- External mass transfer.

When the c:o'ndition 1« B. (Equation (3.19» «~iS

observed, the effec:t of the rate of external masstransfer on
'. 1

the proc:ess c:an be evaluated by defining an external

effec:tiveness fac:tor ~ as
.'

...
(3.45)

where v.: ac:tual reac:tion rate (g/L.dl and

reac:tion rate at bulk c:émc:entration (g/~.dl •

• This c:an be further represented by an observable modulus Q

defined as.'

(3.46>'

Rapid external mass tr·ansfer (k...C·';» v.ol impl'ies "that
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Q « 1 and the reaction rate controls the process. While

. rapi d reac:ti on rate means· Q » 1 and e:< ternal mi >: i ng

controls the process.

~

2- InternaI mass transfer.

When external mass transfer resistance is negligible

(B, »f/J), 0'1- is gi ven by

(3.47)

c
0- .

• 0

This can be expressed b~ an observable modulus 2.

At this condition, and as per Equation (3.26),

and

of

co ..

(3.48)

(3.49)

/

•
When the effec:t of diffusion beê:omes negligible, for·.example

when the biofilm ~hickness is small or when the reaction ~
d \ -.

slo..-.,

1;« 1, 1]- --Pl and 2 « 1 (3.50)
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and the process is bioreactiçn controlled.·

restrictions imply

cP» 1, 11- ~ 1/ and 2 » 1 .

Whereas diffusion

(3.51)

and the reaction may be mass transfer controlled. Product

inhibition couple~ to low diffusion rate could also produce

a similar result.

Within the context of this research project, evaluatiqn

of the immobilization efficiency factor (11< as defined by
o

Equation-' (3.41» would be particularly difficult. The

"'~t\
..:,.;J culture of a plant cell suspension in a bio[eactor at

identical conditions as

would be difficult to

relative to shake flask

thaz:o an_ immobilization

achie e: A comparison will

su penslon cu~uring.

/

system

be made

The slowness of the bioreactions associated with the,
.metabolism of plant cells relative to the ratè of the mass

transport processes involved suggests 11_ ~ 1.
.

verified by the following equations •

. .
1- E,<ternal mass transfer.

This can .be

Equation (3.46): (3.52)
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.... 1 •
\

" ,- This equation giyes,
.~ ~

(3.53)

2- InternaI .mae;s.-transfer.
~ ", ."

Equation (3:49): § =

Thi s equ<lti on gi vas

v. « 6 •.5 C·.. (g/L. d).-l (3.55)

c
The model of the SIPC bioreactors presented in Section

3.2.3 and the effect of mass transfer on this type of

cul ture (TJ. and TJ- (Equati ons (3.53) and (3.55» wi 11 be

discussed in Section 4.0 in relation to the experimental

results presented in Sections'3.2.4 and 3.3.

1

of sufficient oxygenstructure

the liquid
1

ahd the supply

phase the

and the

within

inoculLlmtheof

of

distribution

i mmobi l i ""Ii ng

The uniform
. . ~

homogeneous mixing

t~ the culture weré significantly influenced
i

transfer characteristics of the bioreactors.
i
i
1

by the mass

'The objective,

...
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, ,

of this Section is to determine suitable operating
, ,

conditions of these systems to meet these proc.ess

requirements.

3.2.4.1 BicrvActcr lA.

The relative mixirrg-time (e~) and the oxygen transfer

c:apac:ity (kL.a) within' the immobilizing struc:ture of

Bioreactor lA are mainly a func:tion cf the immobilizing

layers spac:ing, flow diverting plate loc:ation, A~/AD ratio

and operating c:onditions (liquid height and aera~ion rate) •
•

The ~mmobilizing layers spac:ings

3.2.2.2 for high bïomass loading

SlPC.

were determined in
, --..,,
and of'lui d ac:cess'

Sec:tion

to the

'The flow. di verti ng pl ..te. i sa si gni fi cant struc:tural

feature of Bioreac:tor lA. 'The i·mportanc:e 'of its position

above the riser tube to the system's mixing effic:ienc:y is

illustrated in Figure 3.19. The e~ in the C layer (see
<

S~c:tion 2.8) WOlS selec:ted to represent the relative mixing

time within the immobilizing ~tructure. This was the layer

of the most diffic:ult fluid ac:c:ess whic:h c:oüld be fitted

with the pH elec:trod"e. 'The e~ in 0111 other 'layers were

found identic:al (42 ±. 2 s) and c:ompared, to 14 s in the

reac:tor peripheral spac:ing (Olt an aerationrate of 1.56
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\

"

..

•

Figure 3.19 - Mixing time (e m ) in Bi oreactor . lA as a·

:function of the,flow diverting plate height

(OPH) above the riser tube.

c Q", = 8.1 L/min.

HL- = OPH: ,

'.

y: ';pH electrode in the external layer of

the immobilizing matrix.
"

pH electrode in the C layer.

No diverting plate':

.: pH electrode in the e:<ternal layer.

[J: pH electrode in the C layer.
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VVM, a V~ = 5.2 Land with the_flow diverting plate located

at 2.54 cm above the riser tube).

\
Mixing within the immobilizing structure le. ~' 100 ,s)

was, inefficient as compared to mixing in the peripheral'

space le. ~ 20 s) at,liquid levels lH~) higher than 35 cm

loI" higher than 7 cm above the immobilizing structure

hei ght) without the flow diverting plate. In fact this
"

"shows high flow by-pass ab ove the immobilizing

structure and in the peripheral spacing of the reactor.

Below this H~· of 35 cm,
<f'"

mi:<ing is cO,mpar,atively less

s) even if the mixing rate lVVM) increases inversely to H~

efficient everywhere in the reactor le. - 130 s against 105

c
decline. Howev~r, at H~;-immobilizing structure height

127.9 cm~, this trend is rever$ed, with better mixing

inside the st:r-ucture 30 s) as compared to the

perjpheral spacing 'le. ~~85 s) since the fluid is uniformly

distributed over the spiral structure vertical flow area.

The flow diverting plate located above the riser tube

improves significantly the mixing efficiency anduniformity,

across the whole bioreactor vertical flow area le.\~ 15-25

land 0';: ttie',lrq~lid he~ght as show,n~, in Figuré 3.20) is

'.

location of the flow diverting plate

,
i.mmob i li ~ i ng

A, location of

the

>-;....
bestA

1
'observed, at 2.5-3.5 cm above the ris~r :tube.

.' . ... .

"

's in the periphe,ral spa-ce and. 25-55 s in
. ~:..

·",.,·rl ._~ ..... -
, ,·,.St+Ucttll"~e)..•

c
'.
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2.5 cm was selected to minimize the required medium volume

for a suitable operation of the bioreactor.

The e·j'fect of the operating conditions on em are
-'

position.

summarized in Figure 3.20 for the best flow di·verting plate

The liquid level relative to the flow 'diverting

plate location ~ffects 'significantly the uniformity of

diverting plate location 130~5 cm from the

mixing in Biorea~tor lA.
•

At HI- higher than the flow
. \ -.

reactor bottom

or\2.5 cm above the riser tube), mixing in the immobilizing
•

structure lem - 110-200 s) is less efficient than at
.

the.
/

vessel periphery (em . - 10~20 .s).
.

At HI- lower than' 30.5 cm,

this is reversed (em .insidl? - 45-70. s against em ;- 2i)-160 s/~
.~

at the periphery). As a resLllt, a relative···m;.xin.g
•

uniformity across the whole immobilizing structure vertical

flow area is achieved by maintaining the liquid level
1

betweèn the top of the structure height (27. 9 cm) ,a'nd the

flow diverting plate height (30.5 cm). This correspondsto

an effective liquid ~eactor volume used of 4.4 to 5.2

litres. Little improvement in em occurs above an aer.ation
(\

raté of 0.9-1.0 VVM.

The measured relative mi:<ing times presented in Figure

3.20 comJ:'are ~o . the literature values of 20-50 s

mentioned in Section 3.2.3.1 for similar systems. c These
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"

Figure 3.20

i
j

Mixing time {am) in Bioreactor lA as a

function of 'tHe liqu~d volume (HI-l and

aeration r-ate.

.'DPH = 30.5 cm.

Liquid Levels: 1- 6.5 L/39.4 cm.

"

i-'" ~,

\

•
o

-,~ 2- 5.8 L/35.4 cm.

3- 5.2 L/30 .. 5 cm <DPHl.

"4- 4.7 L/29.2 cm.

5- 4.4 L/27.9 cm (lmmobilizing

structure level'.

",
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relative mixing times compare .. also well to the average

circulation times predicted by the'" .hydrodynamic model of

Equation (3.12) when the immobilizing structure wasremoved

from the bioreactor and when the pH electrodes was located
r

in the peripheral spacing of the bioreactor at H~ 2 5.2 L.

~.

As' mentioned in Section 3.2.3.2, mixing should have

little effect on SIPC bioprocesses as long as' some

uniformity is achieved. The results presented above show

c

that the flow diverting plate and proper level control will

provide for the degree of mixing uniformity required. In

particular, the uniform distribution of the plant cell
1

suspension inoculum within the immobilizing structure can

be achieved easi.ly and efficiently by' maintaining the

liquid level at the ·structure height (4.4 L or 27.9 cm)

during the immobilization period .
•

The oxygen transfer capacity (k~a) of Bioreactor lA

was measured as per Section 2.8.2. Results are summarized

in Figure 3.21 and Table 3;9•. ~he results of Figu~~3.21

show fairly linear correlations between k~a(h-') aQd the

aeration rate (VVM) acèording to th~. following equations. '

Line 1: DO probe in the peripheral space.

(3.56)
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,

, .

.
Figure 3.21 - Oxygen transfer capacity of ·Bioreactor lA as

-a function of the aeration rate.

V... = 5.2 L.

.,

oPH =. :

A:
0:

30.5 cm •

DO probe in the external layer.
- ,

DO pr~be in the immobilizing structure.

without the immobilizing structure •

. 1
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TABLE 3'.9 -

OXYGEN TRAN5FEll. CA:PACITY OF BIOREACTOR

J:A AT AN AERATION RATE OF 5 L/MIN.

•

•

- .
- .

15.8

16.7

14.9

15.7

14.1

1
16..5 1

'13.9

1
1

1

1

1
23.9 1

_2_0_'6_
1

None

- .

1 DO

1 Probe

l'''=''~
Rate

(WH)

1.14

1.14

Ae'rat1on

(cm) (1.)

He1ght

Li uid Volume

; 1::: '1-::: :::: 1:':::1 :::: Il ::e:s
3 30 5 5 20.96 lIn Matrix-I Nana .'

1 : 1 :;:; 1 ;:: ':::: ~::: 1 :::: 1 :•

-0
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Linear.correlation coefficient r = 0.99."

Line 2: DO probe in the immobilizing structure.

.' ,;.

k~a = Il.3(VVM) +.3.Q (3.57)

Linear correlation coefficient r = 0.99.
1

Line 3: No immobilizing structure· in the bioreactor.

k~a = 14.8(VVM) + 2.8 (3.58)

Linear correlation coefficient r = 0.99.

')
The k~a coefficient is not

--c
dramatically affected by

the immobilizing structure. lt is only reduced by its

presence by ~% and 24% in the peripheral space and within

the immobilizing structure. As shown in Table 3.9, the

flow diverting plate height and "high liquid levels have no

significant effects on k~a. Whereas k~a is increased by

50% over the expected value obtainedfrom Equation (3.57)

when the liquid level is maintained.at the immobilizing

structure level (4.4 L). Consequently, a best· aeration

rate of Bioreactor lA is ~ 0.9-1.0 VVM. This condition

ensureS good mixing and sufficient oxygen transfer to the

medium 15 h- 1 ) for good growth,'of plant cells as

recommended in Section 1.2.1.2.
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The relative mixing time (am) and the oxygen transfer

capacity of Bioreactor IP within the immobilizing structure

are mainly a function of its operating conditions (aeration

and mixing rates and liquid level). The main structural

features of Bioreactor IP (immobilizing layers spacing and
- -----

structure height) have been determined for high biomass

loading and fluid access to the immobilized plant cells.

The am measured inside the immobilizing structure of

Bior:eactor IP are, presented in Fi'gure 3.22 as. a funé:tion of
\ .

the mixing rate. Littl~improvemen~ in internaI mixing

occurs above an agitation rate of 200 RPM (lmpeller

Reynolds Number ~ 19760 or Tip speed ~ 81 cm/s). At this

mixing rate, the presence of the immobilizing structure has

little effect on am' The lowering of the, liquid l'evel by

16% (to the immobilizing structure height) increases am by

80%. This emphasized the positive effeét of the liquid

level above the immobilizing structure on the mixing

".

efficiency inside it. The mixing times measured in

Bioreactor IP compare to themi~ing times measured in

Bioreactor;, lA.

The effect of the operating conditions on the oxygen

transfer ca~acity (k~a) of Bioreactor IP are presented in

,,
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F1gur. 3.22 - Relative mixing time (e m ) in Bioreactor IP as

a function of the mixing rate.
/.",

.. : 2 L level (16 cm) with the 'immobiliz~

ing structure•

.6: 2 L level (16 cm) without . the

. :

immobilizing structure •

1.6 L level (13.5-em: immobilizing

structure level) with the immobilizing..;,
structure.

0: 1.6 L level (13.5 cm: immobilizing

,~;,'=,

•

-
structure level) without the immobi-

lizing structure •

'J'
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Contrary to mixing time, the·

. ~.'.:

coefficient is not affected by the liquid level in the

.. bioreactor. However, k~a is significantly reduced (~ 17 to
•

457.) by

increasing

the presence of the immobiltzing structùre
./

. ,H
mixing and, aeration râtes. The -effect of

•

with

the

mixing '"rate on k~a can becorrelated linearly, as shown in

Figure 3.23, by the following equations.
•

Line 1: with the immobilizing structure present.

c
Linear correlation coefficient r

(3.59)

0.99

•
Line 2: without t~e immobilizing.structure •

(3.60)

Linear correlation c.oefficient r = 0,96

The immobilizing structure damps the effect of the mixing

rate on k~a by limiting the air dispersion action of the

impeller. This results in a marginal improvement of 27% in

k~a upon inc\easing the mixing speed by 200% when the
'-.__ . -

structure is present. Whereas a similar increase in the

mixing rate improves k~a by 94% when the immobilizing

-structure is not present in the bioreactor.

o
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Figure 3.23 Dxygen transfer capacity (k~a) of Bioreactor

IP as .a function of the mixing rate at a 0.2

VVM aeration rate.

~: 2 L level (16 cm) with the i~mobilizin"l

structure.

A: 2 L lever 06 cm) without the immobi

lizir;g structure •. : 1.6 L level (13.5 cm) with the immobi-

lizing structure.

0: 1.6 L level ,,(13.5 Cl1)' without the immo

bilizing structure.
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Figura 3.24

1

Dxygen transfer capacity (kLa) of Bior~actor

"

IP as a function of t~e aeration rate at

the mixing rate of 300 RPM (Re, - 29645). •

... : 2 L level (16 cm) with the immobilizing

structure.

A:, 2 L level (16 cm) without the immobi- ...
lizing structure..: 1.6 L level (13.5 cm)' wi th the

',p;.
.i mrnob;~ l i -

" .

•

•
,

D:
z i ng structure.

1.6 L,level <13.5 cOrn)

bilizing structure.

"
"

"without the imrno-

, .

-,
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The aeration rate'represents a better control variablê

over k~a in this system as shown in Figure 3.24. The k~a

coefficient can be linearly correlated to the aeration rate

(VVM) by the following equations.

"
"

Line 1': with the immobilizing structure present.

(3.61>

Line 2:

Linear correlation coefficient r = 0.9~-·,

wi~hout the immpbilizing structure.

..•.~\
"-:J;' (3.62)

Linear correlation coefficient r = 0.99.

The better response of the k~a coefficient to the

aeration rate is indicated by an improvement of ~ 120Y. in

upon a 320~ ~ i nc:rease in VVM with or without the

i mmobi l iz'i ng structure. It i s i nteresti ng to note that'

surface aeration contributes significantly (3.5 h-' and

4.9 h-' with or without the immobilizing structure) to

thi s . small ,
o

h-'j.

low H/D (~ 1.5) bioreactor total k~a (~ 6-24
A

1he conditions for abest operation of Bioreactor IP

were selected as per the above results and to meet the
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physical limits of the system. The aeration rate of 0.2 VVM

was chosen for sufficient oxygen sup~ly (k~a ~ 10 h-·) and

to limit the,,:xpansion of the'foam layer produced by the

culture in the restricted spaceabove the liquid surface

(~ 5 cm) •. While ~ mixing rate of 300 RPM (Re. ~ 29645 or

_Tip speed ~' 121 cm/s) , which was the systems limit ensuring
.,

the ro~ational stabilïty of the magnetic stirring bar,

provided for sufficient agitation and aeration of the

culture.

.'.:

. .
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3.3 P~rfcrm_nc~ cf the SlPe Bicr.actcrs.

The.perfcrmance cf the SIPC bicreactcrs.was

fer bicmass immcbili:;:aticn and grcwth. Suitable culture

ccnditions were determ{ned for each bioreactor...; The growth

of surface immobili:;:ed Catharanthus. roseus (line MCR17)

cell s cul tured in these .systems was. characteri:;:ed.

3.3. 1 Bi cr~_ctcr lP.•

The immobili:;:ation matrix was.Tormed in the vertical

square spiral configuration and placed in the bioreactor

described in Section 3.2.2.1. The bioreactor was filled

with 1.2L of the growth medium lB5 and was .steam

st~rili:;:ed with accessories according to the stardard

practice (60 min, 120c C, 15 psi). The sterile bioreactor

was filled with additional sterile medium to the •

(1.6-1.9. L) and with a suitable plantoperational volume

cell suspension inoculum (8 to 15% of the initial total

culture volume). This inoculum was a shake flask grown

day old éulture (See Figure 2.1) as recommended in

culture
f

to le)·

prepared as per Section 2.1. It was generally a 8

Section 3.1.2.3.
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The bioreactor .wasfitted with necessary sterile

300 RPM).

was maintained at 28 ± 1°C while sterile aeration, and

mixing rates were adjusted to desire levels (0.2 VVM and

andetc)

The culture temperature

reservoir(s)feed(condenser,

installed on the magnetic stirrer.

accessories

DClri ng the ,cul ture peri od, the medi um _was regul ar l y

sampled (one sample per day or 2 'days) for pH and

carbohydrate measurement. This' sterile sampling was
.,

performed with 125 ml sterile ~ilteringErlenmeyer~asks

flow to the bioreactor was temporarily increased and thec
fitted to the bioreactor sampling port. The sterile air

medium was transferred in the sampling flask (~25 ml) by

vacuum. Each sample'was,preceded by a line flushing of the

sampling port tube. Larger purging of the bioreactor ( 100

'ml to 1500 ml) was performed by', the same procedure usi ng

larger fl"asks as required.

"'\
At the end of the culture, the bioreactor was rapidly

'.
dismantled. Thebiomass produced was collected and treated

as per Section 2.6.3 and Appendix ~. The 'temper_ture', pH

and di ssol ved oxygen' con'centrati on ~of 'the medi um were

measured. The mediclm was filt'ered, weighed and sampled.
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3.3.1.2 General Operation Comments.

-
The inoculated pfant,cell biomass attached readily and

uniformly to the immobilizing matrix. At the standard

:~:
\" .., ""j

---

, ,

inoculation "atio used (8% of the total cul·ture volc\me or

10% of the initial medium ,volume) aIl the plant cells were

immobilized during the first 24 hoursof the culture. The

med ium "las camp l'ete l y f ree of 5uspended biomass un ti 1 the
•

end of the culture period. The final immobilization

efficiency of the system (quantity of. SIPC/quantity of

produced .bioolass) "las 96.4% (average of 49 cultures,

"
5 = 1.9%). The U5e o'f larger inoculum volumC2s (up to 15::1:

of the culture volume) required lower initial mixing (125

RF'M) ~nd aeration rates (0.1 VVM) to prevent exc~ssive

plant cell grinding and foaming. Complete immobilization

of the inoculatC2d biomass occured within the first 48 hours

of the culture at this higher inoculation ratio.

The mediu'm '""\5 rem"rkably clear and free of' cell

debris and secr'eted macromolecular species during the whole,~,
':.0:;

c~lture period. A sena!! and controlled foam layer

formed above the medium surface. This foam consisted of a

110n perm"nent sect'ion (~ 1 cm) immediately adjacent to tlle

liquh' 'sur'face and' a biomass frot.h (1-2 cm)'. above 'the non

perrnanC:~,nt sec:'l:ion. rhis froth mainly (50 to '100%)

was made of a whiteish material and unattached plant cells.
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cultures was found to depend on the medium initial sucrose

This froth was the sole unattached biomass present in the

SlPC cultur..es
1,

bioreactor.· The formation Of this foam layer

concentration and on the inoculum age~

•in SlPC

i ni ti atecr'~ at a sucrose concentrati on of 10 g/L produced

less than half of the biomass froth observed in cultures

started at higher sucrose concentrations (20 or 40 g/L).

The use of a 5 day old plant' cell suspension inoculum

(- exponential phase, see Figure 2.1) i nstead of the

c

standard 8~10 day old inoculum resulted also in SlPC

cultures with less (- 30-50/.) biomass froth.

3.3.1.3 Th" Sr-owth of 8lPC Cul'tur-"d in Bior-"ctor- lP.

The biomass for-matien pat~ern of SlPC cultur-ed in
.

Bior-eactor lP is il.lustrated in Figure 3.25. These r-esul ts

.. were normalized te a 1900 cm'" immobili:::ing area. The two

most significant featur-es of these growth curvesare their

linearity

occurence

•
during the first 6-7 days of the culture and the

1

of a biomass stable stationary phase thereafter

for batch cultures using an initial sucrose concentration

(8) of 20 g/L. This stationary phase occured generally (17

out of 19 cultures) without complete carbohydrate

consumption from the medium as shown in Figures 3 •.26 and

3.30.
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3.2:5Figure - Normalized-growth curves of SIPC cultured in

Bioreactor IP •

• S = 20 g/L.

,,,",, + : S = io g/L.
.;;Jj'

0 : S = 40 g/L.

il S = 20 g/L, SBl.
1 •Il: S = 20 g/L , Su582.

ii1: S = 20 g/L (5d) + APM.

!!l': S = 40 g/L + N:z/PO... (day 4 to 8l.

lSJ : S = 30 g/L, 5d old inoculum.

12! : S = 40 g/L, 15ï. inoculum.

• S = 20 g/L + N:z/PO... (day 7 to 12) •

lB: S = 10 g/L, medium change S = 20 g/L.

.8: S = 20 g/L, 15ï. i nocul L,m.
ç~

~: S 20 g/L, semicontinuOLlS, 15'/.
. ,

= lnoc-

ulum.

tl 1;iiiI: S = 20 g/L, semicontinuous.

1

""
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Figure 3.26 ~ Final carbohydrate co~centration in the

medium of SIPC cultured in Bioreactor IF'.--
Symbols aFe as in Figure·~.~5.

sc: .5uspensi on cul ture.

Line 1: S = 20 g/L CHa= 19.0 - 1.9t (3.66)

0.

No = 9 r = 0.87

Line ..::.: S = 20 g/L CHa= 6.7 s = 2.0

No = 10

LLne 2: S = 10 g/L CHa= 12.5 - 2.2t (3.67>,

No = 6 r = 0.94
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The resuits of Figure 3.26 are correlated in Table

3.10.
- <:;)

These growtR curves, before the >-stationary phase,
~ -,

are significantly linear (r > 0.9)... They fit weIl the

empirical 8IF'C_growth model represented by Equation (3.18).

The constant growth rates (b Emg d.w.lcm~.dJ can be

further correlated with the medium initial sucrose

(;

concentration (8 Eg/LJ by the following equation.

b = 0.0418 + 0.60 (3.68)

Linear correlation coefficient r = 0.99

The growth curveS of Figure 3.26 can be represented in

terms of dried biomass--concentration ([g d.w./L of brothJ)

ln the b i oreactor' at harvest i ng.

Theseequivalent plant cell suspension

This corresponds ta an
.,~

concentration. -
- growth curves _are illustr-ated in Figure 3.27 and are

correlated in Table-3.11. These grow_th
~...~ curves are also

fairly linear (r 2: 0.9) before thestationary phase • .q-Thé

immobilized biomass growthrate~ (b'Ig d.w./L.dJ) and

specifie growth rates of 8 = 20 g/L cultLlres are identical

to rates obtained for
.~

shake flasKs agitated

plant cell

at 150 RF'M.

suspensions cultured ih

The constant 8IF'C growth

rates can be further correlated to theQ'medium t~itial
~.'.

sucrase concentration (as Equation (3.68» by the following

equation.

•
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GROWTII CORRELATIONS OF snc CULTURED IN BIQR~Ar.TOR

o~,' p

tp. :_".'

"

,.

. '

<

'.

,f

.... ,.
Initial Culture Number Growth Correlations Specifie Growth Rat~

Sucrose Period of . -,
'(1)Concentration Cd) Cultures (mg d.w./cm~) . , . rel) Figura3.2~ ~ r ..

(g/L) .~ Lihe ,(d- I) •,
"

,.

2 ''to 6 . 6(2)'
. . ....

0:97 .20 snc al.47t + 0.78- (;J;63:) 0.91 1 0.50
~

t. , . ,-'
.' . •

• 18(~)
• 1-

~(4)a 0.757 to14 snCa] ;00 -' 4 .. - • -'fi " ;. . '. ,
6(2) SIPC a O.97t + 0.82 (~"6;>

,
"

• 10 2 to 6 0.97 2 • 0.34 , 0.94
, .

, (2) ob .. '\
, 40 2 to 5 4 . snc a 2.'2'it + 0.08 (:j·.6'.5) 0'.98 3 .. 0.52 0.99 .

"".., .- ,
, ."l,

~.

,

•

•"

..
"

r: Linear correlation coefficient.
An origin point W8S included corres~ondirg to full inoculum immobilization at t ,~ O.
AU S a 20 g/L data were included eKcep~ . t ;

'": Fedbatch experimenta, (6)-
.,j",t' - Su582 and SBI cultures. _

tr: Stat1atical a.tandard deviation ahown by dotted, Unes In Figure .3n5.
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v TABLE 3.11
,.

GROWTn CORRELATIONS OF PLANT CELLS CULTURED IN BIOREACTOR IP

.'
,t>

a,
. \1.

'.

tI(,

, ,

IniUal Culture N~mber
',..

Growth Correlations Specifie Growth Rate
• Sucrase Period of Culture

Concentration. ·(d) t (g d.w;/L) rel) FigureJ.27 Il :(1)r
(g/L) , Lin!' (d- 1)

, 2 tri' 6' 6(2)
.

20 XeoQ 1.77t '+ 0.53 ·,'(3~.6,!!) 0.92 1 0.56 0.98

- ..
7 to 14 18Cl) XesQ 8.0 s(4)!"I.O - 4 - -

10 2 to 6 6(2) XesQ 1.12l:' + 0.63 .(3.'1.0) 0.97 , 2 0.38 0.95.. ,.'
~. 40 2 'to 6 4(2) XesQ 2.35t ~ 0.069 (3.~~) 0.99 3 0.55 , 0.99

fUi·
Suspension Number of

.
Control points X a_I.92t - 0.40 (J.c12) 0.98 SC 0.56 0.95
(Figure ,2'-0 o to 6 8 .

20 '
.

1 \

(l)
(2)
(3)

(4)

r: Linear correlation coef(icient.
The inoculation point wao included (0.8 g d.w./L at t Q 0).
AU $, a 20 g/L resulto were included except:

- Fedbatch experiments (6).
- Su582 and GBI cultures.

s: Statistical standard deviation shown by dotted lines in F~gure 3.27.
fGa'." . ,

\-v

•

'!.

• •

"



Linear correlàtion coefficient r = 0.97
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b' = 0.0398 + 0.83

The biomass stationary phase observed for,

(3.73)

8IPC

cùlturesperformed according to the standardprotocol used

limits the total biomasscontent'of Bioreactor IP as shown

in Figure 3.27. Except for the 8IPC cultures carried out

"at 8 = 40 g/L, most cultures performed for. more than 6 days

(22 out of 26 cultures) were li mi ted "to bi omass

concentration of 8 ± 1 9 d.w./L. The ~iomass concentration

of the 8IPC cultures performed at 8 = 40 g/L was most

probably overestimated as indicated by the higner yields

c, observed <Figure' 3.30) because of the high carbohydrate
"

this biomass concentration in Bioreactor IP.

,concentrations () 20-30 g/L)' present in the mediùm which

may have partly interfered with dry biomass measurements.

"

The following; methods were investigated to increase

•
,- Use 0' • '5X <'" '0'" 'ou"uce vo,ume,~ooou,~.
2- Periodical addition (10 cc Id from day 7 to day 12)

,
0'1' a 'concen'trated nitrogen/phosphate soyon to', a

20 g/L ,,8IPC cul ture. Thi s sol uti on was made in

nutrients'proportions equ~valent to the standard B5

.formulation CAppendix 2) and to a quantity of, 75%
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3- Initiation of a regular S = 20g/L SI~ culture

containing only 50% ,of ~he nutrients except f~r
..

5Llcrose. The other 50/. of the nutrients WolS added

after 2 days of culture.

4- Growth of S = 10 g/L 'SIPC cultures for ~, 4 or 5
•

days, then replacement of SO/. of t'he liquid phase

with fresh medium of a 20 g/L sucrose concen-

tration.

5- Growth of S = 20 g/L SIPC cultures for 4 days, then
.

dai ly , replacement of part of the medium (~ semi-

continuous operation) with the s~ fresh medium at

rates of 4S0, 330 or 175 g/d for 2, 3 or 6 days

respectively.

6- Periodical addition
, ~

(20 cc/d fromday 4 to day S)

of a same nitrogen/phosphate solution as in Method

2 aboveto a S = 40 g/L SIPC cult~

-\a 9

As shawn in Figures 3.25 and 3.26, Methods 1 to 4 were ,

unsuccessful. The' biomass concentrati'on Olt 'the stationary

phase WolS not affe~ted by these changes. The use of a 15%

inoculum did not improve the biomass concentration.

Metho~s 1 to 3 resulted only i~ some increase in

carbohydrate consumption
,

(Figure 3.26). Mèthod 4, even

~hough it allowed a '~O/.- increase in t6tal nutrient. ,

availat:.ility to growing SIPC, resulted only in a -b,iomOlss
. l ~

formation equivalent to a normal batch culture (Olt
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S = 20 g/L, Figure 3.25). In this case, the carbohydrat~

consumption rate declined from 2.1-2•.4 g/L.d to 0.3 g/L.d

•
within 4'days after the medium change.

. .
The .semi-continuous Method 5 resultéd in some slow (~'

0.25 9 of' dried biomass/L.d) improvement in total biomass

·formation (13 to 3~), especially at the slower addition

rate. The carbohydrate consumption was increased mainly

at the higher addition rates (Figure 3.26) •

The 'daily' addition'
.

of, the nitrogen/phosphate

culture (Method 6) ,resulted in a significant increase (447.)

concentrated solution from day 4 to a S = 40 g/L SIPC

c
in carbohydrate consumption (Figure 3.26: from a final

carbôhydrate concentration of 26 g/L for an untreated

culture to 14.5 g/L)., ~ similar increase (~ 307.) was noted

in the biomass formation of this culture (Figures 3 •.2.5 and·

3.27), even though this result may h~ve been"partJy .masked. .~ .
by the high carbohydrate concentration present in the

medium. This was the most significant improvement in SIPC'

biomass formation obtained using the methods listed above.

It is important te observe that thé SIPC bi~film was
-, ' .

more responsive to Some of these chang~ when t~ey occur~d

before the 5th or 6th day of the cul tur'e. This is

i llustrated by the resùi ts obtained when. using Method 4 as

1



compared to Method 2.
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A similar behaviour was observed

upon changing the medium of a 3 or 4 day old S = 10 g/L

SIPC .culture as compared to a 5 day old culture (Method 4).

Higher carbohydrate consumptions were observed ~or the

younger éultures after the medium change.

One of the last ~ roseus SIPC culturesperformed in

Bioreactor IP involved assessing the .immobil ization

efficiency of a 5 day old plant cell suspension inoculum

(- exponential phase, see ~igure 2;1) at the standard SIPC

culture conditions. This particular SIPC culture performed

better than SIPC cultures inoculated with stationary phase.

The biomass producedcomparable to other 'SIPC cultures.

/~.\

f:W' inoculum. Its immobilization efficiency (97.1%) was

was equivalent to other SIPC cultures. However, less foam

was formed on top of the liquid phase as noted in Section

3.3.1.2 and, more important, aIl carbol:)ydrates present in.

"

~he medium were consumed at the 11th ,9ay ·of the culture

(data points marke·d· "5" in Figures 3.25 to 3.27 and TablE\'

3.12). -This last result was rather surprising.

A second si~ilar SIPC culture was performed to verify

•

th.is result and _simult:~neously to assess its possibility

.fo.... hilJt:· biomass formation· using a S = 30 g/L 1B5 medium. ).

con;'tan\ high )carbohYdrate consumption rate was observed

du~ing the whole 16 day period of this SIPC' cUltu~e~78

"
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-g/L.d, 8 samples, linear correlation coefficient of 0.97).

The biomass concentration attained was the highest of aIl

SIPC cultures performed in Bioreactor IP (see point~ in

Figures 3.25 to 3.27). This concentration was 14.3 9 of

dried biomass per litre of final medium plus wet biomass

present in the reactor.

Cl

This is an important result for the application ~the

surface immobilization technique to the culture of plant

cell s. Ii stresses the importance of the-plant cell

c

suspension inoculum quality (age), rather than quantity, to

the biom~ss form~tion and control of SIPC cultures.

/

A few additional experiments were- carri.ed out to

•• verify the application of thé surface immobilization

technique and its scale up in Bioreactor IP to the culture

of other types of pl ant cell s •
•

The selected plant cell

types were Soybean ~cell line SB1) anQ Tobacco (cell line~-

suspen~o~s as described in Section 2.1.

Su582) •
.'

These cell li nes were mai ntai I)ed in shake f.lask

The SIPC culture
, ,

of these two plant c~ll types were carri ed out aé:.éor.di ng to:~

the standard protocol presented
~

medium IB5 (S = 20 g/L). -

in ·-Section 3.3.1.1 with

The results of these SIPC cultures are summari~ed in

Figure 3.28 and Table 3.12• They' ·are compared -to their

•

/. /
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Figura 3.28 - Growth curves of ,Tobacco cell line Su582 and

Soybean cell line SBl cultured in shake

flask suspensions andin Bioreactor

standard conditions."
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"
10%

(Figure 3~2B)

7 d10%
9

(Figure 3.26)

6d,10% (I/Vom )
6 '

7 d,..

.'"

..
Inoculum, '(age. %)
Tlllieto Hax 6iomaa.

"
TABLE3."!2

COHPARISON OF Y.ARIOUS PLANT CELL LINES GROOTII •
.,.-\ ;
. l '1--'---'--.-",-----;,---,-----,---'---------.---'-,-~--'-----;,-----------,

, Catharanthua roaeua Gell ,Line HGR17 Tobacco Gell Line Su562 50 bean Gell Line SBI. ,
SNae"nalon Cul ture (Figure 2.:1)

"

"

"

,CliO Conaumption
"

X 'formatlon x -

Specifie g.r. (Ul(d~I)1 0.56d- 1 nO Q 8 .. r-0.95 10.59d- 1 no:-6' r-O.92 10.55d- 1 no-6 r-0.99

9%

49%

9

0.289d

~d

(Figure ,:J..j!8)

CIIO..- 24.0-2.33t (g/L)
, . ,(3.83)
no ..5 r-O.98

..

10X

0:21 ild0.,31 7d

Il

O.22 11dO,31 7d

10

0.22 10d

CliO -21.2;-2.. lt(g/L) CliO -21;4-2.2t(gLL') .CIIO -25.2-1.7t. J,K/L)
, . «;1...1fl) .' •.. ' (3.rn" , ·,(~.8Q)

no-4(7d) r;;0.9B . no-6 r-0.98 -/10-6' r-0.98
." 1/.

Culture iTime (d)
.,.

CliO Conaumptlon
. i ,

•,,

'''Av •. Specifie
.g.r.( U)(d- I ) ,

, • ,
,Av., Norm. Blofilm ...... " 1
~.r.(b )(mgd.w) . 0.67 1Od 0. 967d 0; 61 11d 0.,967d .' 0. 75 11d 0. 809d

" 1 cm20d. '
.

Bipma~" Yield (%). 46.2% 35.6% 55.2% ' 43.9%

Normallze.d SipC(~gl'j,) .
• l- l

7. 6:~ ._" . 7.3 • ,8.8 7.8.

96.2i'
. ,

94.2 L 98.5Imm.' Ef flc1enéy (%) 97:iX
.. '. "./

"-.
11/0 Rada ~ 33.-0 36.1 . ,. 55.5 • 31,1

"'-, ~.

~----, _..

1 Bioaiaaa Yleld (%) 'fi; . 56.~%· "" r' " . 42% l, ,

,SlPC CUlt1re (Ip) ,(Figure l:.J~().;.IP:.~?) (Fi.~ 3.t 28 l . ' -

0, Inoeulu" (age. %) 9d 10% • 5d' 10% .. • 8d, . ,-------- , .
....,..'-·1 '

"

,
A

,
'-

. ~

, "
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-suspe~sion culture'Oand to the culture of ~ roseus cells.

The growth of these three cell lines in shake flask

suspensions is comparable, ~ith line Su582 and SB1,somewhat

slower (50:1. and 22:1.) and lower in yield (42:1. and 49:1. as

consumption rates as compared tocarbohydrat7

compared to 56:1.) thàn line MCR17.

10we"P-.

Their SIPC cultures show

corresponding suspension cultures (36:1. , 19:1. and 27:1.

respectively for lines ~, Su582 and SB1). These rates

(for SIPC) are comparable for~the three celle lines, with

the rate of cell line Su582 lower by ~ 20:1. as compared to

SIPC system), but it is lower in the suspension culture

biomassmaximumThe
-

culture ~ystems'co~ares

'cto 9.4 9 d.w./L in the

cellèthertwothe
, , l ines.

'".,9.'., 0

concentration attained in both

weIl for line SB1 ·(S.'8' a~ompared

system for line Su582 (10.0 as comparedto 11.2 9 d,w;/L)

(Figure 3.28~The suspension culture of line MCR17
...... 1..

e~hibiteél."a higher ~aximum biomass concentration than', SIPC

cultures <11. 5-12. 0 9 d.w./L as compared to 8.5-9.0 9
, .

'"d~w./L.). ThElSe results are reflectèd': ~n

lower
.~ ,

;..., .
growth rates of the SIPC cultures

the yields and'
1

p~esen.t~d in' Table

3.1"2.

0'

,"

,.:,bièmass ~stationar"y phase observed when culturing'~ roseus'

..

'0"

. . ,

and S~1582, with the protocol used, do l'lot lead to"'the early,

The carbohydrate consumpti on resul ts presented ~ in
\ '

Fi~ure 3<~8 indicate ~hat the'SIPC cultures of lines SB1

••

o~"( J·.r.

, .

,
"' ""'-. -

~.,
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. '.

plant in'ocùlum..,.

This result was expected ~or cell line Su582 since a 8 day

old suspension inoculum is in its exponElntial phase of

growth, (Figure 3.28). This is equivalent to a 5 dpy old,
>

inoculum of cell line MCR17 for which the early SIP~

biomass stationary ,phase wasobserved not to occur. The
"

high carbohydrate consumption rate
4

(2:33 g/L. d) of- 'l:he

Soybean SIPC culture during the whofe cultu~e period'was \
, "

not expected since' the 9 day old inoculum used was a
. ''o..w:-

stationary phase suspension culture (Figure 3.28) •

The other
.

investigated ' characteristics ' of 'SIPC

cùltures performed in Bioreactor IP 'were
,

the pH of the
"

'!'edium, the biomass yield,
<

the carbohydrate consumpt~on
. , , , b

rate, the wet-to-dry weight ,ratio and the
,

,oxygen

cons!-,mp.tion r,ate of the SIPC biomass.
"

Th"e pH of ~ a SIPC èulture,medium Cline MCR17, normal

protocol) ,was self-maintained at 5.1 (averagê' of 15

cu~t~res,' s =.0.3) du~ing the growth phase (first 6-7 days

, of the culture). This was observed for cultures terminated
'.

,at or before this time a~d for cultures carried out for

,"
. ,

lo~ger periQds but sampledregularly.,,.
the medium' increased within 24~hoLlrs te a value of ~ 5.'5

.
n'?t,e:d other than thi s sudden" change (not trul y overl apping),.

. ,

/.

l' ,<10

7(average of ;:>1 "cultures, S,= 0.3) • No real pattern was

•
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Olt th~ 6'-7th day. of the c:ul tui-e.·.... '

Tne pH·.·. val Ll~ of

r "
'.;l

. 'fC' :

,

. ':l. '.~

1:>" , ;., f l ask ~ suspensi on . c:ul ture~ i nc:reas'ed progr:ssi vel y t·o ~

-c ~._5.6~.7 t thê)c:o~P-lete disappearanëe"of' c:a,.r::bohycÎrates from
;' , '. " 0 1'\. '
......~' . ",.,'. ~~_. ~ :' o,, j..i _.

q~th'7 medi-uml' <?- 6th day of ..c:ul ture:-. ag~t"'.ted Olt .159,!,-~PM)~ •

Ther~àfte.- fi,e pH dec:~ i,ned 'ti:'?t.~ ·4,Çà...1~'~1:,,.jfil;t,l)~~a-:1ec:r~~'se • in- .",'. ~~:~. . c:JJ 0

the biomass c:onc:entr~tion <s~ Figure 2~-f')"; ',o~" 0 ,"',
, ,~\ )

SIPC c:ultures'using a 5 d~ old 'suspension inoc:ulum of

plant c:ells of line MeR17 showed higher pH of the medh,m
, .

"

whol e c:ul ture peri od,•

in shake flask
~

.) <5.5-6.0) during .the

Tobac:c:o Plant,(c:ells

pattern respec:tively

<Su5S2) resulted

The c:ulture of

-.i~ si ;';11 ar
~)- .

li •
.suspensi on and

MCR1"7 - usi ng the standard protoc:ol" The c:ul ture of c:ell

l"i.n~·SBl res':'lted ip ~ similar pH patt~rrÎ ,for'''okh- systems,..
c .,

Bi~eac:tor IP as ~bserved for 'the c:ulture of
) .

"
c:ell ·line

fi). -.... a ~rogressive inc:rease to ~ 6.1 Olt the end of the c:ulture.....

The final biomass yields of the various SIPC c:ultures
" (

per~orme9 in Bioreac:tor IP ar~ ~res~nted in Figure .3,29~

•
~Of these results have to be assessed with c:are bec:ause

of the >possible interfere~c:e of.' .
high c:arbohydrate

•
c:onc:entrations in the medium <>20 g/L) on the measurement

~ \

of dri~d biomass quantities. This ïs . partic:ul.arly

important ·',for. SIPC c:ul tures c:arried out wi th 'an ini ti·al,

suc:rose c:onc:entration 'of 40 g/L. A dec:lining biomass yield

WOlS obsèrved
......

daring the growth' phase as anti c:i pated i,n

(

•
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I~l,.' Figure 3.29

"

Biomass yield ôf SIPCcultured in Bioreactor

·IP. .
'. t '\ymb01S are· as i~ Figure 3.'25.

Line 1 , S = 20 g/L Y = 92.2 .. 6.7t (3.84)

Ne = 11 1'" = 0.88-.. .
Line 3: S 20 g/L Y = 37.6% S = 5.0%

~ • No = 13 •

Line 2: S = 10 g/L Y = 76.6 6. 5~.r~:". 85)
1 •

• Jo ~,

. No = 6 r = 0.81

)

o
...

',',,"

.. ",,','
,,' ..

; .

1



:

, ,

-~,
en
E
i=

(") 6
C

1 ' 'ISI
1 .. 1
1 ! •. 1 0
1 1 . C\l
1 1

• 1 1 .... ,
1 1 1. 1.

. !I ~I
..

~ f-. 1 1

"
1,, 1 1 :'.:~j..r" 1:'-

1 r- ,
1 <0a-'-el. \

" 1 1
,..

C' 1 1
..J Il 1 1

LU
,

1
lB!

~- 1 ,

f->.o. 1 r
•• 1 .. 1 • ,"" 1 ,.. , -1 1 ".'- 1 C\l

1
,..

1,

1 ~ '13101 ~
. .-

1 1
1.. 1 .~ 1 l-

I
,,p 1 J

a ~
1.
1

- • c -
\
".. '1 .... "

.
li ~ f-

a . y
~ / .

- V
v

-. + ~.

~ - -•

•

à
1

0
' l' -0 1

0
1

0
1 0

J-.' ,.' '\

-~-'t:I'-en.-
>.
enen
~

.§ ~
al

•

- ".'

,
La·,.......
1":~ .
J,,
i
1

"" ..



.•.:..... '

. t,

,"1l

-"
-216-'

SectLon 3.2.3.2.·A constant yield of - 37,.6% was observed

thereafter.
.~ ~ .

-
The carbohydrate consumption pattern ofall batch SIF'C

~ ~

'cul te,,,'es, of .ce 11 1 ine MeR17 carr,ied oL,t accord ing ta the

standa,-d pl-Otocô~' showed a constant high rate (> 1.~ g/L.d)

'du ring the growth phase. Thereafter, this rate was
"

significantly reduced (S 0.6 g/L.d~. This was illustrated'

..
by the -final carbohydrate' concentration of all SIF'C

cul tures perform~ in 8Lor-eëlctor IF' pr~sented in Figure

3.26. These results were compared ta the,carbohydra~e

'consumption pattern of shake flasl~ cl,ll'tured plant- cell

suspension (SC). A similar consumption pattern was observed
~'

for each SIF'C culture. A 1ew of these results are

presented in Fig~r~ 3~30 -and Table 3.13. The carbohydrate

.""t:~'-'
" ,

consumption rate of growirg SIPC cultures (- 2 g/L.d) are

c:orresponding to rates observed for <;hake flask suspension

cuitures agitated at 130 ·and 150 'RF'M (1,.4 g/L .. d and 3'.37

g(L.d.) .

The ,';et-to-dry '"eight",ratios (W/D) of' the SIF'C bio~ass
"

cul-tured in Bioreac tor ,~. are presen ted in Figure 3.31. The

data points of the

•

experiments are' scattered.

"
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Fi gure 3.30 - Carbohydrate consumpti'on of .SIPC cul tures

IP9/11 (200 RPM, 0.2 VVM) and IP24/26 (300

RPM, 0.2 VVM) in Bioreactor IP.-
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l'ABLE 3~13

CARBOHYDRATE CONSUMPTION RATES OF SIPC
CULTURES IP9/11 AND IP24/26 IN ~IOREACTOR IP . ,

-.

'.';~.

., .
IP Total l'ime to Car80hydrate Consumption during. Grovth CHO Consumption

Culture Stationai"y
, ,~ during- ,S. Phase •

~. Period Phase (d) No of 11 '. (g/L) r .'(g/L 'li)
(d) poin"ts

9 3 - 2 ~o
• 2.1 g/L 'li -/%. -

10 7 '7 4 CHO • 21.2-2.1 t (3.86) 0.98 -
•

11 10 7 4 CHO • 19.0-2.2 t . (3.87) 0.95 0.48
. .

1
24 8 , 6 3 CHO • 19.5-2.0 t ..<::L.a8) 0.98 -

~'~
- . .

25 4 - 2 ~o • 3.0 g/L 'li
-

/%. - -
26 12 6 3 . CHO • 20.4-1.7t . Ci..•.ll~) 0.96 0.44

.
.

See Figure:I:.:30.
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Figure 3.31

••
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,

Wet-to-dry biomass ratio of SIF'C cultured

in Bioreactor IF'.

Symbols are, as in Figure 3.25~

•
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0:"
A Qood proportion of- these W/D results (33 out of 41

results) are higher (average of 32.9 for 37 cultur~s,

•

s = 6.2) ·than .the theoritical ratio of 25 mentioned .in

Secti~n 3~1.2.3.

\' ..
An avel'"'age ~-'Jet biofilm :thickne'ss ( T [mm] ) can be

......
calculated fro'm these e:·:perimental results by the following

equat"ion ..
.~

,

-, I~ '.

'",o;..

_.
~~:

/

(3.94)

.
av~~age SIPC dried biomass surface concen-

tration (mg d.w./cm2 ),

eb: SIPC wet biofilm denslty (~ 1.01 g/ccl.

~This average thickness ~is presented" in Figure 3.32 in
'.

relat,ion ta SIF'C surfli.çe .concentrations.. This average T i5

t

.,

... ~

."
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Figura 3.32

.
.' ...

c,

Relationship, between the~et SIPC biofilm
•

'"thickness and the dried biomass concentration

"
of cultLlres performed in. Bioreactor IP.'

----,-.
Symbols are as in Figure ~ ?C"..;;o. _,.J.

Line 1 : S = 20 g/L T = 0.42SIPC 0."58 (3.95)1.

No = 30 r = 0.86

Line 2: S = 10 g/L.T = 0.35SIPC - 0.09 (3.96)

No = 7 r = 0.98

Line 3: S = 40 g/L T = 0.26SIPC"- 0.19 (3.97)

No = 8 r = 0.87 '.

"

'.
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" t.. :<'·'''.inear:~.Y corr'è(at'!!f1 ,by Eq~C1bons ; (3.95>'" . to(3·;97). Th~"
'~ •. ~.,,,-~.. ' .;c'~~ . ~ .'.t.- .: '-<. ..~ ." '•. >cf.

, '... " ,")/ first'~t~p eqUatti,Cl';S" g{ve an a:-,erageSIPC!Jiô';':ass W/D r:-atio~
.~~ __;_:~~. .""i~ "~'~1':' .f..... ' ,.1:"" r~~~ .'~ _~ • , ~ ••

of ~ 40-50. '.' Equ;ë\tion (3 .• 95) irid·rcates ttiè\,.t a :s: mm w~t SIP,J;:·

.:,,'-J.' 'biofilm (mai~', ~IPC ~~~reaeto}? ~eSign crit~~ièn see
,;-

'''."'.''.,...:

Section ~ 3.2•.1> co,:"responds to a biomass surface

concentrat~on of 8.S mg d.w./cm:. This corre~ponds to a

.....

, ,

." ,

maximum all~wê~ plant cell biomass ,concen.tration of 8.5 to
a;-

9.8g d.w./litre of ~eactor volume at the. maximum and

im~~liZing ,structure liquid levels. This range of
•

concentrations was prèdicted in Section 3.2.2.1 and was

biomass formation stimulation

This rate can be estimat

,the oxygen consumption

.'

(Fi gure 13.27) •

of SIPC cu~tures evaluated is
'ft
of ·the immobilized biomass.

either from the oxygen mass

'.

Z!.. -.
g/L 'SIPC cultures with or without20

.,
S =for

The fina~'characterl

attained
'.

..•.

t..

transfer rate or by the carbohydrate consumption

rate (D=CRc ) ~ccording to the folLowi~ equations.

(3.98)

(3.99)

--
with D:CR:..~.ib~

oxygen consumption rate of the immobilized

biomass (JJMD":/nig" ~. w. h) ,

•• <1
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.6<
'P"'P.

;. --..;-".
..<JQ',I

00-:

,

~inal oxygen transfer coeffi~ient of the,-

bioreactbr (h-' > ,.

di ssol ved ··oxygen concentrati on at satu-

ratton (and equilibrium> of the medium at

the operating'conditions (ppm>,

"

DO... ,

VL.-fI:

'measured dissolved oxygen concentration in

the medium at the end of the c~tl ture
: ,

(ppm> , .' "
,~

om:~d~um volume at the end of the ,<cul ture.... .. ' .
(L) ,

total dried immobilized biomass in the ,

••
bioreactor at the end of the culture

d. w. > ,

<mg

f~al average carbohydrate

,
consumption

~

y.'

rate (g/L.d>,

final biomass yield.

The (k~a>... coefficient was ~t~mated from the

measuremeMts as ~er Equation (3.61> • The measured 00-
.~ .

concentrati on 'of medi'um:'; 1B5 at the normal
l:;

condrtions of the s~stem was 7.3 ppm.
·;~t:~.:

operating

' .

o

The comparison of the O;CR~ and 02CRc calculated
Ji',

. reSiults' showed both to be in the same ra-nge. "f-!owever, the
~. c--~ter data wer.e more scattered and, on the average,.lower

than thg 02CRm results (average of 28 results: -11'l. •
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with s = 31~). 'This difference

ove/estimatio~'of (k~a)~, the'

experim,=ntal 'resul ts ~lnd the')
-l

true differential biomass

the

data,

of.

O",CRmto

accuracylimited

origi~ated probably from an
" .

•impossibility of determining a

yiefd. Consequently, thg O",CRm results obtaine~ from

Equat:i on '(3.98) were used and are p.)esen~e? in Fi"gure 3.33.
•

These results show a"-decline in the oxygen consumption

rate of the SlPÇ. biomass during the growth phase and a"

thereafter.

O"'CR~ange ofthewithconsistentare

~MO",/mg d.w •. h~mentibned in Sectlon. 1.2.1.1 for cultLlred--plant cells, even though ~hey are in the low end of thi..s

..
results

~onstant rate-of ~ 0.10 ~MO",/mg d.w•• h
" .

. '.

r

...
'.

'.
. ,
../.

. -r1'
'\ .

lA.
.-

3.3.2. Bior4actor....

, ransre. Thes~ resu~ t's are al so . consi stent wi th the"

càlculated O",CR" results (Equation (3.99» o~ 9ywi'ng plant

cell s~~pensi~~s (Line MeR17) éC:it~red ~n /.)fake flasks

presented in Figure.3:33. /
" .;!J

...

,;r;. ,

,
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Figure 3.33;- Oxygen c:onsumpt~on ,rate of8IPC biomass

) -

c:ultured in Bioreac:tor IP.,
8ymbols arè as in Figure 3.25. . .

"~ .., '.

.f) ,-"~

. :.

•

i,·..~
.'

.'

~ 11
(3.105>
.' ,~·1

0.04t

Flask suspension"=.ultures O",CRc ' (150 'RPM):
.<li
<!lr+: 8'= 40 g/L.

<>: 8 = 20 g'/L.

l'\: '. .
~

'~ . g/L.-', • : 8,=:.10 ..
t.i fle 1: ' 8 -= 10 g/L O;'CR =-0.40

, " ",.
r • Ne> 6 0'.86= r =

",

"

,
Une- 2: 8 20 g/L '04\::R.= O. 'WÎ1Mo:;:/mg' d:~. h

'. " '. .
"Ne> = 16's = 0.015

• 0
, ~ '.
-'1<

, .'

•
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.. \
)

accessories according to the, standard practice (60 min.,
\...-.-,.

psi) • The sterile reactor ....as suosequentl'y

fillèd to the Qperational level (6.5, ,5..2 or 4.4 U .... ith·

lSï.ta(8inoculum

." ..
sterile medium and ....ith a suitable suspension plant 'cell

::,:-J
of the in.itial total culture volume)'

: prep?red as per Section 2.1 andsimilar to Bioreactor lP

(see Section 3.3.1.1).

. ,

The bioreactor ....as fitted .... ith necessary sterile

acc,essor i es '(condenser, feed reservoi r etc) and 'installed •

The culture liquid level

in its holding structure.

maintained at 27±1~C.

The culture temperature ....as

and the
-.

aeration rate ....ere adjusted to the 'desired values.

During the C,ult~lre period, the medium ....as regularly

sampled by drainage as for Bioreastor lP. At harvesting,
'.

thecu,l tUl":e ....as .treated as f..or Bi oreact,?r lP rsee Section

3.3. LU.

:.... ~'

~.'i,':;''''~.~ '-",", ,

\:~,,:

t.:
"

3.3.2. 2 6eneralop·eratiJ;,1'comm~ni:s.,. . - '~ .

•

•

..
Tne immobilization efficiency of Bioreactor lA ....as the

same as for Bioreactor lP. All the inoculated plant cells

The final

of suspended

24 hours of..... ithin the first

of .the.end

medium ....as completely free
~ ,

cul tur"e.the

-

....ere attached t~ the matrix
/

the cUlture~ The
-.-/

bi omass until~.
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immobilization efficiency of the system, as defined in

. The use of a large inoculum (16% a~compared to the

Section 3.3.1.2, was 96.Q% (average. of 30

S = 2 •.2%) •

cultures,

' ...
standard 8-10% volume ratio used) did "not improve the

growth of SIPC in Bioreactor lA as for· Bioreactor IP. The

use of this larger inoculum resulted in a slight increase..
of the amount of plant ·cells trapped in the foam layer of

the culture (~ +1% of the total biomass present in the
\

bipreactor) • The biomass froth formed on top·of SIF'C

cultures performed in·Bior'eactor lA was of·a similar nature···

as for Bioreactor "IF' (see Section 3.3.1.2). However, .it

was better contained <larger head space) and· controll ed

(flow diverting .plate .effect> than in the smaller system.

" 0, . ~,
~.3.2.3/0per~tionai. "

Hydrod5mamics of. Biorêaê:tor cIA.

".

".
,

The hydrodynamics of Bioreactor lA was evaluated with

Subsequently, .the actual..
operating conditions" of this system we~e determined for a

•• best culture of surface immobilized plant cells.

cultùre conditions are presented in this Section~

These

C···..

. .

The good biomass handling performance of Bioreactor lA
~

mentioned in the previous Section required a close control
• 4
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two operati nQ condi t'ions, part.i cularl y duri ng the

•immobilization period of'the·.culture. (first 24 hours, until

c:omplete at'tachment of the inoculated pl'ant cells). The

aeration rate was limited to 2.6 L/min (~ 0.4-0.6 VVM).--
Î during this period. This low aeration rate was intended to

mi'ni.mize the entrapment of the inoculated plant cells in

the foam of the culture (see Section 1.2.1.2).

the aeration rate was increased to the desired

Thereaftei-,
Î.. "level.

)
The second important operating condition was the

, .
'J culture liquid level. As mentioned in Section 3.2.4.1,

......

high liquid levels resulted in excessive fluid by-pass

around the immobilizing structure. Lower liquid levels «

5.2.1itres) .. especially to the top of the immobilizing

structure, favored better'mixing within th~vertigsiraI

wound configuration. This behaviour wa!!i confirm d . du ing
, 0

the experimentation of ~ioreactor lA. The liqu~d 1evel
•

could.· influence drastically th~ di~tribut{on of the

in:C:ulated biomass in the'immobilizing structure andits

.
"

uni fqrmi ty of
,. .
", or . above the. .

l~

.'tach1n~n.t. -.High liquid levels <> 5.} litres

flow di~erting plate) ledto the.formation·of. . , .

a thicker wet biofilm on the external matrix· layer of the

immobil~zing structûre as compared to. internal layers

coverage. -Lower initial (first 24 hours of
'.

. ~ .
the culture)

liquid" levels, particularly those reaching only to the top

J
of the immobilizing structure,. resulted in an improved



uniform distribution and attachment of the inoculated plant

cells as well as i~ a more uniform grown SIPC biofilm

throughout the vertical spiral wound configuration. This
,

resultwas

involved.·

not quantlfled because of
.

After th'is immobilization

the difficulties

period, the ~um

,Li

The biomass formation 'phase

·level was ra~sed to the flow diverting plate height (~

litres) for unifor~ liquid mixing and growth.

was affected byehree

operating' variaples as shown in, Table 3.14. Low

aeration/mixing rates (Experiments 14 and 17:0.46-0.60

VVMo (relative to the total initial culture volume»

resulted in low yields (~ 30Yo) and in lower final biomass

concentrations as'compared to other cultures (- 17 to 35Yo).

The biomass formation was not affected by aeration/mixing

rates above 0.8-0.9·VVM. A 0.9 VVM aeration, r?te was

",'

•selected to ~nsure sufficient oxygen tran~fer to the liquid

phase (k~a - 13.2 h-' - Equation (3.57» for the culture of

. ,,-.

'.
the SIPC.

With the culture protocol used. ~ .

•
1

(s~~tl0nary phase.

..... , .
inciculu~of cell line 'MC~17)f the final concentration of

the biomass in the reactor (X•• ) depended on the initial

medium volume of the culture. This is shown in ~ble 3.14

.~!.- •

'for Experiments 7

", ~.

. 'for SIPC cul tl.lres

.;..
"

....

performed wit'h 6 l.it'r..es of medium (except'

Cl'ow immobilizin~ '~;~~a?~;;d 14 <1ow

,t.

J

. !' .• :.-
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TABLE 3'.14

PERFORMANCE OF BIOREACTOR' IA,

.
':

SIPc(1) , 'M~...
. ..IA I. Vom VVM. C CBO Xes Noces

Area (mg d.w.) m.. d.w. YI
1 (cm2 (L) Cd) (gfL) (g d.w.) b (1) c (I)

L cmZ cm~ od 1 (d)

3 7884 6.0 1.43 l~ 0.6 10.7 9.3 0.84 1.10 8 46.9

4 7132 6.2 1.38 12 0.9 13.3 9.7 0.63 0.75 12 40.3

8 6108 6.1 1.15 11 11.6 10.8 8.0 0.87 0.88 8 49.2

9 6346 6.1 0.78 11 10.9 10.7 ' 7.6 0.78 0.83 8 52.9
,

12 6264 6.1 0.94 13 4.5 11.8 7.8 1.13 1.18 8 39.5

7 4544 6.1 0.93 12 7.1 8.6 - 5.7 1.08 0.82 1\ 6 32.3
,

14 6302 6.1 0.60 13 20.5 7.6 5.7 0.76 0.80 " 6 28.7 S ,- 30 gfL

15 6226 5.2 0.91 12 6.5 6.3 5.2 0.72 0.75 6 35.4

16 6386 5.3 1.41 lZ 6.7 6.7 5.4 0.72 0.77 ,6 34.6 ,..
17 6415 ' 5.1 0.46 12 8.5 5.5 4.4 0.58 0.62 6 31.6

19 6241 5.1 0.91 6 8.8 7.3 5.9 0.83 0.86 6 45.0

" 44.6 '20 6278 5.1 0.92 9 6.0 8.1 6.5
,
0.90 0.94' 6. '. . ,

.5~37 5.8 1.45 9 12.,0 , 7.,1 5.6 . o.n 0.79 6 33.2
,

~, ..... ,

25 5931< 5.0 0.93 14 14.4 8.3 ,8.0 , '0.74 0.73 ' 8 40.9 Med. replac:-
l! ed il clay 6, ' - " 4.0 . "

26 626,6 5.1 0.95 10 15.7 8.5 7.1 ' 0.76 0.79 8 45.2 • ". -
30 5744 4.6 1.01 15 0 12.4 9.9 0.65 0.62 15 43.7 .Semc:oncin-

1
uous.. aay.-4+10.," .' , ' ' " 890 c:c:fd-

" . ,

•

(1) : Normalized Co 6000 cm 2.

~, .., .

•
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aeration rate) as compared to 5 litre cultures. However,

this high liquid level introduced serious mixing

disparities within the immobilizing structure (see Section

3.2.4.1 and Figur~ 3.20). This can be 'resolved by a

fedbatch or -- semicontinuous operation of the system

(Experi'ment 30).

The third important variable was, the available

-
c

immobiliz.ing area relative to the cul:ture. volume.' This

influenced directly the thickne~s of the wet SIPC biofilm
0. .

produced from a given.volume of medium. This is ~hown in

Table 3.14 for Experiment 7,as compared to Experiments 8, 9

and 12. Lowering by ~ 257. the immobilizing area relative

to a same initial medium volume (~6 litres) resulted in

decreases resp.ectively of 227. ar1"d'317. i.n the final biomass

concentration and in the yield. A same increase of the

.>1 immobilizing area relative to

(Experiments 3 and 4 as compared

medium volume

9 and

12) did not.. lead to a
,...

signifi ~mt improvement in-the

biomass produced at the same operating conditions.
,p .

".

From these results, a set of best oper~ting conditions

of Bioreactor lA was determined and 4S summarized in Table

,

6";,
~"

. .,

..

3.15..

..

\

•



TABLE 3.15

.BEST OPERATING CONDITIONS OF BIOREACTOR
IAWITH THE STANDARD PROTOCOL USED,. .

.~.

Operating Conditions

Inoculation Ratio

Immobilizing Area

Immobilization Period (1" day)

Culture Liquid Level

Aeration/Mixing Rate

Growth Period {>l" day) -'

Culture Liquid Level

Selected Level

a-lO%,of total culture
volume

Structure B (Table 3.!)
-6500 cm 2

Top of matrix structure
• (4.4 litres)

0.6 VVM

Flow diverting plate
, level (5.2 litres)

j

o

. '

,~,

Aeration/Mixing Rate

High Biomass formation
"

..

.. :;: •

0.9 VVM

Semi-continu~us operation
before 5" day or using a

~c 5 day old 'inocul~ and
higher initial sucro'se
concentrations

~ (S -30'-SOg/L) •

.

•

, "

'.
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3.3.2,4 The Growth of SlPC Cultured in Biore~ctor lA.CD

•

-237-

•

.'

Thé biomass formation pattern of SlPC cultured in

Bioreactor lA is illustrated in Figure 3.34. The results

were normalized

this pattern ischarr~terizedobserved for

to a 6000
é

Bioreactor lP,

cm'" immobilizing area-" As

by a linear growt.h phase up to the 6th day of the cul'tLlre

followëd
.

by a ,stable biamass stationàry phase without
•

complete con!3ump,tion of carbohydrates. - 'The occurrence of
•

this last phase was also confirmed tby measurements of

carbohydrate c6ncentr~~ioris as shown i~ FigLlres 3.35 ,and
o

be

3.38.

3.16.

'oô co.u". 0' F',uce 3.34 ac~o'a'o' '" 'ao'o~

o
The growth curves of Figure 3.34 can also

represented in terms of the drild biomass c~ncentration per
'. ',\
li tr,,\ bf wet biomass phls medium.llPresent in the bioreacd2fir..

",

c
,"

rhis corresponds. to an equivalent plant cell suspension.

3.1~~nd 3.17, it can b~'se~n

,

c
c:orlcentratian ..

:tt4 '
are cOf'related

Figure 3:36 sh~ws these groWth curves which. '

in Table 3.17. From the results of, Tabres

that the growth. rates of, , '.
5 io g/L and' 5

, .
= 20 g/L SlPC cultLlres performed in,. _., .

Bioreactor lA are lower (~ 30-40%) than the growth rate of

a shake flasl, susp;"n'sion culture agitated at 150 RPM.

,

1:,,-:. .'
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Figure 3.34 - Normalized growth Curves of S.IPC c~ü~L\red in
• '.'

Bioreactor lA at the be.st operatir.Jg

condi tio'ns.

•

S = 20 9 IL, 16% i ICbCLll Llm.

..
..6

 ...

..

after

: - ";J*"

, n

changed'
.' ,

S = 20 g/L + N2 /PO...
• -... t. ,.

'",
S = 2~'g/L, semicontinuobs.

So = 20, g/"-.

S = 10 g/L.
~

S - '40 g/L.
'-

=! = 40 .. + ,N:,,/PO...

S = 20 g/L, medium
.~

daY.;;; •.

.A. •...-.. '

41:
8,:.
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•
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•
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\ \
, >

0,

."'".'4

,9

'/

•

Final cal'"bohydrate conc~ntl'"ation 'in the

medium, of S!l/'cultul'"ed in Biol'"eactol'"~ IF'll.
, , ...

Symbol s al'"e as in ,Fi'gul'"e ;;::~'34. ':'le.

Fi gUl'"e 3.3:5

L~e 1: S = 20 g/L CHO;; 2~.2 -
, -,\;.

2;2t: (3.104)"

, .

Line 2: S = 10 g/L CHa= 13.~ - 2~~t

~ ~.,.,."..

No = 5

No = ·3

"'l'"' = 0.97·

1'" =,1.0'
, '

(3. f05)

Line 3: S'= 20 g/~ CHa= 8.3 s = 2.4

No = 12

",

o .'•
"
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r
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r: 'Linear correlation coefficient. -<'
Ân ori.gin point' waB included, correBponding ·to fuU tnoculum immobUizBtion Bt: taO.

1 . "1

AlI Sa 20 g/L and Sa 40 g/L data included~~cept~the f nal Bemi-continuouB experiment.
B: StatisticBl BtBndard, deviation Bhown liY dotted UneB. in Figure 3;'34. .
CultureB at Sa 20 g/L with, complete medium replacement after 6 daya of culture.
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;.' :) éulture Number Growth Correlations., Specifie Grow~h Rate. Initial . : - 1Sucroae Period of CultureB
co~~'è~r Uà~ / (a) (mg d.':I~/c'm 2) . . rel) Fifure3:3'

(J-l)
(l) .

'. . " 'L ne "r \. ,- . ~

(2) •,
10 2. to 5 'SIPC' a 1.07t + 0.39 (3:ïol· 0.94 2' 0.38 . 0.994 . . . .

, • . ,
20 2 to' 6 5(2) SIPC a 0.93t + 0.41 (3.10~ 0.85 1 0.30

0 0.89 ../.

- .
11 (3) B(4)a 0.9

. .
20: & .40' , 8 ta' 14 SIPC ~ 6.2 , - • 3 - -

'" .
iO(5) • 7.':0 14 3 . SI,PC a 0.28t. + 4·.Ù (3:10~ 0.99 . 4 0.04 O.'lt '.

'tJ . . '.. ~. ,

..~

"' .-'),
:~

1 •

.'
)
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'Figtlre 3.36 -Total b±omass concentration of SlPC cultured

,

"

.'

,.

in Bioreactor lA.
4,

Sy~bols are as in Figure 3.34.

SC: : Suspension culture.
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~!!'I~t1;re Numb'er ~
,

Initial Growth Correlations Specifie Growth Rate
, "

Sucrase Period ' of
r(1), cô(~'H~atiQn .cd) Cultures (g d .w./L) Figure3;3

(f-l) rel)
Line

1 -to 6 1 6(2) XeSa 1.07t + 0:63 (3.1,O~)10.88
,

"20 , ,'1 0.38 0.87

20
, l ,to 13 (2) 12(3) XeSa 0.90t + 0.97(3~10J) 0.97 2 0.18 " 0.92. .,

20 8 ta' 13 16(4) XeSa 7.2 s(5)a 1.2', 4 - --
, '

4(2) - ,
10 2 to6 ' XeSa 1.30t + 0;32 ('3'.,J,Q8J) 0.95 3 0.43 0.99

- '. .
A'

"
~ ~ 1)1

Suspenâion !lo of pts " ..JrControl,'?' \
..

, ,

(Figure ~2~1) o ta '6 8 ' X a 1.92t-0.40' (3;109) 0.98 SC
"

0.56 0.95 ,
20 .

rI" ,Linear correlstion coefficient.
'The inoculation point was included (0.8 g d.w./L at taO).
AlI points of Equation (;1'.102) plus EXl'e,riments 3,4,8,9,12 and 20 (Table3:!!».
AlI S a 20 glL and S a 40 glr:. experiment,s except Experiments 3,4,8,9,12 snd 30 (Tsble :1".1.4).
s: Ststistical atanÎlard deviation shown by dotted Unes in Figure 3.:36).
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,.

"Ittained.·;":Iyh. 'high initial. medium volLlmes (~ 6 litresi,

wi th 'an "i mmobi l i zing area ~ 6000 cm::: and by' semi -contfnuous

G. High biomass concentrations in Bioreactor lA were

"'operation .(see.'Tablè 3.14) •

. , 't!,
. .

,The' other. charact·eristics. of SlPC culture,; pe·rf.ormed
•

in' Bioreactor lA which.were evaluated, were the pfi' 'of . the

the carbChYdrate consumption... mediLlm; the
~ ,

rate" - th'e

, .
'biomass yield,. ...

wet~to-drY,' :...;efght ,; ra;tio .. and
.~

the.'

oxygen 'l..

.. con,sumption rate of the SlPC b'ioma'ss •.

CLll.ture time :&. Ils' days:

"~~1
..."

"The pH .of

Bioreactor IP:

the media was as noted for'

(a:verage of 56 •

readings, s = 0.2).

. '

rea~irgs, s = O~2)'.

Cul ture t,i me. ~: 6 fa.ys: pH = 5.5 (averag", of 50 ... .,.

This was observed for sampled and·~ har'.Vested cul tures.·
~

Again,: ;no real· pattern w~s noted other than this "sudden"

change from ~ 5.1 to ~5.5 within 24 hours fr-om 6th 'day:.o,f

'the' cul tur~, , ..
" , ,

.J
. . " '.. . ..

, .

••
'perf9rmed .i n' Bi oreactor lA' are shown ,.Figure ·3.37.in

biomass yield of the. yar.i'ous SIPC cultLlres. .finalTh.,
, " -

,-

•
..

d'ecI'ini ng trend i S, observed befor'e, the 8th day of: the "

!' .• .).

.. .., • ..
•

-,o •
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.Figure 3.37, Bi omass yi el d - of SlPC cul tL\red in Bi,oreac.tor,

lA.,

" 1 Symbols are as in F'igLlre3:~4..
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l,'

culture and a constant average yi~ld ,of ,~ 40% (average cH

lb cultures, s,= 6.6/.) is' noted ,thereafter for S'= 20 g,/L,

SIPC,culture. A similar ,trend was.obsérved for 8ioreactor

IP cultures (Figure 3.29).

• •

car:bohydrate c.onsumption rate of ,batch slpC , cul tures"

()'

,As observed -for: otDer

, ,

SIPC ",cul ture systems,•
" .

the

.,

, performed 'in, "

Bioreactor,IÀ was constant durjhg the growth
~. ',

,', phase (~ 2. 2~2. 5 o/L~:d

Figur-e,;:;..~8 and Table.

, .
- Figure 3.35a~d:,l'J~~.8, g/L.?, ~

3'18). Xhis rate ~as reduced during
" '

"

~' '

,.• • • ,q

cultures

. r
the SIPC ~ultur~s

,'i n •Fi g~lre

of

g/L.d~•. ,'The ,carbôhYdrate
. ., .

SIPC, cul ture ' are com~able
6 .' ' ..

,'-
biomass ratio

,
for s~~ke flask

,"
(0.1-1.2

~
of growing

,,'

wet-to-dry
, '

~" ~ "
rè?ul ts ·ap'pear 'to .hav:e l ess scatter than the resul,ts

The

These

•
the stationary'phase

to those observed

performed 'i.n 8ioreactor lA are ~~e~er:>'l;ec:i'.

consumption rates

•
'".•.

"

.'

•
.' pr-esen't-ed f'o": B'ioreactor IP,~'-(Figur:e 3.31):- An i ncreasi ng •

. ~ ~

trend', éif W/D' with time, a'iso 'be observed. 'Th~ W/D rati'os
.'

.. 'ca,; correlated with the' f~cj':'in,g èquation :or '~"';

/ ' 'and S·= 20 g/L cultures. 'n"" "./. '

" ,,~:, . -,' ,~. " : ',' "
~ 'W/D = ·'i,25t+i4.~

20' g/L

C. L16)

\

'v,

~ "

, J."

, ,

"

(

-.
Jfor "21 ~L~fture~,

, '

"

)

li:rÎ",ar c~rrelation' coefficiËm't of 0.73;
"

"

0'

",

,.
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CarbenYdrate censumptien ef. srpc cultures
• - , J.

."

. ,

Flgûra '3.38

J

"

,
•

'.
1 ,

" -'lA3,4,15/l7 a~d lA18/20 in.. ,-,....
Biere'cter lA,

(J/ .'~

.'

',-
'S

"

~J! .

. "-. . r

lA
. ,

l '.-5'rea: NOm :Ll 'VVMo lA . l. area Vem(L) VVM o

~!' . , r-- c:::,'( cm"') . ,. /
, .

(cm~:o

• . -. .

. . ... " • \.
7 '7884 6.0 1.-43 18 6408 ·5:·1 0.91~,

1 ..-•
Â

• â4 71~2 6.2 1.-3,8 19 6241 5.1 , .
0.92

'.' . "
~

+
..

15 +; 6226 ~.2 0,91 20 6278 5 ...1 0.92
,

0 63~
, ,

16 ~ ..,. 1.41..,.~

, 1
,

17• 6~1'1 5~ 1 0.46 ) •. .. •. , ' . >
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" CARBOHYDRATES CONSUMPTION RATES OF SIPC
'CULTURÉS"'UJ,4, 1,5/17 and 181Z0.

"

,.

"~: ..

IA' Total Time to Carbohydrate Consumpt1on at GrolJ1:h CHO Consumpt1on ..
èulture Stat10nary ", ,'. dur1ng S. Phase
Per10d Phase No of Cg/L) r Cg/L 'li)

Cd) Cd) points. 0 .,,
3, 11 '/;' 3 CHO -Z3.1-Z.9t (3-.·109) 0.96 ,O.8?. .

"

(3.;1:1P) '0.954 12 - 6 CHO - ZO.8-1.5t -
•

,

15 1Z 7 ,,3 CHO -Zl.4-Z.0t .(-3..11,1) 0.99 0.6Z

16 ' 12 7 3 CHO .. Zl.7-1.8t. -(3.·1-.t2) 0.99 , 0.50'
. .

17 1Z 7 , 3 CHO - ZO.5-1.6t ,~3...1l,3) 0.99 :-_ . ...,;. 0.10,
, .

,.
"-

18 3 - Z I!:.HO/ /%- 1.2 'g/L 'li - -
19 6 6 4 CHO -Zl.6-Z.1t (3.Jl'4) 0.98

'.-
.-

20 9 -6 4 CHO -Z2.2-Z.0t . (J;.liS) 0."97 1,.Z3

"
..

1

.~
See ,Figure ~'.:38. ....... , '
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cultures performed in Bioreactor.. ....
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Thls correlation is remarkably close to Equation (3.93) of

Figure 3.31 for growth' stimulated $lPC . curtures in
~ .

. Bi or"eactor ' l#. The lower scatter of the experimental
, .

results'presented in Figure 3.39 can be partiaLly explained

by the lower. average "let biofilm, thickness (Equation

(3.94» s'hown in Figure 3.40 for SlPC cultures per'formed in

Bioreactor ,lA" (0.2-2.6 mm) as compared to similar results

.presented in Figure 3.32 for Bioreactor lP (0.2-4.5 mm).

The average "let biofilm thicknesses of Figure 3.40 can

be' linearly correlated to the surface concentrations SlPC

'by Equations' 3.117-3.119. The first twoequations give an
,

average W/D-ratio of ~ 24-33. A 3 mm "let biofilm thickness

correspondsto a SlPC biomass surface concentration of ~

.' .'-.

all~le9.2 mg d.w./cm::;:. This gives an biomass

concentration of 11.5 to 13.6 g d.w. per litre of reactor

wi,th an immobili,:::ing area of 65,0<) cm::;:, (Structure B,

- Table 3. 7) and at the flow diverting plate ',(5.2 U and

"immobili:::ing structure (4.4 L) heights. which can be

~ultured in Bioreactor lA. This SlPC surface concentration.-
compares to the valuedetermined for Bioreactor lP in

1 ,.

Section 3.3.1.3 ~8.~ mg d.w./cm::;:). The higher allowable

biomass concentration of Bioreactor lA as compared to

~ , ,

Bioreactor lP (8.5-9.8 g d.w./L) come~ from the lowerA/v

are

1.25

lA
-~.....
Bioreactor

.~~ ;.C"

. ~

cm-' as compared:to
'.'

the smaller system (1.0
\

These concentrations for

ofratio
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-c

•

Figure 3.40
l'

Relationship between the wet SlPC biofilm

thickness and the dried biomass concentration

of SlPC 'cultures performed in Bioreactol" lA.

Symbols are as in Figure 3.34.

Line 1~8 = 20 g/L T = 0.31SlPC - 0.24 (3:1171

..

Na = 24

c

Line 2:-5 = 10 g/L T = 0.248IPC - 0.02 (3.1181

No = 4 r = 0.99

Line 3:S = 40 g/L T = 0.178IPC - 0.07 (3.1191

No = 5 r = 0.94
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consistent with the values reported Ln Table 3.8 for the

immobilizing Structure B (7.6~15.1 9 d.w./L).

This range of allowed biomass concentrations was

attained in Bioreactor lA for batch cultures 3, 4, 8, 9 -aod __

12 (Table 3.14) performed with an initial medium volume of

12.4 9 d.w./L culture and a 10.4 mg d.w./cm; biofilm

6 litres. The semicontinuou~Experiment 3Q produced' a

--- ,
(immobilizing area of 5744 cm;) .:: The average wet biofilm

thickness (W/D=37.6) of this culture was 3.9 mm. This

resulted in an unacceptable biomass packing of the

immobilizing structure.

The final characteristic of SlPC- cuitures evaluated is

the oxygen consumption rate of the immobilized biomass. As

mentionedin Section 3.3.1.3, this rate can be estimat-ed

from Equations 3.98 and 3.99 The
(

comparis~n of the O~CR~ and 02CRe calculated results for

cultures performed in Bioreactor lA showed both to be in

The latter data were on the ave~age 10%

-
the same range.

higher than ~he 02CR~ results, (average of 12 cultures,

s = 27:%). The reasons of ~_ difference were discussed in

Section 3.3.1.3, but ihclude the higher evaporation rate

observed in Bioreactor lA which lowered the measured

carbohydrate consumption rate. The 02CR~ results of the

,.
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SlPC sUlt~res performed in Bioreactor lA are presented in

Figure 3.• 41.

These results show' some declin-ing trend during the

growth phase and a constant rate of ~ 0.069 ~M02/mg d.w.h.

thereafter. These 02CRm are lower than all previously

m~ntioned figures (see Section 3.3.1.3).
~

The diff~rence in

,
the overlapping 02CRm -r.anges, of the .. SIPC biomass cultured

in ·Bioreactor lP and' in

valLles obtained in Bioreactor lP cultures' can__ be e~ined

by the experimental method used to measure the k~ and th~

004 values. The DO probe could not be~ instàll'd in the

indicated in thei~respe~tive

.

was ..al ready,
the 02CRe/ .
/

devi ati on . from

(-11% and +10%).

(0.040-0.098lABioreactor

calculated results.-~:~<.~

tmmobilizing structure of Bioreactor- lP beéause of the

small size of the vessel (see Section 2.8.2).. The k ...a

measured for lP <Equatipn (3.61» and _Llsed for 'the 02CRm

cal culations i-s most prob""bl y overestimated by about 20Y.

relative ta a k ...a which woul<;l have been-determinedinside

the immobilizing--structure. This 207. figure was obtained

by anal ogy with Bio,eactor lA when comparing k ...a measured

inside <Equation (3.57),) and outsi-de (.Equation (3.56» the

~mmobilizing structure. The second ,cause of the higher

'impossibility of measuring the final cul ture di ssol ved .
~--.-----

Bioreactor lP cultures cornes from the

•
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f

,

Figure-3.41 - Oxygen consumption rate of SlPC cultured in

Biore~ctor lA.

Suspension cultures 02CRe (150 RPM) •. : S = 40 g/L. ....

0: S = 20 g/L.

~: S = 10 g/L.

Symbols are as in Figure 3,34.

."

.
<1

,

..

Line 1: S = 20 g/L

No = 9
•

-.

s = 0.029 ~MO 2/mg d.w.h

(
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C'

...

oxygen concentr.ation ID04 ) rapidly.

v ~

•

Z l '

.-1 ~

A period of ~ 5

minutes was required to<access the medium aft'er- stopping
r--

aeration and·. mlxing. ,This introduced an - error in

determining D04 • Consequently th~ 02CRm measured for

cultures perfo~med in Bioreactor lA are more :epresentative
.

of theoxygen consumption rate of a SIPC biomass.

'---

In summary,the estimated average oxygen consumption

. rate·.of a surface immobilized plant" cell biomass '·dec::re'ases

during- thegrowth phase t6 -a c::onstant level of ~ 0.07

.. .",-

the statronary phase. Tnese rates are

c
-lower than for growing suspension c::ultures by at least 20%

.....
d~'ring the growth phase of SIPC, and by at leàst 65% d~tring

- "

the stationary phase of SIPC (Figure 3.41) •

•

,

..
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3.4 Production of
1

Secondary Metabo1ites from... ,/"
SIPl!:.

-.

T,he objective of this research project'was to develop

a suitable imm~~ilization culture system for the production
•

of secondary metabolites from cultivated plant cells.
. '--

It

was important to evaluate if the cells cultured by the
~

surface immobilizatiDn technique retained this type of

biosynthetic' capacity. This' was verified for the

production of indole alkaloi~s from C. roseus cells (line

MCR17) using the APM medium. This production mode results

in the biosynthesis'of numerous compounds from productive

pl ant ;lj.ell (see Section 1.2.2 and Figure 3.42).

The results'~'.
l~;:

These pR3dLlcts are retai ned in the bi omass •.
~

presented in the following Tables and Figures were for the

most easily identified and significant products.

The first experiment was performed to compare the

production of alkaloids of suspension and SIPC shake flask

cultures of C. roseus cells in the APM medium. .Thi s

experiment was carried Dut at McGi11 University. The

e:·:traction of. the products and their anal ys'i s wasperform~

ai NRC-P81 in Saskatoon. The results of this experiment

a~mmarized in Table 3.19. The presence of most SM

•
compou~ds in the SIPC blomass was confirmed analyti~ally.

The two lmmobilizi~g materials performed weIl. The lower

SM concentrations of the immobilized
~

plant cells may
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Figure 3.42

'.

.-

HPLC analysis of ext~acted alkaloids from the

SIPC bi omass of cul ture IA6 (25)11, 2 cc/min,

3000 psi, R=9.16).
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TABLIl3.19

PRODUCTION OF INDOLE ALKALOIDS FROM C. ROSEUS CELLS (LINE MCRI7)
CULTURED IN SIIAKE-FLASKS

~t_

- 1

"

. .
Main Culture Parametera(l) Strictosidine Ajmalicine Tabersonine Serpentine TLC Analya1s .

Lactam (,g/g d.w.) ( ,g/gd.w.) (Ig/g d.w.) . Cath-
Technique 1. Material Biomass (lfI/g d.w.) Vindoline 19 Epi- aran-

Produced vindo. thine

Suspensi;''} - 9.6 g d.w./L 927.2 . 4.8 212.7 1543.2 : P( 2) P ; F( 3)
Suspension( 7) - 13.0 g d.w./L 1261.1 94.4 330.7 , 1261.5 F F' • F,
SIPC Q~ . 17 mg d.w./cm 2 257.4 25.4 32.3 406.8 VF( 4) VF

. -" . •
Hi8.3 ' 10.3 ' "( 16.6 205.5 VF VF, , -

SIPC Q8 7.0 g d.w./L(5) 648.0 60.0 109.7 3224.2 F F ! -
SIPC 7612 21 mg d.w./cm 2 129.7 17.3 13.7 121.2 F F -
SIPC 7612 6.6 g d .w./L( 5) 374.6 12.4 98.9 1288.1 P 1 P, • F

1

Suspension( 6) - 11 g d .w./L 866.5 114.8 240.8 1033.9 F F Il
Suspensioil( 7)( 6) 13.9 g d.w,./L 594.9 157.6 208.7 908.9 F

,
F- • F- ,

SIPC( 6) Q8 21 mg d.w./cm 2 165.9 121.7 71.9 4'86.8 VF .VF -
277.5 128.4 42.6 463.6 F F -

SIPC( 6) Q8 5.7 g'd.lt./L(5) 852.4 ,161.5 92.5 1054.0 F ...F VF
l

SIPC( 6) 20, mg d.w./cm 2 \
7612 606.2 49.8 36.4 545.8 F '.: F -

SIPC( 6) 7612 8.3 g dow./L(5) 869.0 68.1 ' 99.4 ' 1044.7 F ' F F

(1) 27·C, Culture Time:
(2) Pl Present,
(3) FI Faint

32 ~ays, APM medium with sucrose, 130 rpm

, .,
~"

( 4)
(5)
(6)
(7)

•VF: Very Faint
Residual suspended biomass
APM medium with glucose instead of sucrose'
150 rpm '
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originate from an overestimation, of the dried biomass··

(un...ashed freeze 'dried samples) ànd/or different

/
•

biosynthesis kinetics.

Subsequently, t~s production the SlPC

-,

bioreactors. The first experiment ...as in

Bioreactor lA, (lA6) • lti"";'olved an APM culture.carried
'..i ':/

out according to standard conditions 'as sho...n, in Table

3.20. Four shake flask suspension cultureSç(APM, 130 RPM,'

same inoculum) ...ere carried out ,si mul taneousl y. for
,/

comparison. ,This number of flask ~ultures ...as required to

ensure the availability of a sufficient volume of plant

cell suspension for sampling during, the ...hole e;<periment •

The
.

biosynthesis patterns of the of the most

signi fi cant alkal oi d~ produced 'ion these suspensi on cul tures
, .

are illQstrate~ in Figure 3.43. The highest éoncentration
1

of these products in the biomass occured bet...een the

12-14th, day and the 20-21th day of the cultures, depending

• on' the compound.

...ere catibolized." ' ,
these cultures.

Thereafter, these part~cular products

No product ...as detected i,n the medium of .

The concentrations of these products in the suspended

biomass at the 26th day of culture (Figure 3.43:

~ 200-400 ~g/g d: .... ) compar~ to the concentrations of the
~;..

'Il,
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TABLE 3.20 .,

.... fI\-----'---

"

$'

J'1

PRODUCTION OF INDOLE ALKALOIDS FROM C. ROSEUS CELLS (LlNE MCR17)
CULTURED IN THE SIPC BIOREACTOR lA (IA6) , .

-.
,

("" "
,

Cult~reCOnditions 'Ilarveating AJmaUcine Serpentine Strictosi- Tabersonine TLC Analyaia
(\lll/g d.w.) (l€/g d.w.) dine (l€/g d.w.)

lactam Tryp. H. icin Loch Val1ea.

"
(l€/g d.w.)

1; Ares:- 6479 cm 2 242.6 365.0 620.8 - P( 1) P P P
SIPCa4.6mg d .w. ,

Medium: APM. 6.1 L. cm 2 291.5 262.4 614.7 - - - - -
"

Inoculum: 562 g of 9d «1-1/0) a27.5) 290.6 ' 260'.1 625.6 - - - - -
.' old suspension E

Aera~ion r<ite: O~ 9 VVH . .
, 291.5 553.8 783.2 254.8 P P 'P P. '

,. ,
T!!mpera tU,re: 2.7° C Medium: 4.04L

; ,
..

Time: 26 daya (l€/L med) + 159.0 112.0 - - - - - -,

( 1), Pl Present
Tryp.: Tryptamine. ,
Il. icin: lIorhàmmericine.

, "Loch: Lochnericine. ,
Valles: Vallesiachotamine.

•

•

•



Fi'gure 3.43
, ~ ,1>.
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•

Production of indole alkaloids from C. roseus
'"

cells (line MeR17) cultured in shake flasks

wit~ the APM medium.

A.: Ajmalicine in the ,biomass of flask" -

""'- suspension culture i (fSci) •

+.: Tabersonine in the biomass of fSCi.•. :

0:
Serpentine in the biomas~ of fSCi.

Osiomass conèentration.

--.".
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same compounds measu~ed- in the immob~lized plant cell

biomass of the SIPC culture IA6 at harvesting (day 26)

presented ïn Tabl~ 3.20. It was not possible to determine

the products biosynthesis patterns in this SIPC culture-

since the biomass'was not accessible for analysis without

dismantling the bioreactor.

However, some alkaloids were detected in the medium of

the SIPC culture IA6. The secretion patterns of the few

same compounds produced

compounds detected are i 11 ustrat.ed .i

trends rese~ble t~è biosynthesis pa 'observed ,for the

These3.44.

plant cells in

hanism was rapidlyThe3.43 ..Figure

stimulated (within 110 minutes) by the addition of 1.2

litres (~ 30% of the culture final liquid volume) of

sterile di,stilled water (pH = 8.6 after sterilization

adjusted with KOH before sterilization).
~

This last result

p~esented in Figure 3.43 was not corrected for the dilution

effect of the water addïtion.

'Few other production schemes were examined to improve

schemeswere marginallyAl!

the productive capacity of the SIPC bioreactors.

summarized in Table 3.21.

They are

succ2ssful. The biomass content of the bioreactors was

incre...sed. The SIPC biomass was successfully elicited with

'~

~~
the Pythium aphanidermatum sterile fungal extract (Section



Figure" 3.44

-

Concentration of i"ndol eal kal oids detectedin

thê medium of the SlPC culture lA6.

'Y: Serpentine.

6: Ajmalicine.

r·
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(1
1.2.2). However,. the alkaloids biosynthesized were

p"duced in low quantities. The growth and production

,
.:~

...•.

-.
~ .

phases cT' this type of plant cell culture need to be-.
further optimized for maximum SM production; . This work was

•
not part of the scope of·this research project •

• •
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4.0 DISCUSSION.

4.1 Charac:te'(istic:s

Tec:hnique.

of the Surf.c:e Immobilization

The main fac:tor that c:ontributed to the suc:c:ess of this

"
tec:hniq~ewas obviously the selec:tion of Material AP7 as

the immobilizing-matrix. This material is a non-woven

geotextile. Its highly irregular fibrous surfac:e, its

\
in,ertness and a probable bioc:ompatibility between the

\
p,?l yester based 'f ibres and the pl ant/c:ell s favored the

exc:ellent'biomass attac:hment observed.

The mec:hanism of attac:hment of the c:ells to the matrix

was desc:ribed in Sec:tion 3.1.2.1. It involved the

. adaptation of the pl.ant c:ell's shape to the

mic:roc:onfiguration of the support material and its
•

seèretion, of some c:ompound ac:c:umulating between the c:ell

wall and' the immobilizing material. These c:ompound.s are-
-

suspec:ted tobe polysac:c:harides and/or proteins of the

types that have been reported to be sec:rèted by plant c:ells

c:ultured in suspension (11,27,34-37) and/or similar to the

middle lemma extrac:ell ul ar gl uei ng pecti n 'substanc:es

oc:c:uring in plants (32). This was emphasized by the use of

stationary' phase suspension inoc:ula ·of stic:ky and

"

polysacc:haride sec:reting plant c:ells (2) • The resul.ts
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,
presented in Figure 3.1 to 3.7 support an hypothesis of the

cell wall plasticizing during growth on the i mmobi l i zation..
surface, shape adaptation to the support microconfiguration

and subsequent rigidifying in place.

The immobilized plantcells were not just viable but

.were required to participate actively in the adhesion

process described above. In fact, the death of the plant
,

cell s was shown. to resul tin the comp l ete detachment of

the biomass from the immobilizing matrix (see Table 3.21,

Experiment IAll). The limited thickness of the biofilm (~

3 mm), its good diffusive p'roperties (see section 3.2.3.2 -

slowness of the plant
:~._. Assumpti~n A2 (48,186,201-203)~, the

!

cell metabolism (td ~ 1-2 days) , the presence of

accumulated intracellular ~utrients, the full bat~'"q of

the biomass by the medium and the more mass transfer

efficient hydrodynamics of the culture system were aIl

likèly contributing to ensure good viability retention of

surface immobili~ed plant cells.

The adhesion process resulted ina biomass-support bond

strong enough to resist the culturing conditions of the ~

bio,-eactors without biomass leakage from the immobilizing

structure. How'ever, the application of the surface

immobilization technique required the formation .of Material

A07 into a space. ej~cient and easily accessible fixed

~ -
" . /".
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:J

such as the vertical .spi~al wound configuration

used in this .work; to prevent biomass attrition and

abrasion. A similar resul~ was observed for the entrapment

of plant cells in polyurethane foam (206) • However, the

scale up of this last .technique was done usinc;J a _free
':,)

floating particulate form of the immobilizing matrix in a

'complex culture system of qi.lestionable . (steri l e)

reliability and biomass retenti on (171).

The other factors which have like~y contributed to th..e
~

successful scale up of the surface immobilization technique

were the-availability of a large immobilizing'area relative

to the culture volume (~ 0.8-1.2 cm-<) and the fluid mixing

pattern within the immobilizing structure. These last

factors appear to have overriddenthe requirement for a

stationary phase inoculum noted in Section 3.1.2.3 for a

good attachment and growth of SIPC cultured in shake

flasks. This.was shown by the successful C. roseus SIPC

c

cultures performed in Bioreactor IP using an exponential.....
phase (5 day'old) plant cell suspension inoculum •

•

";} :
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..
4.2 Scale up cf thR SurfacR lmmcbilizaticnTRchniquR.

The cperating ccnditions;of both bioreactors were

determined relative to their respective unique

configur..tion. This was te ensure comparable uniform and

efficient mixing and .sufficient oxygen transfer to the..
medium to meet the needs of the culture within the

immobilizing structure. An exponential correlation of the
- '\.

form of Equation (4. 1) is suggested to assess the

~ficiency of the oxygen transfer from the sparged air to

the liqu~d phase i~'aerated vessels (207,208).

(4.1>"

-Values of n •.~ 0.7-1.2, with n. = 0.8 for distilled water

are reported. This correlation applied to the results of

Figures 3.21 and.3.24 gives n. values of ~ 0.77 and 0.52

for Bioreacto~s lA and lP for aIl conditionsrespectively
r

evaluated. This shows an oxygen trarisfer efficiency" in
'. .J

relation to the air flow rate in Biorector lA comparable to

other airlift configurations. Whereas the lower efficiency
\ . .

",

observed for Bioreactor lP comesfrom the hindering effect

of the. immobilizing matrix on the air dispersion action of

the mixing bar and/or the less efficient air~sparger used.

?•
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The low ARIAD ratio of B~oreactor I~ (~0.03 to 0.09 at

fu~l designbiomass loading) was selected to minimize space

losses for immobilization. This structural parameter , was
(:1

shown to inftuence significantly the mass transfer

characteristics of internal loop alrlift vessels according

to the following Equations applicable for'1.5 ~ ARIAD ~ ~.7

(188,207>.

c

(4.2)

(4.3)

(4.4)

(4.5)

.

superficial gas velocity in the riser tube

,

Q

(mis) ,

(u~)~:. superficial liquid velocity in the riser tube
'-

(mis) ,
•

9c : circulation time (~),

i nternal di ameter of' the vessel ,(m).
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• \The 0.8 exponent of Equation

--".,

(4.2) originates from

Equati on (4.1). The low AR/AD feature of Bioreactor lA

llmited- its k~a to the'recommended range of 10-15 h-' for

plant cell culture (52) as anticipated accordlng to

Equation (4.2) • This compares to the high k~a observed in

airlift bioreactors (2 100-400 h-') (143).

did not affect sigfl'ificantly the mixing efficienç:y of ,the
j

system. Equation (4.2) is compared to ths k~a value?

.~
obtained for Bioreactor l'A in Figure 3.21. The higher (~

45%) experimentalvalues of Bioreactor lA are not caused b~

the presence the, immobilizîng structure' (Line 3: no

.............
\~~

, .

structure) or of the flow diverting plate (see Table 3.9).

This di·fference can be explained by th'è k~a llIeasurement
-,

technique used to determine Equation (4,2) (CO:::;:) 'and/or its

AR/AD range of application as compared to the low AR/AD
•

"

ratio of Bioreactor lA.

,
The application of the sur~ace immobilization tec~nique

to other more oxygen'gemanding cell cultures,may require

sorne operational and/or structural changes of these

bioreactors at least to improve theiroxygen transfer

capacity ?o the liquid phase. These changes include a

better air sparger·in Bioreactor lP and a·higher aeration

rate or an increa~e of the AR/AD ratio of Bioreactor lA •
•

The uniform mixing of the culture broth within the low

•.,
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H/D (~ 0.77) immobilizingstructure of Bioreac:tor IP was
'.

ac:hieved 'effic:iently.:-by the upward swirling, motion imparted

by the mixing bar tO,the liquid phase. The direc:tion of

the liqu'id flow relativeto the winding orient~~ion of the
,

vertic:al spiral structure of the.immobilizing matrix did

not influenc:e, the ,e~,an't c:ells attac:hment and growth

pr"oc:esses.

Ac:hieving mixing uniformity ,within Bioreac:tor
, .

lA immobilizing structure (H/D ~ 1.6) required an~ optim~m

"

loc:ation of ithe flow diverting plate above the riser tube

and c:los~ level c:ontro~. The reason of this pa~ticular.

hydrodynami c:s behavi our' of' Bi oreac:tor lA c:an be found in

the results presented in ~igure 3.20.

It was mentioned in Sec:tion 3.2.4.1 that the measured

mixing,.times (am) c:ompared surprisingly well ,eto the average

c:irc:ulation times {a c ) predic:ted by the hydr"odynamic:s model

of Equation (~~;2) -in two situations. This o~c:ured when

the _i mmobi l i z i-ng ?truc:tLlref was removed from the bi oreac:tor

was plàc:ed in i~s peripheralelec:tl"odepHthewhe,;and
.. ;,~" ,

-l·
spa~ing for liquid level ,above the flow diverting .plate (Hl-';i:

~ ,2:' 5."2 L). All am measl1rements were, as shown in Figure 7.4,

:S'" "with no' real indic:ation of a c:irc:ulation time (for example"

initial lag time .observed., This lag time was ~ 27% of am
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(average of 84 results, s = 9.7ï.). This would give a em/e C

•

This value. is larger than the 0.8-1.8 ratios

observed in Figure 3.20 for em measured in the peripheral

spacing for all VVM and in the immobilizïng structure for

aeration rates 2 0.9 VVM (H~ ~ 5.2 LI relative tO,the ec

values predicted by Equation (3.12).

Equation, ,(4.3) and a secoond correlation ( 188) , which
"

i nvol \les the di spersi on of the traceri'n the 1 iq~,i d phase,

could be ~\sed to 'èstimate this ratio. Both 'correlations

give either too high (Equation (4.3) ~ 20) or too low (~

10-4 ) values of em/e C as compared to the·results of Figure

3.20. The main
"

reason of these differences is most

prob<;,bly associated to the

Bi oreactor IA.

unique config~\ratiQn of

The surpri si ng compati bi 1 i ty observed between some ....

measured em of Figure 3.20 and the ?redicted e~ may be.

coincidental,
',j1'> ,

more or less associate'd with the par,t}.cular .~:,

maasurement technique used. An 'alternative e:·,pWnati'on

".involves the struct~)re lof Bioreactor IA" the flow patte,rn..
generated and .the type of tracer ~'sed. ,This·'mixing vessel

is ;:omposed of a central section, ,the immobilizing

structure, whi,ch occupies ~ 80ï. of the liq~iid volume of:the.

.
This section is surrounded bv a liquid volume occupyinq ~he

reactor, where laminar flow occurs, limiting dispersion.
•
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20ï. o~ th~ vesseÎ (top and bottom sections of the

. ~ .
immobilizing structure), which is intensively mi:<ed. It is

interesting to note that this 20% figure compares to the

relative duration of the lag time observed in measuring em ,

In addition. Bioreactor lA is small (8.3 L)

and itsslenderness ratio (H/D ~ 3) is 10"1 for an airlift

YESsel and-the HeL used diffuses rapidly.
-.'

These facts

e:<plain to sorne e:<tent the shape of the response curve

obtained (Figure 2.4), especially upon aeration rateE

higher than 0.5 VVM at the optimum'.flow diverting plate
.

height and liquid level.

The result", presented in "FigLlres 3.19 and 3.20 show a
.'

large and constant difference (by a factor of ~ 10) between

the em measured at the vessel ~eriphery~.and withiri the

immobilizing structure at high liquid levels (Line 1 in

Figure 3.20). This indicates e:<cessive fluid by-pass in

.Il the perlpheral spacing. relative to flow in the structure as

mentioned previously. It iS.then reasonable to conclude

that the time parameter measured at the'yessel periphery is

more associ.ated to' a cir~ion time. Whereas' the

parameter: m'~asured insi de ,the structure l s more of' a mi '\i ng

time. Th2S e:<plains the results observed in Figure 3.20

and the good compatibility of some of them to Equatlon

(3.12) . These results ~onfirm the validitt

,

of the
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hyd~odynamics model ~ep~e~ented by Equation (3.12) to

.estimate the k~ of the bio~eacto~1l The optimization of the

flow
" ..,' dive~ting plate location and of the ope~ating

/
1

~

"

conditions oT Bio~eà~o~ lA to" attain mixing uniformity

were aimed at reducin~ this diffe~ence between am (inside

',the structure) and ac c'at the vessel peripher-y).

The inoculated plant cells were rapidly, unifo~mly and

efficiently immobilized and thé SJPcas wall ~etained in

,

both b~o~eacto~s~ This good pe~fo~mance can·be att~ibuted

to the combined opti~ized action of the nume~ous factors,

either st~uctu~e, operation o~ immobilization. technique

associated, discussed in the previous Sections. This

resulted in limited foam production, which can be furthe~'

;

reduced by using an exponentLal phase suspens~on inoculum

and/o~ ~egulating the concentration of ca~bohyd~ates in the

culture medium. This ~esulted also in the formati6n of a

unifo~m biofilm and in the efficient sepa~ation of the

biomass f~om the medium.'
o

Th~ee structural features of the bio~eacto~s have

sig•.ificantly influenced thei~ performance. The 10101 H/D

~atitis of the vessels (IP: 1.5, lA: 3.0> and of the

i mmob·i l i zi ng st~.uctu~es (IP: 0.77, lA: 1.63) have
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contributed to the uniformity·of the inoculum distribution

within the immobilizing structure and of the grown SIPC

,'.",

bi oh 1 m. They allowed for short but frequent passage of

the inoculated plant cells over the immobilizing surface

which resulted in a more uniform deposition.

'" ,

A compromise had to be madè in selecting the

immobilizing layers spacing and the available immobilizing

area for a maximum biomass content of the bioreactor. The
",

results of this work have shown that a spacing 'of 1. 0-1. 3

,

cm and a biofilm thickness· of ~ 3 mm provided for good

viability of the biomass and sufficient flow passage. These

factors should be taken.. into account upon further scale up

of this technique.

4.2.3 The Culture of SIPC in 8iore.ctors.

4.2.3.1 Growth 8ehavicur of 8IPC.

lt was difficult to compare the growth rates of SIPC

to that of suspension cultured plant cells. Their

respecti.ve mechanism of growth is different. Plant cells

cultured in suspension grow in aggregates by tridimensional

expansion and division. Large dggregates are broken by

biomass concentration measurement of these two culturec
fluid shear (see Section 3.2.3.21. The respective basis of
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modes are different (area against volume). The concept of

the specific growth rate (jJ) (growth by binary fission) is

not truly applicable to the culture of surface immobilized

.J,plant cells. However, jJ remains an easy and useful

measure of growth which is Qot associated with a

spatial dimension (jJ =0
,. ""

1 dX
X dt)' Consequently it "was

L\sed in this work, ,in conjLtnction with biomass growth

rates, for comparison purposes.

The growth pattern of the SIPC biomass. cultured

according to the standard proto~pl used. was more easily

distinguished in the bioreactors than in the flasksystems.

The high quantity of suspended biomass masked this pattern

in shake flasks. The low A/V ratio (~ 0.3 cm- 1 ) of the

,magnetically stlrred flask system resulteq in relatively

high amounts of nutrients available te the space limited

growing SIPC biofilm. This may hav~ caused the variability,

.,1-
- .

of the results presented i~ Figure 3.13 and 3.14 .

.This growth pattern of SIPC cultures consisted of a

linear growth phase. up to the 6-8th day of culture,

.
fo1lowed by a stationary phase of a constant biomass

'.

concertration. The characteristlcs of this growth pattern

and of the biomass produced are summarized in Table 4.1 for
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le TABLE 4.1

COMPARAXIVE CULTURING OF E.' ROSEUS LINE MCR17 PLAm: CELts

"

SIPC Culture Systems
Culture
Characteristics

. (s-20 g/L)

. A/V

Mag Stirred Bioreactor IP B1oreac:tor IA
Flask (300 RPM. -(200 RPM) 0.2 VVM) (0_9 VVM)

0.3
.

1.0 0.8-1.2

130 RPM 150 RPM

Growth Phase

8.5±2.2 7 .O±O. 7
(l00 cm 2) {1900 cm 2)

.,. 8.l±1.0

5.0±O.3 5.5±O.3 -
0.25C 0.10±.015

0.62 0.46

24.5±7% 37.6±5.0%

42.9±12.5 !32.9±6.2,

-3.6 ,T-0.42SIPC-0.58
(3.95)

75.5±l2.2% 96.4±l.9%

- Decreasing

26.0±8.3

56.2%

1.44 3.37

0.08 0.19

.

- -
~- 11.7

5.6 + 4.8

- -

-57.1%

122':±7. 6

6-7 12 6
8.3 ±2. 4 0 0
5.l±0.2 5.0 + 5.8

. ) 1
b (mg d·W' X

1l cm2-d, es

0.93 Il .
07 0.81· .', 1.92

0.30 0.38 0.24 0.56

2.2

Decre.asing

5.5±O.2

0.069±Q.029

0.67

6.2±O.9
(6000 cm 2)

7.2 ±l.2

40.0.±6.6%

1
if - 14.1±l.25t

(:1116)
T-0.31SIPC-0.24

(3.114)

96.0±2.2%

I l.77

0.56

2.1

6-7
6.7±2.0
5.1±O.3

1.47

0.50

0.84

8
1l.3±1.6
5.0±O.3

0.34

02CRm( pH02/mg d.w••h)

d(CHO)/dt (g/r,-d)

pH range

..<."

Immobilization
Efficienty

:rime (d)
CHO (g/L)
pH range

Biof!lm'thickness·
(mm)

Biou's :(ield

I1/D ratio

.SIPCmax(mg d.w./cm 2)

Xes max (g d.w./L)

Stationary Phase

Growth -Rate
Biouss (g d.w./L oeI)

. P(d- 1)

d(CHO)/dt '(g/L oeI)

-02CRC( \M02/mg d.';.·oh)

"

c
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three SlPC culture systems developed. They are

compared to shake flask suspension cultures. The lower A/V

ratio of the flask system explains the slower and slightly

extended growth phase (8d) and the higher SlPC biomass

loadings observed (8.5 ± 2.2 mg d.w./cm~).

The two SlPC bioreactors pe;formed weIl, with the lP

. systam showing higher growth- rates. (- 60'l. relative to lA)

and final biomass concentration lX__ ) (- 13'l. relative to

lA) • This comes from the higher A/V ratio of Biorea~or lA

and the resulting lower -relative qùant~ty of nutrients

(other than carbohydrates) avai l abl e for· growth a.s compared

..... to Bioreactor lP and to the magnetically stirred flask

system (A/V - 0.3 cm- 1 ). This fact will, be discussed

further with the characteristics of the unusualstationary

phase of SlPC cultures.

The biomass growth and carbohydrate consumption rates

of SlPC cLlltures performed in the bioreactors are

intermediary between that of shake flask cultures agitated

at 130 RPM and 150 RPM. The SlPC cultures were optimized

for mass transfer while higher shake flask mixing speeds

may cause sheari.ng, of the plant cells. The avail.ability of

nutrip.nts, e,·:tracell LÜ ar carbohydrates for sLlspensi on

èul tLlres (Figure 2.1) (2) and intracellular rapidly
-...:JO

assimilated nutrient(s> for SIPC cultures (see foll owi ng
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discussion). and the inherent division rate of plant cells

limit the growth.in both types of culture •
..... ~

This makes the biomass _formation phase of a SIPC

culture bioreaction,controlled ànd its Effectiveness Factor

(''1_ - Equa,ti on (3. 42)} ~ 1. This process is not mass

transfer limited ab ove the mixing and aeration rates

determined for a bes~ operation of the SIPC bioreactors.

This can be confirmed by comparing the growth and

carbohydrate consumption rates of SIPC cultures performed
0'

in the bioreactors (~ 1.1-1.7 9 d.w./L.d and 2 9 CHD/L.d)

to the following equations derived' in Sect'ion 3.2.3.4 .for

"'1- ~ > 1.

v. « 57.6C'e (g/L.d)

v. « 6.5C'e (g/L.d)
<:

(3.53)

(3.55)

where C' .. i s the nutri ent (carbohydrate)' concentrati on and

v. is the observed reaction rate. This co~clusion can be

e>:tended to the producti on of secondary metabol i tes from

cultured plant cells since the highest production rate

reported (~ Q.9 9 of ro~marinicacid/L.d (7)) is still

lower than Equations, (3.5.3) and (3.55) values.
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The Efficiency Factor (~. - Equation (3.41> ) of the

growth phase of SIPC cultures performed in Bioreactor' IP is

~ 1 relative to a shake flask suspension culture ,agitated

at 150 RPM. Comparing the results of Table 3.20 and Figure

3.43 indicate that ~. of the SM production phase is at

least of the order of 1. This stresse~ that these

processes are bioreaction limited.

'.
The negative effect of high mixing rates on the growth

of SIPC cultured in the flask systems observed in Table 3.3

and 3.4 cannot be explained. This may result from some

restrictin~ physiological response(s) of the SIPC biofilm

to these culture conditions, from some inhibition to the

attachment process or some detachment ','of the biomass (shake

flask system).ahd/or from some inhibitory effect of the•
high relative availabil~ty o~ some nutrients.

The conclusion that mass transfer does not control

the SIPC processes above the aeration and mi;,:ing rates

determined for the biorepctors suppports the growth model

developed in Section 3.2.3.2." The simple

Equation (3.18) proposed to describe thegrowth of a SIPC

biofilm (with no mass transfer restrictions) was very

useful in correlating the growth phase behaviourof these
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cultures performed in the flask (Tables 3.3 and 3.4) and

bioreactor systems (Tables 3.10 and 3.16).

SlPC = lofA + bt

'.

(3.18)

However"l the nature of this immobilization technique

precludes any -di rect measurement
~

of the '-biomass

concentration in the bioreactor. This model was modified

to include the medium carbohydrate co~centration. This

c

substrate represents the major carbon source for the

formation of biomass and it is easily measured. The
o .

biofilm growth rate (b-rmg d.w./cm;.dJ) was related to the

measured carbohydrate disappearance rate from the medium by

Equation (3.32) •

•
b

~ VM .(odC .. )
= Y1 A dt M (3.32)

o;;P It was found experimentally that the end of th~ qrowth

phase wasmarked by a significant decl·ine in the

carbohydrate disappearance rate from the medium (Table 4.':

~ 2 gïL.d to ~ 0.5 g/L.d). The close monitoring of this
0.

rate allows assessing band determininif the end of the

growth phase. From these results, the 'productiye biomass

c
content of the bioreactor can be estimated from EqLlation

(3.18) •

0, •
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The validity of this approach was verified by

comparing the measured biofilm qrowth rates (b..,) determ1ned

as pe~Equatio~ (3.18) to estimated rates calculated

from Equati on (:;;'·.32) for SlPC cultures performed in the

bioreactors.
~

The growth phase period (t) was determined as

discussed above.
. ~

The yield factor used in Equation. (3.32)

was obtained from FigL,rès3.29 and 3.37,

usèd, was the initial culture value.

The V..,/A ratio

Th~ resul~s of S = 10 g/L and 5

carried· out in Bioreactor lP show

b.., = b",

= 20 g/L SlPC cultures

for 32 e:<periments performed under various conditions

(batch, chemicals addition, semicontinuous etc)with a

standard deviation of 16%. The resLtl ts of similar

e:<periment·s carrieq out in Bioreactor lA give

•b.., = 1.18b",

for- 21 cL,ltLtreS with a stan·dard deviation of 24%. The
'\>

latter higher difference comes mainly from the

high~r evaporation rate occuring in the airlift Bioreactor.

lA. This increases artificially the carbohydrate

concentration measured and diminishes the disappearance..
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.
rate and bE •

Consequently, the simple and crude model of Equations
, '

3.18 and 3.32 represents reasonably weIl (± 20%) the
,.,.

biomass formation phase of the SIPC cultur~s performed in

the bioreactors. Its accuracy can be significantly

improved upon closer monitoring of (dC../dt) ...~ of the medi~lm

volume and o~ the evaporation rate as weIl as by using a

better yielc model and by evaluating the effect of the..
biofilm volume (last term of Equation (3.29» on this

growth model. This~could be achieved only. with a better

instrumented and controlled SIPC bioreactor system.

The stati onary phase 'of SIPC cult~tres> inocul ated wi th

a stationary phase suspension of C. roseus cells is rather

oinIt occurs~ithout carbohydrate depletion

unusual ,bLtt si mi l ar for' the three cul tl.lre systems' presented
-#J& ' -

in Tabl éI,,4.f.

the', mediüm and wi th a constant bi omass concentration.

During this
"',J

; ft

>:f>' ",
phase, carbohydrates/are slowly c6nsumed

" ,
( ..... 0.5 ··r .,-

g/L. d)., The pr~sence of carbohydrates in the medi um. duri ng
•

the ;;:;~stationar=y, phase explains, at least partly, the

constant .SIPC biomass concentration observed (~G9). Thi's

behaviour of the immobilized biomass is different fr':Jm the

growth, of a suspende.d bi omass usi ng medi um lS;:; and any

Niable inocLtlLtm oi a sUf-fi~ient volume (5-20/.). The normal

growth limiting nutrient of this medium is carbohydrate

" \

"
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Q
(suc~ose) at ini~ial concent~ations lo~e~ than 50 g/~

-.
(2) •

Ca~bohyd ... ate exhaustion "".
f~om the medium causes the

suspension cultu~e to ente~ a stationa~yphase which is

cha"-acte~ized by some decline in the d~ied biomass

concent~ation <Fi gu~e 2. II . Sorne othe~ mechanism<s)

~-" ~.. '

appea~(s) to limit the g~owth of th~ SIPC cultu~es.

This phenomenon was not caused by mass t~ansfe~

"-est~ictions fo~ :the ~easons discussed p~eviously, no~ by

the ste~ilization of the immobilizing mate~ial with the

g~owth medium. 'Howeve~ it was foune!" to depend on the plant

, •Il'-
cell type and line cultu~ed and on the in~~ulum age.

.,This behav~ou~ can be explained by conside~ing the

'"~.~
st~uctu~e of.a SIPC biofilm and 'the pa~ticula~~.g~owth

metabolism of cultu~ed plant cells. The g~owth of SI~C is

mainly unidi~ectional and is space l imi ted to the

• immobilizing a~ea. This g~owth is most p~obably ~est~icted

to the biofilmtxte~nal laye~.while subsu~face plant ~ells
'J

expansion and division.

e:·:perience some . volumet~ic 'P~essl.lS'e inhibi':;:ing cell'
~::.

Plant ~ells,'and'in pa~ticula~ c. ~oseus cells, us~d

to inoculate a volume of medium foi- suspension cultLI~ing>

are known to accumulate ~eadily <wi thi'n' ·2 days' af'te~

inoculation) and to sto~e la~ge quantities <L 60%) of some
•

o
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". . ''l.

. .:
nutrie~ts' ~romthe ~resh medium (21ù-213),

...
A g,ood- :~"ample

is phosphate which 'is less 'damagi~ to the èu~ture l~
. .

abse~€ from the medium.
,

:subse"quentl y '. redi str'i buted
. .

to the cell progeny upon

.
.' .~

division. Growth and t~e~amou~~ of biomass produc~d are

pr;portional to' the tot:at in~raceflLt+t(r concentration o~
-. ".

these nutrients in t'he cCllture and 'ta their' ayailability at

division (210-213),

• >Il

The 'i'll'lhènent
\

. -.

struc:tclre of' a, grqwing SIF'C biofiliTl,

-, .'

." ........

r

consistSI o~ younger (nutrients demanchng) cells 'e><posed to
...,

a ~ depleted medium ~nd growing on·topo~ older (nutrients- .
poorer) cells. . Ttii,s gro'wth pattern .restri cts, seri ousl y the

~ .. .,

availabi'.lity of essential intrace-llular nutrients ":or

conti nCled ~ro~th.

•.'
This behaviour was found to be cell type and inoculum., '

age dependent •. Different nCltri ent (5) up!take rates '.

suspension grOwth patterns' and culture histories can
•

explain the obser.ved variability per plant cell type. This. ., '. ~. ,
--- . ~ "

implies that'someprotocol optimization may be~equired for

..
"

1

, .

each' type of

SIPC cCII tures.

pfant cell to attains-elf:-growth ëcintrol. in,
'.

, "

Knobloch et
'('-

al (212)
~ .

offered an inj:e[esting

.
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explanation fbr theinoculum age factor. The stored

~ intracellular phosph~t~ Cand/or other ·nutrientCs» of

" ' inocu~ated stationary phase plant cells would be ina form

making it unavailable for growth-connected metaborism. In

the phosphate presen~ in the medium

.this case, the growth of the SIPC biofi lm
.J;

which.

depends only on

is accumulated

rapidly by the nutrient starved cells.. .
i nt~cel.;~;i~r ,phosphai;e (à"'d/o~ other the',

A part of .tr>e

nutrientCs» of

'CQns~q~lently-:'''a'larger- ~ua'ntity of phosphate' is available
.. ' ..... . .' ~ q •

for the ~rowth of the.c~,.it~r: ~h~O":~ remai nsa;"a,il a.bl e in
• t:', 1:'· ~ .,

th~ medi,Ll.IT,l over a lo..,ger:....p:'~iOd/for thè' grqwing e:·,ternal
:.'

l ~yer' of the SIPC biofil fll>.

, ..
•

. 1

plant cells.

r~adily available for
o ,6'

medium, îs probabiy
. ,

iscellsplanti noc~ll ated . growi ng

grow:,th. .The Pho~~a~e presef.t in. 1;he
• ' '.--:--" ~: J,""", 1'. .

accumulated.less rapidly by ~hese ~mmobilizing
". ,

""
.-
04- ~

~

"

lar;ge inQculum volumes (16%).

This mechanism,
,

e"p'lai~s ·the needlessness of:using'
.' .... . , . . .' .~
Itwas'~ested by the various'. " . .

. . \', .
chemi cal's ad'di ti on and" medi".rm .change: scheme;s 'experimented

in Bi oreactor . IP 'C~ecti'on 3,3.1.2). Most'schèmes resulted. . .
~n f)\arginal

. "... .. .
impr..ovements in biomass formation C<) to ~10%'

for sëmicontinuous operation, see F~gure 3~25) or in sorne ,

incr~ase in carbohydrate consumption C~ 40-100%.relat:i>"v.e to

other c~ltures,.see Figure 3.26). "
Howev~r , . the

.,..
periodical...

addition of a concentrated nitrogen/phosphate solution from··

,~
:..,: day 4 (growth phase) of a S - 40 g/L' SIPC 'cul ture di d
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,
respond by a significant increase in biomass formation (~

supports the growth 'limiting mechanism discussed above ..,

30%) and ~n carbohydrate consumption (~ 40%). This result

In summary, bath these space and 'intracellular
c

nutrieni:s av.ailability ,restrïctions .Lrl1pos~d .by this -.--culture

mode on (surface immmbilized) plant cells resulted in ~he •

lim~ted growttl observed. This discussion suggests a (batch

cultured) SIPC biofilm to be heterogeneous in depth (formed
'~'f' \ .•;~

of celIs progressively poor-er in intra.êellular ·nLl;trien~.

. -
nei:\r' it5 surface) and homogeneoLts. in sur-Face .. The bicifilm

\ T

grows at its periphery. , probably with some degree of

,.
arel) . ·e:·:t'r<:lcellulàrly intracellularly _

..
nütrients

\,'C, a constant rate as

and

long, as essential

cë;~vailabiE'" The. pla,;t' 'cells underneath th.is dividing and

e:-:panding lay",r undergo st<,nionary phasê di ffere";"t'iation
, '. ~-.r:...

... "~ 's~~::~ p.roiriote
.. ,---

l ,

secondary·metabolism .
"

structure;, 9 ,"owth, behav ior :' ",nd metabol'ism

This ,,-:-bic5:f il m'
"

suggest (la

metabolites production

.'

..'"
C·

'. ,-'. ~i~'fen~n~ (.comple:.:) physiology' o'f SIPC' as co'mpared ,ta a •

Ct··...···l
" s'uSP2r;si(J~ cùlt:Ltr~;·d. plant cell biomass, which seems not· to

" . . .
have ' ~'Jeen ",~tudied 'for s'econdary

elsewher·e .n in 'l:nis ~·for.k..

The occ:urroenCD of the part'icLlla~ stationary phase of a
\ ~r.

S"I·PC biof i lm cul turG!d accord ing tothe standard protoco 1·

.üsed r-.(-?presen ts an
.:..~::..

imp'ortanol: advantage of "this cul t~'re
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It offer-s a natL,r-al, easy and non-damaginq

means of contr-olling the gr-owtn of the biomass for- the..
efficient long ter-m oper-ation of this immobilizing system.

4.2.3.2 Characteristics of the SIPC Biomass.

The· two SIPC bior-eactor-s pr-oduced a viable plant cell

bl of i lm of compar-a~le char-aèter-ist;cs (yield, o~{ygen

consumption r-ate, wet-to-dr-y weight r-atio and medium pH

contr-ol; see 'Table 4.1). As compar-ed to shake flask

suspension cultur-es, the SIPC biomass is mor-e stable at
, ,

stationar-y phase si nc!" car-bohydr-ates ,ar-e sti Il pr-esent in

the mediL,m (209) and,CorTSequently it may be less subject to
:~ ~~

cell )V'Sis as indicated by the stability of the pH di: the

mediL,m. ,

A:lt

The estimated 02CR' of the SIPC, blomass follows a

nor-mal decl i ni ng "tr-end dur-i ng the gr-owth 'phas'e and attai ns

a constant. low :1 evel' dur-i ng the stàti onar-" phase (~ 0.07

, . • ).lM02 /g d.w •• h). The 02CR (~ 0.07 0.3 ').lM02 /mg d.~•• h)

presen~ed in Figures 3.33 and 3.41 are'lower than the range

of 0.2 '- 3.4 ).lMO:>fmg .~.I:l)çr-epor-ted for- "gr-owing

s~s~en~ion~ of plant cells mentioned i~ Section 2.2.1., The
' ... '

SIF'C'biomass 02CR'are also 10wer-(~25 50%) than the
-:'!:lo

av~:~~e .~stimated.?~~ of ~:owing ~ r-oseus (line MCR, 17)

cel:l suspensions cLl1.tL,r-ed in shake fI asks agitated at.' 150
~ .

, '
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RPI1 presented in these Pi qures. Simultaneously the yield

of the SIPC biomass declines during the growth phase

(Figures 3.29 and 3.37) and is lower than for a suspension

'cultured biomass (40ï. as compared to 56ï.).

This behaviour results from the structure of the

"growing biofilm. discussed in the previous Section. Growth

is restricted to .. the biofilm e",ternal "layer while the

subsurface plant cells enter rapidly a stationary phase

metabolism. This metabolism is characterized by a low

,0:< ygen consumption rate and a low carbohydraté L,ti l i zati on

rate strictly for maintenance purposes. Thise:<plains the
"

lower estimated average 02CR and biomass yields observed

for SIPC cultùres .as the p~ortion of stationary to

• growing biomass increases when compared to a suspension

CLI1 tLlre.

The ~et-to-dry biomass weight ratio of SIPC increases
(.'.,

w,ith time. (Figures 3.31 and 3.39) as the proportion of

stationary to growing biomass in the biofilm increases. The

SIPC cLl1tures in stationary phase may

possible

S = 20

- ·\fecl i ni ng-\ '

q/~, batch

trend noted in Figur~ 3.31 for

indicate a ,possible contraction "of the bioff,lm which 'would

'. not affect the'dried biomass concentration. These rati os "

c
,~re hi gher";"·than. ~."',~",'-'-

~
. A'!l.'" __"

'". b-,o/mà~s: (.30 to:.,+- ._.,ç4.I';·'~ .

• t

,-

for a suspensio.n cultured plant cell

50 as compared to ~'25, see Table 4.1). A
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similar result was reported for plant cells entrapped in

foam particles IW/O ~ 33.5) (206). This higher W/O of the

immobilized biomass is partly e:"plained by the fact that 'it'

was not vacuum filtered after its removal from the.
bioreactor as compared to a suspended biomass. This W/O

ratio of SIPC represents an 'actual

measurement.

wet-to-dry biofilm

This high actual W/O ratio of SIPC is the factor which

iimits the amount of active plant cell biomass that canbe

cultured in a given limmobilization as well·as sLIspensi on)
o

bioreactor volume. The practical biomass capacity of both

SIPC bioreactors were determined accordingly for their

volume when culturing,~ roseus plant cells

IP volume and ~ 13 9 d.w./litre of

~fficient operation.

d.w./litre of Bioreactor
, ''D

Bioreaé:t~~ IA

These capacities are 10 9

according to the standard protocol used. These biomass

capacities m~y change depending on the plant cell type

being cultured.

responsiveness of the SIPC biofilm to chemical stLmulation.,

A fi n,al pOint worthy of, notice concerns the

. ..
This' was noted pr~viously in Section 3.3.1,.3 . The

• responsiveness of a growin~ SIPC bioma~s,appear~ to differ
. '"

from t.lat of a stationary phase bi,omass. Th~s may.be plant

cell 'type and/or inoculum. age dependent. Consequently,

,



cultured olant cells will require evaluating this ~actor.
•

oot:tmizing the

-302-

orOCII..tc:tlon .of SLtr't" ace i mmobi l i zee

J

c

..

•.,

,

, .
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4.3 Th~ Production of Secondary Metabolites from SIPC.

Surface immobilized ~ roseus cells cultured in shake

flasks and in ~ioreactor lA were shown in Se~tion ~.4 to

biosvnthesize indole alkaloids to concentrations at least

comoarable to that of olant cells of the same line \I1CRl7i

cLlI tured in shake flask suspensions ~nder identical

conditions. The comparison of these result~ to others is

difficult since the kinetics of .SM biosvnthesis bv SIPC was

not determined and this production is
,

sJ..gnificantlv

affected bv the cell line and culturing conditions used

-
~see Section 1.2.2 and 1.2.3).

In adaition •• some alkaloids were detected in the

medi u'in o.f SIPC cul tLlre rÀ6 contrary to sLlspensi on CLll tures.

This secretion of SM bv immobilized plant çells. and in

oarticular Ajmaiicine and Serpentine from C. roseus cells.

has b~èn reoorted for gel' entrapoed IPC
/

i l33.lo&j.

Comp~ràble concentrations of Ajmalicine in the medium' were

detected (5.0 J.lgiL per litre of' mediLlm for SI PC as compared '\

to . 60 ugiL of cul ture i 166) ) .
•

As 'discussed .\168). this
J

or'oduc::t release was probablv not caused bv cell .lvsis when

.cons:' der i ng, the general asoect of the SIPC CLl! tLlre ,ieyear

medium. vi..ablè and attached plant ,cellsi and the stabllitv

o-f the, oH.' The secretion oatterns

.Figure,3.44i followed surprisinolv weIl the biosvntnesis

;
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of the"same products measured in the b10mass of the
1
!,
\

c' trends

shake flask susoension cultures (Fiçaure 3.43j. The

secretion pattern parallels most probablv thé metabolic

trend. including catabolism (?).

The highest total qLlantètv of Serpentine ... e1eased- ln

the medi Ltm (at dav 19) was.

measured in the immobilized biomass a~ the end of the IAe

cultu...e (dav 26). The quantitv of Se...oentine ... eleased in

ofthe medium at day 26 was ~. 0.41.

concentration of the SIPC biomass.

the intra~ular.

Some kind of metabolic

c
and/or mass t ...ansfe... eqLtilibrium mav"have e>:isted oet:ween

these intracellular and e>:tracellula... ·coricentrations. If

this was the case. it would be interesting to evaluate the

biosvnthesis t ... ends of 5IPC since extraoolation of the-

abo\(e resul ts sueeests hi ch concentrati ons of SI1 produced- .. ~-

bv a 5IPC biomass (~ 10000 ugig d.~. 0'" 11.). Thi sis 3 ..,j;io

v a suspended plant cell biomass CL11tLI ... ed

12 times

n~~"esized

higher than the m~ximufT1 eLlant i t i es

und~... identical conditions.

-1

~

The signlficant, r~pid and gentle stimulation (b;v a

factor of 1') "within ~ "Il.) minutes) of the 5IPC secn:l1:ion

mechanism shown in Figur~ 3.44 was most probab}v cause~ bv,
osmotic andior ionic shock (~06:11~.118l.

should improve the economics ofthis p ... ocess.

Tnis aoproach
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-'
The unsuccessfLll schemes 1.i sted in Tabl e 3.21 confir-m

the last point made at trye end of the pr-evious Section,

that optimizing a pr-oduction pr-ocess per-for-med within the
•

better cultur-e system developed in this'work r-epr-esents

,

anather-."'lllaj or- research pr-oj ect.

,
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,
4.4 The Potential of the SIPC·Culture Technique.

The immobilization of plant cells has been suqqest~d

as a better wav of culturing plant celis. Its advantages

were discussed at, length in Section 1.2.4. However. aIl tne

immobilization techniques used to culture plant cells were
""

difficult to perform under sterile ~onditions.

especiallv upon scale up (entrapment).

chemicallv int~rferinq withthe composition of the

medium iC,alciLlm alginate entraomentJ.
~j ~

~, qrowth uncontroll ed (gel~trapmen't) •

biomass capacitv limitèd (see Table· 4.2~ .
"

mass trans-fer restricted (see TabLe 4.2) a'ndior
.....--:. ,

difficult to scale uo ~ithin a ~uitable and reliaple

. .'

In

system. '

addition. the

J...
... -..·.~r·.·...~.

preci ous;:-·"("·:~isec:ondarv metabolites

'. "
..:.;.,

in tne medi Ltm.

5ur'f ace immobilization h,ols been developed in ,this.. .
research '.l:!roj ect 'as. a new culture t-ech.n i oue for pl ânt ,

o

cell s. This' technique. -from its development in '~l~sk

systems to its e>:perimentation in '-lab,orator~- size
•

, ,-
bioreactors. is an easv and' efficient..cLtlture mode' ,fqr

naturall\( attached to the "immobilizinq.. 'matri;:... ~
c·

. ,

01 ante

.,

.
cells.

.'

The inoculated bioma,ss ,is readil.v',and

The

•

" ,
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BIOMASS i:APACIIY OF PLANT CELL CULIURING SYSTEMS,

, .
" Cul ture Sys tem Plant, Cells ' BioÏlfass Capac:ity

•
/surfac:e

" pImmobl1i:z:ation

i,n mO' rl.".- Shake flasks f.. roseus cm or
0

1leferenc:e

....
Thi-s wode:

Notes

" .

Ceu Line
Su582

Ceu Line SBI

Total 2 s~ide
thic:k.ness:
, ,0.75 llIF

l'his work

l'his work

"

tabac:um

c. roseus

Nic:otiana

,
34.8 g d.w., .'Oé?3:;:.+ ..
1l.;~~;3',g Lw./L qf reac:tor Thi~' work-
, '( volume

- " , • 1-...

l 'f5.8 g d.w. '
o~ . ct. wet t61.omass + macrix

C

W
8.6-10.4 gd.w.

• roseus L ot reaccor volume

Cl i 't· 4
g ltiw

•ye ne max of c~:t~e ..

p·t gJ'w:
,0 c Cure

- Bioreactor IA

"

- Bioreac:tor IP
1

.-.
;~;'

<15 g d.w~/kg ·of beads .,

.,.15l.;:+g~d~w"" .t or a~ajysis tubing

'46:~;131,~,

153.187 and
others

Caleium Alginate
Gel Entrapll1"ént

Hollo" Fiber
Entrapment

C. roseus

,10 , .
C. ro'seus

-. 0

.
~" . ,

-, ....
î35

, " " '

'02.o1lta,rved at
beads. .

00 - 5 mm

- 02 sc:arved- t
.,)

(fiber 00:
6.5 mm)

Polyurethane ,Foam
, Pardc:les Entrapment

...
.~. frutes-
~

32.4 X d .w. "
L or empty foam partic:les 206

Pardc:leof
le c:c: ,

- Airl1ft Bioreac:tor,~~ roseus

- Stirred Tank ~. tric:us-
1leaétor (Mod1fied " pidata

'l:mpeller)

'-f "
,. -..

•

'2 ' . .. ,

\

2,52,73 Foaming.. .. Problems •·. 66 .
· "

. . ,

...
0,'.~~ .
, "

Suspension Culturing
- Shake' nasks ~. roseus 32.5'g d.w,/L of suspension

14-20 i d.w./L of suspension

30'S d.w./L of suspension
• '-1-

....c...,
, ..

'0. , , .-
.,

" (

·.
. "

, (".
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biomass-support bond is strong enough to resist

culturing conditions. The formation of the

bioreactor

foam and

biomass froth characteristic of plant' cell cultures _is

significantlyreduced. The overall system allows complete

~eparation of ~he.bio~âss from the gas and liquid phases., ,

maklng its operation more

processes easier to ~rol.
flexible and its mass transfer.

-', .

"'!' '
i'm~rtant process advantages over the

.' . " 0 .. ".

The good operating characteristics of,

technique represent

the SIPC

plant cell immobilization techniques used and discussed 4nc

tradi ti..Qil.al SLI;;p,e.nsi on cul ture of pt all.t

technique is also easier and ~ore efficient

cell s.
o

than all

This

other

introduced between the immobilized plant cells and the

The attachment process cannot be gent1er

.'

Section 1.2.4.

"---and easier. No physical and mass transfer barrier is

'~ ,

.'
medi Llm. This makes this technique particularly 'compatible

~ .. "

to ,.the' important ryew ,technoiogy 01' pl ant '\cel 1 el ici tatfon
\,

for the production
ç,'-;

of " val Llab le""
-

compounds. The

im~obilization ~aterial 1s inert. sterilizable with the
, il'

mediLlm. formable. easily available and inexpensive.•. Growth

by Llsing a suitable s,tationary phase

'-f •

, .

",

,
of the immobilized biomass

"
disruption. This growth can be

"roseusplant c~lls,

is allowed wlthout matrix
•

controlled, at least for' C..'

'.

,
inoculum, .

"

withoLlt

. ..

,,'
and sufficient medium and

affecting the viability of

immobilizing

the biomass.

area

This
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'"...
represents a signi~icant advantage of this technique whicH '.

,"

""ill need to be optimized for prc;duction. The 5lPC

•

techni~ue has been successfully scale~ up in effi~ient and

reliable laboratorv size bioreactors ....

"The biomass c~Racity of the SIPC t~chnlque lS hidher

( 10-1-301.) than aIl' other plant cell immooilization

"
techniques used presently, as shown in ~ablB 4.2. wlth much

''0 .......

less oxygen transfer proble~s, lt· compares better than'~

".
thes,e' techniqLles to pl ant cell bi omass concentrations wh'i ch

latter culture system).

càn be ·attained by suspension cultures performed in

bioreactors (~ 13 9 d.w.<L against 1~-20 9 d.w:/L for the

-
.

. It is important tO,observe that 6:the overa!'l bioi~ss

~oncentration of aIL plant cell immobili~ation techniques,
• ~ . k

cal.culated ov"er the entire liqLlid volume of the culture-. . .
system .. is inferior or barely reaching suspension culture

, ", .
oiomass concentrations.. '

This is contrary to p~blished

-'
discussion· ( 132 and 'others'l -. These concentrations

•

represent 1ess than ~ï. 0",. the/~ul ture mass on a dry wei ght

basis·. - This fact stems ',from .'Che làrg'e 's<l?'Ze and high, ~

hydration level (l 951.) of c~ltured plant cells and the

~matri:, relative to the gas and liq'.li.d phases,

- ,

,~

':.J.
"

-~.

additional volumetrie requirements of the immobilizing

.'
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and.

tne,

more

m~lch

.~

ê\Opl i ed'

the

,~
technologv

... ~.

"
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C_.

•
.i mmobi'l i :::ati on

' ..;,.,,,. '. , ~..

.,
ïhe advant.aQ,e of "the.-

to ~he culture ,of plant celli .is ~ainl~ in
~ e:I. ."-.. . ;'6 ' ~ (P. •

lmpr.'ov'Sd"j,e ticlenov of ·the resultino .. vstein. F0
6
amin Cl and

~a.ss· t;anr~er control i s, :.~si er 13 ~;~i~~: ~tant~-oN"'" all~ows;
easv medi Ltm cnanci'eover IJrid' cont~J:~~'tïl:s'~oer~."(!lore"

- ... - .....~. 0'" ~

i moortant. but sti Il l argel v unknown: i s t~~~?i'~ct· of

. biomass ,..homooeneitv. ~orPh~IOgiCàl rest

microenviroMment on.the pla~ cell ~hvsiologv. and

.' '.

~,
. . ,<

o.

..
.-<:> • .

•
"

sDeci":l c:all v. on its secondarv metabolite ,production

cao,abi l i tv, /

".

".-

'...,
The scai e ~IO of the SIF'C techni q~'e invol ved a

c>

4

vertical
) .

conflg~lrat::''o'"

·compa..:'!: .

of the immobili:::ing

system.flask
•

c .

..
,

str,~tctùreinstalled in laboratory si-:ze.:v.ess~IVf

, ~

hv.drodvnaml cs oatterns. Bi oreactor IF' i s

6ffspring of the magneticallv stirred

SUl table

a ·dlrect

The

main objective in .pesigning this system was to orovide Tor

.' a. small (2 Li. ·easilv handled. 'laboratorv si:ze svs~em. mor·e.

technique than the oric;Jinal fI as l, svstem', rt

'.
repres'entati ve'

~Obi i i.:z·ati on

(AiV '. J
cm-Jo) of the Sllr-ral:e

aIl owedal so è:leco~\Cl i ng the eff'lii:t of mi ,., ~ no from aerati ori·

whfch~1s not-possible in Bioreactor.IA. The limited scale

up, potential 0": 8ioreactor IF' was recogni:::ed ear Iv.

especiallv cohsldering its low H/D. which may r-eor-esent

trans~ion frdm magnetiè to strictlv mechanical
(c

mecnanica'l restri cti ons.' In addi ti on.' the necessarN
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has better scale up ~ot~ntials.

means"may reduce its (steriie)~eliability.
.:0

.) ,"

Bicireactor

,.

~'

rA

• 0 ,
,", ,," '

The laboratory si:::e syst'ems developed were efficient '.•, ,

'and rel iable.
: .

.~

They were optimi:::ed for unif?rr and ma:.: i mufti

b i omass 'v conteo.t.

"clearly than a11

Their experimentation illustrated more
lJe

other ,immobili:::ation techniqLles t.he
'.;

~iqniflcant operational advantages of using this technologYf~

~.' .
t.o'culiPure plant cells for the production of valuate.le fi·ne

, ",
chemicals

The s19wness of plant cell metabolism.makes the growth
. . "'<p

phase of this process ~erformed in the SIPC systems not

mass &nsfer "limited at mild operatinq" condi·tions
,\

determlned·as compared to shake flask suspension cùltures.
. .

A similar non-dependency on mass transfe~ i~ anticipafep

for its prodùction phase.
" . This phase may rather b~ limited-.

by th~ secretion of the products by the plant cells, by ~he. , '

limited ·solubility of' these compoLtnds in the biofilm and

in the medium and/or ~y their upiake and

biomass' (Figure 3.44).

cat1b~~'Sm
"

by the

\ .
The, scal e Llp of,.,

.'
the srpc, technique to industrial size

.. :

\ar:econsidered. and no major problemsbecan,

The immpb'ili.:d:ng matri:< can° be formecf'in an
..) .,

effici'er,t' vertical spiral' wound. configuration' with a layers
•

bior,e'actors
j • •

antièf;. fJ~ted.

'r,.
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spacing of - 1.2 cm and a H/D

•

,

least 10%. rendering this system morecontent by ,at"

,,' fClrther'
J-
,-.-' ... '

.opt~mi::ation. Th~s

,
competitive to suspensi~~ culturing. The design of thi?

• :~,A'("

";;~ruct'-'re represents, the., o!,! 1Y ser'io'Us mechan i cal prob 1 em of
'.~ .

Possible solutions to tn~s problem include

a cartridge type arrangement. '"'>the use of 'sorne ligh~.

the bioreàctor.

~- , ,._.
strong, i ner,t .' . àridl. sterll i::able (rei n''forced p,l asti è:)

:

structure similar to the one used for the laboratory SIPC

bioreactors or sorne roll~in configuration of the matrix

material with a widely open mesh structuçe to ensure

sClffi/':!'ient spa-eing between the. immobili::ing
~ ,

layers.

'This immobili::ing structure will need to be in'st",lled
~

" in a low H/D vessel operated, as the laboratory SlPC

bioreactors. This vessel can be a mech~nically stirred

reactor. similar to Bioreactor lP.-equipped with a, large

- 0.6) marine impeller operated at low speed for

efficient vertical pumping of the culture broth and with a

compatib-le air sparger. A more ,<sterile) reliable and

better hydrodynamically configured alternative would be a

~odified airlift vessel similar te Bioreactor lA. This,

reactor will require a profiled bottom to minimi::e dead

spaces.

process,

The required mild ctilture c6nditions of sucha

e:<cept for the strict - st'erility requirement,'

should not cause serious op~rati6nal difficulties. They

• ".. i



~,

-313-

•

'~

is note~orthy to mentionPthat the economic size of

be determined as for the ~oratory

•
.

reliabi 1i ty,

bioreactors. It
(J

such v'a

limited by (sterile)
,"'-

bemaybioreactor

,oould

con"s,i.deratioRS 2.nd/or by marke'c ·size cOÎlstraiilts (1), \-.lhich

are .priee de'~endent a.nd cGns'~quently fle:{ible, especially

when considering ù' continuous f16w operation .

..
Pre8icting, controlling and optimizing the behaviour

of a SIPC biofi4lrnfor "the' p,-oduction of fine? chernicals from

this type of biomass represent as great a challenge" as its

scale up, especially in the context of the? ,(genetic)

complexity and versatility of plant cells cultured in

vitro. The particular growth pattern observed for SIPC

using a complete' moedium, esp~_c:.-i--ally the occurr:-ence 'of the

early stable biomass ,stationary phase without complete

carbohydrate exhaustion fram the medium, i5. unique ta this

culture mode. It répresents an inter~sting approaéh ta

,grmoth control of the immobilized plant cells. The

dependency of this phen~menon on the? plarit cell'tYPe? and

. , line being cultivated, on the inoculumquality an~ o~ the

pa,:ticular nl.ltrients~ 'uptake -'behaviour (s) of plant cells

st·n;:tsses the r:omplexi ty of cul tur.ing -chis particular

.(n-I,-' blological syst~m.

T.'8 results presented in this work suggest a

"~ paa:-i.:icular physiology of a SIF'C biofilm which was shclwn to,~

"
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differ from' that of a suspensiQn cultared plant cell

culture technique

This behaviour is imposed on the viable plantbiomass.

cells by this
.

unidirectional growth space restric,te'd...
"'.nd-,:or represents the,ir adaptive response

..
to this mod~ of ·cultiv~tion. In fact,

immobilizatioll of plant cells can be seen, rnor(~ tl:,:.an any

'other culture mode, as c losing thé .loop in the in v'i tro

-rissue Culture of plant cells." This'started with the

generation of a dedifferentiated biamass callus of.ce~ls

from a plant tissue. Plant cells lram this solid

culi:ivated callus were subseq~ently cultured 'in the form of

fil18 biomass aggr"egates suspended- in an agitated liquid

c mE~d ium .. , The SIF'C t.èchnique restores the callus like

gr'ul,IJ"ch .of plant c211s in a uni"form arld hOQ1ogeneoLls biofilm

fully submerged and batl,ed within a weIl controlled liqui'd

environment. This is a (ocre natural growth form. (in

tis'5ue) , for plant cells which o'ffers the' possibility' for

reinitiating intercellular communication and associated"

phy~;iCJICJgical behavi..CJur(s). This process c.auld be pLt'SLled

ur1.cic:r p'roper' physical:, c~H~mi~al 0nd/or· horfO'ünaf . c:ontrollecÎ

stlmul.ation to a.ny desired level of biachemical and even

(norp~lological diiferentiation. True artifical Plant Tissue

·C

Cultur"e .in.a bioreactar can b~ ~chieved for fine chemicals
.,J

pn.Jducti.on c3nd for physiological studies.
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"

1- The majo~ cont~ibution of this ~esea~ch p~oject

çonsisted in the development of the su~face immobilization

technique as a new and supe~io~ cultu~e mode fo~ plant
..~- ~

~~lls as compa~ed to most existing c~ltivating techniques .
•

2- This technique was 'scaled Llp successfLl1ly to

labo~ato~y size bio~eacto~s specifiéally designed fo~ the

cultu~e of su~face immobilized plant cells.

can be fu~the~ scaled up.

T.hese systems

3~ the ope~ation of these systèms was optimized for

biomass fo~mation. 'This phase of the p~ocess was found not

t~ be mass' transfe~ limited above the mild ope~ating
•

contiitions déte~mined. It compa~ed wel.l to the g~owth of
.

shake fI ask cul tLu;-ed plant cell suspensi ons.

,

4- The p~oduced SIPC biomass waspa~tly cha~acte~ized.
.' ,

It complex and'unique physiology, which is still la~gely

~~.

unknown . .since. plant cells we~e neve~' cLlltu~ed in this

partit:ular:t b,iohlm fo~m,"w~s found to depend on the plant

cell ~ype and li~e culti~ated as weIl as on the quality of

the plant cellsuspension lnoculum used.

.'
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,
5- The physiology o~ SIPC was 'found to' diffe~' f~om

rt: offe~ed the., that of a suspension cul~u~ed biomass.

poss.ibility of cont~clling' easily the'';'; g~ow~h
1l"

immobi)ized biomass:

of '-. the. .

.1 6- SIPC we~e· shown tobiosynthesize seconda~y

'metabolites' to levels at least compa~able to that. of . a

shake flask cultu~ed suspended plant cell biomass.

7- . Compounds produced by SIPC were shown to be partly

sec~eted in the medium, cont~a~y ~o a suspension cultured

biomass.

8- This sec~etion'mechanismwas shown to be rapidly,

easily and gently stimulated.

5.2 Recommendations.

Fu~ther development work is required before the

indust~ial application of. the new SIPC technique can be

fully evaluated. It is recommended that this be undertaken

as soon as possible to maintain the Canadian lead in this

fi el d. The major a~eas of study include:

c

1- The application of this culture technique to other

economically important' plant cell . types'.

o
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2- The" optimi=a~ion of the physiology of each type of..... . .
SIPC "biofilm for .,."e chemicals biosynthesis

according to suit'ablE'- induction schemes. (medium

inductipn, elicitation, etc.).

3- The induced secretion of these compounds in the

medium. o

.'

4- The . development of suitable laooratory size

processes and monitoring and control stràtegies

'usingthe SIPCtechnique.

~- The scale up of such processes to a pilot plan~

level for operational and economic feasibility

studies of the production of SM from SIPC.o

This ~~dertaking can aiready be justified by preliminary-,
;,,0/

economic evaluations .similar to the crude estimate

presented in Table 5.1. This preliminary study "involves

the production of' the typical plant, compounds Ajmalicine

and Serpenti~e. These,biochemicals derived from the 'pl ant
';J;

C. roseus are used as pharmaceuticals for the treatment of

circulatory (A) and hypertension (S) problems, The world

market for each of these proddcts is 3500 kg/y (1983)

( i ,84) • Their updated (see bel~w) selling prices ($Cdn

1987)

(84) •

are respectively $2900/kg (1~ and ~ $58,600/kg

Tr,e base case was taken from Fowler (84) since othis

stLldy rs!presents the most reasonable economic analysis of
;" ,..
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• TABLE 5;1

,.
,

, .
PRELIHIflARY ECONOHICS OF TIIE PRODUCTION OF TIIE INDOLE

ALKALOIDS SERPENTINE AND AJHALICINE FROH CULTURED C. ROSEUS PLANT CELLS.. -
,

"'.

Traditiànal Batch. .
'Suspanaion +
Product Induction
Technology,(84)',

Semicontinuous'SIPC snd
Elicitor Techno~og~,

Aasumptiona

10 6• '

CF-0-(BEPP'Vp-oC-RH-CC/8)(I-ta ) + cc/a.

Quantity of Chemicala produced and aold.
Depreciation (8year' life of plant).
Taxes (20%).

JO
(110:15% downtime) /-/(110:4% downtime)

50 m3

$2J.4Hl (Cdn 1987)1170% of base case

$8.8H/y 1150% of base case

$7.JH/y 1150% of base case

$16.400/kg Il BEPP

2 , "

50 Dl 3
~ ,

$16.4H

$4.4 M/y
1

• .'
\

$J.7 M/y

$J820/kg ,
1

,).

"

•

~',.,;:0

"

8 days

6 daya

Preparation,

Growth

Semicontinuous Prod. 1 24 weeks

19•0 m~ d&L, .A ~1.4 cm- 1 112.6 g d.w./L
cm V '

1% of d.w. per product(2)
- 75% in medium
-per 2 day eUc1tation

cycle.

25g d.w./L

10 days

1% of d .w. per
product(2)
,- in biomass
- Total for 10d

~

, ,

No of Prod: Cyclè/year

,

Breakeven 'Producer Price
(BEPP) 2

Operation Coat (OC)

Raw Haterials' (RH) "

Bioreactor Siie (L)

Bioma9s'Concentration
?

Cspital Cost (CC)"

Production Cycle@
Culture time

SH Produced

Vp:.
CC/8:

ta:

IH:
2BEPP:

~
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thlS oroductlor\' of the few _ available i,n the literatüre.

This cas'e involves the i;raditional susoension cultüre of
.

plant cells and production indùction bv an APM-tvpe medium.

It 'was modif{ed to include the oroduction of Ajmalicine at

an assumed rate similar to that ~ Serpentine. The <:OS1:

fi 9ures were clodated b'v assclmi n9 a $2 CdniL STG exchange

rate and an average 10% inflation rate from 1983 to 1987.

'.
The immobi1ization case assumed clsinq the SIPC and

elicitation ( 114) technologies. A six month semi-

continuous ooeration was aIse aS~4med with the biomass

loading. biosvnthesi's and secretion rates as shown. The

semi-continuous and product secretion schemes justified the.. ..,.,
~'

assumed reasonable lowering of costs presented. Accor'dinq,

•
to this evalCla1:ion of a whollv Canadian owned technoloqv

mostlv available \oday. the more advanced production

process has a 4 to~ c~st ,advantaqe

process for a world market shar~ of

over the traditional

~ 23% f~r each product.

Thi s brea~:even orodcll:er ori ce i s wi thi n. the (clpdated $Cdn'

1987) selling price
"

range of a certain number of

interesting plant products ($2900~$7600~$9.5x

( 1 i . This means that anv further technological advance~.

oroduction scal~ up and/or diversificatidn or a more

accI.lr è\te economi c eval uation can make 'thi s bi otechnol ogi cal

·oroces~ profitable in a very near future.
, .
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It is aJso recommended that this gentlè, . easy, - ..

efficient and advantageous surface immobilizatiqn technique

be evaiuated for .. other cul tu'res. The· surface

immobilization of microbial an~ fungal biomasses should not
•

.•
represent particular problems. In fact, the sLlrface-
immobilization of the fungus1 Rhizopus. arrhizus was

performed successfully in the magnetically stirred flask

'. sy·stem using ô\ milk whey salts ~~IPplemented mediLlm. A 3'l.

inoc.ulum was fully immobilized within 4 hours. A three day

growth period gave a loading of 16.4 mg d.w./cm 2 and f~ll

sporLl1 at i 01).- A more ·intr~gu~ng and interesting appllcation

woul d be the cul ture of ani mal ~ellsin thi s· system.

"
(

Finally it is recommended that the SIPC technique be
~.

presented to, and evaluatedby, phytoscientist as a means
1

of recreating-in vitro under closely controlled conditions,

plant tissues. for physiological studies.

-'.,

.'
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The rh'eol0Cl.ical proper,ties of the C. ·roseus suspension

culture mentio.ned,"in Seétions L2.1.2 and 2.7 were

,determrned from the ~esults pres~nted in lable Al.l.
- ,~, .

They

we!,"'7 correlatÈ;d acc'orél.ing to
,. ,

Equation ,(;l.l) .as.:follqws
. . ••.. ~

,.~

. Correlation of the results of- Table Al.l for each spindLe

-ai ves:

.~ 8pindle 1:
.

..,;'
ln e = 0.7ïlnW + 3.04

o No of pO,ints: 4 r = 0.99 (Al.2).
, ", ,

, ;,

Spindle 2:

•

Sp,indle 3:'

.. . '

:

ln e = ~O. 70lnW, '.. ,,1.45 (A 1. ::'..)

"
points:

.
No-of 7 r"".= 0.99 "

•
,

~

2 "

, ' .
;

,.

ln e = 0.701nW ..- 0.49 '(Al.4).,

"-~
No of points: '7 r = 0:99 0

: -

'.

The last ter~ of Equat~on6 Al.2 to Al,4 (B.,\'represents. , ,.
the ln o:.&!:l.~::'" térm of EqLlèIt ion Al. 1. ~hi~ be wri tt,èn as ...can

'0• , ,
• '\ "

1: • c
... ~ ,~
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TABLE A1~1

MEASUREMENT OF 'ii. C':ROSEUS CELL S.USPENSION VISCOSITY.

, .

...
..

..

.~

)

)

~.
•..'-... . .

Spind~e 1/
.

viscometer
"

Average Apparent
~ speed viscometer- viscosity

(RPM) . reading [-] ,,~cps) ,-
· - .r.; ~ ,

1 , 1.0 0 •. 5 12. O. 2400- ',-- 1-
1.0 2i.7 2i70

. .
-.- 2'.5 43.0 1720

, . '!5.0 'h~o
,

1420. • :,... . ,. .-- J.

2 4.0 " 0~5 ~\,: ; :2080" 2 .~6 •. .
j .

~, 1.0 .4:3 1720 .- .
· "'_L ____ • ë:. 2.5 8.3 1328.

'- .
: 13.1

..,
. 5.0 , 1048.

1 . , . .. ..
:

, 10.0 21.5 : 860.
"

1\
,.

( .. 20.0 , 36.0 720,
1

~ ~ '.· . . 50.0 64.8 518
( . ..~

.
. , .0

. • \ '\
· 3 10.0 : 1. o.,,: .1,.6, . "J.600

" . ~
,, ..

· .., ..
-2.5 . 3.1 1240 . ,..

" •
5.0 5.'1 :).:020

.
'. ,

."-- . .
< • • ,

, 10.0 . 8,.0 8"001 .
"

. ,
, . .', 20.0 \ 13.7 685.....,
" . ,

• • ., .... . ,, 50.0' 26. O~ 1520 h'
· r-

I 38.1
.. '

/'3811QO.0 ,
,

. - " #/J< •
..

"

, ,

....
-..... " .-

...,, ,

, . ,

<li : t

'C

•

•

.. '\
\ .' ,

C \
J. '"

--.

.
•

.';'

. .
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~A.L .. 5j

B~~ = ln <X.e~ + ln K (Hi .,6)

"

.:1. ..

A carrel at:ion between \ «ai and B;t;l gi ves ~ consi stenc.v .inde>:
, ,

K at no .1' l CJw.

,(

1
,.

,

.~

."

. .
'r' ~

(Hl .8)

. .

i
'tAl. Ii

Law

i; ,.

.'

"

, .

'.... ;the Powe..of

.

val cIe-

.''.

'.

J"
Flow consistencv i,nde;.:. t< =' :20.6 o)ltm sec1 .. =~., . . ~ '". -.

"

Œonsequentlv 'the
• .oO •

,

~ ~

Flow b~haviour indexn =

•
.0 B • • = -i. !ln' lX.~i. ... 3.02

'..
j - . (1;;991\10 of points: .;,. .. = .

'.

'ca..amete.. s 1'0.. this plant cell suspension cultur.e d ..e:
'....

)

•.. _>-

)
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~ . ~
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Composition of ,the' Growth ,Medium lBS (43,214)

'.
",

,
NLltri ent , ' Concentration (moiL)
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Nutr'i ent

,-

"

-
Concentrati on ,(moi!:..)

.' 2.4 Dichlorophegoxvacetic acid (2.4 Dl

Notes

1- AlI chemicals we~eof, reagent grade.
~ .

1.0

•

"',

, ,/.
The growth medium NB5 was of the ,sam~o~oositio~

exceot for the two f81lowing ~~anges' '

as 185

al The .au>:·i n hormone 2.4D was replaced bv tne

"

", ",-naOhtha;ene 'acetic ~id at the same concentratioh.

@b) ,8,g of agar was added per litre ofmedlum.
~---,

'.

"

}

. t

"

"

'. ,

./

, ,
"

... ,;
'v

•

, .

,..1

•

.'
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A2.2 - Composition of the Alkaloid Production 11edium

(43.97).

(APM)

" 'Nutr :ï!èmt s Concentration img/L)

..

,

CaCL",

MgSO~

EDlA fer-ric salt

Glycine

l[lositol
',~'

i~icotini·c Ac:id'~~'

Pyrido>:ine . HCL

Thiamine HCL

. .
kI

, .

950

i.2ü

Z20

185

08

:;;;-&::" ;;;"'''' .

2. 0

·1(,0. t)

, ~.q

0. S
c-

0. '"'"
,-li

.5.üü(Jü ,.

". '--1::'"\.1. ,:... /..J
",

'", "-

,
i I~H.. i ...1·10.,.0"'....

~'\--H~BQ.~

~nSu..

ZnS04

•

'..

H",O .

•

,

, o'

.

•

2.4,

7.1)

4.0

.....• .1J •. ;;;"."",
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Nutrient Conc:entration imoiLJ

Folie Ac:id 0.5

Biotin 0.05

I(n d 0 i e-3-f4C:et i c: Ac:i d

" 6-Benzvlamino-p~rr~e 1.125

- y.

All c:hemic:als were reagent grade.
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Appendix ~ - Measurement 0": . the Bi omass Content a
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Bi oreactor . Loaded' Immol;Ji l i zi ng Structctre.

, .

'.
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'.

.,

. .•..
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l

:Co Prior to its formation,.in the spiral configl.lrcù:ion.

tnecleaned iin boiling distilled water for 5 mincltes. then
-'

in methvl alcohol; and dAed immobilizing material was

weigh'ed and it's dimensi.cns Nere meast.lred. The material,.- ...was

.-
formed in the spiral structure. which 'was we~gheo iW~}.

Ht the end of tne ccl1 ture. the oiomass loaded

,structure was treat.ed as menti oned in Secti on 2. b~
•

The net

wet i mmobi l ~ zed biomàss we~ght' (Ww ; was determined

"A3. l )

acc:ordinÇl to the follow~ng eqclati on.
Cl

i

• Ww = WTW W'" - Mw ... V~

».

where WTW: total wet weight ... of the

., .

blomass loaded

t
. \

struc ure .-.g) ~ ,-'

to cultu~~' (g;."

total immobilizing structure wefght

,
prior

Vrn : i mmobi li:: i.ng material, or;jqinal unloaded

immooil~zi~D material liquid absorptivity

.' aosorbed watel" oer. uni t vol cIme of

material;.
:.:-' ........(-.

The, hw 0': the immobilizing materials used was determined by

sterilizlno measured str~Ds in dis~illed wate,. Thi s ('iw

•
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•

was fcund ta be 0.9~ g/cm~

'v
\averaqe 0":

"

5 res~ults. s = (1. (17

Ç1icm=) ":or the ':'XY Mater~ial".used.

The, n'et lmmobillzed blomass dry welÇlht was
\- ,

de~ermined accordinq to ~e followinq eouation.

We - (~Jw ~ V~ * CHO) • . -;0' "? .I,.H __~ .. ..... J

where tot~l dry weloht of the biomass loaded

CHO:

strLlctur-e (Ç1) ..

,
medium final residual carbohydrate concenu~

ration iÇliL)'.

No correction other than -for the immobilizinq

assumed equil.ibrlum absorption of the mediumilast term on

the ri qht hand si de of Eqc,ati on A3.2) was clse'd to take i nto

account the ef"ect of unconsumed .... ~.ç:arbohvdrates·
,.,
on the

biomass dry weiqht measurement.

•
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Naterials. Test.e9";:or tlle 5ur":ace

Immobilization 0": Plant Cells.
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Materials Tested for SIPC.

~laterial

l-CoDDer magnet wire with a ~olYester

"
imide c:oating Westinghouse Inc: •.

2-Aluminium surface with an organic

5-Ultioor GF + Membrane

surface (250 um)

3-Polvimide surface

6-Polyyinyldene filloride surfac:e

He" el Inc.

He>:el !nc:. _1;

PaU Inc:.

F.:all Inc:.

Por'ex Tec:hnology

Inc: •

Pore>: Tet:hnology

Inc:.

Membrane

antl-c:orro'si on coati ng

4-Ul ti por GF

...
7-Hl gh deC)si t y pol yethYl ene por.olls

8-PolyprODYlene surf~c:e Pore>: Tec:hnologv

Inc:.

9-Ultrahlgh. moleC:lllar weight poly- Porex "echnology

ethvlene porous sheet (20 um) Inc:.

It)-Polystvrene surface Monsanto Inc:.

'll-High density polyethYlene .Dow Chemic:als

sur-të\ce !nc: •

12-Highden~ethYlene

surfac:e c:oated with an

•
Dow Chemic:als

InC:.

c
antistatic: agent

13-Crushed c:eramic: Norton Inc:.

\
/
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14-Crushed ceramic

15-Zeosi l :S-i.O~ po~der. \2ü-3üC! um)
..

16-Hvdroculture oil shale. clay

oel ikts and vermi,:ul i te
.

17-Cellulose fiber melamine resin
'. ,

bOClnd materi al

18-Cellulose fiber pheno·lic resin

bound mater:i al

19-Acrvlic ~iber phenolic resin

" bOCln'd material (QS Material),

Centre de recher~

che lndustr~elle

du Queb.ec

Rhone Poulenc

S.I'-.,

HVdroponlc Inc.

.,
. i

,'l11F Cuno Inc.·

AI1F Cuno Inc.

HI1F CClnp 1 nC.

•
-.

2ü-Acrvlic'iravon fîber phenolic resin

23-Celite catalvst carri~ ~ CS3(~.

... ~. ,

bound materi al (W8 Materi al ),

21-CellcfloseiCllass fiber phenolic

resin bound ,material

22-Raw glass ~iber # lOBA

#R610. #R626 and #R630 ..

~

24-Asbestos cloth

25-Geote>:tiles ï60Î .7.609" and ï612

(Unwo~", 001 vster based).

26-Ge~textile T500 and ~1000

)

•
ANF Cun.o Inc.

'l>•

AI'IF Cuno Inc.

,

~lanvi 11 e Inc.,

'11anvi Il e Inc.,

l'ianvi 11 e Lnc:

Te>:el Ine.

'- ,.
,"

rCI lnc.

,~

" ,

'.

. .
Cel anese/~:



•
-35ï-

•

28-F'urasin HR activated absorbir:c!

'"carbon beads (0.07 mmi

29-F-i brous materi al s :qrI65. DM651

and M1S175

"

Union Carbide

.C

.-

c

.30-.Incolov aoü

31-I'1onel

'.. ' .
.'

.'

-/

,

.'

"

•

",

..

•




