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SUMMARY.

. _ ..
A noVel technique was developed to immoBilize plant

cells. The cells are'déposited on a‘surface of a man—made

fibrous material which provides for strong binding of the

plant tissue biomass growing in the submerged:Ealtur%: It
was shown that the plant cells need to be fully viable for.

© the attachment process to occur. Relatively uniform biomass

loadings of up to 20 mg d.w. of plant cells per cm= of
suppo?t materiél, which ‘corresponds to a wet biofilm

thickness of ~ 5 mm, were attained ir* flask cultures.
) .

-8
) , M
The scale up of this technique to specificallyﬁaesigned

laboratory size biareactdns was performed successfully.

The immobilizing matrix was formed into a vertically wound

‘sp{fal. This configuration resul ted in a high immabilizihg

area-to-volume ratio (0.8-1.2 cm—3). A modified airlift

(riser—to—downcomer area ratio of 0.035 and vessel

height—-to—~diametfer (H/D) ratio of 3) and a low H/D (™ 1.3

mechanically stirred vessel ‘delivered a best bioreactor

perfcrmanée characterized by low biomass frothing and

highly efficient plant cell attachment and retention (2

-
»

R6%).

The growth .of . Catharanthus Troseus plant cells

investigated in these bioreactofs was found. not: to be maés
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s transter (limited. .. It required mild dixing and &eration

leqels'kkLa.N'lofis hr+). The biomass" formation pattern of

»
-

surface -ﬁmmobilized‘plant cells (SIFC) generally exhibited

N ’

~a linear growth pﬁaae followed by a stationary phase

charactterized by remaining carbohydrates in the medium,
L . :

contrary to suspension cultures. This cultwre behavicur

- -

‘was- found. to. “depend on the plant cell type and/cr line

Ceultlured as well as on the ineculum age. The culture space

restriction. and unidiredtfénal growth of the SIFC biofilm
combined wilth the limited intracellular availability ‘of
ezsential nutrients rapidly accumulatgﬁ from the medium by

. . . - »
tH@ s-ationary'anse inoculated plant cells are all likely

contributing to the culture behaviour. ‘ . /
The agentls surface immobilization technique developed

in this work-did net hinder the biosyntheéis potential” of

SIFC. In Tact, it appeared to induce a partial sEcretion
of some.valuable compouhds into the culture medium, The
mildness, easiness,‘ aefficiency, mass transfer

chpfacteristics, scale up pofential and biomass -16ading
capacity .(11—13 g d.w/L) of the surface immobilizaticn
technigue make it SQperior. to all ~other immcbilizatioﬁ

-

téachniques wsed Lo culiwre plant cells. In addition, the
SIFC hioreactor overall biomass capacity compares
favourably with suspandead pltant cell condent;atians

attainable in conventional biorgactaré (15—20l g d.w./L).
LS ' _ ‘



Une nouvelle technique a été développée " “pour

.immobiliser deé‘ cellules de__plante. Leg cellules sont
déposées sur une surface d’un matériel fibreux synthétigue

qui assure un attachement solide de la biomasse végétale en

croissance submergée. Il a éte demontre que les celiqles

o

de’ plante doivent etre vivantesl'pou% gue le ﬁrmcgggys'

d''attachement se produise. ‘Des chargements en biomasse
i :
relativement uniformes Jjusqu’a_ 20 mg de matiére végetale

sache par cm= de matérielrde.supportg ce qui correspond &

un biofilm d‘une eépaisseur de ~ S mmi furent obtenus par

- %
culture en flacons.

|

La mise & 1l’échelle de cette fechnique dans des

YY)
. -

\
. bioréacteurs de laboratoire spécifiquement congus & cet

effet a éte réalisée avec succes. La matrice

d’immobilisation était formée en spirale verticale. Cette
configuration a permis d offrir une' grande surface

d’immobilisation par rapport au volume de medium du

réacteur (0.8-1.2 ¢m~*). Un reéacteur de type airlift

modifie . " (rapport - des surfaces d’écoul ement
ascendante/descendante ™ 0.03 et rappor hauteur/diametre
l(H/D) de 3) et un réacteur agite mécaniquement d’un faible

rapport H/D. [ 1.5 produisirent les meil leures

berformances de culture. On y observa de faibles moussages

-
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g la biomasse et son attachement' efficace €t~ prolongé
‘;. . ' . . LIS
(> 96%) . o . ‘

'La. croissance de cellules .de la plante Catharanthus
roseus étudide:dans ces bioréacteurs n’était- pas limitée

par 1le transfert de masse lorsgu’agités et aérés-a des

-

niVeaux d’intensité moyenne (k,a ™~ 10-15 h—%). La

formation. de la biomasse végétale immobilisée en surface

’

(BVIS) était coﬁstituée d‘une phase de croissance  lineaire

suivie. d’une phase stationnaire sans consommation complete

) dés carbohydrates du médium contrairement aux cultures en
.sdépension. Il a éteé determine que ce phénomeéne depend du

“type de cellule Du'qe la souche particuliere cultivee ainsi

que ‘de l1’3ge de 1’inoculum. Ceci a é&té attribueé a la
- ' ] .

structure particuliére . de croissance . d’un biofilm

(restreinte en espace et unidirectionnelle) aipsi Qu'g;ra

[N -

disponibilité ° intracellulaire d’éléments . nltritifs

essentiels rapidemeht accumulés du médium par les cellules

végétales affamées de 1 inoculum stationnaire utili'sé.
Cette technique d‘immobilisation douce n’a pas nui  au

potentiel ®biosynthétique de la "BVIS. - En fait, cette

technique ' semble stimuler une sécrétion partielle de

certains cCcoOmposeés preécieux dans “le meédium de cuiture. La

douceur, la facilite, 1-efficacité, les caractéristigues de

transfert de masse, 15 possibilité de mise & 1°échelle et

.

' -~
» .

W
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'le chargement en biomasse possible (11-13 g m.s./L) de la

technique d’'immobilisation en surface eri.font une approche

]

supérieure a toutes les autres techniques . d immobilisation

’

utilisées’ pour cultiver des cellules végétales. De plus,

ce chargement en biomasse immobilisee se compare avanta-

geusement aux concentrations en biomasse qui peuvent &tre

atteintes lors de la .culture de cefiﬁﬁgs végetales en

suspension dans des bioreacteurs conventionnels (1520 g

m.s./L). - o

- {
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Total biomass concentration of SIPC

cultured in Bioreactor IA.

Biomass yield of SIFC cultured in

BioreactorgIA.
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Carbohydrate cqnsumpfich of SIFC
cqlturés 1AS,4,15/17 and 1A1a}20_in
éfokeacémk IA. .
Wet-to-dry biomass ratioc of SIFE

cultures performed in Bioreactor IA.

_Relationship between the wet SIPC

biofilm thickness and the dried

v

Eiﬁmgss coh;entratinn-of SIFC
cultures performed in Bioréactor IA.
Dgygen consumption rate of SIFC
cultured in Bioreactcr IA.

HLFPC analysis of ext?acted.alkaloiés
from the SIPC biomass of culture -IA&.

Froduct?on of indole alkaloids from

C. roseus cells (line MCR17):cultured -

in shake flasks with -‘the APM mediud.
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NOMENCLATURE.
. o
as : rLeﬁgth-of'matrix spirai configurétion (m).
-aSP:u AfteE statioﬁary’pbase.
A - _ Iqmobi;i;ing surface area (cm=), .
A/V: Immobilizing surface areé;to—cuiture volume ratio
] tem-y, -7 . . B
APM: Alkaloid Production Medium (see Appéndix 2).
. QR/AD:‘ '~ Area of riser-to~downcomer ratio of an Jirlift
bioreactor.. - L - A . ] B
AO7: Surfacé immobi{izing.haterial; ‘a .
' AO9: | _ suﬁfage immobilizing materiai. -,A
A12: éué+ace-immobilizing material.
: Growth rate of ;urf;ce immcbilized,hlant cells
(mg d.w:?cm=rdl; ' 5 -
b - Growth rate of the surface_ immohi;ized plant
; cell bioméss;(d_d.waft). o
bt - Estimated growth rate of SiPC‘(éq: 3;32)
N émg”g;w:/'cmé,dﬁ. . ‘
-Sﬂ: - _Meégﬁrédlqrowthurate‘of SIFC éEq. 3.18)7(mg d.w;/ ?
- cm=.d) . R . .
baz o pacing between two_l immobilizing layefs +oéi
‘ a liquid flow (m). o - e
'bSé:.r . Before statidgary phase.
_i_BEPP;, ' Breakeven prodﬁcer price o+find61e alkaldiés

($Cdn 1987).

F.
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Bi:
Baig:
BVIS:
cps:

Co:

C'ﬂl

C:_i

Cig:

C;g:

c;;:

N

- (g/L) .,

“the biofilm {g/L).

Comxi -

Biot number (Eq. 3.22). . S ‘ e
Factor of Equation Al.S5.
‘Biomasse végétale immobilisée en surface.

Centipoise (102 g/cm.s).’ ' v w

Concentration® of carbohydrate in the biofilm )

r
o

(gsL). - )
Conceﬁtraﬁion of carbohydrate in the medium

- . *

(gs/L).

Concentration of carbohydrate. at the biofilm/

-

medium interface (g/L).

- Concentration of reacfiﬁg‘gpecies in the_ biofilm

Concentration of reacting species at the biofilm/
medium interface (g/L).

Concentration of reacting species in the '‘medium
(g/L).

Concentration of the product inducing compound in -
: Ay

. . . . . N Rl f
Minimum contact concentration of the elicijor to
the biomass (g/L). _ o N -
Concentration of. the product inducing compgund at

the mediuﬁébiofilm interface {(g/L).
- ‘. i

Medium concentration .of the inducing compound B

{(g/L).
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CC:

CW: X

CHO:

DO:

Do=:

Airlift riser diameter (m).

®xii

‘Dissolved oxygen concentration in the 1liquid

phase (g/L).
Dissolved oxygen concentration in the 1liquid

phase at saturation in equilibrium with the gas

phase -(g/L).

 Drag coefficient (Eq. AS.2).

-,

Macroﬁglecular compound éeg:eted by SIPC and-

accumulating at the matrix/cell interface (TEM).

'Capital cost of a project ($Cdn 1987).

Cell wall. - S

Residual carbohydrate cnncéntratinn~in the medium

~ v

(g/Ly. .,

. Days.

Biomass dry weight (g).

'Shear rate (s—*). _ - - -

Bioreactor internal diameter (m).

-1

" Internal airlift vessel diameter (m).

' Total drag exerted on a flat plate (Eq. AS.3)

(N). ;\

Average  effective di%fusivity in the‘ biofilm
(em=/s). o

Averaée dif+usivityqé§%the ;iguid phase (cm=2/s5.)

Dissolved oxygen coﬁzénfkation (g/L).

Dissolved oxygen concentration in the 1liquid

‘A

»”
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phase at lsaturation in equilibrium with the.gas

-phase (g/L),

DO« : Final dissolved oxygen. concentration in the
liquid phase (g/L). S - e

DP: - Flow diverting plate. \b

DPH: . Heigﬁt of flow diverting plate (m).

Dﬁ:-. Net immobilized biomass dr? weight attached to an

immobilizing structure (g).

e.: Friction effects to liquid Flow at the riser
entrance. |

+: Proportion of biosynthesized compounds. secreted

in the biofilm. o B
::- £ 3 Friction factor o%'liquid flow in the riser tube.

g: Gravity ;onstaht (m/s=) .

Gu:  Liquid mass flux in the riser tube (kg/mZ.s).

Hz Height of bioreactor (m). B

Hes Liquid he;ght in bioreactor (m).

HFPLC: 'High Performance Liguid Chrom#tmgraph.

I;:V‘ Inocul ated biomass (g). ‘

IA: . Designation of spiral wound matrix/airlift bic—.

reactor.

IP-—i:o ‘Experiment-i.performed in éioreactﬁr IA.

I1AAS: Auxin hormone Indole—3-Acetic Acid. ) il

ID: ° Inside d;ameter Am) . _

IF: \ Desigh#tionAo¥ spiral wound maffix magneticalry

¢

stirred bioreactor.
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Experiments i performed in Bioreactor IP..

Immobilizgd Plant Cells.

Bas supérfiqial velocity (m/s).

Liquid superficial velocity .(m/s)..

Medium to biofilm mass transfer coefficient
{em/s). | ‘
Oxygen frans+er capagity of--a bioreactor
th=2), o k

Consisten:y_index (g/cm.sa'").(Eq..Z.i).

Model parameter (EF' 3.9 .

Total |, iTmcbiliziﬁé matrix  plus biofilm
thickness (m).

Riser length (m).

‘.Equivalent-friction length.

Units of SIFC measurement: . mg of dried
biomass per cm= of immobilizing area.

Immobilizing material.

Immobilizing material liquid absorptivity (g of-

liquid/cm™ of material).

" Catharanthus roseus cell line.

Flow_behaviour index (Eq. 2.1).

Integer number (Eg. 3.3?5.

Liquid phase aeration efficiency index (Eqg.
4.1, | |

Number of experimental “points used for a
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NAA:
« NBS:

Nz/PD4:

A

oc:

0=CRa:
GD:
ppm:
Px:

dPyx/dt:

Pn:

PD.;: .

QL:-

G3:

KXV

correlation.
Auxin hormone x~Naphthalene Acetic Acid.
Standard. solid growth medium (see Appendix 2).

Concéntratéd solution of nitrngénous and
phosphate saits édded,tn a SIPC culture.
Operating costs ($Cdn 1987) . ’
Esti%atad 7qugen consumption rate of a SIP#R
biomass® (UMO=/mg d.w..h) (Eqg. 3.99).-

ODutside diameter (m).

Farts per million.

Concentration of products biosynthesized in

plant cells (g/L).

Intrinéic SM biosynthesis production‘ rate of

‘plant cells (g/L.d). .
Concentration of products in - the biofilm
(g/7L).

Concentration of products in the medium (g/L).

Concentration of products at the medium/bio-

Film interface (g/L). - - o

Phenyl ammonia lyaée enzyme.
Plant cell.
Fhosphate ion.

Air flow rate.in the riser tube (L/min).

Liguid flow rate in the riser tube (L/min).

Immobilizing material.

Linear regression correlation coefficient.
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Sc:
Sh:

S;:l

Sud82: .

Su1277:
SB1l:
SC:

SIPC:

SM:
SP:

STR:

t.=‘
ta:
trea o
T2

TLC:

Nicd%iana Tabacum cell line. %;}

XX Vi

Reynolds number-with hydraulic radius.

- Impeller Reynolds number.

Reynolds number along a flat plate of length
L. (EQ. 3.15). |

Raw materiai cost (#Cdn 1987).

Impeller rotatiqnal speed, turns pér minute.
Stat}stical standard deviation. |

Sucrose :nncentratich (g/Ly.

Schmidt number (Eq. 3.16).

Sherwood number (Eg. 3.13).

Reacting species concentration £9/L).

% .

Nicotiana Tabacum cell line.

Blycine max cell line.

Suspension culture. .

Average dried surface immobilized plant cell

" biomass per cm® of-.support area (mg d.w./cm=). -

Secundary.metabalitES. ~
Stationary phase.

;gtirred tank reactor.

Time (d).

Tax.» .rate on-profits.

Division time n% a cell (dj.
Immbbilizing material thickness (m).
Wet biofilm thickness (Eq. 3.94) (m).’

Thin Layer Chromatography.
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(Ug).s Superficial "gas velocity in the riser tube
(m/s) . -
v velocity of the medium in the matrix

structure (m/s).

Val ' Actuél reaction réte (g/L.q;.

Vel : Reaction-rate at the fluid bulk concentration
" (g/L.d). |

Vi: . Reaction rate in the pfo+ilm (g/L.d).

vial '_ Reaction rate at’ the biofilm surface

concentration (g/L.d).

Vie: - . Reaction rate for immobilized cells (g/L.d).
Veei | ‘ Reaction‘ rate for free ‘suspended cells
(g/L.d).
(Vie) nmrs Reaction rate for impobilired cells without

mass transfer limitations (g/L.d).

(vi) -2 Super+icial liqﬁid velocity in the riser tube
| {(m/7s) . ' \
Va: ' Biofilm volume (m™).
Umai  Immobilizing material volume (m™).
Ve : Quantity of %ine,chemicals produced.
\AYUNH Aeration rate:. wvolume of gas per. volume D%
| liquid per minute. . . fl N
Wz - o Rbtational speed of the viscometer (RPM)..
Wat Weight of the immobilizing structure (kg).
Werpr ’ Total ary weight of 'a - biomags loaded

immobilizing structure (kg).

%
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w'l‘wz

Ya:i

Yxrat

Kxviii

Total -wet weight of a biomass .loaded
immobilizing structure (kg).

Net wet immobilized biomass weight (kg).
wét—to—dry‘weight-biomass ratio.

Immobilizing material.

o
AT

-Biomass'cancengFation (g d.w./L). -

Biomass concentration of SIFC (g d.w./L).
Total piomass of the biofilm (kg):

Dire;tion perpendicular to the immnbilizing
surface.

Direction perpendicular to the immoﬁilizing
surface. | |

Biomass/substrate yield.

" Proportion of produced biomass which is:

immobilized. .

Two phase flow vo{d fraction (Eq.'S.B).
" .

Viscometer instrument/spindle constant.

Wet biofilm thickness (ecm).

Friction loss aof the liquid in the matrix

‘structure (kg.m=/s=) (Eq. 3.9).

Thiele Modulus (Eq. 3.44). : .
Dbsetvablé Thiele.Modulus'(Eq. 3.49).
Ef%ectiyeness factar (Eq..3.42).
Efficiency factor (Eq. 3.41).

External effectiveness factor (Eq. 3.45).

Liquid density (kg/mS).
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a:l Gas density (kg/m=), A
Tz - Shear stress (Eq. 2.1) (g/cm.s%).
Tas Surface shear stress exerted on the SIPC

biaofilm (Eq. AS.4) (N/m=).

O: A Viscometer reading.

B2 _ Circulation time.(s).

9. Adimensional concentration (Eq. 3.36).

,eﬁ;:_ ﬂiking time (s).

't ,. Specific growth rate (d—*).

~31..: - Apparent viscosity (cps).

Ml ) Liquid phase viscosity (cps).

ug/g~daw.: Unit of indole | alkaloid cnnéentration
.:z; - ' measurement ug of SM per g.d.w. oé biomass.

ug/L.med: Unit of indale alkaldid concentration

measurement g of SM per litre of medium.
| | R _
o ‘ Observable external mass transfer efficiency
modulus (Eg. 3.46).

1BS: Standard growth medium (see Appendix 2).
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1.0 INTRODUCTION.

-~ . N

1.1 Situation in Plant-derived Biochemicals.

-

Vinblastine (Figure 1.1} is oane of the +ew drugs

obtained from plants that is approved-fbr cancer treatment.

It 1s biosynfﬁesized by the plant Caﬁharanthus roseus at . a
i } e, o ) )
concentration of ©0.0005% {(w/w of plant biomass). Its low

concentration, its structﬁral comp}exity precluding ., any
chemicai synthesis, and the plant supply sources
unreliability explain its éxqrbitant pFi&e of $5?x 10+ (QS
3 T ~

- )

Plants are a uniqué and versatile, but barel? éxplored,
source of such high value/lc& volume -fine chemicéls

(2,3,48). These comboundé are not synthési:ed through the

L) *~

prgmary life sustaining biochemical pathwa&s of the- plant™
cell. They originate frdm the secondary 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 pharmaceuticals,' flavaours, fragrances
and dyes (2). In faﬁt,-2$2:o4 all US prescriptions contain
plant derived products (l)land 902“cf1a11 natural pfoducts
are found in plants (5). This represents more than %9 x

107 (US 1984) of annual retail drug sales and #1.5 x 107

(US 1984) of annual aroma product sales (&). -

(8%
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Plant é;candary metabolites cannot be economically
syntﬁesizedm‘chemically by man (7). ‘Their stﬁucturai
compﬂe#ity impfﬁes biosynthesis .thﬁaugp‘ very elaborétg
bipcﬁemical.pathﬁayslinvnlving mﬁltiple' interacting genes
and enzymatic steps.. This also rules out biosyntheéis
using isolated.enzymesfand genetic. engineering,  at least
for many vears when cdnsidéring our limi£ed~kowredge of the
control of plant genetics, as. means of proncing ,thése
chemicals (7-9). Consequently. -the cuiture in vitro D%
viable plant. cells remains the only practical alterpative

to plant vegetative growth for the production of these

important compounds_(1,4).-

- In fact, this type of cell culture has,, been suggested

.as a;- alternative source . for :tﬁese chem;cals siqce the
1?60‘5‘ (10,11) . ‘However, research in this. {ield___has
resulfed in onl; two Eecent iﬂdﬁétrial aﬁpli;atidgs 2y,
with the production of Shikonin _'Fr";m cells of the. plant

Lithospermum erythrorhizon having received. some publicity

(1). This process is based on traditional batch suspension
cuituring and fextensive and delicate biomass extraction. .
At an estimated production V6fumehof S kg of

SR

Shikonin per.
. , : . .
three weeks and a selling price.of $4000 (US" 1982)/kg,

relative to $4500/kg'whpq produced: from the plant, the

pro%itability of ° this process 'éppears marginal: In
. . l. N - ".' Kl . v - -

addition, the many factors which made this production.



sdccessful are believed not Lo be easily apblicablé to the

. Lot - . . —_— . .
culture of other types of plant cells (1). oLt
» - i - l'.. - : . - v, i
-Major  basic’ plant' - physiology and. biogﬁéq%délj

Sngineering advances are still required for this technology

tO,Ee used widely in industry (273,7). The main problems

. 0 P . ]
to be solved include . w , .

w . ' L : . .
- the genetic instability of the selected high

producing plant cell lines (11-13) |

$
A - . :
- — the urcontrolled ' biosynthetic behaviour of cultured
. W o 3
i Vet » . . . - ‘
plant calls (2,80 - ¢ . e

- '

.(2,8,14) and -

~ the lnw.'cbﬁteﬁtration of ,the produced chemicals,

mostly retained withindhe.plant cells (2t§,7,12).
) , _ .o _ .

-1 Co . - ' N
~ the heterogeneity pf the plant cell culturing milieu.
. . . 5‘ . . . . 3 .

-

—_—
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-

" 1.2.1.1 Plant Cell Physiclogy.

Plants are '40rMéd

than . @Héf'-of

physiologiéﬁi

fincl&ae_'

-

. cells (Figure’1.2).° Thezr phys1ology 1s.much more

-

_ 1.2.1 The Technique of Plant Cell Tissue Culture. .

. - &

2

04 hlgbly comp tmented eukaryotlc

- compleh

. T *
microorganlsms. ~Soﬁg . their 1mportant

characterlst1cs relevant to thls project
‘-\&" . 'f
. ‘*—-J ”

- . . [;-.': ‘_ - . ‘
* - morphological peculzarlﬂies, .
- cellular d:.mens:Lcns,ﬁ . ( @ ’ v
: S o
.- growth behavzagr, ,
; ] R | o
- oxygen requirements,” ~ ' : ’ “‘[ ,
IR e . . e N
- nutrients uptake and °_. e N
.~ genetic potential. - o Lo P
- E a . - e . * , , . N
. e : . o .
- L4 -

In addition  to the usual'eukaﬁyntic Drgaheiles, plaﬁt

- - 2 '

cells have thred unique .elements: the 'plastids, the

vacuoke and the cell wall.

" differentiate

biochamically

R

b

Proplastids are organelles that

inte wvarious storage.

P

compartments, inteo
. . & .
active organelle

- .
* - “
.

R

.-and/or- ‘fingé'_
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photosynfhetically active chloroplasts undef suitable
conditions (13). | .

The vacuole is an importané, cnmplex, highly active and
‘ﬁu1£1—+unctional organelle. Developing with - age, it
becomes1£he prominent';tructuge of the mature plant &ell >
Sox.of its volume) (13). - Its main functions include
(16-18)

- control of the cell volume-and csmbtic-potgntial,

f‘lysosomic activities, | - ‘

- enzyme compartmentation,' . : —_
= location of other organelles, -
- control of the ceil ioa and metabolite balances
and T
- storage of .nufrients énd ‘pfimary‘ and secondary

ta

metgbqlites.

~ The plant celi is particularly sensitive to its osmotic
environment. ‘The vacuole controls the internal osmotic
pressure - (turgor pressure) of the. cell, which 1is

éechanically equilibrated by the cell wall, relative to the
. * ' - - . . . ’
osmoticum. This regulatory mechanism is

external - medium

involved in certain aspects Q¥ the plant cell metabolism,

far ~example ~ im its growth process “ (19-22) and. in . -

‘morphogenetic differentiation (23). This 'phenomendn, may

KS&gptesent" an interesting: ahproach to_.stress induced SM

R R ~ . ~ . - .

"1"_‘"" Lt . -

"'"',"t; . . i . ' ’ .
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‘plant cells generate mainly é'prihary unlignified ceil wall

the’ plant cell immobilizatian.

_10;

expression (24-27) and to forced osmotic secrefion of

étured compnunds;

" The wall of plant cells is a more intricate and
dynamic'structﬁre than that of other types of cells. It is

composed of an. elaborate mixture of polysaccharides,

structural and enzymatic (invertase) proteins and metsl

ions (27-29). The cell wall composition evolves with
growth (30-31) and evéntualiy differentiates into a
lignified = rigid pr{mary wall, an internal cellulosic

secondary wall and an extracellular middle lamella composed

of gluing pectin substances in the plant (32). Cultured

o

—_

(33).. Theéere is evidence of the secretion of macromolecular
compounds (mainly polysacchakides and proteins) by older

cultured plant cells in their culture med1um (27,g2,gu and

H&fhérs) ﬁﬁklng them stlcky (2). It -is important to

Jdnderline this last peint for its botential in assisting in.

v

.

This normally rigid wall protects and contalns the cell
efficientlv. The cell wall plastzc:zes dur1ng growth under

hormonal {(auxin) induced local ac1d1+1cat10n and rlglleles

after‘expan51on (27,32). It is freely permeable to species

_of molizcular weight 1600 and lower (3&). It forms with the
: . - ' o .

cytoplasmic membrane a pﬁysiological unLty‘ relative to.
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available. This fact is- reflected in low biomass

‘environmental exchange and growth (37). Finally,. it is

interesting /o note eviaence of " a recognition role
associated with the cell wall (38B,39). This is involved in
the elicitation of 'plant cells for the producticn of SM,

This subject will be discussed in Section 1.2.2.

Plant cells are much' larger (20 - 100 .um) than

micrcorganishs (llpm) and animal cells (10 - 20 um). They

are natural tissue Fformers and grow-)py division and

expansion, -without detachment from the parent cgll. This
tendency towards aggregated growth leads to the formation
of  large heterogeneous clumps of cells. These cell

aggregates break up easily when cultured in suspension upon

excessive mixing shear (3,15). Cultured plant cells are

voluminous and highly hydrated (95%).

Plant cells grow slowly {(division time of 20 tp 60

- hours) (46—-42) and perpetuallg when cultured in vitro in

their-undifferén£iated state: and asg long as nutrients are

“3

production rates (< 7 d.w./L/day (2,8)) . and extended

cultivation times- (> 10 days) implying strict sterility «

- - ° . I _' l . '
requirements for the culture system. K This is only

emphasized K by the rich definéd_gtowth medié requiréd- (43).

The growth follows the well known sigmoidal pattern, even

v

-

though . few generatibns‘bccur; .
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‘and of the actively accumulating vacuole. ':- SN

__1:2_ . <

The oxygen rgquirehents of plant cells are laQeﬁ than
fdr‘microorganisms (10 to SO times lower} (2. and  for
animal cells (44). Max;mum oxygen'cmnsumpt;on rétes'oi S
to 85 uL Oz/mg biomass dry weight/h have been re?ortéd

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

conditions. A minimal dissolved oxygen concentration of

‘1300 TpL Oz/L, or 164 of saturation, hés_‘alsé béen
mentioned, at which the grawth of carrot cells was sﬁill
not affected (45); The oxygen requirements for blant cells
immobilized-in c&lcium alginate are alsc within this range
and do not seem to differ significéqtly from that of plant
celbg cu}tured in.suspension Ei5,46—48). This is. reflected
in the low aeration rate reéuiréd (D.S.VVM:or kka-¥-10;25

h—*) to cultuhg pPlant cells in suspension_(49-52).

-

) The cell wall, withn its. weakly acidic ion exchangé

-’

properties (29); i;s limited porosity (36} and two active

membrane systems, the cell 's piasmalemma and the vacuole's
tbnoplast- (Figure 1.2), ccﬁtrcllthe uptake of nutrients Ey
the.cell (53,54). The\alant éell constantly accumulates

nutrients from the environment either.to_¥u1+ill'metabolic

recuirements, for storage and/or for turgor | pressure.

-

sfabilization '(55).. The. cytoplasm regulateg this flux of

species py means of its  metabalism and of the . active

plasmal emma, relative to the ever, changing culture medium

-
’



? ‘: . The primary transport .mechanism of plant céils is
. active H* excretion from ' the cytoplasm. This makes the

? - A -;ytoplasm alkélineland acidifies the vacuole, the cell wall
‘ "and the culture medium (54,53). This mechanism is-involveq
: in the growth process and, more specifically, in the cell’'s

volumetric expansion. It is highly sensitive to the growth

\ hormone auxin and to the medium osmoticum. Auxin addition
- . o Q
or increased medium osmoticum lowers the medium ph from its

normal equilibrium level of 5.7 to 4.8-S.90. Other exchange

F

processes between the plant cell and the medium indlyde.

either passive or osmotic diffusion and active and

selective -secondary transport of nutrients cliosely coupled

q: to H+ séq}etion (S7-59).

Finally, this review of the physiology of plant cells

need to be cbmpleted by a brief discussion of its complex,

(A ]

and poorly tontrolled genetics (135). Each plant cell

] ) - _ .
- ~ contains all the genetic material to generate a‘coﬂ?lete
. ‘ plagt'(totipotency). The required parts of this enormous

gepetic potential are expressed during the normal gro@th

pattern of the cell in the plant, from its 'qppeafaﬁgg at

division in the meristemic mass, up to its elongation and

-

e - . . . -
differentiation into: the various organs of the plant (135).

- _ L .
This differeptiatiqﬁ\.results from the switching of genes

. expression “for morphologital and functional &Epecialization.
Q: o l%}iﬁ induced by a combination of - . .
.5 ) , . . - -l - . .- ) . - o

¥ .

pe L . . | . | CL l_ . . ) T o
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- a change in growth pattégn,A

— spontaneous plgnt cell seif—assgmbly,
- intercellular interacﬁiohs,

- tissue requirements,

- — various environmental factors, etc.

-

\ -

Thi€ di++erentiat;ng behaviour, which may be reversed,,

is particﬁlarly important for the culture of plant cells

. and their  induced biochemical specialization for SM

ﬁroduction (2,8). In fact, one of the main barrier te theé

our inability to control " the biosynthetic. behaviour of

8 .
- <

plant - cells ), wﬁich may require some level  of
morphogenesis (2,30,460) or tissue forming simulation"(42),

and/or a well controlled, homogeneous and‘pérticularly

defined chemical and ph?sical_ﬁsﬁressiﬁg) envirdgnment (61).

1}

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

been achieved yét._ This may pantiy-ekplain the well - known

-~ -

' non—reproduéibility of plant cell cultures (558¢$§ and

others). Andth;r major genetic problem associated with-this

b

- tYechnology involves the tendency towards polyploidy of

cultured plant cells with rn;Feasing cell line age and "the
_A . JD - . . .
observed ' concomitant 105s of biosynthetic  potential,
o . ‘ R PES .

(8,13,62-65). - . e wot

8
Y

’

iﬁdgstrial exploitation of thié type.of-culture comes from

-~
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1.2.1.2 The Cﬁlturo of Plant Cellg In Vitro.

- A\
S i

Cells are obtained Ffrom a . plant 7 by excising,

_sterilizing and placing a tissue on & solidified and well
defined medium containing various growth  regulators..

. Within 4 to & weeks, a solid mass of dedifferentiated plant

cells are generated from the original explant. Continued

.growth. of a healthy callus of undifferentiated plant cells

is obtained by subculturing monthly onto “fresh solid
medium.  Easier .handling and faster growth of plant cells

are achieved by transferring the ffiable biomass to 1liquid
medium, similar to the ane used for calius growth, mixed in

&,

- -

volume ratio of 3S-20% i@sur%s cont%ﬁued growth of this

suspension. - ’ C 3

, -

-
b

- ' N »
-

Suitable scale-up offthis"type of culture, even-only to

the level of a laboratary bioreactor;'repreSents a special -

challenge when compared to mﬁsﬁ miérobial fermentatigns
{42;61,65;66). Magot area§ of;concern inéiude the type‘q¥
growtﬁ,.mixing and aeration fequiﬁeménté of the sqspenéion
in relgticﬁ to the biomass characferistics. . |

- sy . + . -
< -

: z ; N
The 'sloqqess‘ of plant cell growth places stringent

. requirements ,on the culture ‘system for réliability ‘aan

sterility (42). A large in

-

a shaked flask. Weekly éubculturing at an- inoculation’

oculum (S5-20%) . is essentfaf to

W



%)

710000 L from a 100_mL inoculum) (69).

‘not agitated (40,70).-

16—

-

‘ensure the presence of sufficient seif~growth factors (67)

and . the stability of the culture (68). This requirement
for.a large inoculum-and the slow growth of ' plant cells

represent a serious process time lengthening for the scale

up of such a chturé to largé volumes (8 weeks to attain.

.

- K . o N - v

wWhen cultured in éuspension, the large, gluey -and

‘aggregated water -barfoons.\tmat are -plaﬁ; ‘cills create

considerable dif{itﬁlties{

sensitive cell wall (74§J limit the.mlxlng rate in stlrred
) 7

*

tank reactors (STR) to‘100— 50 RPM -which is’ Just marglnal

Yl

.

the culture homogenelty (40 66 72 73) .

.
’ .

. [N ! -

- .

"

Plant cell suspensions “- are  limited to-' blomass

-

concentrations of less thQQ ¢0 to uO g dow. /L of suspén51on
e 3

Lérge Size'and rigid but shear

S

for good gas dlspers1nn, mass transfer and ma1nta ance of

because of- thezr high hydratlon lqvel (9SZ+%m (&9). The

. - . . .
cq}ture~»broths behave ag viscous shear'thinning.fluids, at

ieast for bjomass concéntrations higher than 10- g ‘d.w./L

(74). These Non-newtonian fluids obey the Pawef Law.MDdéI.\

- . /-

£

“ .= Kidus/dray R STED

¥



-17-

The Vélues‘o¥ K and_o parameters of this model fof.various
plané Coil type;’cultured in Suspension were presooted by
Tanaka. (74). For example,'rvalqés of 0.72 aod 20.46
g)cm.s*-za were experimentally measured (see Section 2.7

and Appendix 1) far the flow behaviour (n) and oonéistency

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

f suspension - of Line. MCR17, the main biological model system

of £#his work (see Section 2.1). These figures  are

consistent - with others (74). The measured apparent

v1scos1ty (u.) of thlS susﬁens1on -at a rotatzonal speed of

50 RPM of the v1scometer was S20 cps (Appendlx ). It was

shown that n does not depQ?d on thke biomass concentration,
S

~,

whereas K and- Ha, are dependent on the culture morphology

and age. These parameters are proportional - to the 6&-7th

power of  the dried biomass concentration  (74).

'Conseqoently, a C. roseus cell suspension of 30 'g d.w./L

would have a ua (at 30 RPM) of B0 cps.

x -

This serves to illustrate the difficulties encountered

o R T . .

by many ﬁe5earchers (69,72?and‘othefé) in tFYIHQ to achieve

. :_, -
homogeneous mixing of such culturéé. Many have used

. ] .
microbial fermenters equipped with shear intensive (Rushton
. - : T R‘

turbine ot'marioe) impellers operated'ét low speédél(BO—EOO

0 . . - - . ~

‘RFM). This equipment- and ‘operating conditions "are not’
. c_ - -

- suitable for _aohieving ‘unitorm mixing of . these shear -*

PR

- sensitive and shear-éhinning‘plant cell suspensiono.

-
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’l

" -aeration rates have also beéen shown to overigas.@he .culture

%

s . - o _ LA
Ca : '% .
Alrlr%tmbloreactcrs are belleved to be generally better

cells‘in suspeﬁSicn~%2,12;4p). Jhey

for culturin

provide for

- efficient mixing and aeration at_low shear, because
of better flow characteristics (3&,73),
. - . , -
- better sterile containment .(S50),

— more reliable operation (73),

‘ R 5 , ’
. — easier scale up and ' «

- good gtowth (g ~ 0.38 d-* for C. rogeus_ cells (73))

and SM production (75).

B~
&

"However, even this ~bioreactor configuration suffers

from serious drawbacks. Plant cell suspensions,.when they
are directly aerated even to thefregu%red low rate of 0.3

. . . _ ' . ¢ ‘.-— .
VWM - for sufficient oxygen transfer (49452)," are well known

- . - ) Lot
for their excessive foaming. - They prcduce thick 1froth ~of

secreted macromnlecular compounds anddhgglomerﬂﬁed cellq on

top of the culture broth (2). Th1s cannot be solved by

“

* e

'ant14oam addition since it may be deleterious to the

“cu;ture (71).  This culture behaviour 1limits both the

A ) ' L% . . ’ . R
aeration/mi%ing .rate of airlift to 0.4-0.6 VUM and the

suspended biomass concentration which can be cultured in

such a bioreactor to'zga-zg g dew./L (2,40}. Higher
- ' . . ’ ) A ' . . '

’

(high dissclved oxygen 'Ebncéntration) - (76) " and to

V N . z

hyperventilate the biomass which results in chessive

-

-

A
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C . sl ‘ L. a ‘ . -t
carbon ‘dioxide stripping from thgiplaQﬁ cel%f (77,78). Both
adfiohs lead £3 lLower érowth _rate (by > 168% (73)y) and
biomaés' yields. by ~ 377 (73 5)): (69 76&‘78). In fact a 0.6

Yoa & .

. 1
)VVM aeratz&% rate or a kLa of lq h‘* were suggested as best

. e
. ~ D B ol -
aperatlnéy CDHdltanS -for plaﬁtagerlﬁblé%ass-product1cn pn

R -

r‘ ) i
alrllft bloreactors wlthcut :onszderafioqb?cr ggélc mixing .

Q

requirements (54).' Th1s limited aeratzunﬁr?nge reduces the

‘mixing —and( mass transfer eicieﬁcy'of this type of vessei,

* : - ' '

especially for %hear thinning plant cell suspensions, as

compared tc'%he 1.0-1.5 WM aeration rate suggested for
) 4 . AR . . °
optimum m@égng in an airlift (79—82{€%*ﬁb#mb o -
- : / .

hS . S
= - ~™
- : .
. .

e Most of tﬁé research efforts Téntioned above -have been

R . oo ' n
mainly concerned with the shear sensitivity, Frothing and
) -

&

@ﬁc9551ve aeratapn problems assoclatad wlt fhe suspension.
]

» culture of plant Eflls in bioreactors. Much less attentlon”

has been given to iﬁvestigating the rheologfcal properties

of this type of fluid and th91r effect on the mlxlng within

theegbloreactor to attazn a homogen91ty level comparable to

hat in a shake Flask. Mass and oxygen _transfer to a

homogeneously mlAéa curturé ‘may be iess cr1t1ca1 when

consxﬁerlng the H/Fatlvely slow metabol1sm of plant cells.

@ .

In particular, aeration_ means which tend to induce less

foam formation seem not to have been considered to “improve

the culture system efficiency. _ -

~ S

a

124
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The stickiness of plant cells further complicates €he.

) ) _ o . . - ] /J\// .xS.'{-

situation described’ above.. This stickiness leads to wald

~ . L

i e : , : S ‘ o e .
growth %nd instrument: ptugging J(42569,70). | ALl these .. - ﬁ’
difficulties, whigh wnfsen upon Ecale-up; contribute to theil;-

’

- ) heterogeneity of, the(,suspenéionrxand to the formationm of .. ¢

. La i
~ L - ' .
- numer;ous dead zones leading to premature senescence of the

-

.‘: . R “
- culture (83,847r. N
R e

In summar m ioreactor configuratioegs used to grow®
_/,J? yg ost b g a’ﬁaQ\ : g

plamt cells in suspension have failed to provide for " an

-

. ’ . -apropriate well controlled‘ and homogenéoug culture

environment. Ccnen%;onal mechanically stirred tank

reactors are too shear stress intensive, while airlift

¢

reactors produce too much foam. EBateh or continuous .
operation fegtures either a continuously changing medium or
- . . .

L

,washing out of the. predioué biomass. Consequently. the

culture: of plant. cells 'in . suspension in’ bibrea;taré,

besides being unnatural to these tissue formers, has

" resulted in very heferggeneoqs biolpgical systemé df’

-

limited biomass density. In view of the high sensitivity

e

of - the differentiating behaviour of piaﬁtfé§ils to the

. - culture - environment, * which is so important for SM
. ' - - : '

DU production, it is, easy to understand, some of the

difficdlties encountered in Heveloping this technology.

oo T o - R

- o . T
I : - -5 e . )

e

-9

u
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‘:, B ’ 1.2.2 Biosynthesis of Secandaﬁy Metabolites  from

€

Cultured Plant Cells.

> . i -

Secondary metabolites, and .more specifically- indale

. alkaloids from the plant Catﬁaranthus roseuss the model

-

They

wa

I

-system of this pré}ect, are not inert end products (8% .

are present in the plant' in a dyhamic'metabolic

X

cequilibrium which is strongly dependent on the location and

LR

the environment (86). The net product accumulation results

from the difference between biosynthesis, storage . dnd
either conjugation, . interconversion,: oxidative
) - : 'p N
@: polymerization or simply deg?adggion.

The situation for cultured . plant cells ig,hu&h more

complicated and obscure because. of

the hetétbgeneity of the cell poplulation (genetics

and‘develobmental stage),

the poorly ceontrolled physical (and chemical) culture
- : '

envirgnment, -
the ever changing medium composition and

the unnatural ‘morpholqgical state of the suspended

cells. o T : Y

T
.
-

"

Gemerally, SM are biosynthesizéd by viable, actiVe;

C-" stable -and .non—dividing‘ plant‘ é'él_ls under conditions

o

-

deyelopméﬁtalf'éféjé‘of the QEpositéry tissue as well as on

e



0.
-

. cell _energies towards its primary- life proliferating
. A%

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

- s -
¥
A

promoting some * biochemical specialization/differentiation

[

(1,42,61). The requ?rement for non-growing, statiana;y
. ‘ ‘ : I
plant tells originates®from the fact that growth’ prevents
Adifferentiition and specialization and mobilizes all the .

e . - $

metabolism. -<¢ In addition, the need for aggregation and’
interceliular closeness seems important (42,87), whereas

morphogenetic requirements - are  still ‘uncertain

2 |

Rea;onably wiae produﬁézﬁpectra, including compounds
not found in tHe original plant, have been-obtainéd from
cultured plant cells at yields ;omparable ar higﬁer than in
the original plant tissue (™ O.1 to 3.52 of the cul tured
biomass dry-weight) (84,91-93). Most of .the vyields o%
interesting compounds are still “too low for indqstriél
appiication, even théugh a‘yiéld‘of 23% has beéﬁ reporfédl

for the . industrial ‘production of Shikonin from cultured

plant cEfis‘ of Lithospermum erythrorhizon mentioned in

Section 1.1 (&). The'ﬁrQQuct spectra vary and are not as

wide as in the plaﬁt (7). " They become narrbqer sand thé

yields diminish with the cell . line age (up to S0% in 1

vear) (B4,92,96). ~No dimeric alkaioid, .such as
Vinalastine, '.has been found in chturéd‘ plant wcellé"
(91,24) . : ‘ >



e i =
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iThe higher product yields mentioned above were abtainéqg;

by culturing plant cell lines, specially selected for their

supérior biosynthetic capabiiities, in media designed to

promote the biosynthesis of these compounds (14,88,97).

These differ markedly from "standard growth media. " This

scheme implies some growth/production decoupling (87)
which may be dependent on the culturing  system vtypé (14}
.and/or on the aggregation level .-of the cultured cells.

This decoupling phenomenon may not be generalized " for all

types of plant cells (98). : o .

This scheme is not without problems. Froduction

results aﬁé variable and ‘often unreproducible {(7,8).

Depending on the original plant'spécies,.the high producing

cell lines- are generally unstable (7,8). . The wide genetic

potential' of the plant cell, its uncoﬁtrolled,expression

ahd the  heterogeneity of - the culture environment are

believed to be the main causes for the gnreliability'bf

this production scheme (12,13,88,96), with SHM turnoveﬁl

(87,88) and ' retention of the compounds within the cell

(99,100) as other possible factors *-involved.  Also,

differentiation . induced by . the production media is

tolerated py plant cells Dnly for a short_tgrm (101} .

»

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

¢ o,

plant responding to environmental * challenges by some

-
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chemical defensé mechanisms (102} .- Sgcces§tu1. prﬁduction
of SM  from plént‘ cells requires &hat éuch triggeriﬁg
‘%tresses_be determined anq simulated under clgse control in
the cu&ty?ing _syéfem ,(103fh ‘Three clasggs of such

. . v - J . : :
triggering tactors, and some -+~combinations, have been

evaluated: chemical, physical/énd‘bioengineering factors.

The design of production media mentioned previously has

“Deen the approach most studied to improve the produétion of

SM Ffrom plant cells. Although‘;esulté vary with the plant

species cultured, some general tendencies, at least

applicable to Catharanthus roseus:plant celi lines, have
beén observed. The main features which distinguish these

media +From growth media are their higher.sucrose content,

" their lower phosphate and nitrate concentrations and the

_hormones’ used. ‘ Coe

Sucrdse; -af céncentration? of up to BZ, has Seen shown
to promote SM ‘expﬂeSSipﬁ (96,103-106). Growth inhibition,
osmotic sho;k"gnd/oF,iﬁduced‘differentiation are believed
£q be responsible (23). Low thSphéte concentrations (<
Q. 3mM) that lim;t growth improve SM production
(103,104,106;107); Nitrate is rapidly (2 dayé)(a;cumulated

by plant cells and stimulates grcdfh.'_Follow;ng nitrate

assim;létiqn, significént‘metabolic changes occur including

1an increase ‘o+\'the' enzymatic acfivity of phenyl ammonia

- P
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‘lyase*® (FAL) whicﬁ- iegds to tryptephan,  an egsential
precursor of in&ole alkaloids (}08). Consequehtly the
nitrate limitation per se reduces alkaloids expression
(104). . _ -
. LT : 3
- R A - ' o
The effects of phytohormones are variable. It was
shown that, the growth promoting auxin indole-3-acetic acid

" (IAA) (and naphthalene acetic acid (NAA)) at concentrations

lower than 0.5 uM is essential far the culture survival and

»

does not inhibit SM expression. Higher concentrations and

the use of the synthetic auxin 2,4—dichlarophenaxyatetic;'

»

acid (2,49) strongly hinder SM produc%ian_(BB,iO?)Q This
may'be related to the fact that the synthetic auxin cannot
be mefabolized by plant célls (11Q). The cytokinin
hormones, kiﬁztin”and 6—benzyiémin;burine, have ' also _been
shown to promoté SM expression. The mechanism of aétion is
believed ‘to involwve their protein synthesis enhancing
capabilities, mainly directed = towards PAL increased
activityl(lll). ;

~

The use of these SM biosynthesis promoting media for

the production of these compounds FEquikés long cultivation

-

periods (>_2{weeks) and still gives relatively low pFoduct
r o

yields- Recent development originating from the field of

phytopathology may drastically improve thié process. It

was  found that the antimicrobial chemical defense
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‘produced) in the medium (112-113).

“starts after 6-12 hours of elicitation, with production and

- -

- 4 L @ L :
mechanisms of cultured plant cells can be directly

-

triggered by the éddiﬁicn;q¥ some elicitor compound(s) to

the culture;luThis resulgf"}n the ‘rapid (K 72 Hsurs)

'biosynthesis of ahtimicrobial-Ecoducts (SM) and the parﬁial‘

LY

secretion of some of . them (up&Nto S0% - of . the gquantity
. . \ L] i

- )

éThis' tec%nique is di*fi;ult,\ sensitive and must be
optimized 49F.éach plant cell type cultufed. An Opfimfzed
elicitation system ‘includes a specific celi line, "a
suitgple Velicitar preparation, which ﬁay be well

deftined :hemicélly; or a dead and sterile micrabial or

-

fungallhomogenaie, and a proper.process protocol. Tﬁis set

of operating procedures involves introducing a given amount
[ .

™

of the elicitor (£ 5% V/V¥) 'into a culture of a specific age

for a time period not exceeding 24 hours .in order to

+

maintain the culture Viablé. T The products biosynthesis

: . i
et . ;.4-_ - ° - . A . A
medium secretion peaking -atter ™~ 24-36 .hours. No special

culture medium gther' than the regular growth medium is

. -

required and reelicitation of the~ viable plant cells ' is

possible. The amounts of SM biosynthesized compare to the

Aquanfitites obfained_by using & prcductign medium.

Thes hromisihg technique is still in its infancy, with

“little reported results'in systems larger than shake flasks
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- -

(114). Numerous theoritical unknowns and pﬁactica} problems . -

remain to be solved, including the "variability of tRe
& - . F)

_ . - & €.
restricted chemicalsresporise obtained (113) and 1its scale
. - : ' .
up in a suitable physical system. . ' ‘
: S .

-

Few physical factors have been evaluated-to improve the

yield of SM from cultured plant cells. The e%feét of
aggregation has beeﬁ ldiscussed briefly above and will be
further elaborated in Sections 1.2.3 and 1.2.4.1 tagether
wifﬁ immobilization. dsmotic shock with sucrose at
concentratioﬁs of up to B8%Z has ‘been' used ih.'most;*SM
p?oductionl media Qith success (44,72,97,103—106). Usmoﬁic

and/or ionic salt stresses (NaCL at ™~ 7.5% w/v) have also

been shown to double &M production especially in large

aggregates of cells (5-10 mm).. (11&). This may also léffect

P : . : .
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, resdlting‘¥rnm no effect (1146) to' improved

-

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

organelle rupture (120). The cultufe of Catharanthus roseus

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

resulted in slower graowth (by a factor of 4) and

vk . »

biosynthesis ) but in significant - improvement in SM

-
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accumulation (by a factor of 4.3) ag compared to 27°C

(121,122). This dimprovement was related to the fewer but
a R -
lJarger cells of the culture and the 1ower‘degradatioh of SM

at the lower temperature. Another study (119)- showed best

growth of the culture at 3I0°C and best SM biosynthesis at

»

20-25°C., ‘This could ' be exploited for a process in which
R ‘
growth and production are decoupled.

Light has variable effects on SM gr?quction' by
suspenéioq cul tured cells,‘depeqding.cn the original plant
species. Its effect is reflected iﬁfaltered'cell membﬁané
permeability (123,12;). The few results available show<an
incrgaséd pfoductioq {by a factor of 3 of more depéndihg on

the produdt}, relative to dark culture (83,116,125). Light

also affects the SM spectra produced (104).

¥

High aeration rates (kea > 15 h™*) have been shown to

Y )
lower biomass’' growth rate and vyields” (52) because of

-

-hyperventilatioﬁ:ﬁaé discussed in the preceeding Section.

- They also have been found to improve SM biosynthesis of

63

i
4

o

plant cell  suspension cultures (75,83,91). < The
concentration of dissolved ".oxygen (DQ) in the medium has
been suggested as a more.valuable parameter to assess the

effect ‘of this operating condition. A DD_conﬁentratinn of

307 of saturation was found ‘optimum for bicmaés growth and

vield and SM production in this case (76). However, most of’

e
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tgibstaﬁies-on-the effect of the aeraEign rate on the

-

culture performance were Carried - out with"air%ift

-, \ -

- -

bioreactors wh:ch @uffer from the operat10nal prnblems .

discussed™ prev1ously. These prablems ‘were shown: to limit .

‘the ef?icieﬁcy of this tybe- of bioreactor._ 'Consequently'

these results must be assessed with care.

Besides the de novo biosynthesis capabilities discussed

above, pla%ﬁ cells can specifically biotransform complesx
@&

chemigals inta valuable products (126,127) and be fed

precursors to improve SM vyields (91,97).

~~1.2.3’Productioh df'Secondary Metabolites from Plant

Caell Suspension Cultures.

s _‘B | ' ) - \

o

In this processs~ one 1is trying "to §tihu1afe and

regulate the delicate genetic machinery of. plant cells to

produce SM within the tulture systems discussed in Section

1.2.1.2. ‘The scale—-up o%Ithese’systems'furfher increases
- the Sugpeﬁsimn heterngénéity,'.
- mass transfer déficieﬁcies and .
‘;_contaminaticn problems.

The limited mixingiintensity.allnwed slows down growth.

The culture  must be maintained in a sensitive stationary - . =

state’ for long periods (> 2 weeks): under . absolute
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T ~30- : S
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~ : DR S
(s . sterility. - The, harvesting of . the pgeduct  further

~ ;oﬁplicates the process singe SM are'genéra11§;not:seéreted

in the medium but fretainéd’bin the celf's

4? o > . Kl ) K] ) - . B - ‘_q-'"-r
'-a_:"‘ . . “,' 13,89, 122, 128)- . B : . * °
. * @: W . . . wn . - : : E ~ S ! . >
N - .
* - : - - . . - o o

»” o ' » -t

. ‘ Ccnsequently, the whole process schema to .producé M

Ffrom -a suspension cultuce':of a hrgﬁ yieldihg'blént cell

line require - : : e . e ': .
1- Inoculation (> I0%) of &, .stabilized add defined

-process strain in a suitable growth environment,

o> LT

g : ' 2-.Rapid growth to the maximum biomass concentration,
° L] * v '

Z- Induction of SM expfeséion, with or w@thout medium

\ cHangeove_r T Qr?\‘:?additipnv " of chemical (s)

.

(elicitation),

. 4- Maintenance of the culture in this produEtion stage -

%orrﬁhg neceésary'timez X ‘ T
S— Product harvesting, which may involve either

‘a)‘E}omass/mediud_separaticn'and biomass ektrattion'
for product recovery; or . : C’
b) induced SM secretion in the medium,

-

) .

biomass/medium separation, with possible re-use of

-the cells . and finéliy medium extraction far
- L

-
= ’

product recovery. R et

-

42

This lengthy procedure requires extreme care and‘ stefiiity

@

as well ‘as delicate ligquid/solid handliﬁg éﬁd eﬁtraction
: ot . . Y ’ -
operatians which are difficult to implement industrially.

[

Yﬁ;upla e

X

a:
-t
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- Bi ng;neer:ng studles oﬁ'fhls pro ‘ess have paid-little
o - A .. , T . . '
abtent Dn*to e . w0 R T S ’ B
B G RE e “ s
- o R L A : i} .

- the eterogeneous and unnatural state of plant céells
¢ J a . ‘::;‘ .m . _{. o . ‘ ) o -
. . I C Chet e e =
cultu@?da in - suspension, and, its effect. \n- S

: CLE o & .ég., L .-
expression, . T

-

.

— the . close  control of the physical and chemical

-
—

) . - 0] )
Gultuwring environment,

- the +s,effect of the culturing system‘configu?aﬁion and

o

o SM retentiqﬁ .in the biomass on  final product

" "TI . - - o . ’
iy recovery. - - ' .
Efforts have been directed mainly at handling the

3
. 2 ‘

growth/prcductlon deco pllng characterlstlc of many of

these plant cell_cultures with their numerous operational

o~ 7 : . E -

restrictions (2,129). $‘ !
%,

thq handllng difficulties and the reduced viability.of a

recyclnd blomass as well as the product retention in the

plant cells (69). The use n%éihe less e+F1c1ent stirred

tank reactor (STR) has rggulted in %ﬁwﬁh rates‘Jcomparable
- . . ‘; )
vor lower than for airlift and in ‘lower™ (™ 0O%) SM yields

(40,69,72,126). Recently the use of a spiral stirrer. has
been reéported to: mix growing lant cells in suspension
(130). Good SM prodﬁction was reported but aeration’ means

and rates were not disclosed. The fedbatch (131) and

-
-

. .. -

e .

ey . : ' _ o
The batch configuwation has been preferred because of.

mulp;éﬁé’continuous STR (26) configurations were .evaluated

.'7
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for the operatiocnal flexibility required. by  this

LY

.": ) [N - - e
growth/productiaon  dissociated process. The . first

’ . . . LT [
contiguration allowed adapting the medium composition *fo

the cell’s needs within certain limits. This resdlted in

ﬁppro;eh pfcduct Qields_ (1207) . However, control def
aerét%on and mixing cfl this type of éystém is difficﬁlt
(69). * The seéand cbnfiguration allowed some physi:ay
separation of thei‘ércwtﬁ__and pﬁpQuction ﬁhases.-with an

increase im the DQitqu§'heterogeneity, some product
_ e ) ) P o
improvement (™~ 30%) and serious contamination problems.

- ‘ In fact, the industrial production of Shikonin from

cells of the plant Lithospermum erythrorhizon mentioned. in

_1Sect§dh '1.1435 performed in two consecutive batchlopérated
‘ R K . Y

STR. A growing inoculum is prepared in  the. first vessel
(200 L) during 9 days. This biomass is concentrated by

filtration in an intermediate small tank and fed with a

[

production medium to the main bioreactor (750 L) where it

- . 3

is retained'lfor 14 " days. Thereafter the biomass ‘is

‘%fseparated-from fhe medium and is extracted for SM (1). The

Jrepcrted Shikonin productivity of this system is 0.07 g/L.d

S

oy,

o

-

h
-‘\'

Increases in SM yields of the.order  of 30 to 100%Z have:

B . “: .
T been reported when culturing plant ~cells in airlifts as

compared to other suspension systems (68,75,126). Thise

—.'/‘l .
o
-4
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‘1mprovement is ascrlbed tosthe super1or aeration efflcbency_
R , $

f of _th:s type of b:oreactoq. Presently the a:lllft

configuration remains the pre%erréd alternat:ve of .many

- researchers to sp%gy the production of SM from suspensidn

cultured plant -ceils. _ Howe}er 'the ST& seems to be

Lregalnlng the favor of a few research groups (&9,72).

1.2.4 Plant Cell Immobilization.

s -y

' 1:2.4.1 Why to Immobilize P1an€\sa11-?

. +
LT P

This “technplogy represents one of the most i

solutions +to theé unique problems assnciatéd

cultﬁreé}bf plant cells: for the plocht1on of SM. Its -

K L , g :
éavantiges - are numeruus//f especzally regarding the

physiological, ™ hydrndynam1c - hand¥ing. and process
. .engineering aspecté-af £Hisiéype 6+Ee£&¥iflture.
& . . ) - . N - e L

s ’ .

oA . .
R (,/ﬁ .

BRI Immoblll-atlon promot65= the . inherent tissue’- forming

L R

Bcy of plantg@cells by taking"advantage of their
" g‘\"—u - ) . \‘" 2 ) . .
natura& adhes;ysgeﬁéngZ). . The biomass and medium are

. SR Loy - - . : ‘
. gepbrally well seé@:;ted, improvfng their respecsgve
. > - .

hemogerneity (1,129,132).) It permits to malntaln v1able and

3

active non diviéing plant cells and to pre erve the;r-

‘703 . - A .

b1osynthes1s potentlal for 1ong per:nds (upoto 7 mantﬁs asgz

v

compared to 3 weeks ¥or a_susﬁ%ﬁﬂed bzomass) (1 1@9 144)
- 2
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\ Thig stationary state of plant cells alse improves tHeir

GBnetic stability (i32,135). The biomass organization
.level attained upon immobilization, which is intermediate

. -hP ¥ ’ !
between a suspension and the original plant tissue, favors
) . ta . ’ . ) J - .
. cell/cell contact. This organization of the pla t  cell
5 g ) - .
biomass, its polarized and asymmetrical -aggregation and its

-

reduced grdwth rate are precursars of differentiation and.

_secondary metaboli=zm (133,134). The physical and chemical

gradients created by, . and surﬁcunding the immobilized -

% %?i‘_ig@ -

§ biomass generate -particular microenvironments which are
‘ : ' ‘ .
believed to induce some degree of differentiation and favor .
. secondary metabolism (133,136&).. R
™ : ; . - . &
.;;- - ¥ . . | . . f .
A “'The'immcbilizing matrix and/or_fhe.induced aggregation
o _ configuration . provide this fragile biomass with  good e
: . . - P s
protection from mixing shear (132,134). o .
- A . . .}\_'; ) 1
. _ . ' L . QAgﬂu' ’ ;3 o T . . : S @
) The confinement. of the plant c€lls ma%gs the wholge =
- . . . T3 7
- . \ . L N ' L - i . [
- - process simpler and more flexible. Overall con##blﬂ‘;s
- . s . . N - . . 1 . [ . ;.‘:i ) )
© ressier,® with' uniform mixing .of the mediuh &nd wass:
g\ 5 ‘transfer. ‘The biomass is no€ carried into the " foam iayer
: [ * . . Co. . % -
. . : ‘ ‘ / .,
o _whlch‘ may form (133). The inherent slodness of the plagt

cell metabolism "may' Qery well not make +this process
diffusion limited (5). | While the sclubility of _the
- . N B N R ' . ‘ .

diffusing dpecies (for example ' .oxygen or . hydrophobic

‘éecondary metabolite§) in tpe medi um; qnn%inin? matrix

-

-
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and/or biomass may affect’ mass transfer and production
kinetic  (133). = Denser plant cell cultured cou®d - be

thainéd by immobilization 'és_ compared to suspension

<.-."t.1,1-'!:t.u--j.rn;j,.,T espgcially when considering thg limited mass

transfer efficiency and the numerous operational problems

_ass&ciafed with this last culture mode (see Section

-

$1.2.1.2) (3. -

The . efficient Bibmass'and medium separation also allows
the eésy chemical and physical manipulation of the culture,
including fhé possibility of separating the growth and

prod%;tion phaséé (133,135@%57). The volumetric efficiency
. o ' . b .

of the process can be improved by the reuse of the biomass,

o

by  the better mass transfer  characteristics. of the
h YR ‘ i ' ) . . ]
igmobilized system, by continuous flow operation and by the

" pasitive’ influence @ of . the rested state of the
immobilized. plant cells (IPC) on _ their  biosynthesis
potential (1,13%,135,137). In. fact, increased SM yields

. of 140-174%, as compared to suspenéinn- cultures, jwére

2

sobserved  for C. roseus- cells immobilized in calcium

alginate gel beads (5). ~Hahe§er,‘ this effect may be
’ - " . ‘.)"“:-u"‘-:‘ V ¢ . .
attributed to the weak eliciting property of the gel

immobilization matrix used (138). .

The iMmobilization of plant cells is not without

- problems. The use of the immobilization technelogy requires
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e
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that the growth of the confined biomass be limited for

-
-

efficient mass transfer and stimulation of se;éndary.
metabolism.. Ihig has been difficult 'to achieve when

immobilizing - -plant cells by the popular gel entrapment

¥ %
technique (see Section 1.2.4.3) (5,133). _While  the
secretion 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 1in ‘Sections 1.2.2 and 1.2.3

(1,133,135

1.2.4.2 The Whole Cell Immobilization Technology.

The techniques used to immobilize enzymes and whole

cells have been relatively well developed... The technology
of whole cell ‘immobilization
. . g .s- - J_ ) . .

provides for = one-operation . biosynthesis . of complex

compounds  from simplé%ﬁéubstrateé without the need fbr_
- k3 - _ 4 . T
‘specific and.costly enzyme purificafion, special .enzyme

.

- : : " ey o ‘ . - .
. ..environment “®- cofactors g%t1¥1cza1 regeneration (139-141).

[ 4
oL v 3

..

- . In addition to the advantages discussed in the previous
Section, this technology has been reported to

[

— improve significantly (10x) the stability of confined

cells as compared to free cé?ls-(142),

-~

is gaihing'in_popularity-.fIt s
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( e ) ' ST
¢ —~-provide .for means of requlating the immobilized

,binmass bhysiofoéy by bg%ter_ control over mass
‘tfansfer,- oxygen supply, cell density and -
microenvironment factors (146,143—145),1

- improve fhe-cell Eés%stahce to the environmént and

~ accelerate certain aspects of thé cell metabolism

(142).

However, +the successful application of this teéhnmlogy

. irequires that

1- growth,' ‘after ' full loading, be severely limited to
(: . . prevent biomass leakage and supportimatrix  breakage

(145), even though some growth may be requi?ed to
- ‘ T _ .
maintain biomass stability (142),
2- the broduciabé extracellular, soluble and non¥ghgw£h

-

aéscciated.(145):

.

.
4

In addition, somes other restrictions must not be

overlooked. . These include the loss of activity during

. e

immobilization,*the reduced mass*® transfer due . to
. T ) . ) P . N

the  aggregdation of the' biomass and the .presence
of the immobilizing matrix,  the difficulties of
ma;ntaining'- an active biomass over long periods (14%5) éﬁd

. n .
- downstream processing requirements.
. .
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. The basic attachment technique must be sterile,  easy,

‘non—cnnfaminating; ncn-to#ic and be performed under mild
aﬁd'non—démaging conditions. It musf ﬁg of a hig& biomass
kcapacity, without impeding physiological .and mass transfer
- processes, aﬁd Se easy to scale up. The 'suppqrt matrix

: ‘must be mechanically stable and well configured-tc proQide
for an efficient interaction between ‘the ihmnbilizing

material, - the bigmass and the medium; Three whaole cell

immobilization technique have been ‘pioneered.

' 80lid__carrier attachment .;nvolving physical an&/or
chemical bonds between an inéoluble suppo?t matrix and
'cells'ig a mild and simple prc?ess. It results mainly® in
Lsur+ace immobilization with 'good mass transfer. It is
di%%icult tc. cantrel  and highly ~ sensitive o the
environment. Its main problems are efficient initiai'

_biomass attachment ‘énd_'subsequ%pt retention, which |is

_“inversely related to the cell—ca?rier bond strength and to

the  amount  of biomass  attached to - the “suppo;t .

" -
- M L4

WL L (140,141,145).

- " ® . . . " -

.

Cell - aggregatiaon by ~flocculation and/or chemical
crosslinking results in culture micro and  macro
heterogeneity. Chemicals toxitity, bicomass reteﬁtianland

mass transfer restrictions are but a few of the problems

>

that limit the application of this technique (i40,1i41).
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Cell entrapment in a matrix, either soclid, formed in

situ from synthetic polymers - (polyacrylamidé) or natural
gels (agar, agarose, alginate, carrageenan) crosslinked b?*

metal ions, or in a preformed membrane (encapsulation) has.

v

been used with sqﬁe success 5139—141,145). Entrapment in a
porous solid is easy aﬁd mild. Its praoblems are similar tn'
the surface im%obilization_technidue, with initia} biomass
attéchment in the interior of tﬁe‘ matrix and subsequent

mass transfer beiﬁg more difficult.

- - . -

5 4 . .
The popular gel immobilization technique provides for

good protection of the fragile biomass. However, it

-

suffers from serious drawbacks. This technique involves
mixing a suspension of cells with a suitable polymer
solution. This 'mixture is subsequently treated with a

gelling agent (Ex. Catlz) and formed mechanicélly into thgﬁ

‘desired . matrix structure <(beads, sheet etc.). _ This

technique is diificultnfto perform ‘and to scale - up,

. ..
. 7 . 4 -
especially when carried oult under sterile conditions
. : t o : .
(133,146). The gelling treatment is stressful to the .cells
; Tas o _ ‘ '_..'.1.".. L Cone
(1{}7;01:5058 heat shock or -toxic crosslinking agent). The

' resuiting matrix ° lacks ~ mechanical 'stability 'ﬁnless_
chemically crosslinked (147), has reduced porosity and ma§
- bg sensitive to chelation by medium ions (calcium alginate.

‘

and FO. (1843)) . Hollow. fiber cartﬂggfes are‘expensive.

Theyhmfprovide - for. heterogenebua immobilization and
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PR difficulties in aerationl may be encountered-(145). The
entrapment membréne represenfs an aintionai'resistance to
mass t}ansfer and affects, or'may be destroyed (gel beads)
by, regenerative grcwﬁh. - -

The ' main . bipreactor/hétrix' configurations

. experimentally examined include (14)
1- the STR, airlift, packed"and. fiuidized beds and
rotating basket s;hemek for the matrix/biomass
par£iculate form, | )

. . 2- the wound roll in a cylindrical vessel, the baffled

tank and the filter press arrangements when the

T , . .
< " matrix is available or made in a flat sheet and .
\“ 3= the circulating loop for the hollow fiber cartridge.
A1l systems cen be adapted to batch or _continuou;
. ' - ‘ . . . . o .-
- operation. - . i ¥’ . ‘
> , . ) T
I ) . ‘ .
- . . . .

-4 e - ’ R .
' " ‘1.2.4.3 Immobilized Plant Celle for the Préduction®of

Secondary Metabaolites.

. B .
* e 3 ~ . N . -
T .- y

.t - K

Few research group€ have immobilized plant cells for SM

. Y
production >(Table 1.1). Brodelius and coworkers have led

the way since 1979 in entrapping pianf cells in ' natural
'gels, the most. successful matrices (136,147-1S51). They

have shown that. . . .

e . o



e . TABLE 1.1
N _ EXAMPLES OF IMMOBILIZATION OF CULTURED PLANT CELLS
Plant species |° Immgbilization' rPolymef Products Reference
i method : '

. —_— A , —

C. roseus . Entrapment | Agarose - | Ajmalicine isomers . - 153
' . ' - Alginate . .. T 148
o Agar . 134
Carrageenan .| ' 134.-

D. darota Entrapment Alginate - Digoxin 148
C % ' Alginate - -'B= =hydroxygitoxi- 154
P _ genin _ -

G. mag " “ -Entrapmeﬂt., Hollow fiber Phenolics | 42
L. vera - ' _'Entraﬁm ﬁt ‘Urethane Pigments . 155
' - T prepolymers : _ , ‘

L el L Agar,alginate, | Pigments 156

carrageenan ‘

C. frutescens | Adsorption | - Polyurethane capsaicin - 157 .
o S foam. | | |

s. aviculare | covalent linkage{ Phenylene Steroid glycerols 158

' oxide N : '
A. triéolor . | Entrapment chitosan ~ ° [ oxalate = - . 159
A. syriaca | Entrapment | Chitosan Proteases .. ' 159 ..

M. pipefétus;f Entfapment S Polyacrylamide]| Neomenthol ' - © 160




[

—"alginate crosslinked with calcium,ions is superio? to

most other gel sqﬁports'tested for the mildness of

the technique, the retained viability amd SM~

productivity (148), v

— long term retained activity {(&-7 months) is feasible

(148) , '

- up .to S0%Z of the wet incoculum can be easily

_entrapped (136) and

if precursors are +fed to' * the culture) by

immobilization as compared to suspension culturing

(134). Although this can be ascribed to the weak'

elicitation pfoperties of alginate (138).
They were successful in. applying this techniqué to

immobilize delicate plant prdtoplasts_(gell wall deprived

AL
»

highly osmotic sensitive plant cells) (152).

- .
. 3' .

& B ]

<;§echnigqé with good prdductiyaty- and long term

.

* - v . . . .

a gel of polﬁacrylamide;hydrgzide crosslinked wikh

cells in

. . . - o _
-glyoxal has alsq\been'examined with relative success (1&60).

" The resulting matrix_is‘moré stable than calcium alginate,

but the immobilization procedure is stressful ' to. delicate

plant cells t0=C,; glyoxal toxicity). . :

— 5M .productivity can be increased up to 1404 (or 17864

stability . (46;154,156,161-165). Inmobilization of .plant _

-~

thers have immobilized a variety of plant cells® by .
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The seriaus drawbacks of the gel entrapment technique,

are
~ the excessive amount of the :ro;slinking agent
. required for the_él matrix -ge}ling: it f;nders thg
SQpport sensitive to thé.éﬁviroﬁmént (PD4-c;elatidn)‘
or reduces. the cell viability, GM yiélds and
i " secretion'(lbé); . |
- the 1limited mechanical -sfésility ofs the gel matrix
which ¢an be cheéically crosslinked only to ajlimited
. _extent becalse of toxicity ;réblems (167), o
» | —Jthe indirect coﬁtact cf-fhe .:ells‘ with tﬁe medium
(: ) -resulting'ih limited massﬁ£ran§fér and oxygen supply,
' ‘ which may cause internal :teii xgeath for -large
aggregates (3 mm) (48, 1_39,162,:1¢§)'—"éiﬁd, |
- the bura%iqg_c# bead; during ldng‘ term.oﬁEfation ati
3 S _ limited growth (46,133150,168). . - R

-

: %@ The preferred‘processfgrrangemenx for this technique is

. fhe bead form of the matrix and the bubble cblumn because

4 . H
é? the-relative-eésé;éf prepération _and .aberétion, The
. ' p%cked bed-céﬁnot be used Sinﬁe'it causes cpmﬁressién,‘ﬁass
tr;ﬁsfer éhd'deéth probléms (47, Fluidization and STR
. cause attritioé'and biomass léakage (47;164). The &irlift -
// T cénfigu?ation Frepresents a thtqrﬁ ccmﬁrdmise, with ﬁgoodr
‘:" ' mixing at low shear rate and su+4;tient agratiqn (24, 16&?.‘
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In fact s.it is reported that calciuh alginate’VIPC of the

o sensitive plant Papaver som#® ferum (3!9 mmgbeads) cul tured

in an alrllft b:oreactor reguired 3.75 VUM (“)‘ior surv1va1
r.'
and production (162). Othérs haye-etressed’the‘xmpcrtance

. : o#‘aeration-for'SM-production.by.gel engeepped .IPC; £154),
o The scale up potential $+_ this eechnique has been
questidﬁed (135,169 . #Drmationqu'the 'gé1 matrix lqadéh
Awith the plant cells in a sﬁeef Fdfm-reinfdrcedlby'c6t£9n1
enQIor stainless steel mesh! hae been sugéested-_ae a

stronger configuration - easier . ta handle andltozscale-up

a ‘-

- (loé) However, this further;;complicates the initial
sterile immobilization process.
i -
<l iy
. - # . ‘. - Vo~ . .
. Two other particulate semi-entrapment techniques,
_invciving porous‘boiyphenylene' oxide\ﬁparticlee' (250 pm)- &9"
pretreated ' wath _(ﬁoxic) glutafaldehyde (158) _ and i
g& o retxculated pelyurethane foam partlcles (1 .em™=) ﬂ}S?,l?O),
".‘?“;\ s H : . S . . .
™, N have bedn developed. The second appraach is‘pérﬁgcularlyw- -
K\\jlﬁ . attractive for its 51mplgg;ty” mxldness and gpoﬁ blomass (> .
-y ’

r?qZ) \?nd v1ab111ty retentlon (> 70 --BOA after 21 days of‘
%

culture. It permxtted more than a 100 fold 1ncrease in Sid~

-

;y ) productivity when cnmpared tQ suspenszon culfur1ng Under
- '& *
" growth limiting conditfbns (165)-. Howevér,‘ its scale up\
A . ) N : . . Lo . _ . .
appears difficult (171). o L
R ’ ;
~ e - ' ~
- e . -

S



Immobilization of plant cells in preformed membrane .

. systems is another interesting alternative. Hollow Ffibers

[

provide for gentle and complete entrabment without cell”

leakage. Easy control of_ the medium and efficient

- - biomass/liquid separation are ‘achieved (135,172). Good

growth was obtained for 20 days. However, direct access to

. . .
b i -

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

- . Biomass loading umiformity and efficiency are unknown. In
addition, the hollow fiber carﬁridge is expensive,
difficult to-  obtain and must bé installed within an

. ;é' elﬁborage circulating system subject to ccn{i@ination.
. © : e . ”

g: ' _ 'u- A flat plate adsorbing membfane has been‘experimented

with success for 110 days'j129). The two sided arranQément

.pérmitted an lgfffciéhf- physical séparatioﬁ of the medium

_a&éfﬁioqgésﬁ.Jég prcduct:vxty 0f the . gfé mm"wet ‘bio¥i1m
. - . r\.

o dver' fﬂé 125 pm pa s, membraneaw%%’superlor to.chemostdt

~ bﬁ (by gé/l?ild batr;n (byf:qs._,'}:)f sus;nepsztorr chil tur; ;‘ng,.{_Ho&:ever,'

"'f-"‘f ,‘ﬁ -y .: é L4 ;L

“$his method su?#ers ffﬁa}%km1ted mass tPansfennand*1nd1rect

8

N a1 B, SERe. e R
“=' ' cell/me&ﬁum contact and. dﬁy requlre a._contahlnatzcn prone
;, . ’ . N /_:- . /‘ - ~ - . '
’3 ] -;_‘ w C:I.I"CLtl a‘tl ng system. N ,tﬁ - T y
- . qg., .
< = S ; "
i o . 8. " ) :.-_ - - .
"o, .. Finally, purposeful aggregajion has been suggested as a
Te -" : ' . . &+
Coe new immobilization technigue for plant cells (173). The
i o , ’ . _ . . o
il difficulty , of 'qﬁntral;;hﬁ such. . technique, the resulting
' l " . iy . - : . .
‘: ot biomass heterogeneity and the .inhexent difficutly of

. v
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* culturing plant cells in an ‘aggregated suspension, as

discussed in Section 1.2.1.2, seQEfely restrict the
usefulness of this approach. ' l

. In summary, most of the research . work on plant cell

~ \

immobilization has: centered‘fareund the cell enprapmeng

b4

fechnology that can be seeled;up only with difficulty. - It.

°

was Shown to be a vzable alteregtﬁve for praoducing SM from

- . -
X >

.cultured plant _eells even: though there may - be some
disagreement (1&9). However, growth control and product
. o : @’ oo

secretiong.sorimpertant to the successful application of

IPC (9), have been addressed only to a limited extent.

Y

Browth control by medium manipulation has been suggested as

a-best alternative (149). Solvent‘permeabilizétion was, at

~

one tlme, suggested’to premnte SM seﬁretzon (1o4 iSq)¢;Thxs
technique E&mxted the long term v1ab111ty of plant cells

since so}yents affect thezr phys1nlogy (174) . leder means

. -

ihave elnce been suggested (%)Y, such as 1nc1dent llght

@ ’ 3

(124>, temperature (175l, pH (118>, osmosis (106) donic

ﬂ

shock (117), hormones (87) and 1ntroduct10n af a feurth

A

product absorbing phase. (176,177). ;Tﬁe ‘ immobilization

state itself was found to ‘induce some secretion of the

products in the medium (133,163,168).

5]

v
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' " -+ 1.3 Researd¢h Objectives. ' ,
3 . .
2 -
q: -~ 1.3.1 Defining the Prbcess.' T
. ] % v . ’ ' -‘ &
- . * In most cases, the production of seccndary'ﬁetabolites
Qi . by chltured plant cells will be better effected by using.
] Te» - - ,
- the 1pmob111¢at10n ' technoicgy, even though na such
h _ ‘féqhnique has yet:begnﬂdeveloped that can be .easily applied
- T inddstr;.j The  economics of this process require maximum
: 4
r “"' = : . i
/ , product:vzty which 1mpbles malnta:nlng the' biomass active
L 2 ' for lang periods according to a process scheme such as the
one that follows. » .
—: __' ' Taa . e )
i\i- .. ¢ 1- Selection and maintenance of a productive plant cell
’ hd w S k- . . A
Y g, ¢ . '
a s - line.
v‘ .5'2— Pfeparation of a éuitaﬁle {quality and volume)
S o \ B . . ) E - 3
R " inoculum. L .
. ' .- . 3= Preparation of sthe immobiliz&tion culturing bio-
...‘- C - ’ ’ A .’.\\,: ' . . ' . . .
- ‘;\‘\gys ’ g reactor. - 3 . : - . o
( - . > o | = . ] ) L R
) b ‘4— Inoculation. . ) . . .
S 'q:5~ Uni?nrm-and rapid distribution and immobilization of |
‘:_ : ~ | thlS inoculum - wathln the matris Ccnfiguration.
. I . ® -7 .
S , 6—‘Rap1d growth of the IFC. o . . : -
A, - o
. '7- Induction of 'SM bzcsynth',ﬁs. B P . T
. ’ L . ’ :
. 8—‘Harvest1ng of the produc- - .
:j: ' ?- Regene&atiVE'grcwth'D{ziPC. . T : - :
‘e e : . : o : . - 1
. v i g ’ - . . . : ! i -8 ! N
C 10- Fipal product:purification. . co . oLy
8 - - R ~ -




P 1# - .
Steps 2 to & represent the central theme aof :the precess

forming the basis of this research project.” Step 7 is to

be explored onlywtentatiQely. Steps 1 and 8 to 10 wilf not

be pursued.

. - . ) ) -~ : ) %

.1.3.2'The’0bjECtiyes of thg Research Project.

- B . - S
¢ oo : -
. . o ] . . ]
' - -
'

The-main objective of this research project was

L ' , - . e " . - § . . ..ﬁ,-. . )
SR s d s i - : | - o

. L - ;
‘ R
”

to'qeve10p é”bicreactbr system,for the cultwe. -~

-A///j L of immobilized Catharanthus roseus planf cells
' - i ‘ . )
- ¥ for the‘praduction of secondary metabolites.
-(;’ i ) : b e . . K
: - _ . Y D
. e : : . ﬁ S
- . Fhis objfctive is broken down and detailed in the follawing
. ' e i ‘ - - # )
- E Sections. E ‘ - ) 2 gi_w_
- "“ , . PR . : )
3 f [ N
e qﬁ%ﬁ 3. 2. 1 Development of a Novel Immabilzzatinn Technique
- o for ‘Plant 03115\ ) .
R T
o ‘ s
-uSurfacEK;mmobzllgatxon of plant cells (é?PEf/seems nd%
- - R - . . . .
] . &_‘beeén studied ‘extenszvely. "The immobilization
- Q}proceés based on. adhesion is’ gentle and easy. Mass-
) ',iransﬁer is,‘only 3aﬂfhnctién af the support cohfigurationi?
f V_; . - ’ . . . T . ] ’ .
_K ~ and of the medium flow hydrodynamics; tﬁE/;eriahfes easy to
e 0 . : - R - 2
o T - - manipulate. - Efficient inftial attachment of the plant‘”
2 E _ e T . ' M
S = cells and control of. the biomass 'leékage from the
’ ‘*.l‘ . (v - .'J . B ) . . ;«

. ) . . ) \.‘
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immobilizing matrix, the two most obvious problems of this

- technique, can be ensured by .using®™ a  suitable inoculum,

hY
' selecting a proper support material, forming the suppart.
‘into én:efficient confﬁguration'anq: desigéing Y cﬁlﬁure
system for‘e%fective‘.and unifgrm mfxiégﬂ '
e
‘ Low sﬁear‘6i%in§ and sur?acq_?ggregéti;n should proviqé
.J ¥orjsgfficieni.metﬁanicé;“qu£ection and’ morphological ;gét
:Q ', ‘tl.';l S%%;»E:‘,:‘-———: l -. ‘ Tt « .
BN o I o v o S

b

1.3.2.2 Scale .up of the SIPC Technique to a Laboratory

Size Bioreactor. . e e e

- An effi:ient “culture system need to take into account
the particular{;iés of"tﬁe plént cells and the requirements
. = , '_ P i
of the immobilization technigue and of the proc@ss. It

must provide for a controlled,. well adapted and uniform

. N . . - !

culture -environment. It must ensure sufficient aeration’
R . P

- »

. for the survival of the culture and SM productiﬁn(’ﬁ The

bioreactor and matrix must be ccnfigunedito providef+or‘a
" - ~ ! 1

high immcﬁilizing\&rea easily ac;éssiblg to the .iﬁoculated

S

‘plant cellﬁ;and'to—tﬁe 4low£ng meditm, Finally the system

s -t

must allow the changecver of the medium and a. reliable-

-

- .
- . -]

(stérile) operation‘E;%tﬁe process. o ' ' s

-
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1,3.2.3 Evaluation of the Parfcrhance‘ofrthé'SIPC

Biaoreactor. : Ve

The operational procedure must be“estébiished for a
best and reproduciﬁle pérformance af the “bioreactnr. The

fnoculum must - be . uniformly distributed in the matrix

structure for rapid and ‘efficient immobilization.’ Rapid,

Cuni form but  controlled growth of' the biofilm must be
achieved. High_biomasa'lqading of the biorea;toﬁ must. be

attained. Thé 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. .

B

- In addition, monitoring, predicting and optimizing the
. T - . ] . s . .
performance of the proceéss will require the development of

. .a sSuitable madel , MQétly‘empirical-since the-ﬁhysip;ogy-of

in vitro surface immobilized plant cells has  never been

studied 'ﬁor their SM producing tapaQility. Tﬁié.willfbe

T

. - L . ' P) . . el
restricted to the growth kinetics of SIFC from, inoculation

"t . full biomass loading since thé«ércdugtion of second&Fy

metabolites.is not’ Witbﬁnkfghé .5CbPE- of th{s ‘research

project. .° This growthi kinetifs  ‘madel  will permit

pfedicting the SIPC. éon&éntration"in Tthé; bioreactor. in
L .

relation‘ to cperatlng constzans by monitoring s1qn1f1cantv

meas(;able varlables (:arbohydrate cnnsumpt1on rate}.

f o - . ’



_ 1..3...2.4 Assessing the Secondary Metabolite Production:
4 ' .
< Pptontial of SIPC.
y

]

Finally, the production of secondary metabolites by

~éufface‘immobilized Catharanthus roseus plant cells - under «

- medium  stimulation ‘will whe hssessed with- prbduct

secretion in the. medium.. - ' .

-V .
'
+
. )
‘-
-
" .
’ -
-
\
»
. -
. -
- . [
B -
. - -
-
)
N
. ;. ha
e . ' i '
A L - ‘
' :.‘A:n T : .
/\_} - N
" - . . .
Pl N . *
K] M ., .
. ~ ’
" ) : .
- ' - . - 5 .
. -
- * -
-~ . - LI . @
: 3 kT
1 1N :
.
- -
& - 3 - . .-
s b
- - -



2.0 MATERIALS AND METHODS.

. ;.‘iy ) X
.-

. N . 2.1 The BiclogicqlJModél Systems.

1

. . ) v LS R ‘ P .o
Vie— The main' bioleogical . model system of this project was
' . R ' e

_ the plant Catharanthus roseus which produces a. wide

. P B . .
. . spectrum of indolg . alkaloids (178). Fewer are produced
s oo +fqm.ch1tured plant cells. The main alkaloids of interest
T were the monomers Ajmalicine?!Sérpentine; Catharanthine and
N ' . b [ i -

. Vindeline (Figure 1.1). Dimerization of +the last two

.;ampbunds gtves the éxpengi&é;vanc%istine'and'Vihbiastine

by cultured plant cells

[

which bave never been pngu:ed
. N

sy, | T S '

4

' N

. aEﬁMcBilf'ac:Drding to thé method summarized in Section
° - R : . .

, ©1.2.1.2 (43)  from plant qrgané. Line MCR17 was initiated.

. - from part‘of a";ea¥ on 84-09-05. The callus of plant cells

produced was subculturegufrom'that time on solid medium NBS
(43T_<Apbéndix 2) every month. The suspéﬁsion culture of

-

Various Catharanthus roseus cell lines were generated:

=T this cell. line was initiated‘on'84—11f13 in liquid medium
T ) " 1BS (43) (Appendix 2). ,Thid culture. has: begn maintained
T - ] . . ‘.' N . --' . . Lo -. I" .: _ . .
. . since that time by weekly transfer (S to 20%Z V/V) in this
) ) synthetic growth mediuqé, . | ;f . l
. . a- : _ .
s T .. . . ‘ - : -
. >
- 4 . . ‘\
. > ‘ . .4 -




‘: ”_" . 86—Q9—12 in'liquid mediym 1B3. fThese cul tures have'.been -

St

The SM productivity of line! MCR17 cultured in the

Alkaloid Production Medium (APM) (43) (Appendix 2) was

.found'sugerioc“tb-othér McGill Catharanthus roseus cell

-

- L ,_f-\

lines. 1t énmpafed.faVbrably to NRC-FBI producing 1ine'953_

- -

(Table 2.1;\ 'dénséquent1y thiS line has beeﬁ_ selected_ és

the main model sﬁstem‘o? thiswprojeaw.

~

, . " Nicotiana ‘tabacum (Tobacco) and Glyciné max (Soybean)
< - s S = |
cell Fﬁnes SuS82 and ‘SB1 rweré obtained from a callus

. . ST e -
in?tiated at NRC-PBI using the‘solidjhgp;um-NBS.,ZIhey were -

subcultured monthly as._lineVLMCRIZ. . The. culture | in
suspension 'of these plant celif lines wa

s initiatee on -

main#ained since that time by wéek{y trahsfer (iO—ZQZ V/V)
+ fn this synthetic growth'medium. -

~

-

. T

- - u_ : _[/\\ '

- * : .. The three suspension cgitures were grown  in S00 mL
. SN T AN S
Delong flasks . containing 200 mlL. of liquid medium ~BS '’
. - Co s ¢ s TN -
-supplemented " witth 2 mM of the growth hormone  2,%-
~ - N ': . . " ' - .o . . - .

dichlorophenoxyacetic acid and 20

g

g/L of slcrose (43). Tﬁe'

Lo pH value of thisimédium (1BS) .was adjusted to 5.5:'befafe -
a0 o, O~ . . T LT T :

+ - - sterilization' -(120°C, 15 psi, 1, hr).  The same ‘growth R
" m Hium, except for>5ucrdée qudenfration,‘wére used for all
. : b R ., . T . Cad

" flask and ; bio?eacto%. SIFC cultures unléss indicated’ .

L3

o€

b ’ -

otherwise. o : Tt .

(5
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' B Yoo - . ' ]
. 5 o .
'TABLE 2.1 L
po , . ".  CATHARANTHUS ROSEUS CELL,LINE§ ALKALOID PRODUCTIVITY. | | 4
. . s : . C . SR . o) e
“|Plant Cell | Origin | Place of | Mediun | Alkaloids Content (-jg/gr-dried biomasa) ’ L
Line ' Culture | =~ }— —— ' — — A
‘ o ' > -’ S« Lactam|Tryptamine Ajmalicine|Catharantine |Taberaonine|Vindelinine|
- - - - : v - - - -
- {New 953  "|PEI PBI APM(G) | 549 . - 1220 - - 242 Traces
,_,jién.wé?\‘ McGill | Plif'//_ - APM 158.6° - 1452.7 - - -
MCR170  ..|McGi1r™ | BBI | Api - 359,2 731 | 616" -~ - -
=) HCR17 MeGL1l | - MeGill--|- AP 158.7 44,5 | s1L.5 ~ - ~
’ C R ) ~ .
|McR17 “IMeGill McG111 | ApM 315.7 91,3 "310.5 . Traces - - L=
‘-, ' | : = e 4 ‘ ‘ ' " /\]‘_
MCR17,  [McGill ‘] McGfll | APM ' 361r.9( 374 4005 [, - 117.9 -
MCR17 McGili McGL11 APM - | - 244.3 \ 2102 | ¥ 350.2 - 92,1 Traces
. . - N /: . M - ' ' / > “
. - s d oy - A - 1
5. Lactams Stri;tosiQiné _Lacl:ani. ‘
L. - ' - - 7.‘7.',: r ,
w0l ,'. _'
S - |
-+ [ ot .. : , z;-_-’ .
» e .1 ., e
- 3 X '- "' -. 7 ' . . !
. 7 “a ) : . . w —
v e 3 "
FRNNEY te T ( = '
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immobilization

residual’’ bigmass attached to the support after a severe
f : ) . ‘ ST

The weekly subcultured.flasg.suspepsion cul tures 'wére_

. maintained at 27°C under continuous illumination ard

agitatfcn on a rqtar? shaker Dperatiﬁg at 150 RPM. ‘Typiball

growth curves of these suspensions are shown in Figures 2.1

1

B and 3.?83 o co, L B :;
| - N . -

2.2 Selection of Surface Immobilization Materials.. .
a 27 : T

: -, -
. Strips’ of émaﬁerials evaluated'~'+qj:. the surface
Lof plant cells were ‘sterilized in 70%

at

ethancl, washed with sterile mediu&;'_plaéea in .Petri
. T A JMesER aeea n,

-

'disheé,_'qovered with fresh mediup IBS\;}E inc:uiéfgd with .

growing suspensions of.gjeiﬁher', Sovbean,\ ' Tobacco -or
- K . 'ﬂ» N
. . S ; : : ‘ ol . -
Catharanthusihrosea§_'plant cells. The Peérn;d:shgs were

P n/ . . - . Co
maintained gt 27=C and,agi$ated at"S0 RPM for-Z to 7 days.

P

Selection criteria inclﬁded,visual_assesSment of: the Plent

4

" cell cllture growth as well as quaFitative *.evaluation of

’ . N

-

o ) - . - =

. L
water. wash.

2.3 Techniques l‘:‘.l'F. ‘the Sl*-éulture in _F'iés:.ks.' v
. RN '._ L g .

< . ! ¥
-cﬁéd supgﬁrt paterial S’ were.cut into pieces - of

SxBxSO:%“ They ware . %uggendeg in .groups of .waith

- " Y

. S : . ) ) . . S :
(120=C,~ 15 psi, 1-°h) with Dﬁ'withouﬁ-medium 1BS (275 mu);_ .

&

1

_stainless steel wires in S00. ml Delong ,flééks;ﬁ-gterilized*-

Y

T
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: ,i. e : f" line MCRIV grown ;n shake . ¥1ask suspension .

,’ cul ture. under standard condltzm/s.
. 5 ) - ' - © .
N v n —048 d"*(r#O.?b)'»

LTy = 56.2'/.

| ’_}h LA "'I.;'dCHD/dt -

= 5.4 g/Lidir = 0.95)

) -
(5~
.
-

~

L

L. .. . . -
- : dX/dt = 1.9 g duow./L.d(r = 0.98)
' . . ! . e . . o Cot B . .

\ oL . u =.0.53 d=i(r = 0.94)

; v . Y = 54-0./' .
o o . T3 ocrokdt.= 5.3 g/Lder = 0.9

]’ e ,_d‘X/dt=18gdw/L d(r =;)'.99_)

; . - " - -

7

+:
[
[y

s

F1gure 2 1 - Iyp1ca1 growth curve o& C. roseus .cells of-

w
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e T which in the latter case was subsequently added. - -Fie — 4

*

. flasks were inoculated (S5—10%) with growing suspensions dfj

plant. cells and maintained at 27°C under continuous

N

illumination For pekiods of 2 to 14 days at mixing spe;ds-”

. of 130 or 150 RPM o a rotary shaker.
) u | ' I N
. In order to increase the available cell -immobilizing>

-

area relative to., the cultures:volume, a second plant cell

surféce.ihmobilizétion_flask system was dévelopéd.. Strips

of support material were. formed into a spiral'configuratiqn‘

o . of 4.0 cm outside diameter with 100 cm® total surface area...
;= ) o : o , _—
a re The wound support bundle was suspended in a widemouth -

- o C . S
A -t Erlenmeyer flask (S00 mL) containing 300 mb .of medium 1ES.

.

This ~ culture  vessel ‘was sterilized, inotulateq ~and
maintained at 27°C as above. Agitation was by &  magnetic.
. 4 . - s = 4

LR

“baf (1:&35cd@;at.119 tgk 600 RPM. In certain cases, sterile .
e Y . : L) ‘ ‘
air was passed through a submerged'qimféred -glass sparger y

at a rate of ~ SpmL¢min. During the first day of culture,

low .mixing (110-125  RPM) ' was generally preﬁidéd:‘ for
efficient plant -cell attachment. Subsequently the mixing
ratéawas.increased to the desired’ level. %

*

2.4 Evaluation of thé Adhesion Strength of SIPC. \

i *~ . ~ L8 '
. . L. ) . B . - i
~ . - . i f i . .

- o . -

In QFd?r to assess the biomass adhesion strength, plant

. L - .
cells surface—immcbilized'according to- the ¥irst,technique
' . / . | ‘ . 0 ' ) < N
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-39 -
- i ' »
b
W
LN E N . - L . : .
"presented | in  Section 2.3 were subjected to various
hydraulic shear and osmotic stresses simulating the

.

bioreactor culture conditions for periods of 30 to 180
minutes. Thefiestvliquids were'eithér water, growth medium
1BS {sucrose concentratiﬁn of 20 g/L), or the_ﬁlkaloié
Erdﬁucticn ﬂedium (APM) . (sucrose concentration of -390 'g(L;

(43) .

1

oY ‘
During the first series .of tests, SIFC samples
T T - ' . ,: f ) a
(installed vertically) were exposed to each of three test

liquids circulating at flows rates of 1.5 to 22 L/min in a

2.54° cm inside dia@ ter column (F}gure 2.2). - These

conditioﬁs-'céfr%?pond / o.+lowﬁ0f-Reynolqs number 1,000 to

15,000 relative to the column diameter. The second series
o

of tESts involved supmitting SIPC to two—phase flow in the
- . same apparatus (Figure 2.2) as for the first series. Air

was injected at rates of 150 to 60C mL/min .(gas superficial

-

velocitiésﬁcf.olﬁ‘tb 2.0 ch/s)‘iqtb eéch‘bf the three test .

1liquids circulatimg at rates comparable to-fhe.first'ééries

-

-of tests. — o

' [ . . Y .o~
' - ) - - - : . L
., w s . . * s » . i : °
A . v . . W M . .
. L . : .
. L .

¢, - P R 1 ]
T eTa i ,
KA R,

.« . FDuFiAg t
submerded vertically in‘a column of an internal diameter of

B

T 10 cm. (Figure 'E;Q) wﬁontaining Qacﬁn“of 'the=ithree test

~

liquids. Alr . was .spargad"ag_rates of 200 to'8300'mL/min

(superficial velocities of 0.04 fo 1.8 em/s). .

t

PO

) LE .
T . : : L. ’ .
e . third series of tests, SIPC samples were

e
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Figure 2.2 -.Flow test apparatus.
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The strength of adhesion of SIPC is indirectly related-

.

to biomass leaking. This parameter was‘used to aSSESSVSIPC

v

attachment to various supports. The residual biomass (dry

P

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

biomass 1loading of the sample) was.compared to the leoading

of similarly grown but unstressed SIPC samples. These data :

were fully corrected for any Fflowing medium sucrose

-entrapment in individual support matrices. A percentage

.ratio "wag calculated that represents the variation of the

oo

. SIPC loading caused by the Hydraulic wash stfeésing; A

100% figure, for example, represents noﬁgigni{icant.leaking

of SIPC.

2.5 Electron Microscopy Study of SIPC.

Plant cells of Catharanthus roseus, Soybean and Tobacco
were immobilized on selected paterials by the +first
" technique presented in Section 2.3. Subsequently, they
were either submitted . to ‘the variocus shear and osmotic
'stressing‘cmnditionsldescribed in Section.2.4 or not. They
v C

were fixed with glufaraldehyde, stained with osmium

tetroxide, lead citrate and uranyl acetate and embedded in

.

an epox resin according to the standard practice for

Transmission Electron Microscopy (TEM) observations.

s



8

— Development and staining were done using respectively a 10%

2.6.Analyticél;

k]

2.6.1 Plant Cell Viabflity? S

Viability staining of SIFC was performed according . to
Widholm (179). - = ' -
2.6.2 Chemical Analysis.
The carbohydrate composition of the filtered (0.45 .um)
culture medium was analy:zed with a Waters High Performance
‘ . ) ‘ ) “ -7 N
Liquid Chromatograph (HPLC) model 6000A-U6K equipped with a

Refractive Index detector model R401. The .separating

 column used was Biorad Aminex HFPX-87. HPLC grade water was .

the liguid phase. The column was operated at 80 =C and at

flow rates of 0.4 to 0.9 mL/min with a back pressure of 500

. 4
to 700 psig. .

Secondary hatabalites were extractedﬂffom the _biomasé

F]

according ta the method ‘presented. in (180). Their

identification and gquantitative evaluation were per%ormed
by Thin Layer Chromatography (TLC) and HPLC. Indole
alkaloids standafdé were obtained from NRC-PEI. The TLC

plates used were Sigel 250 um (Baker Scientific Ltd).

~

~
-

-



o C _ solution of methyl alcohol in ethyl acetate and a 1%Z ceric
" ‘. - N \ -
ammonium sulfate solution in o—-phosphoric acid. 4

{
/

-

hel

The HFLC used for SM analyszs were either the apparatus'

- ) -

mentioned above equ;pped thh a Spectra Physics Model 8&00
UV détector ~set at ‘4 nm or a Spectra Phys1cs Hodel 8000
system gquipped Qith a varlable ‘wavelength Ly detectcr.

Separation was achieved with either a RP 3000 Aquapore 10

um column or a RP8 SpheriS Sum column supplied by -Brown Lee
Labs Ltd. The '1iquid-,§hases were.either a csnstént.éoz
(Waters HPLC) or a S5 to &8% gradient solution of HPLC

grade méthyl alcohol in water. m n

. - e
é: . I ‘ , S

v 2.6.3 Dried Biomass Measuraments.

b .':\ ]

Sugpended plant cells were filtéred (10'pm){_ﬁashed

. with distilled water and refiltered  under vécuum. They

were weighed wet and dried overnight in an air circulating
A, -
oven at 60 =C to assess dried biomass., Immob111‘ed- plant

cells from flask studles were washed with d1st1lled water,
g weighed wet and dried to constant weight (24-48 hrs) in the

same oOven tO assess éhe. dried biomass 1o§ding of the
supépft mateiiég. j The ‘immobflizeéMhplant. cell biomass
loaded ﬁ%trﬁcturé_ of ~a bio?éactﬁ? was  removed from the
c&i%yre_vessel at harvesting an&\drained. It was wei ghed

.

":' wet 'and;dried'fb constant weight (48-72 hours) in the same

k~
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circulating oven to assess the immobilized dried. biomass

loading (Appendix 3). The wet and dry weight of any free

. 13 ’
piomass.was determined as above.

-

2.7 ﬁaaiur;ng tha Rheological Properties of a Plant
Cell Su;pnnsion. ' ‘ ~ -
& . The‘rheoloéical propertié;”;f a line M&R17 plant éeIl
suspension (subculture 75) cultured.as per éecticn 2.1 were
- measured according to Tanaka (74) with a Brookfield Model
RVT ro£ation viscomefér having five spindles. The reading
of the viscometer (0) shows shear stress in tefmsr of thg

magnitude of the torgue at shear rate in terms of the

63

revoiu;ion of the rotor. (W C[RPM1). The equation of a Power

Law Fluid is

©’= K(du/dra)n (1.1)
- ‘ . 2 . o :

where < is the shear stress (g/cm.s=), du/dr. is the shear
- . . ) . . 4 ,

rate (s—*), K is the-cansisteﬁty index (g/cm.sz-ﬂi and n is

.

) the flow behaviour indek. ‘This equatioﬁ can be reafranged

(74) as . ' : o
0 = woKWe ’ - | 2.1y

‘z% ' where - xa is _ah instrument/spindle constant (74).



- § .
Appropriate . 1oé Iingqr urggressiqns of the viscometer
ﬁéadings for various.speeds ;f the rotor—and spindles give
Ehé K and' n parameters of the model (Appendix 1).'.The
apparent vistnsityfof the suspension was measured at S0 RPM

with spindles 2 and 3 (Table Al.1).

All measurements were made at 27=C. For each spindle,

a sét"bfﬁreadings_wa; rapidly (< 5 minutes) takén for 4 ;to
7 nrotor‘ speeds (0.5 to 100 RP&) from low to.high'speedé.
Between each éet.of ;e;suremehtg, the suspension was mixed
to minimize settling effécgé. Fo} each speed, three ta.

1

five readings were taken, which were generally consistent

n

2.8 Measuring of the Mass Transfer Chaﬁa;tnristics of

' the SIPC Bicreactors. "

A relative mixing time (8,) and the oxygen transfer
coefficient (k._a) of both SIPC bioreactors (IP and 1A, see
Section 3.2.2) were measured by the'techmiques qgscfibed in

the next.two‘Sections. For Bioreactor IA, the B matrisx

structure (see-Table 3.7) was used with Material AO7. The

- L

resulting reactor-dcwnward~+;dw area consisted of 4 matrix
spacings (termed A to D, from the exterior to the interior

. of the structure) and of the peripheral spacing beﬁween the

vessel wall and the matfix external layer. Thé measuring
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probe (pH.or DO) was piaced in any'of these .five spacings®
‘\3F. é height of 13.? cmfﬁrém thg reactpr'bottom. A similar
arrangement (4 matrix plus 1 periphéra} spacings) wasA used
fﬁr Bioreactor IP In this case, the pH electrode was

placed in any‘spaciﬁg at a height of 7.4 cm from the bottom

-

of “the reactor. The small size of Bioreactor IP (2L

prevented installing the DO probe in any matrix spacing.

-4 ..

Conseguently Tthis. probe " was- installed inclined on top of

-

the matrix structure. . ' ' -

=y

2.8.1 Relative Mixing Times.

A relative mixing time was measured for boih SIPC
biukeacgors by the acid‘tracef method k81) using.an Ingold
Model A420 pH electrode,‘a Cole Pa;mef Hodgl S997-20 pH
écntrollgr with a ©0-2 Volts output signal énd a Linear
Model 1;60 chart recorder set at an input signal . of 0-2
Voits arid  at uapprOpriafeAchart.speeds. . The pH electrode
was ';alibfated_ before eaéh SEﬁieé of tests. | " This

calibration was found not to change after each series. The

response time of this system was sufficiently fast (< 1 s).
as Eompared'to the range of relative mi}ing times measured
(ﬁO—ZOO s).” All air flow meters were calibrated with a wet
test meter;‘" Mixing speeds (Bioréactar IP) were measured

\ " N
with a <troboscope. . :
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e vl L - -
- . For -eath test, the' reactor, arranged in a given

- . —

configuration 4matrix, flow diverting plate level and pH

- -electrode locaﬁions, was filled to the desired level with
\tap waFer (18=C}. Operating conditi%ns were set (filtereds

- air flow rate and mixing .level for Binreaﬁtor'IP). The pH

valﬁe- of 'thé water was adjusﬁed ta 5.9 with a 3N HCL

sofution;. At time zero of the test, a given volume (2 mL

and 0.5 mL respectively for Bioreactors IA and IP) of the
P

HCL solution necessary to attain a final 3.4 * 0.2 value of
.- 7 : o '
the water pH was rapidly added from the top of the reactor.

Jeo .
Simultaneously the chart recorder was started. .

(: . A typical response curve is shown on Figure 2.4. A

lag preceedes a smooth decreasing curve. Either the

measuring system, the speed of the tracer diffusion/mixing

- . -

- and/or the reactors configuration prevented measuring a . -
"l

circulation time.  The relative mixing time. measured (Om)

is defined as the time. required to attain 5% of

homogeneity (81). Three to five measurements were made for

“ ‘ each operating condition with variations of 5.

2.8.2 Oxygen Transfer Coeffitients.

.

The volumetric transfer rate of oxygen from the sparged

air to the liquid phase is given by {181)'

‘:_ - . o . -~ ‘. | - o \
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Fiéura 2.4 - Typical‘rekgtive mixing time response curve,
Conditions:
. Bioreactor IA.

pH electrcde at 13.5 cm from th; reactor bottaom

" C located between the first and second internal

irMmobilizing structure laver.

. ‘ ~—
Liquid volume: 5.2 L.

Liquid levél: at tHEﬁ?Tﬁﬁ/aiverting plate height

-

J

o~ (2.24 cm above riser tube or 30.95
.cm., from bottom). - -
~Air flow rate: 8.1 L/min (1.6 YWM).

Chart recorder speed: & cm/min; '
=
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) : ; - dCg /dt = keal€s -CL )0 - . o0 (2.2)
- : . : o= : = = W o
Vo A T S S

Pty

+~where €% is the dissolved okygen'(DD) concentratzon (mM/L)
. _ o )
in the liquid, €5 1is the dissolved oxygen concantrat1on in
. e -

in the ligquid at saturation in'equiiibrfum w1th the gas

-

phase and k.a is the volupetric overall oxygen trans+er

coefficient (h—=3%*). This equation can be kegfﬁangéd as
. > ; ak

- } N B . : dca ) cee Ty ) . .
A . = - + - , R : X e '_,. ——
+ . ng (E:E)( ) c- o (2.3)
“ . which. gives a :onvenient@"way . of détermiping kea by
v measuring Cg following a step;change;fﬁithéfair (o#yéen)“g
rm ) = . .« 2 (S e

. suhply to the liguid phase.. A plot of C Vagalnst dC /dt

_;-P“'"Q -
{(the ratelof change in dissolved oxygen concentration)

gives a-linear relationship with a slope equal tg —1/kca.

" .The .koa of  both bioreactors was determiﬁed using*
R < -

distilled water (26=C, pH ™~ 3> with a Yellow Spring -

Instrument Co Ltd Dissolved Oxygen Probe and the associated

' Meter Model S4BP. The meter <« was llnked - to the chart

recorder used for the mixing time measurements set at

-

- épprnpriate conditions. "The DO brobe was calibrated‘in air

(8.3 ppm at 27°C) as suggested by the manufacturer. This

" gcalibration did <not change significantly during the
R . “éiperiments. ‘The response time of this measuring system
c.;“'%

¢
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was su%%iciently fast (™~ 1-2 s) relative to the oxygen
transfer rates measured (¢ 30 h—1) EBO). fhe DO probe was
installed either reversed (Biareéctor IA) or inclined
(Bioreactor IPF) iﬁ the vessels to prevent direct air bubble

contact which hindersiproper measurement.

¢ .

ﬁor each tesf, the reactor was arranded in a given '
= n?gguratinn (m#trix, divert;ng plate_levgl and DO probe-

'}_lccation)' and filied Zto the desiréﬁ level with distilled
water. ” This water was purged of itsr dissolved oxygen by
ﬁxygen ¥rée nitrogen at the required operating conditions,
{(filtered nitrogen flow rate - and. mixing - lével for
Bioreactor IP) until a minimal residual DO concentration
Was reachedftf 0.2 - 0.8 ppm). ét time zero of the test,
the gés spource waé rapidly changed frbm nitrogen to air
(maintained at the same flow rate) and the chart recorder

~

.was started.

L]

A typical response curve is shown in Figure 2.5. A lag

preceedes a smooth rising curve. The kea values were .

cai:ulated from these-curves according to Equatidn 2.3. . The

experiméntal data of any experiment ;cpuid‘ be 'lineariy

mlkcorre}atag as per (Eguation f2.3)) with correlation

'cde?fi&&ent$ r) higher than,qﬁés for S5 to 7 points. The

: T R C . . - _ '
kea values reported are.. the avayages of 3 to 5 w®

‘measurements, which varied by % 7% or less.

-
i

n

=
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Figure 2.5 -~ Typical response curve of the oxygen

absorption by water.

. [}
-

Conditions:

N

Bioreactor IA. .
DO probe A&t 13.5 cm from‘the' reactor bottom and
located in the peripheral spacing._

.Liquid volume: 5.2 L. -
Liguid level:r at the flow diverting plate height
, a ) | .

m (2.54 cm above the riser tube or

) 30.5 cm from bottom).
Air flow rate: 5.2 L/min (1 VWM.

DO0s

0.2 ppni. - .

D0

6.15 ppm.

Chart recorder speed: 135 cm/hr.
kea = 23.5 hr-* C%oz = 5.7 ppm r = 0.85
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3.0 RESULTS.

3.1 Development of the Sukfaca‘Immobilizétinn Technique.

3.1.1 Selaction of Surface Immobilization Materials.

‘Different’ selected materials were tested by the

technique ‘presented in Section 2.2 for toxicity5 growth and

—

surface attachment of C. roseus, Tobacco and Soybean plant

cells. They were metals, plastics‘ d ceramics of various

- natures and surface textures

- (Appendix 4). Most ’

non—metéllic SUPpPOrts. were not E

»

ic. and allowed tell

).
)

growth.

L

-

The ﬁl#nt cells attached any to three .types of
matefials; A poroué but_?ragilé ceramic. matgix retained
cells efficiently. A rigid and porous matrix made of
.synthEQZC-fibres bouhd by polymeric resins (W8 and Q8) -and
a series of ¥ibrous materials (AO7, 509 and AIQ)'were shown
to attach piant cellé‘in a superior way, These -iast two
types of Suppofts are characterized by.theirlfibrous and
- extremely irregular surface texture. The best

! .
. representatives of the, last two types of materials were

selected for further study.

€

O



3.1.2 Characterizing Flask Cultured SIPC.

-

J3.1.2.1 The Mechanism of Biomass Attachment.

Plant cells cultqre—immobilfzed on Material W8 in shake
flasks, as described in Section 2.3, were treated for TEM
study as described in Section 2.5.. Results are ‘shown in

Figures Z.1 to '3.7,‘ They show surface-immobilized plant

cells to be highly vacuolated and round. Extremely good

-

and close contact between the plant cell wall and the

support surface of Méterial W3 can be cbserQéd. At this

contact area, the cell wall \adapts to the support

-

configurationQ -There is evidence of some compounds being
secreted by  the plaht cell and accumulating between the

cell wall and “the suﬁport. 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 suppart.

These compounds; seem to be acting as a gap filler and/or
gfgéing ageht. Closeups of the Tobacco ‘celi wall .and
suppart ccﬁtact ar=a show the arrangement of this cumpﬁund
in strands different from either the cell -wall Dr. 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 Sé:tion 2.6.1. The TEM resulté



Figure 3.1 -~ A, B - Catharanthus roseus (PBI Line 953)

cells (FC) on support Material W8 (M) at
a magrifiication of 378S.

The plant cell wall (CW) is flattening
at - the contact “ar8a with the suppoft
matérial surface. Extracellular mate—
rial: (C.) is accumulati%g between the
cell wall and> the éuphort surface (See

Figure 3.3).
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Figure 3.2 - Closeup of Figure 3.1 (A).

€.

Catharanthus roseus -(PBI Line 953) cell wall

(CW) on support Material W8 (M) at a magni-
fication of 19360.
Intimate contact of the cell and the support

material is well seen. *







Figure 35.3-

Clglahup of Figure 3.1 (B).

Catharanthus roseus (PBI Line_953) cell wall

kcw> ’on.support Material wWe (M). at a magni-
fication cfinSéO;

The plant cell walf’(Cw) is°seen approachingy—
the support_'materialf The extracellular
matérial (C.) is accUmulating' between £h§

cell wall and the suhpart surface. *
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Figure 3.4 — Soybean (FBI Line SB1) cells (FC) on support

Material W8 (M) at a magnification of 3785.

As in Figure 3.1 for the Catharanthus : roseus
planf cell, the close contact between the céll
w&ll (CW) and tHe support - surfaceé £ is
noticeable. The cell wall flattened in the :
céntact area and th; extfacelldlar material

(Cy) accumulated between the cell wall and the

support suwface (Bee Figure 3.35).

h .
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Figure 3.5 — Closeup of Figure 3.4.

-

Soybean (FBI Line SEBEl) cell. wall _ (CW) én

support Material W8 (M) at a'6agnification of

C 19360, S - '

The cell wall (CW) and the support surface
are’ in a close contact. The accumulated

“extracellular material (Cwn) at thic interface

- -~

is of a different nature - than that of the

cell -wall., : \

&
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£igure 3.6 - Tobacco (PEI Line Sui277) cell (FC) on suppart
| Material W8 (M) at a ﬁagni{icatianqu 3785.

.. . As in Figures 3.1 and 3.2,~thé clcsé contaét

. "“'bekheén the cell wall (CN) and the Supgo;t

surface can be observed. The ¢211 wall ét”
. oy

this contact area is flattened. :Extraceliular
*

material (C.) is accumulating bgtwaéﬁ‘thedceli
wall and the support surgace (See Figurah3.7);

. ; &

%

L.

™
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Figure 3.7 -

o

A ~
Clmseup_c% Figure S.6.
Tdbacco’ (PBI Line Sul277) cell wall (CW) on
support Material W8 (M) at a magnification of
19360, |
The closeness of the cell wall—support‘éurface

as well as the accumulating extracellular

material (C.) &t this interface can be easily

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. . This indicates that autnlysis‘of these cells has
not occured. The wviability of SIPC was subsequently

confirmed by the numerous,growth'experiments performed upon

scaling=- up this technique to flask cultures and to

- %

laboratory size_pigreactcrs (see Sections 3I.1.2.3, 3.3.1

-

and 3.3.2). Ih fact, this viability was dramatically
confirmed durinb’ekberiment IA-11 (see Section 3I.4 and

Table 3.21). A éuspensian.culture of viable plant cells of

line MCR17 was-introduced in Bioreactor IA and succeésfglly

immobilized and grown for 13 days according to the standard

procedure” developed (see Section 3.3.2.1). At this time, a

. Ay

sterile and dead fungal elicitor preparation was added to -

the culture (280 g of elicitor preparation or 3%Z of the’

-

culture volume) as per the-recohmended protocol (11i4). The

characteristic browning reaction of an’ elicited culture

occured within 8 hours after fhe addition. However, the .

medium was not changed, contrary to recommendations (114),

after 24 hours from Elicitation. Consequently all plant

ce€lls died (black biomass and medium, cell debris in the

Lo

medium which became alkaline) after 36 to 48 hours from

elicitation. This resulted in complete detachment of - the

biomass from the immobilization matrix dqfing this period.

Two otiaer similar experiments (IA-13 and IP-47, Table 3.21)

were carried out with the appropriate m?dium change. In

.

.

-

e
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these cases, the plént cell biomass remained active
(carbohydrate consumption and culture appearance) and
attached Lo the immobilizing matriu., ’ :

Z.1.2.2 The Strength of the Biomass-Support Bond.

A crucial critericon for selecting a suitable material
. . ) ) LY .
for plant cell surface immobilization is the strength of
the biomase—<cupport materialvbond. The leakage of biomass

2
oult of the immobilizing matrix, the maintlimitingﬁ?actor of

this type of immogbilizing technique, is directly related to

this paraméter. ~This was indirectly evaluated by the

method presented in Section 2.4 for Soybean, Tobacco and

Catharankhus roseus cells immobilized on Material W8 “in

-

shake flaske as described in Section 2.3, -

The firslt ltwo series of tests involved submitting "“SIFC
samples to one or two phase flow circulating respectively

to 22 L/min and 150 Lo 500 mL/min (superficial gas

n

at 1.

A

velocities of 0.5 to 2.0 cm/s) for the liguid and gas
phases in a 2.%4 cm column. These condiltions correspond to

a laminar bo&mdary layer .Surrounaing - the SIFC samples

(sample surface Reynolds rdumber range of 13,000 to 25,000)

and, to calculated surface shear stresses of 0.5 to 2.6 N/m=

e

(182-185} .
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Under these conditions,'the immeobilized biomés; loading
varied from 35 to 195% with  an average of 98% for the

Soybean and Catharanthus roseus cells regardless of the

exposure time and test medium.

During the third series of tests, SIPC samples were
suépended'in a stagnant liquid column of é 10 ém diameter
in which air was bubbled at 200 to B300 mL/min (superficial
velocities o0f-0.04 to 1.8 cm/s). The objective of this-
series"o4‘ tests was to assess the effect of air bubble
attritian on the SIPC biémass. | =

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 time or test medium. Immobilized Tobacco

cells per+6rmed less satisfactorily during both series of

tests. ..

The spfead of these figures come from £he variation in
the initial loading of SIPC and  the abscrptioh by the-
matrix and ‘biumass of nutrients from the testing médium.
However, these results and’ visual examination permit to
conclnde'_that plant cells remain attached strongly to this
matrixlunder the high shear stress and air bubble attrition

conditions‘o+ these tests.

h-1
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3.1.2.3 Biomass Loading Parformance of SIPC Cultured in

Flasks.

+»The following parameters were investigated Ffor 1line

MCR17 to assess the biomass loading performance of this

»
- immobilization technigque and to define scale—up ‘design

criteria.

1- Maximum biomass capacity of the twa types of

material_selected.

/) 2- Wet volume occupied by the immobilized plant cells.

I- E%Ficiency of the attachment prccess.-

4~ Growth rate of surfaﬁe;immobilized plant cells.

The surface  immobilization of growing plant .cell

‘suspensions cultured in shake flasks resulted in relatively

. , .
uniform biomass loading of the suppaort materials tfested.

v

-

Various factors were evaluated to maximize the bioméﬁﬁ
loading. Results are presented in Table J.1. Loading of

plant cells. on the support sur%éce'depended mainly on the

immobilizing material, on_ the inoculum age and on the
mixing speed. The- combination of gentle’ mixing"'and

Matérials AC7, AOT and AlZ2, which differ only in their

-

thickness, resulted in (200—400%) higher biomass loadings

than those:observed with Materials W8 and Q8. The A series

e



TABLE 3.1 -

¢

-

SURFACE IMMOBILIZATION OF C. ROSEUS PLANT CELLS IN SHAKE FLASKS

Material Inoculum : }CGulture|Shaker}|Suspended [Residual|Final}Biomasa]Z Of Biomass 1
Material|Sterilized - Time {Speed Biomass Carbo- pH Yield }Biomass |Loading |
With Hedium| X Of {Age (d) (d) J(RPM) {}(g d.w./L)|hydrates Attached](mg d.w.
. © |HMedium (g/L) /cm
W8 No 9% 6 15 130 " 8.4 0 5.5 | 38.1% 3.6% 2.7
Q8 No 10% 8 12 130 3,8 11.0 | 5.7 | 46.8% |- 26.0%x | 10.6
Q8 No w | a0 16 130 8.7 3.9 |5.3] 64,08 | 13.0% | 6.0
Q8 . No 7% 13 ﬂ4 130 5.8.. 6.1 | 5.8 ] 55.52 | 25.1Xx | 10.5
Q8 Mo 7% 14 14 | 150 2.0 12.8 | 5.5 ] 55.3x | 50.9% | 12.6
A07 Yes 7% 6 13 | 130 6.8 6.6 | 5.5 | 54.5% | s.4x] 8.0
A07  Yes 7% 6 | 1s0 7.5 o | 5.7 | 38.9% 7.1% 6.0
407 ‘1 Yes 7% 12 14 150 8.3 0 5.3 ] 45.7% 7.9 | 6.1
. 4072 Yes 4% 13 14 150 8.1 0 5.4 | 42.0% 1.7% 1.6
07 | Mo 4% 12 14 150 7.9 0 5.4 | 43.4% 7.9% 5.7
A0S “Yes 7% 6 .13 | 130 e 109 | 5.2 148,72 | “1s6x | 9.0
409 Yes 7% 6 14 | 150 8.2 o | s.7lasax ] 7] s
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TABLE: 371 (CONT'D)

&

SURFACE IMMOBILIZATION OF C. ROSEUS PLANT ‘CELLS IN SHAKE FLASKS

Hqterial' Inoculum Culture Shakef Suspended Reaiduai Finél Biomass]X Of Biomaéal
Material|Sterilized Time |Speed ||Blomass Carbo- pHi Yield |Biomass jLoading
With Medium| X Of |Age (d)] (d) }(rRPM) ||{(g d.w./L)|hydrates| . Attached](mg d.w.
o ' : Medium . o (g/L? , /e '
Al2 Yes 7% 6 13 130 6.8 5.7 5.6 { 56.0% 22,2% 9.5
A2 Yes . i | 10 14 | 130 6.9 . | 8.3 5.3 seex | 29.9t | 16.3
Al2 Yes 4% 10 14 130 4.9 7.7 5.3 1 63.2x | 35.6% | 20,77
Al23 Yes 4% 10 14 130 5.1 6.9 5.4 51.1% 29.8% 17.0 -
Al2 Yes 1% 14 .14 150 ° 7.7 0 - 5.6 | 41.9% 7.3 4.7
Al2 Yes 7% 14 14 150 7.4 0 5.5 | 40.6% 8.2% | 5.6
(1) SIPC dried biomass loading mg d.w./cm? of support area (average of 3 results),

(2) Free floating support.

(3)

d

Culture without illumination.
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Materials can also be sterilized in the medium without‘

inhibiting the subsequent growth of plant cells. -

The inoculum age is a crucial factor in increasing

biomass loading. Inocula 8 to 14 day old gave the best

results. Increésing the mixking speed from 130 to 130 RFM

improved marginally (20%) biomass loading on the Q8
o @ &
Material while reducing it substantially on the A07, AOY

I
-

and A12 Materials.

During the 'expe%iments, it - was observed that the

surFace.immobilization of piant cells on +free +loating

'sﬁpport is not efficient. Light did not affect the surface

adhesion of cells. Haﬁever, the SIPFC cd&ture growth must

have encountered sSome kimd of restriction because an

incomplete carbohydrate consumption. was observed at biomass
loadings higher than 3 mg d.w./c@m® when thg mixing speed

was 130 . RPM. Flant cell suspensfohs cultured _under

identical conditions resulted in complete carbqhydrate

consumption at the 12th day of culture (g ™~ 0,24 d—*).

»

The highest loading. attained was 20.7 mg d.w. per co®
of Material Al12. The thickness of this biomass layer was
of th.» order of 5 mm, which gave a wet—to-dry biomass ratio

of: 25 consistent with the 95% hydration level of plant

cells.
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ﬁuch. higher aﬁtachment effiCiencies§ (75—99%) were.
. -~ ’ o
attained in the second flask S;PC‘ culturing svystem 3.'

I o —-100~

The efficiency of biomass deposition on the suppart
~ : )

material (i.e. the amount of SIFC over the total quantity

of.biomass present in the culture vessel) reached 25 to S0O%

in the shake flask system where the i@mabilizing area was

33 cm= relative to a suspension volume of 300 alL (A/V ™
o

«11 cm™*). The large quantity of plant  cells produced and

ndt attached to the support ‘has masked ,somé other

characteristics of the shake flask SIPC, for examplle in

distinguishing between the adhesion and growth processes.

- .
>

employing magnetic bar agitation with a A/V ™ 0.3 cm—* (see

+

Section 2.3). Complete immobilization- Gf the inoculum

-

éccurred generally within the %irst or second day of

culture. The medium was completely free of cells until

harvesting, with the little free biomass pdechd either
BT %) o ' :
attached . to the flask or accumulating in the small foam
-iayer in th air-sparged system. .
Dﬁ) - ‘ ‘-: . . / : _' &

P, Lrs
- 1
+

s The'superior immobilization efficiency of the technique

¥ . ‘
was later confirmed upon scale-up to ther laboratory

bioreactors described in Section 3.2. Almost complete

immobilization (> 95%) was consistentiylobserved in these

larger vessels (Sections 3.3.1.2 and 3.3.2.2). The medium

was free of suspended plant cells within 1 or 2 days after



i

9

g)

¢

inoculation and until the end of the cuiture. The 1little
. . _ : _ W C ~
amount of non-attached biomass present in the culture

vessel accumulated mainly in the small foam layer on top of

the medium. S : . . . -

- : A

’,Resultg. of culture experiments in the magnetically
stirred flask system are presented in Table ;.2. High
biopass loadings and uniform cell Epverage were observed.

The final medium pH was lower. {(Average of 97 experiments:

. -
—_— =

pH = 5.0, s = I.O than in normal pléht cell suspension
cultures (pH ~ 5.6-5.8) and SIFC cultured in shake flasks.
Restricted .growth and altered metabolism of the SIPC were

. : By s :
indicated by the low average growth rates (g ~ .10 d-2%) -

.and biomass vyields (19-30%) as well as by incnmplete'

carbohydrate ~consumption, as , compared- - to suspension
A1 ! . .
. : . .

cultures (u ™~ 0.24 d—* and yield ~ S0-&60% at 130RPM).

.

An agitation rate of 1295 to. 200.RPM (Impeller Reynold

Number SZOOESEOO'Qr a tip speed A« 33-52 ‘cm/s) seems  to

3

represent a 'threshold_m%xing level at which mass transtfer

Coa - - ] .-‘- ..f‘-u‘ -t "3 - . . .
is sufficient to insure maximum  g¥Fowth  rate. .This 1is
: , Py . A :

illustrated in Figure 3.8. - Plant cells remained firmly
attached to the support material even at a mixing speed oOf |
600 RPM (Impeller ‘Reynalds Number of 25000 or tip speed of -

-

157 cm/s). - - o >
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TABLE 3.2 |

-—

."

N ~

PLANT GELLS ON MATERIAL A12 IN'THE MAGNETIC STIRRER SYSTEM

TInoculum Hixing|Culturd| [Residual|Pinal|Biomaas|X of Biomass |Average Growth rate
. Speed | Time Carbo- pH Yield |Biomass |Loading -
% Of |Age {d)lAerati (RPH) (d) - |]lhydcates| ~% , |Attached|(mg dw.]: ° < | mg d.w.
Medium 8 %QV : T g/L) . . aa ?d 2)' (JLI) “E—“———)l
: 5 N 4 ' ' _% [em ' cm?d
10% Periodte | 110 | 13 16,2 [. 4.8 | 22.5% | 99.5% 6.8 [ 0.05. 0.25" |
. ) . . . ’ - ° ’ N ’ Y J
7% 10 |sparging | 125 14 10.6- | 5.1 | 30.6% | 99.5% 7.8 0,08 |+ 0.38
10x [ 30 |Periodie | 125 | ‘14 14,3 -] 4.8 | 18097 | 97.2% 7ol 0.06 0.29
. . I- ° : O . B -
104 | 10 |Spacging | 125 14 10,6 | 5.0 | 24.3% | 91.8% _| * 9.7 0.08 0.48
102 |- 10 |Periodic | 125 14 11 15.0 | 5.1 | 24.9% | 96.6% 6.8 0.07 0.29
- L
10 | © 10 |[sparging | 200 14 ||- 8.8 | 5.4 | 29.52 | 78.8%2 *| 9.8 " 0.09 051
- / ’ . : - . . ) 3 , 4
10% 10° |Spaxging | 300 | 14 || 8.1 | 5.4 | 28.2%x | 88.6% 10.6 0.10 o/ 0.57
R . . ~ D : .
10X | 10 {Sparging [ 400~ |. 14 7.4 5.4 | 20,27 | 89.4x | 121 0.10 0.67
. . . LY ' I o .
" 10% 10 |Sparging | 500 |- .14 8.1 | 5.3 | 27.5% | 90.1% 10.7 0.10 0.58
iR - [0 .
10% } - '10 ISparging | 600 14 6.9 | 5.0 | 26.8% | 96.3% 9.3 0.11 0,52
) N f - . R . '
. . ; & <
(1) Average net growth rate- 5 L [
(2) -Flask opening every 2 days ° : . in ’
. Medium: 1BS, S = 20 g/L : . )
- . .:-i-; , \ ] .’ ' v
. ! . . l" o ’
. - ‘i .t . :‘T'-":' I.
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i PTheysiPC growth rates

-105-

. The growth rate of SIPC cultured in shake flaéks S Was
evaluated Ey periodic retrieval of a flask and measuring
the amount of immobilized biomass (SIPC loading [mg
daw./Ccm=1). Results.afe pﬁese;ted in Figures 3.9 and 3.10
for Matérials AlE énd'QB. These results are compared to
the growth .o+l plant cells cultured inl.shake_ flask

suspensions (SC, X [g d.w./L1). \

* . ~r -

*° As shown in Table 3.3, the. amount of immobilized plént
cell biomass in this system showed a significant linear
correlation with time as long as nutrients were not

e .

depleted. The carbdﬁydrate consumption of both series of

experiments are presented in Figures .11 and 3.12. These-

{?-P - ! " . . ) - -
results are compared to +the carbohydrate consugption of
b : !

pLant cells cultured iﬁ.shake flask suspensions (SC). " The

effect of the. agitation intensity on the growth rate of
J.' N " & ‘. ) -
immobilized” cells for. each material was as mentioned

previoysly. :jncreasing the mixing'speed!lowered the SIFC
groﬁth‘rape on Material AL1Z to 74% of the . original value.
The same increased mixing improved significahtly (100%) the

SIPC growth rate on Material GB.

o h

& .

g

suspension cultures and similar

presented 1in Table 3.3 are
“ - .

o , & - . .
smaller (by ™ 702? than- for

to éhﬁ averagg_?e@ui%s_ presented in Table 3.2  for the

- . -,
N - AT -, ' '

L] N . P U Ad . . . . - 1
magnetic st1rrer- system. A series of similar experiments
o . A . ';

7]
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= Growth curves of C. roseus SIFC on support
Material ALl2 in shake flasks (average of 3
reasults),

C Suspension culture.
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Figure .10 -

Growth curves of C. roseus SIFC on support
Material Q8 in shakd flasks-(average of 3
resylts).

SC: Suspension culiture.
P ‘

»
4

WV 130 RFM.
A

3 150 RFM. .7 -

A
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. TABLE 3.3

CORRELATED GROWTH RATE OF C. ROSEUS SIPC IN THE

SHARE FLASK SYSTEM.

Mixing! Data Time 310fi1m growth rate Specific
Material |Speed - - growth rate
(RPM) (d) . {Correlation T -
u
(@hH ! r
Al2 130 |Figure3.9| ©| 10 |sIPc=0.54c+ 4.3 | 0.88 | 0.07 | 0.89
Line 1 - (3.1) |=»
Al2 150 |[Figure3.9 9 . sxpc-o 40t+ 4.0 | 0.84 0.07 | 0.86
Line 2 3.2} |- .
@8 - | 130 |Figurexio 14 |SIPC=0.26t+2.2 0.74 | 0.06 | 0.73
' Line 1 i 3.3)
Q8 150 - |Figureiiq ' | 11 SIPC=0.57t+1.9 0.96 0.11 | 0.95
= 1Lline 2 (3.4) |- o
Control’ 130 |Figures 12 |X=0.81t-0.36 0.96 0.24 | 0.95
Suspensions 3.9-3.13 . ) (§-5)
. 150 |Figuress 7. X-1{64t-0.3{ 1 0.97 0.41 | 0.98
393113 (3.6) :

X: Control suspension biomass concentration (g d.w/L).

SIPC:

- Iinear correlation coefficient.

(1) Inoculation:

+

mg dried biomass perf cm? of immobilizing surface.
_t:. culture time (day).

7% from 10d old imeeulum.
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Figure 3,11 - Carbohydrate consumption of SIFC on Material

A12 in shake flasks.

SC: Suspension culture.

.Symbols are as in Figure 3.9.

Jl
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Symbols are as in Figure 3.10.
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L1

,uat the same'culture time as Ehat 6% a plant cell susbension

-

~ A— oot “ . ) . - '\ .
. . . —115- | .-!m L -

L

» ' . . . -
- s -ﬁ,- - - .

-ty
- ¥

. - . e . .
was - carried _out wi%h this latter "Sﬁgtem;' Results are -

& .. -

% R , . . : : - _
preséﬁ%edﬂln Figures %,13 and 3.14 .and are compared. to T

shake - flask sSuspenmsion cultures (S€). Thesé'resuiis‘afg-

- “

N R - o ‘ .
summarized in Table Z.4. The relative scatter of the data

presented in Figure 3.13 illustrates the sensitivity to

operating conditions’of this culture technigue when: carried

dbut in this small' flask system (A/V ~ 0.3 cm—2). The

resul t. f Figure .13 show more distinctly the growth

-

of SIPC. Much 1gss'¥Peé‘bioﬁas§ is present fn_th§}  © e

| \ : _ &
_mag‘etica y stirred flasks, as compared to the shake flask

- N

) .o \\ . . -, X o
system, which-may. mask this growth betraviocwr. ~

-
-

- _ LU
© o N

The results of Figuwre 3.13 show the same liﬁéaf~growth‘f :

- -
-

r oo . ¥ . T
pattern of SIFC up to approximately the 8th "day of the

iqméss enterms ‘a sﬁable
. . . . & ‘ ' Cu %, .
stationary phase. - This was confirmed by carbohydrate N

Fulture: Thereafter ‘the SIFPC -b

cansumptian ratges megsuréments_as shown in Figure 3.15..The ——
,pkaSence of this  stationary phase of SIFCf‘cultures is

»

rather . surprising since it occurs without complete -

-carboliydrate consumptiocn by the immobilized plant cells. In’

>
»

fact, less than 50% of the original carbahydfate o

édncentration in the meéfumfahs'generally_consumed  by- thé
.ol - : L Ly,
- N ) b s - ".‘ el - ;
growing plant cells. This stationary phase of SIFC 6ccurs %
. R - . i“ - . ’

oz

1
1]

cultured .in shake flask agitated at 130 RPM. _Howevef; in

&

e N

S e
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. ; . . { . .
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Fidure 3.14 - Growth curves of . roseus SIFC on support

M§teria1

AO7 in the

magnetically stirred

Bysten at various mixing speeds and sucrase

concentrations (cee Table F.4).

SC:

. -

Suspension
Egperiment
Experimeﬁt
Experiment
Experiment

I 4

culture (S

07T (S

P . (S
R (8

T (&

20

40

10

10

-

20 . g/slly .

o/L,

g/l

g/L,

g/l,.

400 RFMY.
200 REM) .
F00 REM) .-

200 REM)Y.
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e
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E TABLE 3.4 -
" GROWTH KINETICS OF C. ROSEUS.SIPC IN THE MACNETIC STIRRER SYSTEM :
- &
Hed Mixing|-Max No. Time. m Biofilm growth dCHO/dtbs dCHO/dt, | Average |Average |Average
_ . . rate p Pl Blomass : .
Exp. | [cHO ] Time [flasks Jto s.P, . yleld W/D Yy/1
(g/L)"1(RPM) | (d) | (m) 1@, @O el mgdowyl o e/ e {g/ma] o
) . ' cm 2+ : .
J {20 | 200 14 8 8, [0.32 | .97 1.25 957} 0.78 [0.95[{0.25 |0.50|21.245 o |42.74, & 78,3414
) ) . ' . L]
L | 20 | 200 14 7 8, (0.30 [0.99 0.93 10.97 [ 0.53 |0.9910.35 [0.90[28.2,45 ¢ 152.3 ;¢ 4{63.5
. . R . . I . - .,
M 20 | 200 14 72 83 ]0.18 10.99) . 0.64 11.00 | 0.34 10.85)0.90 [0.99]23.2,5 , 141.045 o [82.744
wu | 20 | 200 | 14 30 B, |0-25 |0.87 1.08 [0.87 | 0.84 |0.66]0.62 |0.46{24.54 o ]42-942.5]75:542
0/T-]. 20 | '400 14 10 85 |0.14 {0.88 0.56 10.90 [ 0.51 §0.80}1.0 10.57[34.1,4 5 [36:9.4" 5 (90,2, .
® | 40 |20 | 16] 8 - -fo.13 foion] .64 [0u9n | 047 lo.e7]-  [- [38.95 5 |36.144 6[80.34,
N a (p')} 85 lo.3370.99)  1.11 [0.97 { 0.26 10.57(0.89 {0.93
R 10 |} 200 9 7 '8 0.22 10.85 0.72 |0.72 | 0.80 |0.70}- - 130,748 |42.24 5 {73,943,
T 10 200 1 w0 7 85 [0.10 [0.73 0.33 [0.55 | 0.11 [0.31]- = 3734911477455 (77240,
{rrr ] .10 | 200 10 14 8;, |0.16 l0.76 0.50 |0.64 | 0.41 [0.42|2.45 [0.99 34.249 7 [44.94,7 {756 416,
Conditions: .}lat;erilal A07, Spargéd air geration 2831°C, Tnoculum: 10%/10d old _:*“ U
- : . ‘ .
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Figure 3.13 - Carbohydrate consumption of SIFC cultured in

the magnetically stirred system (200 RPM).
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‘this case.-this coincided with carbohydrate exhaustion from
the medium (see Figures :P 3.14 and Z.15). s
s -

- The growth rates of SIPC cultured?_in this system,

LY

before stationary  phase and at  an initial sucrose

) concentration of 20 g/L, are much larger (1.08 mg

daw./cm=.d) than the average values presented in Table 3.2.

‘They are -also much larger (100 ta 200%+) than for -SIPC

shake fla;k'culturesi(Table 3.3). In- fact, the specific
grnwth rate o¥‘thé cambined S experiments:g to M (Q.25 d—32)
&om%ares to that of a plant cell suspension. cultured ‘iﬁ
éhake flask agitated ét 136 RPM (0.24 d—4i).

As shown in Table 3.4, the growth rate of SIFC on

Material AO7 is decreased by 44-48% upon increasing the

mixing speed from 200 to 400 RPM (Impellér Reyncldg Numbers

of BI00 and 16600 or tip speeds of 32 and 104 cm/s). a

. - X . \_1.:-_
similar negative effect of increasing the miuing speed an

the growth of SIFPC on this type of material cultured in

shake flasks was noticed in Tables Z.1 and 3.3. The,ef%esi\\h‘

of the initial carbohydrate concentration on the growth

‘rate of SIPC is not clear. The biomass yields of SIPC

: : >
cultured in this system is lower - (20-39%4) than for

suspension cultures (S0-60%) as observed in Table 3.2. The

weight-to-dry weight ratioc (W/D) of the SIPC biomass

(25-50) is higher than the .value presented previously.

o
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_: 3.2.1 Selection of Bioreactor Corfigurations.

T124- _
. _'\. -~ ’ \ -
I 2 Development of Laboratory Size ‘Bioreactors for A

: .. o .
Surface Immohilized Plant Cells.

*

- : . R} -

-

The numerous factors, either biomass, engineering or

“immobilization technique related, which tave influenced the

development this system, were discussed in Sections 1.2-1,

1.7 and 3. 1- They are summarized in Table 3.S5.. These

three groups of factors ™ are interdependent and play an

-important role in determihing the mixing and aeration rates
and the maximum biomass concentration of the system. These
considerations were trianslated in the develapmentldf the

-

culture systems discussed in this Section.

N . .

The immobiliziq? structure .had to be fixed for
ef#icient immobilization and +to prevent biomass abrasion
aﬁd attrition. The matrix arrangement had to Pravide far
aé easil& accessible ihigh immubiliziﬁé area per unit of

reactor  volume.. Efficient inoculum’ attachment and

Subsequent * retention of the immobilized biomass were
ensured by using Material AO7, wnjch was shown in Section

Z.1 to surface immqbilizé plant cells better than other

materials, and stationary phase "plant cell suspension

"inocula. Material AO7 was available in  thim (1.5 mm)

-
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TABLE 3.5 y
DESIGN CRITERIA FOR SIPC BIOREACTOR.
- Criteria ’ Objectives Design Restrictions
, :(i 1 N ' '
‘ 1- Biomass L -
. y
- Wet biofilm thickness Minimize diffusion limitations (0,). 3 mn
- Het-to-bry weight blomass |Maximize biomass loading of system. H/D ~ 30-50
ratio . ' . .

Sensitivity to = mixing

- aeration

LY
Stickiness )

Engineering

Mass transfer

e

Culture environment -
hY

High biomaa%_concentretion

Procgss requirements

—

Prevent biomass dieruption, heterogeneity
and reduced growth rate.: .
Prevent ‘biomass hyperventiletion.

Prevent accessories plugging and hetero-
genelity.

Allow efficient, uniform and controlled
mass transfer to and from SIPC favoring
productive physioclogical procesges.

)
L

Allow biomass and medium homogeneity and
efficient separatipn.

Permit high productivity without hindering

mass transfer and-physlological processes.

Allow regenerative growth, media change—
overs and high reliability.

Low shear controlled
mixing, &

Limited aeration
rate (kja <15 h Y.

Suitable and

tion.

+

~ High A/V arrange-
ment.
W/D Limitations.
Fixed structure.

Matrix spacing and

biloreactor struc-—
ture. )

matched bloreactor
hydrodynamics and .
matrix configura-




TABLE 3.5 (CONT'D) .°

BRI A i Sl
/¢

. . .
M .
. e

. * L 5
DESIGN GRITERIA FOR SIPC B{OREACTOR '
Criteria Objectives Degign Restrictions .
L4}
3- Ymmobilization Technique ) ,
~ Tmmobilization process YProvide for low shear pumping and uniform [Matched bioreactor
, distribution of the inoculum in the matrixihydrodynamic and ma-,
' ! structure. trix configuration.
Initial low mixing
s and. aeration rate.
ch a :
Provide for rapid and efficient recruit~ [Use of Material AO7-
ment of the inoculum. and late stationary
* phase inocula S
(B-IOd ol.d)uE
’
-~ Biomass retention and YPermit a well aseparated two phase aystem ‘14a8 above.. ,
cgrowth and high blomass loading. Controlled mass
R transfer.
High A/V fixed matrix
. structure.
P \
- * _.‘t
‘- b . A% ' b
L] .-0
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'* ¢+ flexible sheets. One of Yhe most compact®configuration is

. 3

the fixed spiral structure. o 3 ‘
. ' : : . e - . ‘ e
’%ﬁ h : . - ‘ ." . . ' . o {‘ . ) . - .c)‘
‘3‘ ¥ The hydrodynamics of the bioreactor. had to provide for

. . » ’ ) - B

- ~_ the pumping and uniform distribution of the sensitive and

large inoculum Ithroughoqt'ﬁhe_immcbilizing étﬁﬁctur? with
'mfnima; -foaming. The resﬁlting +low _Q%ttern_lpad‘ -to
'permeate uniformly the whq%e_;quméééllioédéd matrix, -
canfiguration without creating‘dead valumes tﬁ.ehéure good

mass transfer to the immobilized plant cells. It addition,
. the system had to prdvide for an effeqtive*aeoatioﬁ of the
culture, its reliable stecitﬁ@contaihmeht and good scale up

potentigls.

¢

' szn fhis context, "the fixed vertical - spiral—wound

e immobiiizing structure }nstayled in .an airlift bioreactoé,
| " with the riser tuSe_at~thé center of the spiral, was ‘the

. altér;;tivé selectéd- which offered g_'heét “averall

J larra:bément.maetiqélthese requirements. A second related

configuration was  developed '@hich involved . the géme
immobilizing:_ structure - iﬁstalled in a ‘1 ow
he;ggt-to—diame£éh mechanically maénbfié%lgy stirred and
éig spérgéd bioreactﬁr. : . S ’ s

-

. . - .
-

Q

The main parameter that governed the design D? these

»

bioreictors is the thickness of the attached wet biofilm.

I
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transport (186).

. Also,

3 7, . RN . N < P .
- o - ‘-' .
1

] ~ R . ’
{; e ."E" ..4-‘ N L et _'12)8_ : . c

. LRV . T .~ - - e
L - -, o . . - . -
it hd S o - - L I . '_n

ﬁgnly % mltrng factor, as lgng as suffzc1en¢ miving is

_ensurag, dzf%usxon_q}tﬁgn the plant cells lanr-, %his .-
aspect is d%{ferent from the‘éell eglfapme;t‘1mmcb;1;3%tlon

w BECEES .
tEChnquE-. The integnal d1++u51on in the‘layer of cells is
a‘ﬁgrect functlon-c+_‘£he biomass nature, structure and
deﬁéity as wéll aé o+i secFeted extracellglar products .

(188&) . }Dr%¥u5§on of and microbial

<

oxygen nutrients in

was found to be in the range of B0 to 0% of that

-

®3n water (186). A critical radius of 80 to 2000 ¥m for
mold pellets  has bee& reported - for suf?icien} oxygen

LY

Information on the diffusion . within a

plant cell biomass layer does not seem to be available.
However, they have been igy/mobilized ' with good retained:

s - o 7 s
viability = - . ‘ . .

. ap

- in calecium alginate 'beads I 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.t0 3.8 mm has been ‘guggested that  permite

sufficient - oxygen supply +or retalned vzability of

immobilized plant cells (48),

- in polyurethane foam particles 1 em x 1 cm x 1 cm

- (170) and

~

'~ on. & porous membrane at a thickness of 3.2 mm (129).

the metabolism of plant cells being inherently slow,

-

it mqyﬁprobably be less subject to diffusion limitations



.

4 within ‘the prcposéd con+igu;atimn as compared’t? other *

systems (149). - o - - B

-

From these considerations, a wet biofilm thickness of

»

-~

Z.0. mm was chosen aé the basic design criterion for‘'the
current new system. 'This_wili allow ihmobili:ing 5—12 g

of dried tplant &e}l biomass (W/D ~ 25-30) per cm= df
support surface area. Béher design characteristics of both

- —

SIFC biorsactors _are ..summarized in’ the “two - following

+

Sections.

3.2.2 Description ot the 'SIPC Bioreacﬁnrs.

?
b

- £ L g . o
- 3.2.2.1 Mechanically Agitated Bioreactor IP. % =

) -

bioreactor is a 2 L glass vessel with a conical profile
. ‘ '
bottom. It is ‘agitated by a magnetic bar. fderatioh is

. -

- provided -thrpugh. a _sintered qlass sparger. The

éﬁ immobilizing material is formed . into a wvertical . sguare
Rl K

-
PLucs

made.of stainless steel FDds_CO:24 cm).. This étructureA is

j?itted vertically inf'ﬁhe bioreactor and rests‘cn.the‘top

edge of the inverted conical bottom. .

- ~

As shown in Figure 3.16 and -Table 3.6, this SIFC

spiral configufation with & supporting !'cage" structure.

52
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. ' _TABLE 3.6

'CHARACTERISTICS OF

-

Kt
BIOREACTOR IP. -

Chafacteristics.

« Dimension

1 - Vessel

In:ernal height

Inside-diémeter

Conical profile bottom
: - Internal height
~ Smaller inside diameter

2 - Magnetic Stirring Bar
. 'Length .
;é' Diameter

-

3 - Maximum allowed liquid volume (V)
(with matrix) ‘ |
. — Intermal height

\

14 - Ipmébilizing structure
Héight.

Net 1ayers spacing at zero loading
(Material thickness: O. 15 cm)

Numberwof spiral turms

Total availabhg immobilizing area (A)
Oy v > 9

20.0 ecm

13.0 cm

3.0 eml
8.0

cm

cm

cm
cn

10.0. ¢m

1 0‘35 cm

1728.0 em?2

1

© .. A/V (Max. Liquid and matrix heights) [0.89~1.03 ca~
, = ‘ : :
o . .,‘.L{l . o

N "
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The main characteristics of this bioreactor are its

height—-to-diameter (H/D) ‘ratio, the spacing‘bétweén the .

lavers of . the immobilizing structure and the total
el - .
available immabilizing area. The low H/D ratio of Fhisvn
- - - i

. bioreactor (respectively 1.5, 1.15 and 1.0 relative to the
“total vessel height, to the maximum liguid level and to the’
immobilizing structure heignht) were.seslected to ensure full

. permeation of the immobilizing structure by the culture

broth. This was achieved by the swirling motion imparted
by the miking bar to the liquid phase. The selected layers

spacing.(i.EE'cm) allowed a theoritical flow -~passage oOf

"0.75 em at maximum biomass loading of the immobilizing

+

structure. This spacing - limited the ‘length ) of . the

immobilizing ‘material’ that, could be wrapped around ¢he

holding rod structure to 85 cm. The available immobilizing

area (1728 cm¥) should permit retention of ™~ 15.8 g'(w)b ~

37.5) of drieﬁ.hlan% cell biomdss at‘maximqm'luading in the
bioreactor. This qqang}ty corresponds to dried biomass

. PR .4 R S
e immobilized in this system of

| i ” |
‘ 8.3 to 9.5 g.d.w./L ;?kﬁeactnr‘volume at the maximum and

v

immébili;ing'st?ucture.levels fespéctively. i

-

3.2.2:2 Airlift Bioreactor IA.

'l

The chgracteristics ot thigg SIFC bioreactor are

illustrated in Figure '3.17 and’ presented in Table z. 7.

'

——
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Figure 3.17 - Configuration of Eioreactor ia.
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) TABLE 3.7
R : CHARACTERISTICS OF BIOREACTOR IA
Characteristics" Dimension Characteristics |Pimension
1 - Vessel. ' ’ 2 - Liquid Volumes.

_ . (with matrix) . _
Internal height (H) 45.7 cm Maximum Cheight) 47.6L (45.7 cm)
Inside diameter (D) 15.2 cm - ' ' .
Slendetrness ratio (H/D) 3.0 Haximum allowed ¢h) 6.5L (39.4 cm)
Inversed conical profile . :

- height 3.8 cm To diverting plate (Vj)(h){5.2L (30.5 cm)
- smaller. diameter. . 3.2 cm To matric level (h) 4.4L (27.9 cm)
Riser tube- -~ T : 3 - Immobilizing structures.
- length (= I. structure 24,7 cm - .
’ ' ~‘.}might) :
- inside diameter 2,54cm Al B C
- location from bottom 3.2 enm
- riser-to-downconmer ratio 0.03 TLayers spacing| 1,12} 1.09] 0.92
' " (AR/AD)’ ' at no loading
: ' (cm)
Flow divertYing plate’ S 7
- diameter i 3.8 em Immobilizing 5400{ 6500] 8430
- location above riser 2, 54em area  {cm?) -
Accessories volume N 609 cc -|A/V  (em™ ) 1.04} 1.25] 1.62
(without Immobilizing D
material)

- . . N
1
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Bioreactor IA is a modified airlift & L glass vesse}.. It
is =aguipped with a teflon inverted conical profile to
ensure no dead space at the bottom ’o+ the réactor. The
immobilizing material is Fformed intao a vefticql square
spiral c0n+iguratidn within & stru;ture of stainmless steel

. =
rods (0.24 cm) welded to a central {(vertical) stainless

steel tube of a Z.54 cm ID. This structure is fitted

vertically in the bioreactor éﬁd is attached to the top
flaﬁge."The &éntral tube ot the immobilizing structure"is
the riser tube of the airlift. .

The main characteristiés, of this bioreaétcr are tﬁe
flow divgrting pléte,‘the.spaciné betwéén the immobili:ing
lavers and‘the total available immabikiziné area. The ¥1dw:§

diverting plate fs located on top of the riser tube at 1

x

diameter above its highér_end., Thi's particular medﬁéni;ai

feature combined with suitable bperafing.conditfons (liquid
. 8. .

level and aeration rate’ provided For uniform and effitient.

‘mixing withfn' the immobilizing structure (see Section
. -

-;2.4;1). The selected spiral layer spacings (A: 1.12 cm;

3 B . Coe

B: 1.09 em; C: 0.92 cm) allowed theorétical flow paséaqes
. . ‘

of 0.52 cm, 0.49 cm and Q.32 cm respectively at the maximum

blomass ?loading. of . the immobilizing structure.’ These
- - “ ) .

spacings limited -the length of the immobilizing material

that could be wrapped around each rad sholding structure to

117 cm (&), 133 em (B) and 173 em (C).  The guantities and
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concentrations of dried .plant cell biocmass that cbuld be
retained 'by these immobilizing structures arerpresented in

Table F.8.

The two SIPC bioreactors were designed‘Qithout internal
accessories other than those required for h?drodynamics
control and immobilization to prevent heterogeneity and

instrument fouling with the biomass. The control -of

temperature was ensured by operating the bioreactors in . a

.témperature scontéclied chamber. - The pH of the medium,

measured at sampling, was relatively stable and was not

v

contreolled. The dissclved oxygen concentration of the

medium was not controlled. .

Y

'3.2.3 Modelling the SIPC .Bioreactors.

.

In this Sectiom, a model is/Prm

-

nted that relates the
operating conditions, ~Mass /transfer characteristics and
> : . .

conf?@urétion of the désigned bioreactors to the befpviour

of the SIPC biofilm.” This model will be used to correlate

o . . &

the gfowth of SIPC_to tancﬁydrate-pgonéumption sinde‘;tﬁe.

immobilized bigmass cannot be sampled to measure

concentration without q}Smahtling the bioreactor. This

substrate is the major contributor to biomass formation and '

L

its concentration in the medium is easily . measured. . The

model will{be'extended-to describe some process engineering .

-
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TABLE 3-8

BIOREACTOR IA IHHOBILIZED BIOMASS CAPACITY

- IA Immobilizing Structure

A B c
SIPC )
W/D = 25
Total dried SIPC biomass 65.4 | 78.81102.1
(g d.w.) ' .
Immobilized Biomass Concen— ~| 12.6 | 15.1] 19.6
tration .
(g d.w./L of reacto _
. volume at Flow Diverting -
Plate Level) -
W/D = 50
Total dried SIPC biomass 32.3 | 39.4| s51.1
(g dow.)
Immobilized Biomass Concen-— 6.3 7.6{ 9.8

tration

(g dew./L of rgactoﬁgbf
volume at Flow Diverting
Plate Level) % "

»
Y,

i
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aspects " oF 'the induction of product biosynthesis by
elicitation. This last Section is preéented to cbmpléte

the model and has not been verified experimentally.

r

-

J3.2.3.1 Mass_Trangfer.

L
-

bigreactors are the aeration and mixing rates within the

immobilizing structure. The low oxygen requirements of .

.plant cells discussed in Section 1.2.1 (kea ™ 15 h—1) will

- . o

be met without difficulties by the airlift and stirred tank

. . .
bioreactor configurations selected, especially in a more

This has been verified experiﬁenta;ly an&awill be presented

in Section 3.2.4. ?

% g |
" -.. . ) - . o &‘
Mixing represents a more critical operational paramefer
..of the SIPC system. - The mixing rate gnd uni%or&ity;and;the
Z : .

mfmass tréns+er capaéity of both bioreactors are . closely

.related to the;n.liquid pumping capability. - This pumming

" rate for a stirred tank reactor is difficult to -evaluate.
‘ Lo

Correlations were developed ‘relating the mixing time to
geometrical - and operational parameters. The unique

configuration of Bioreactor - IP makes the amalysis of its

»,

hydrodynamics even more difficult while comparison to

- -

The main operational characteristics of the SIFC: -

- mass transfer efficient (surface) _immcbilization system..

K}

)
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culture of SIPC.-
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- -

existing. correlations age not reve‘ﬁnt. Cansequently the

mass transfer characteristics of E;oreactar IF were

evaluated only experimentally. They wer e pptlmz-ed for the

L}

‘
v

-
N

A theoritical hydrodynamics -analysis of the airkift

‘Bioreactor IA .can be more easily developed and was found

[

more useful considering the 'scale up potential of this
svstem. The liquid pumping rate’ of an airlift vessel can

N +

be correlated with its air flow: rate. However, this is
Hiffidulﬁ? since it = depends bnjﬁhe geometry of the system

and on two phase %19& hydrodynamics. Few iiterature

correlations exist that relate thése two variibles and that

can be applied to varied geometries (82,188).. ) L
. | o . R - _ g
B < '

.. T w

"» A system QEdmetrica}ly similar (Fiéec—ta-downtomer area
b o

~ -
f'.\' ' -

ratio » (As/Ap) ~. 0,023) to B1creactor IA (Am/An @ 0.03) was

styudied (52). It featured a mcre compleﬁ and‘,restrlctlve'

N > .

‘air, injection dévice and did not Jndlude_the‘xmmob111:1ng

. ..
- " : .
- .

struptuFEJig;tha "downcomer  section’ slich’ as - built 'ig}o-
‘ . ! 5 - . : B

Bioreactor IA. - The following equatidn was  origidally

v s -

-davelcpfd (82) basedgpn earlier work ¢(182,1§9). It was

modified to “take into accougg thé’above exceptions. it

relates- the induced liquid flow rate tG the airflow rate in

Eioreactdr IA. ‘ ' o
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g lp = pa) = GL‘“:E“ Ju) o+ E,p:

| L Ta L (3.7)

[t +ev + af ‘Ba) 1+ JL> f 2 + 4fd Bloned

+ APepm ' , : - :
where the void fraction o is given by

& = Ja/ (1.2 + Ja) + 0.357g0m (5.8)

APem, the ,friction.-lpsses-of the liquid flow in the

W

_ihmcbili:ing structﬁre for laminar flow (170) is given by

_ Julm(Da/2) 2 Kapy

';APT" —abs (2.9}
2 . 3 jﬁ
) o ot -
and e ’ ‘5 [

, 5%: . 1#%%1d mass flux #&g/m-.s),a" Ny ,‘; i
7R . & - » i 5, L -
Fo o -u\, v

= l‘_?* ? fength afﬁsem tube Sm) 4. *g_ ‘f,"

" oA ﬁﬁ .w s
og:" T gré%zév\ mnsﬁ%ﬁﬁﬁ&? 81 m/sﬁa,. '
- - 5 5 <
PR WL ) llvqu:.dnd,@nsxty (Lg/mz) y .- v
'b;f;' : gas'denszty (kg/mz), -
ij‘f-_ T 11qu1d super{1c1al veloc1ty (m/s?,
. ) ' L ’

. ja:. : gas superficial velac1ty€(m/s),
auvi . entrange effect in a tube ™~ 0.78,

N " Fanning friction fachr for turbulent flow

. : ~ in a pipe (¥ 0.008),

T

1
.-",f'l-"l._
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resultseof (82) fitted veryN\well the model. afnd can be

Jjea £ 0.2346 m/s:.

De: ' riser tube internal diameter (m), -
(L/Dr)wo™: eguivalent friction length associated to

the fiow diverting plate on top of the

ey

r?ser tube, ' ) ~ * ~(
Kaz ﬁédel ?aram%;et_equallto 12 (1907, .
Tues . IiQuid‘vigcositylﬂkg/cm.s); j
o v - : T
o a: ‘ spiral ;ength.ﬁ(&) . .
| baz ‘?gpiral sba&ing for liquid flow (m).
o A

Equation (3.7) was used to estimate the.llquid’pumping

-

capacity (BL) of. the bioreactor for air flow rates (Go)
varying from .1.0 +to »10.0 L/min. This range gives

superficial gas VE#ZZitieé lower than 0.4 'mfs, where

“‘ -
. -

. [Reny . 4 . ) .
reduced pumping. efficiency and onset of-_9qm1—annuf§r‘ two

e X .

phase ‘+1d§? regime were observed (182). The experimental

- .

correlated as follows fors @
. . P "5 . '

Ju = 1.93a + 0.42 ' ) ALY

T with a linear correlation coefficient .r of 0.98.

—

The calculated pumping.capacity of the biordactor can

be correlated similarly for je £ 0.33 m/s by

=
i}

]
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. i
>
= 0.78da + 0.26 L(EL1D)
“or v L K
A G = 0.78Qp + 8.02 (3.12)
. with 'a linear correlation coefficient of 0.95. The . model
( shows. ‘Qefy little effe:t (~1%) of the immobilizing
L LIRS '
”-s?rdcture, with. or without attached biomass, on ju or Q..

R _
- 44.1 L/m)

-the
-

‘velocities and the hydraulic radius concept)
" aeration réﬁes 1lower than
"stru;tures used,:regaﬁﬁless oY

flow wodd

‘E .
. . Lo, . .
vt . .
.

.- As mentioned in Section 1.2.1.2, a

u Iy

1.5 VUM ae?ation

<

raté'(7.afL/min for Bioreactor IA) provides for best mixing

) _,sin airlift vessels (81). Undeb‘%heée _cif&umstances

.

gThfé‘compares to mixing times
f{ ' LY . . !
(79) reported far systems
. : . o ﬁ‘ .
ysri+ied for Bioreactpr IA in
I . .

, Equafioh.(E.lz)'p;Ldicts

-~

matriyx = (Rew ™

2

v

n
o

reguire exces?i
rates (» 30 L/min). .

-

240~-3235

@ =

H

s+ the model predicts a ‘circulation time of 237 s.
of 22 to 28 s (81) and 52 s

nearly similar. ' This will be

Section F.2%4.1. -

-

. ; . k | X
laminar, flow mixing ~through
based on the éverage'liquid
for all

1.3 VWM and for the three matrixe.

-
v +

»

ibmass lcadingf\“Turbulent -
... T ¢ e

p , s P
liquid (and air) circulation’,

&
e
. & - 'I
€%
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The bulk mass transfer cogﬁficient ke ™for a flat plate
geametry undegy laminar flow mixing (REQ'{ S x'los,-in our

" case Re. £ 11000) is related to the system hydrodynamics

-~ and the liquid physical properfies by (185,191) -
. _ - L | N
_ ;. Sm o= 0.668 % Re_ts® % §.1/5 - L (Ea®
e e . . ~ ’
§L‘ . with: ‘ - , -
T . ) T T ‘ ~
A Y | e SUR
-~ Sh = Kol (3.14)
. Do .S
g y f L - / .
. S . ' rRee = 2¥Y& N ©(3115)
- . o . g ‘ . u -, ’ .
_‘ﬁ‘ " L] d, - @
- - n
) T i . Se = —£— - (316)
. - ADc ‘ ;
- ¥ ; - # é‘ . .
g where , . . & .
~ . s . x ' o ' . G- .
- - ker  bulk liquid mas%,transfer coefficient {(cm/s),
. o . “ e _
. o .Ls ﬁlowing*lenghﬁgof plate (cm),
) v3 - DLs . Jiguid di¥+usion'coe+ficient (cﬁ§\4£ﬁ, . f !
L \iguid velecity (cm/s).
v T ‘
NS ~ - :
' . ,In our case,-quationf(SQIEJ‘reduces-to : S
o e T . ‘
AV . ~ H ' . . - :
} \ - Z e L o ~" |
B A bl =_1,0128 f=a x vrez ' (3.177%
~ | s:ffl_ .
- ’ - '
: :Q _ ¢ . - 'd ~
¢ r )L%\,'
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A , I ¥ ) _ _
! ' which gives a range of possible k. values of 1.01 to 2.12 *
‘ R -
107 cm/s.
LY | :
. , Nt ' )
, '3.2.3.2 SIPC Biofilm Growth.
’ o ' T ‘
- ] ' o
5 ‘ The central theme of the model involves ?eiating “the

: gﬁg&th behaviour of Q-S{bc biofilm to the operational mass

‘ ﬂ‘:.\—'-’;;_'.',. . N ¢ " *
By e trjfé%ef characteristics of the bipreactor and to the
ﬁhﬁl - carbohydrate consumption by tﬁe biomass. - The basic
x physical model fs shown . in  Figure - 3.18. A plant cell

'
L

biofilm attacﬁed*tc a vertiEaI +Lat.immobiiizing_surfabe is
J@: . submitted to downward laminar flow mixing. . This biofilm is

" either growing or maintazined in a stationary prbductiye
' : . . L *

phase. The Model is semi-empirical since the growth (and
_ . : : N L !

- . N « -
S = secondary. metabolite production) pattern of a SIPC biofilh
is unknown. .The  model | links 'hacnp- mass transport .to
v macrokinetics phgnomena. . ’ §5F- <7
, ! A

{
P

. B ' - * ) - _ . . \ ot
'd . . .

L4 -

* This model is different fﬁam Dtﬁeés.presentd in the
. | ) A o T .

literature for immobilized whole cells .(186,192-197) -and

- N- » - .o . J . -

for biofilms (198-200).- It considers the slowness of plant
) .t U . - . ’ . ’,. ‘.

cells biological reaftions (days) as compared to migrobial

.to 1.2 mm) and dynamic biofilm attached to a fiat plate and
' ' = T - ‘ B - -
,‘: N : -not covered py-an‘entrapment memQFane; '

» . ’ b ”

kinétiés (bours).' I£ {nwolvés a4 thick (3.0 mm against DJEZ_

W
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'5T§E +Bllcwing assumptions, partly taken from a model

‘présentéd for immobilized whole cells (186), define. the
basis'DF'fhiglﬁqdel. -

Al—'The biomass generates no significant heat.and is
* isgthermal., . : R R .

a2- The macro’ mass transport mechanism~in the biofilm

‘involves only-fickian molecular diffusion, without

L
o convective o elegtrostatic effects.
‘ o ': . S ﬁ" " -
The diffusion’ of. oxygen; Aghd 'nqtrientg 1thrdugh

- -

microbial films (186) and in, .3 mm calcium alginate beads

. : 6 ‘
(201) has been found comparalfle to that of water. » An

]

‘effective diffusion cdé+ficient‘D.p.* 6.6 % 10=%-cm2/s will

be ‘used for the SIFC biofilm (48,201-203)..

AJ— The fmmobilized biomass is an homogeneous phase.

]
- . a

Active plant cells are assﬁmed'iuhifqrmly " distributed

L o I . L
- in: the  biofilm. its, Dem ' i8$ constant throughout and'is

independent of the physiological state of the bidmass. . ..
- . N 2 . .r l.‘ - - .
. . ) - “ . . . . o = sl

. A4- A transfer coefficient (k.) defines mass transport

[l

betwesn. the medi%m-and Iﬁe-ﬁioiilm. ’ -
. = AS- Mass transport %ﬁ,%nd from'ihg;biof{}m qgauré;ih
i one direction (y). - . : o e -
A6~ The biefilm is at séeady'stﬁte. | éi '.2 ; -
s g .o . —.‘.é - AN .:‘_11
;]: . . ’ - ’

~
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This is +,.justified ~ by = comparing thé maximum .
characteristic time reguired to establish a steadVJState

. c,
conCéntration ~ profile in the biofilm (d%/Dam ™ 3.8 hours) /
. . . . K

. | -

-

to plant\cells biological rates (division time > 1d). This

) to'itsiouter.féyéf. The metabolism of ‘the internéi/hasmass_

~ TN as- Theiprobleh is  reduced ° to-, depend ' on “the

implies that | ° \l
. - the medium is uniform thr ughout the - vessel unaer
sufficient mixing and - - T K

~ the concentration profiles in the pio{flm-ake nearly

-uniform, : B e
. N o - e e LT
- L. . - 3 . ‘_. ‘_" r -':- * ‘ [
A7- Growth of the biofilm *» is polarized in one
I . . v
<" direction (y). ‘ SR
. D e
% . : T :- - ' o o
Space restrictions within the biofilm confine growth
- ' ' . . C %

evolves prggressivél{) .. towards maintenance and
R A
. differentiation. : o , i oo
' ) . . ) ) & ) s, _‘ v
- o . ) . ' Ty s \

- -, il LI . . -

'

-

-
. -

* concentration - of ' one  species. This . species
will ‘Be the total carbohydrates .at . growth,

e . maintenance and redeneration. It would 'be' the
. ) 2 P : . ..

% .

i e
‘ &

D)

groug . of charactériétig alkaloids ¢

together during pkoggctinn/é@cretién:

ral

. _ - . -

(TN

inducing compound . "during elicitation .and- the -

consiéered o

-
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b ; A9~ There is only one major reaction and feéw-limited
- ? side reactions occuring at each stage of the '
g .- “proqess ({see "Section 1.3.1). They ihgiﬁde‘
+ Co . v S .
.= SR . . growth and . maintenance . during the - grawth
. .ot \ . h et ; S,
stage. They = would, include ‘elicitation at
- the induction .stage and biosynthésis/secretion, -
- S o . Ca - . e : -
< ) : - maintenance and _negligible growth -dﬁrihg " the -
- production. stage. . - , S ! . .
i - O R ' T £
. . i - - . . . L . . . ‘-’ . .
: It -was shown in Section 3.1.2.3 that the '‘growth rate
> e Q - , N . .
.. 73 of SIFC .cultured in flasks was constant-with time (< 8 d) _

. ~ * .as long as nutrients were bundant. In addition, - high\ .
Y " immobilization. .-efficiency ~ (>80-99%  “was  cbsrved. (0
~ - . _especially upon scale. up. . This .growth patteFn can™ be . -

' represented empirically by’ _ - IV . ; .

. - . -_’- Ad . . . - ‘. . .~.} . ‘. ‘._/."—"—’ .

>. - .‘ [ . . - . I .‘ \.' ’- l .

- SIFC (L= == + bt “ Lo 03I 18) L F
S . ’
. \" . o ‘ . , __‘\. " T . ' «
: . . ‘ . . - R
. . V‘ ’ '. ‘. ‘ ™. .o - v . - '
N r‘ " ‘ ) [ ': . ~_q ’ o -'d . -
- . where SBIFC(t):. average diried , . plant cell biomass .
L - . ) . . - T . A
- : vt . - ..- ° ~ P R .-
: oL E : L immobilized per cm™ of support surface area .
-, - ." N h_ . .- . r.f -0 r ’ | (md d - “f"' /sz) ¥ ‘ o -’. " P .. .‘.A )

~ - ‘ . . P - .‘ . '. I . '. . ) . - l .hx‘ .

_ To:® f - quantity . of inoculated -plant. cells (mg ~(;//

“d.w.) attached to the :support material, Y
., ) . e, ' ‘ | .
Co . which corresponds to all the inoculated -
' “ i k-'! ’ 7 . ‘ - . ’ ." ~ ’ ) )
- i - ) - - Lo
o e _ R :
. M -,}- ' . - L’. . i
, N : .

. -
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blomass at hzqh immopilization efficiency

. as observed,

A ’ ; available ".suﬁpcft - surface' area for
: ' -immcbilizagicp (cm=y , .
o Ty . cu;éuqe t;me'(dz,,' . ’ - |
- - . » :
bz .' ' grodﬁh rate of thHe SIFC pié%ilm on'fhel
. ‘suppar£ materiaii(mg d,w.zemf.di. . :
- . P

ThlS growth pattern Was also Dbserved upon scalg Cup of

4
k3

-1£h€ SIFC techn1que i the bloreactors descr1bed in bectlon

-~

I.2.2 (see bectloﬁs 3.3.1.3 and i ) wnlch'cgqflrms:the
} o ‘ . - . - o Y ,
‘usefulness -of Equation é?. i8). :
T T Co -t . ) e .

i . -/ N <

.. During’ tpe growth phase, the bulk and biofilm

diffusion fluxes of carbohydrates ~at  ther Hiomass/medium-

v
. !

- - . . . - " N 0 R - <
interface are at equilibrium with the slow consumption

- . ~ -, ' -\ - PR . ...‘ ) . .,‘
‘rate. © The . biofilm concentration . profile is uniform h' .

. -

(%§sumption A&). This is wepresented: by

N ) ‘. ) -:' - _' B . . a A i
\ - - . . . . ' . N * )
ki (Cn .= ca,)QDB (e - C» 9%—?-’— SRERTHY
. - . 5 . Lot l . > e
T ' Ll - ¥
whereg A:x 5gn£hca¥§rea:o¥_th bjofilmf(cm=), BN
Cwet bigfilm thickness (cm), ) g
. \ S L .
Vs ="A % & : . M s
. . - - . 3
<K‘ Ve volume of biofilm (cm™h, ..
. . ) ; ‘ .
_ 2
€ 0- ‘ .
7 O
S |
~ .
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‘fcarbohydrgtes.q' Equation (3.24)

T

(:.18) o - JESS
. ~ e -
X ’ L

results

Equatxons (3.21) to the emplrlcal growth @Pdel of

. _ T}E&— , -
‘ :
Cz concentration of carbohydrates in the b10¥11m
.. (C), at ‘its “surface (Ce) and in -the bulk
liguid phase (Cm) .(g/L). :
‘The solution af the mass transport part "af this double
equation gives: - - S . - N
— . ! M - - "' R ? 4
T . E.Ch + C i
- .Ca. 1+ B; \u_...U)
T .er - . . .
e ‘ ’ . ' P ’ i
; R . < : T 3
N = L . N c = CB(’]. bt Bg) -~ BgCa :-2'1) -
_ " ‘where Bi, the Biot number, is .defined by
S . T . (TR,
. . anﬂ . i .
Tooe A | R
- . L The carbohydrate -consumpt;on rate in the bzolem can |
< : : -
,,f"be’aevelcped as follow. @ " <
&= . - . ) -
- ) X 8¥nC) _ 1- d(Xx) (.23
‘ dt v: dt . L e
' . ‘ , , x
*, Lo r ! 'o
R 3'wﬁer9'y£‘is the‘immobilized.biomass (RT) yield relative ~ to

from combining .

' Equation

4oL

. (3.24)
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The cnmbﬁnatibn of Equationsc (3.2 )E (3.20) and (3.1

a

gives
~ b . -
L B2 Ce ~ — (1 ¥ Ba)/ke : (3.25)
[ yj. . R 7
- If-appropriate values of the parameters -are introduced
©in Equation (3.2%), it can.be shown. that C,'  the

-

concentrq}ion of carbohydrates in the biotilm isAnot‘very‘

much ‘different {from the bulk medium concentfation.

u - g- .
. C=Cs - 0.2 - 1.4 /L L (3i26)

This is explained‘by'visualiz;ng the growth of a ‘SIPC-t'

biofilm as follows. During - the * ifgculation = and

immopilizatidn‘phase of thetérﬁcéss,fthe biofil@_ thickness

is small "(Bi,™ 0). Browth occurs.at ~Cep.’ As the biofilm

thickens (E, }.0;, growth is rcﬁncehﬁrated mainly at the

biofilm outer layer since no-space is available imternally

{or—éxpansipn'and_pivision (assumption A7). The - growing -

~ .

bicmass la;Lr'seés mainly the bulk mediumxcarbahydrate (and

'Dther‘ nutrients) -cohcentrat;%n.; The  internal biomass

experience
metabolism to a stationary behaviour. This internal

P s i . Do . o 2 .
biomass 1s exposed to nutrients diffusing from the medium

- '.

and nét'useq‘up by the -éxternal grﬁwing laver of the-
. . LR - om \

T RV

progressive grcwth‘.decliner and adapts its . .
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, . . ‘ . . . a‘u‘rzh,‘:t
' L. - -j-:: ’ 131 .
. ) ~
biofilm. - _ . ~ _ oo

"The biomass vyield of & SIFC culture may somewhat

[

decline with time* as +the proportion of stationary te =

growing _ biomass " increases. This is . related to the

: immobilizindaarea avaiiable relatiVe to_thé_cuitu?e’yolume:

Some important comclusions can be drawn .~from these

- -

considerations.

. R -
\ T -

. 1- The growth rafe of a 'SIPC biofilm - is not masév

R . . - 4%
transfer limited above some minimal miving ‘

level insuring a sufficient. supply df critical

Autrients (oxygeh) to the plant ';elis and possibly

-

the removal o¥'ihhibitory met.aboli't'e's4 .

_2-Théﬁ;o¢tihgm ixing rate of a SIPC culture will

be deiermined:.to ;fd1¥i}b ‘satisfactorily ‘ather

process FEqéirements,' fq: ékample' thé,trangfer qf‘

sufficientf éxygén from . the spargedﬁgif<-£a the
o "liquid‘phase'fk;a, see Section Z.2.4). . -
'Q 3 The raée of ;afbohydratelconsumptioq b; thé“biomas§
v

can be estimated by' the rate of - carbohydrate -

disappearance from the medium accor&ing to Equakipn

‘)‘ h -
« v . . - ) -

- . 3 . A f - -
. - .

- - 45..-'
The / growth rate of the SIFC biofilm can be estimated .
_from the rate of b&rboh?dnaﬁe disappearance from the medium
. . - ' - " - C b 2 : . . ) \ "
.ﬁ t . ‘ ) | ~ . . ':.' K_b.* - . ) __.\
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Ef according to the following equations.
I _ ' S _ Y2 d(¥eC) - -
TG _ .. | b= A Tdt o —_ (5.24)
; ' ' ¢ :
=X_’-_E'.; b 1+ B ' F.2
! . b = & 3 (AsCa . )} (3.27)
. _ . _ _ . o
e b= Y2 T d3 dCs, _ _Ab_ d8 Mops 98,7 (3.2
A o= &> [ACe FE * 8 FHD ~ JTRobogDem gr * 2kd Gl G.2@
N . | “ﬁ '
’ Cbi—,, (5 8Ce .88 o _b.gl+ 3By a. (3.2
b=y e e g [ca - T2 ] (3.29)
Thel biomass yield (vs), the mass,transfer parameters (kh;
o e " Dam) and the:biofilm grdwthﬁrate (b) were assumed constant.
N e . . oo
By "introducing in Equation (3.29) the value of the results
é: : - arvg pagameters presented previously, it can be shown thét'
its second term oOn £ﬁeﬂ right harid side is relatively
Smalier—(i 30%) than the Ffirst term during the growth
phaseﬁ‘ Cahsequeﬁtly - the SIPC biofilm growth rate can be
cL : o éstimated by, .
: S E P . :
| L v B = vhs (dCasdt)m. ";} . (3.3
. 'f,’f ﬁfThis’fé@eﬁhgisfeﬁt“with the growth mechanism of ,a "SIFC
- ;; PR 4(-’-.:_ - p .‘,_ R ) 1-. ‘ \.'. CL . kY . B
.“ . " « " ‘biofilm proposed ﬁreViqusly (Equation (3.26) and.assumptind
- A7).  Equation (3.30) - was derived . relative to  the
oo - carbbhydraié' .concentration- -in the bf%?ilmj (dCa/dt) m.
e '-whefégs-the‘tgrbchydrate disappearance rate frdm the. -medium
P - dCa., . o\ . : - . T : .
GET o (EE_)M is the measuwred parameter. These_ two rates are
l‘ . ’ ‘ . - ' . t fro. . A - . ' ¢' “
S e _ . ~ . ‘ . .
e - Do . . .. ’ N
! A -);' O : .; °
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[ o .
e related by their respective phase volume. Eguation (3.27)
must be modified accordingly -
‘ g P
. . " o ] . -
g -~ \ b 2 yo5¢9Cmy VY (T'?l)
e Yarige ™ Un e
5 ~ Ve ,dCm - =z
b = YJ.T (a-{:—)m . . v o -(“'-.;.-._’2)
'“‘. ‘ .
The empirical model of Equation (3.18) can bhe rearranged
[P ip tha simple following eguation.
.4-.'\) . N . . . A, ) 'b -
S | I dC S
. _ SIFC = % {Io 4 YaiVm (a_t_"ymt)_ : (Z.33).
» This equation allows estimating the amount of plant cell
- L : . ) . -
- -biomassﬁproduced and immobilized in the bioreactor during the
gféwth phase from Known parameters (A, Io, Vm and t} and gne"
'measuréd variable-Cm.“Thé‘biomaﬁﬁ vield factar (y.) of the
SiFC biofilm is tﬁe only parameter which needs to be
determined empirically and seems to decline ‘during'-g?cwtﬁ‘
. - (Flgures ?.¢9_and Q.ﬁ7)l ‘ ‘ .
# . N _ ) ._ - . , . . - .
. . B . oo U
"“-' - o . DR
et P 3.2.3.3 SM Froductisn. . | .
;l v The product elicitation and biosynthesis phasés of  the
< b o y : o ' o
e .t process may be more subjectntg.mass .trgnsfer restrictions
> ' ‘ : . L e . '
- . than  the growth phase because of the higher reaction rates
- e 2a ‘ ' _ * .
~ involved (2 6~72 hows) and/or of the limited .sdlubililty aof
SA Y e : - - -
d - . T -

TN
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-

the moving compounds. These steps involve a thick (3 mm)

and stable wet SIPC biofilm and sequential transport

-
. processes.

.. At the product -elicitation stage, no Eeal reaction
takes place. Some’signalling to the plant cells . by the
inducing 'coébound(s) occurs. The main concern _is'tﬁe
minimal degree of“ Cpntact (C1re) achieved between the
eli:itor éampound(s) and the plant cglls after the 24 howrs

cf'thetelicitgtion period. This is essentially a transient

passive diffusion problem through a biofilm of constant wet

. thickness & which has been solved (204). .

The sitdatidn'is equivalent to dipping a flat slab of
an absorbing biofilm (total thickness of 2%& + the

immobitizing material thickness (t1), -with coordinate

- e

y' = y = twi/2) into a well agitated solution of the -

eli:iforncompouhd(s) (cnncéniratién Ca;). " The .transfer
“area is much larger than the slab thickn2§5 (6500 em=/0.75
cm) . Cbnséquently the transpart.af‘fhe eliciéor compound (s)
occurs in one direction (Q‘). The initial concentration of

. the eligitor compound(s) in the biofilm (C,) is zero. The
biofilm volume (V> 1is smaller than the medium volume
((1.95 L < I L) and is largely occupied by the wet biomass.

These two conditions make Css approximately constant.

Transport in the biofilm is mainly by diffusion. ’

- !
- ) -
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with n*, an integer number.
. T r

e

i L -159-
_ .0
' . . o
This situation is described by—Fick's second law
| 32C, _ &Ci ~ av
ar : - .
=0 364 . ’ wh_,
Daw Sy ',; = at" - o . (3330

. . ”

upnn.writting_concentratioqs in the following. dimensionless

¢

form - -

6y = Ciem = Cu _ (3.36) _. -
. . Ci- ’ . ’ 'y

~

with Cra, the concéntration of the elicitor compound(s) at

the biofilm surface. Equation (3.35) 'can be solved by

separation = of variables with the following boundary
conditions (BC). - ’ ~
-V R R e
BCl: ——— = 0 at y" =0 for all t.
3y . e ) . ]
BC2: 0i = O at y* = 1 for all t > O with 1 = ‘ .
8 '+ tis/2. - N ¢

BC3: 04 = 1 at t = O for all the biofilm.

' The general splution of Equation (3.35) is

: '.. 4 {(—1)n? (Zni+i)my " . (/2,—,:4.1)2,1: .
i (y 8IS0 nEo (2n1+1)hcst 51 Je— (== e Den)t |
: (3.37)

~

A graphical solution of Equation_(SLE?) is presented (204)

. . . , - . .
which shows complete saturation of thetbiofilm with the

-

N . - i
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elicitor compound(s) ‘after ~ 10 hours of contact. 5. - -
[ ~ wine -

o . -9

After this elicitation _sfage, the medium is changed

and biosyhthesig'of_éécundary metabolites is assumed to

-

start uniformly in _the biomass (Fx). A fraction () of

these products is secreted in the biofilm .(Pa = #P,) under

stimulation it required. Subsequently  the secreted
products dif#use in the biofilm towards the. bicmass/liqufﬁ
. / - -

" interface (Pg) where they. are swept away by the flowing
ere =g !

medium (Pw)- The mechanism(s) controlling this. stage of

the process may be

— the inherent biosynthesis kinetics of ’plant cellé,
—= the & requirement 'fér- some kind d& 'continuohs
stimulation for biosynthesis, ' _-' T

- the secretion 6% the SM in the’biofilm,:
—_;he'rémoval of these compoﬁnds'from the biofilm,

— the saturation, either chemical or mass transfer, of

the medium with the compounds,

- . o~

- séme other-bioreaction or

- a combination'of these factors.
A

The +few reports available on the elicitation of plant

cells cultured in suspensioQ;shéw bést produttivity‘figures

of  0.0025-0.0003 g sm/L.h and ¥ ¢ 10-50% (;14,205;. These

figures indicate that tHis process is’.moré“'biologi:ally
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T »

-;éther than mass transfer limited. Equilibrium ,0f fluxes

at the liquid/biofilm interface (as Equation (3.19)) gives

kLB(Pa — Pm) = 2228 (pg - Pa) = Vaf e (3.38)

or S N | _ Efﬂa-_'f" B
.153, (Pa = Po) = & = e
or ‘ J." ;:. ; ) ' I
’ T%E:.({Px ~ Py =&f G9EX }3:€9?

Equation (3.40) represents the production stage of

this process. It contains numerous -unknowns. The inherent

kinetics of . product biDs?ntHesis . by surface immobilized

plant cells under medium induction or élitiéat;on and

-

product. secretion has not be studied and was riot part of

- . -

the scope of this project. This equationﬂis the starting
point of - the engineering evaluation of this production

process.

. " ' | mm—

-

A
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3.2.3.4 Process Efficiency. : v

. .
- .

‘The hepabp}ism of immobilized whole cells is generally

sensitive to . mass transfer: Growth :-and~ ‘production

bioreactions are élosely coupled to external mix{ng-and

internal diffusion. ° The controlling process, and its

effect _on - the productivity of the system, can be assessed

r

L by using”the effectivenéss-¥actpr‘§oncept.- “This épproa:h

+

‘can be used to evaluate the validity of the process model

”

- . o~ ] .‘ .y 2 .
presented in the previous Section. There is some confusion

_ about the apﬁlicatipn of - this concept to whole . cell
o . . o 5 // B ?
ézg ~ immobilization (194,196). This can be resol ved by

S,
AY .
e .

disgéhéhish;ng_the following two factors. I

-~ -

An Efficiency Factor céﬁ be defined a;ﬁfollcws.

L N B vac/vee | | - (34107

! -

“

where vic: rate of reaction for immobilized cells'(git.d)

N
-

i . . ‘ . :

o e VYl rate of the same reaction carried out under

e c¢ N A o
tdentical conditions by free suspended cells

L €~ V2 = ~ S -
) B ‘-L . .‘0 ! .- ,_J
’ ' This factor is not an effectiveness factor, as defined
éﬁ? : in traditional chemical engineering (186,196). It includes

-

S
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diffusion. This is generally represented X186,196) by

- _ s -163- . o

+

- mass transfer effects (mixing, reduced  transfer area and

Q ., -

diffusion thfough a biofilm) . and .physioclogical éf%eéts
{morphological rest, close cell packing, -reduc?d growth,
exposure to a microenvironment different from the meqiuh
and influerce of the immebilizing matrfx material). In
fact, this last series ‘Df effects may enhance cértain

favourable biochemical reactions and ‘make M ia?ger than 1.

-
)

The Effectiveness Factor used in traditibnal~hchemical

engineering is defined as

T (3.42)

Na .- Vie/{vic) ame.
where (Vic)mme®! rate of the same reaction for immobilized.
cells (g)L.d) carried out under identical
conditions but. withouF mass transfer

.« . limitations. ™~

L

This factor depends on external mixiﬁg and internal

¢

-

. fe = £(sh,@B,5.0 - .

-

(3.43)

. where ¢, the Thiele modul us is defined ‘py .

N r ) r -
'qﬁ = vmes/czn.,g.‘rrS vzdC )22 (3.44)
o c _ : . 3

.
s
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with vig: reaction rate at the surface concentration C'g -—

" (gsL.d), T - | A

-

, vis ‘reaction rate in the biofilm (g/L.d).
The effect of both mass transfer operations are assessed

as follows.

1- External mass transfer. ' ' ‘

When the . condition 1 << B, (Equation (3.19)) <<¢ is

~

observed, the effect of the ratéfbf external mass transfer on
5 + .

the process can ' be evaluated by definipg‘ an external

effectiveness factor 7 as

ket —_ . .
n = va/Ve - _ (3.4%)

: . where va: actual reaction rate (g/L.d) and -

. i ¥ ) s ‘
Vel reaction rate.at bulk concentration (g/L.d).: .

. - .

“ This can be fg?ther represented by an observable modulus -0

defined as. ) ' . o,
s —

D= vad/keC'a . | (3.46)

Rapid externél mass transfer (ke C'% > Vad) impries-that

o



g

T - :Tasé"

1 << 1 and the reaction rate controls the process. While

‘rapid reaction rate means

 >> 1 and external mixing
controls the process. - , ’

—

. - '
2+~ Internal mass transfer.

~N0C
When external mass transfer'resistance is negligible

(B4 >>Qb), Ne 15 given by
. , : BN

' fe = f(kinetics,$,Den) = £ | (3.47) -

-

This can be expressed by an obse;véble modulus .

]

At this conditinn,‘and as per Equation (3.286), C'a ~ C'e

and : - ' o

- g = Nad® = vad=/DenC’'s : (3.49) -

.

When the effect of diffusion becomes negligible, for .example

when the biofilm thickness is small or when the reaction is

-

slow, .

g ¢5<< 1, Ne=?l and % << 1 , (3.50)
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and the process is bioreaction controlled. Whereas diffusion

‘restrictions imply

P>> 1, ne ~ 1/ and & >> 1 . (3.51)

.

and the reaction may be mass transfer controlled. Froduct

inhibition coupled to low diffusion rate could also produce

a similar result.

-

P
-

Within the context of this research project, evaluatién

of the immobilization efficiency factor (n. as defined by
) - . 3

Equatior’ (3.41)) would be particularly difficult. The

—_

culture of a plant ceil suspension in a bioreactor at
identical conditions as that o an..immobilization system
would be difficult to achiele. A comparison will be made

relative to shake flask susgpension culuring.

~

The slownéss of the bioreactions associated with the
. , ; _

.metabolism of plant cells relative to the rate of the mass

transport processes involved suggests ne ~ 1. This can .be

verified by the following equations.

R .
1— External mass transfer. . -

Equation (3.46): 0 = vad/kiC’'gs << 1 (3.5

-

4
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. This equation gives.

T e

- . .
+
-
~

—_— " va << §7.6 C'm (g/L.d) (3.53)

Y.

e

2~ Internal .masSjtransfer. _ . .

Ly

: .‘ --.." 7 . V-5= - . * -'
Equation (3.49): T o= YRR << 1 (3.94)
: . g 2] - I
- This equation gives : .
Va << 6.5 €C's (g/L.d) ' ' (3.55)
‘ -

The model of the SIFC bioreactors presented in Section
3.2.3 and the effect of mass transfer on this type of
culture (n: and ne. (Equations (3.53) and (3.55)) will be’

discussed in Section 4.0 in"relation ‘to the experimental

results presented in Sections’ 3.2.4 and 3.3.

-/

&
3.2.4 Mass Transfer Characteristics of the SIPC

Bioreactors.
: . T
: .

‘

The uniform distribution of . the _inoculum and the

homogeneous mixing of the IiQQid phase within the
T : ' | , .
immobilizéng structure ahd the supply of sufficient oxygen
to the culture were significantly influenced by the mass
. . [ { . . 7
transfer characteristics of the bioreactors. . The objective
. . : '
o
| .
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-

of this Section is to determine suitable operé%ing
: . _ : .

conditions of these systems to meet these process

requirements.

-

3.2.4.1 Bioreactor IQ.

The relative mixing—timé (Bmi and the 6xygen transﬁér
capacity (kea) within® the immobilizing structure of
Bioreactor IA are mainfy a function of the immobilizing
lavers spacing, flow aiverting plate location, Am/fo ratio
and operating conditions (ltiid height and aeration rate).

"The immobilizing layers spacings were determined in Section

™

ul

m

IPC.

—~

‘The flow diverting plate is a siénificaﬁt structural
_feature of éioreactcr IA. 'The importance "of its position
above FtHe riser tube to the system’s mixing efficiency is
-illﬁstrated in Figure 3.19. The 8. in the .C laver (Seg
Section 2.8) was seleéted to represent the relative mixing
time within the immobilizing structure. This was the lgyer

of the most difficult fluid access which codld be fitted

with the pH elect?odé. "The 6., in all other ‘layers Awere

found identical (42 * 2 s) and compared to 14 s in the

reactor peripheral spacing (at an aerafion rate of 1.56

N - \ : . .
.2.2.2 for high biomass loading and fluid access- to the.

.
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Figure 3.19 - Mixing time (6,) in EBioreactor .IA as a-

v

function of the,flow diverting plate height
(DPH) abt:;va' the riser tube. |
Qa = 8.1 L/min. .
Hoe = DPH: 4
. v : pH electrode in the external layer of
| the immobilizing matrix. |
/\: pH electrode in the Claye‘;‘

No diverting plate:

’: pH slectrode in the external layer.
3: pH electrode in the C layer. -
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‘;‘ . VUM, a Vo 2

= 5.2 L and with the.flow diverting plate located

at 2.54 cm above the riser tube).

'Mixing within the immobilizing structure (6, ~100 50
was, inefficient as compared tnl mixing in the peripheral’

space (8m ™~ 20 ) at .liquid levels (H_) higher than 35 cm

(or higher than 7 cm above the immobilizing structure

height) without the Fflow diverting plate. In fact this

o

shows high’ flow by-pass (™S/1) above the immobilizing

structure and in the peﬁipheral spacing of the reactor.
Be}ow'this Mo of 35 cm, mixking is comparatively less
=4

efficient everywhere in the reactor (€, ~ 130 s against 105
‘: -~ s) even if the mixing rate (VUM) increases inversely té_ Hoe
decline. However, at Hg;“-immobiiizing structure.ﬁeight
(27.9 cm)., this frend is reversed, with better mixing

inside the stiucture (dm ~ 3I0 s) as compared to the

Fl

peripheral spacing (0., ~}@5 s) sinmce the fluid is uniformly

~

gistributed over the spiral structure vertical flow area.

‘

The flow‘diVErting plate located above the riser tube

improves significantly the mixing efficiency and,uﬁi%nkmity.
across the whole bioreactor vertical flow area (0,}“’15—25

d{' ~++ s in the peripheral space and 25-55 s in_ the,.iméobili;ing
Ma L e : _ o
Tt structure). A best location of the flow diverting plate

o

. (and of the l?quid height as shown-. in Figuré 3.20) is

- -

(' ‘ : dbs_er"véd at 2.5—3;‘5 cm ‘above ‘the riser \t‘t_.fbe,. A. location of

o



2.5 cm was selected to minimize the required medium volume

for a suitable operation of the bioreactor.

-
-

The effect of the operating conditions on 6m are
summarized in Figure 3.20 for the best flow dLvertingAplaté

position. . The liquid level relative to the flow diverting

-

plate location affects 'significantly the uniformity of
mixing in Bioreagtor IA. At H_ higher than the flow
diverting plate location (30.5 ;m‘from the‘ reactor bsttém-‘
or12.5 cm above the riser tube), mixing in the immobilizing

structure (6, ™~ 110-200 s) is less efficient than- at €ha

- e

véssel periphéry (Om ~ 10-20 .5). At H. iower tham 0.5 cm,
this is reversed (9, inside ™~ 45-70.s against 0, ~ 20160 s

at the periphery). As. a result, a relative "mixing
. n . .

uniformity across the whole immobilizing structure vertical

floaw area 1is achieved: by' maintaining. the liquid level

I

+ ’ .
between the top of the structure height (27.% cm) . and the-

flow diverting plate height (30.5 em). This corresponds to

an effective liquid reactor volume used of 4.4 to 5.2
litres. Little improvement in 9. occurs above an aeration

Q‘ . .- .
ratée of 0.9-1.0 VYVM.

The measured relative mixing times présented in Figure
.20 - compare to ‘ the literature values of 20-50 s

mentioned in Section 3.2.3.1 for similar systems.  These
. =Y L \
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function of ‘the liquid volume (H.) ang

aeration rate.

DFR = 30.5 cm.

o
w

Liquid Levels: 1-

L/39.4 cm.

Figure 3.20 - Miking time {0m) in Bioreactor IA as a

> -

R 2- 5.8 L/35.4 cm.
3- 5.2 L/30.5 em (DPH).
v
4- 4.7 L/29.2 cm.
S5— 4.4 L/27.9 em (Immobilizing
& ‘ .
"o ~ structure level).
.: pH »_e_lectf‘ode in the external
-
: layer.
c X : pH electrode in the A layer.
R EJ: - pH electrode ih-vghe .B,C,D
RN

layers.

.

LI

A\: no immobilizing structure.
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relative mixing times compared-also well to the average

_circulation times predicted by,ﬁﬁé“”hydrcdynamic model - of

Equation (3.12) when the immobilizing structure was removed
from the bioreactor and when the pH electrodes was lacated-.

in the peripheral spacing of the bioreactor at He 2> 5.2 L.

\

.As " mentioned in Section.3.2.3.2, mixing should have
little effect on SIPC bipprDCESSES’ as long as’ séme
uhifcrmity is achieyeq.' The results presented above show
that the ¥low diverting plate and proper level control will
provide for the degree of mixing uniformity Fequirad. In
particﬁlar, the unifdrm distribution of the plént cell
sus;ension ‘inocdluﬁ. with;n the immobilizing structure c#n
be achieved easily and- efficiently by maintaining the
liquid -Iévell at the -structure Lé?ght (4.4 L or 27.9 cm)
ﬁuriﬁg the immobilization period.

The'oxygen trahsfer capaéity (kea) of éioreactcr_ IA
was heasured as per Section 278r2. Results are summariééd
in Figure 3.21 énd Table 3.9. The results of Figure .21
show Ffairly linear correlatiang between kha(h—*)'andlfhe

aerafion rate (Vv¥M) according to the. following equations. ®

Line 1: DO probe in the peripheral space.

kea = 13.5(YVM)- + 3.5 S (3.56)

o
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Figure 3.21 - Oxygen trané&er‘capacity of Bioreactor IA as
~-a function of the aeration rate.
Vo = 5.2 L. : .

DPH = 30.5 cm.

DO brobe in the external lavyer.

DO probe in the immobfiizing structure.

~

0> 4

without the immobilizing structure.

L
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8.

OXYGEN TRANSFER CAPACITY OF BIOREACTOR

. TA AT AN AERATION RATE OF 5 L/MIN.

Diverting

Ligquid,Volume Aéraﬁioﬁ Do Presence kLa
Heiéht ’ Rate ;robe Plate of
(cm) (L) (v) Location Ldtatiou Hhtrfk (x~ Y
' (cm) |
“ .
1} 305 ¢ 5.2 . 0.96 External |  31.0- | Yes 16.5
2 1 30.5 1752 0.96  lIn Marrix! * 31.0 | ves 3.9
31 30.5 ] 5.2 0.96 | Macrix!  Nome Yes 16.7
‘ 44305t 5.9 1 0.85 lEctemal ! 310 | N 14.9
51 39.4 { 6.6 | 0.75  External 3.6 1w 14.1
6 1 39.4 7 6.5 0.77 Internal 31.0 | Yes 15.7
71 39.4 ] 6.5 - 0.77 Internal None Yes 15.8
8 | 27.9 % 4.4 114 Internal 31.0 Yes 23.9
9| 27.9 ] 4.4 1.14 Internal None Yes 20.6
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Linear correlation coefficient r = 0.99..

Line 2: DO probe in the immobilizing structure.

kea = 11.3(WH) +. 3.0 ' : (3.57)
Linear correlation c?efficient r = 0.99._
Line 3: No immobilizing-strUcture-in the bioreactor.
kea = 14.8(VWM) + 2.8 (3.58)
- ~ Linear correlation coefficient r = 0.99.
/ .
/ . -

The k.a coefficient is not' dramatically affected . by_
the .immnbilizing s%ructure. It is only reduced by its
presence by 9% and 24%Z in the pefipheral space .gnd'_within
the immobilizing structure. As shown in Table 3.9, the
+lbw diverting plate height and'high liquid levels have no
significént effects on kLa. -whereas'kha is increased by
S0% over the expected value obtained from Equation (3.57)
when the liquid 1level is maintained at the immobiliﬁing
structure level (4.4 L)._-.Consequently,' a best aeration
rate of Bioreaﬁtor IA is ™~ 0.9-1.0 VVM.“.fEis condition
ensures good mixing and sufficient oxygen transfer to the
medium (kea ™~ 15 h—-3%) for good gréwﬁﬁgpf plant cells as

recommended in Section 1.2.1.2Q
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3.2.4.2 Bioreactor IP.

- L]
The relative mixing time (6.) and the oxygen transfer

;apacity of Bioreactor IP within thé immobiliéing structure
are mainly a function of its operating conaitinhs (aeration.
énd mixing rates ‘and liquid level). The main structural
features of Bioreactor IF (immbbili:ing layersrigggiﬁg and
stricture height) have been ‘determined for high biomass
loading and fluid access to the immobilized plant cells.
The 8. measured inside the immobilizing structure of
Bipceactor iﬁ are.presénted_in Figure 3.22 as a %unttion of .
the mixing rate. Littre\\imprbvement in internéi mixing
occurs above an agitation rate of 200 RPM {Impeller

Reynolds Number ~ 19740 or Tip speed ™ 81 cm/s). At this

mixing rate, the presence of the'immobilizing structure has

little effect on @m. The lowering of the liquid level by
16% (to the immobilizing Structﬁre height)-increases €m by
B0%. This emphésized the pﬁsitive effect of the .liquid
level above the immobiliziﬁg structure on the mixigg
effi;iehcy _inside it. | The mixing times measured  in
Bioreactor IP compare to the  mixing fimes-measured in

Bioreactor IA.

-

The effect of the operating conditions on the oxygen

transfer capacity (ki a) of Biareéctor IP are presented in

I8
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Figure 3.22 - Relative mixing time (6m) in Bioreactnr.IP as

a function of the mixingrrate,

v

A

an

S ] .
2 L level (16 cm) with the immobiliz=-
. >
ing structure. .

2L level (16 cm) without =~ the
immobili;ing structhe.

1.6 L 1e§el (13.5.:5: immobiiizing
structur%;levef) wifh the immobilizing
st;ucturg.

1.6 L' level’ (13.5 cms immobilizing

structure level) wiﬁhout the immobi-

lizing structure.



ﬂEnE ajed Buixip

0oL

; q_.% ‘ OON | | o
o¢ ,
) A4
0@
DNIXIN |
—106
| ©%Ye




-183—

Figures 3.23 and 3.24. Contrary to mixing time, the: k._éﬁ

coefficient is not affected by the liquid level in the
bibreécﬁor. .Howgver, kea is signifi;antly reduced (™ 17Eto'
45%) by the prééence 64 the iepobilizingvstructhre withr
increasing mixing and. seration nges. The "effect of the
mixing rate onqﬁha can be correlated linearly, és shown in

Figure 3.23, by the ?ollcwing equatibns.

Line 1: with the immobilizing structure present.

-

kea = 1.06 x 10=4(Re,) + &.7 © T (3.59)

Lipear cmrrelation-coefficieqﬁ r = 0.99

Line 2: without the immobilizing.structure.
[y

o)

kea = 4.45 % 10-*(Rey) + 4.3 (3.60)

Linear correlation coefficient r = 0:96
l -

The immobiliiing 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 improvemeﬁt of 27% in

ke upon increésing the mixing speed by 200% when the

~-.

structure is present. Whereas a similar increase in the
mixing' rate improves kia by 94% when the immobilizing

‘structure is not present in the bioreactor. .
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Figure‘3;23 - Oxygen transfer capacity (k. a) of Bioreactor

IFP as a function of the mixing Fate‘at a 0.2

VWM aeration rate.

W: 2L 1level (16 cm) with the immobilizing

strgﬁture. ' : K
ZS: 2 L ievel' (16 cm) without the immobi-
.lizi;g structu;e. - |
: 1.6 L level (13.5 cm) with the ' immobi-
lizing strﬁcture.

[0: :i.6L 1evel (13.5 cm)’ without the immo-

'bilizing structure.

\
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Figure 3.24 - Oxygen transfer capacity (k.a) of Bioreactor

IP as ‘a function of the aeration rate at

the mixing rate of 300 RPM (Res ~ 29645k.

v

2 L level (16 cm) with the immobilizing

structure.

2 L level (16 cm) without the immobi-

lizing structure.

zing structure. . .

-

. - . ; &,

1.6 L. level (13.5 cm) without the immo-
. Y :

bilizing structure. . e

.
i

. . - @‘
1.6 L level (13.3 cm)’ with the immobili- .

hy
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The aeration rate represents a better control variable
over Kkea in this system as shown in”Figure 3.24. . The ke a

coefficient can be linearly correlated to the aeration rate

o

(VWM) by the following eguations.
Line I: with the immobilizing structure present.

kea = 32.4(WWM) + 3.6 o (3.61)
Linear correlation coefficient r = 0.92-".
‘Liﬁe 2: without the immobilizing structure.
- o
kea '= 71.9(VWM) + 5.5 | (3. 62)

Linear cnrrelétion coefficient r = 0.99.

The better response of the k;a-coefficient to the

aeration rate is indicated by an improvement of ™~ 1204 in

kea wpon a ™~ 320% .increase in YVM with or withoﬁt the
immobilizing structure. It is iﬁterestingl to  note tHat
surféce éeration_ contributes Signi{icantly (3.5 h—* and
4.9 h—* with or wi£huut the immobilizin@ structure) to
this -sm%§15 low H/D (™ 1.5) bioreactor total k. a (™~ &6—-24

Fs
h—32).,

The conditions for a best operation of Rioreactor IP

. were selected as per the above results and to meet the

-
-

*



" provided for sufficient agitation énd
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physical limits of the system. The aeration Eate af 0.2 Vwm -
was chosen for sufficient oxygen éupgly_(kha ~ 10 h—%) and

to limit the expansion of the -foam léyer produced by the

~ -

culture in the restricted space above the ligquid surface
(S cm)., While a mixing rate of 300 RPM (Rey ™ 29645 or

Tip speed ™~ 121 cm/s), which was the systems limit ensuring

the rotational stability of the magnetic stirring bar,
A , | . . o

aeration of the

culture.
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3.3 Performance of the S1PC Biornacté;s;

The. performance of the SIPC bioreactors was Svaiuated
for biomass immobilization and growth. Suitable culture

conditions were determined for each bioreactor. The.grqwth

of surface immobiiized Catharanthus_'rnséus (line'MCR17)

. cells cultured in these systems was characterized.
. &

- * ’

3.3.1 Bioreactor IP.

3.3.1.1 Operating Procndurn. ‘ -

1&@ The immobilization matrix was formed in the vertical
_squarg spiral configﬁration and placed in.the bioreactor
described in Section 3.2.2.1. The bioreactnr wés _filled
with 1.2 L of the -gfowth medium 1BS and was .steam

’ sterilized wiﬁh accessories accprding -io the stardard
practice (&0 min, 12058, 15 psi). The sterile bioreactor
was filled with additional éteril% medium. to the |

“r . operatiﬁhal volume '(116—1.9; LY and with a éuitable plant
S . : ‘

cell‘susbension inoculum (8 to 154 of the initial total

+

culture veolume). This  inoculum was a shake flésk grown
cultwre prepared és per Section 2.1. It was generally a 8

to 10. day old culture (See Figure 2.1) as recommended in

»

Section 3.1.2.3.
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° The bioreactor .was fitted with necessary sterile

accessories (condenser, feed reservoir (s) etc) and

. . installed on the magnetic stirrer. The culture temperature

was maintained at 28 * 1oC while sterile aeration: and

mixing r;tes were adjusted to desire levels (0.2 VVM and

300 RPiMD.

Duriﬁg the culture périod, the ‘medium -Was 3regu1ar1y
sampled (one sample per day or 2 ‘days) for pH and
carbtohydrate measurement; This' sterile ‘sampling wés
per%ormed with 125 ml sterile filtering Erlenmeyer ﬁgasks

fitted to the bioreatctor sampling port. The sterile air -

fiow .to the bioreactor was témporarily increased and the

‘medium was transferred in the sampling flask (™ 25 ml) by

vatuum. Each sample 'was preceded by a line flushing of the

sampling port tube. Larger purging of'the.bioreacﬁbr (100

‘ml to 1500 ml) was performed by- the éamé prncédure'using

larger flasks as required;
ﬁ\\l
-At the end”df the culture, the bioreactor was rapidly
disﬁantIe&._ﬁThé'biomass produced was collected And treated
as per Section 2.46.3 and Apﬁendix J. The ‘temperathe} - pH
and disgolved oxygen‘ con&entfaticn ‘of the medium weré

measured. . The medium was filtered, weighed and sampled.
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3.3.1.2 General Operation Comments.

The inoculated plant - cell biomass attached_readiiy and
uniformly to the immobilizing matrix. At the standard
inoculation ratio u;ed (3% of the total culture volume or
1074 of the imitial medium .volume) all the plant cells were
immobilized during the first 24 hours. of the cuit;re. The
medium was completely free of Suspendeq biomass until the
end of bthe cullure pericd. The final I1mmobilization
efficiency of the system (quantity ofc SIFC/quantity of
p%oduced .bicmagz) .was. 9&.42‘ {averagea of 49 cultures,
5 = 1.9%2). The use of larger inocculum volumes (up to f%z
of the culture veolume) reguired lower initial mixing (123
RFM)}  and seration ratec (0.1 VYVM) to prevent excessive
plant cell grindingland foaming. . Completé immobilization

of the inoculated biomass occured within the first 48 hours

of the culture at this higher inoculation ratio. Lo

The medium was remarkably clear -and free of cell
debris and secreted macromolecular species during the whole

culture period. A small and controlled foam layer

formed above the mediuvm surface. ThHis foam consisted of a

on pefmanent section (™~ 1 cm) immediately'adjacent to the

liquii' surface and a bicmasns froth (l~2_cm)\above the non

permancnt  section. | This froth mainly (S0 to ' 100%)

was made of a whiteish material and unattached plant cells.
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This froth was the sole unattached biomass present in_the
bioreactor. The formation of this foam layer in SIPC
céltures was.found.to depend ;n thg medium initial sucrose
:nncenfraticn‘and on the 'inoculﬁm age. SIPC cultures
injﬁiatedé at a sucrose concentration of 10 g/L produced
less than half of the'bigmass froth observed in cultures
started at higher sucrose concentrations (20 or 40 g/L).
The use of_a S day old plant’ cell suspension inoculum
ol exponent;él phase, see Figure 2.1) instead of the
standard 8=10 day old inoculum resulted alse in SIPC
cultures with less -~ 3J0~-50%) biomass froth. |

3.3.1.3 The Browth of SIPC Cultured in Biorector IP.

" The biomass formatibn pattern of . SIPC cultuwed in

Bioreactor IP is illustrated in Figure 3.25. These results
=

were normalized to a 1900 cm® immobilizing area. The two

most significant features of these growth curves are their
linearity during the f?rst 6-7 days of the culture and the
occurence of a biomass stable stationary phase thereafter

for batch cultures using an initial sucrose concentration

(S) 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 3.2&6 and

.30,
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Figure 3.25 - Normalized growth curves of SIFC cultured in

Bioreactor If.
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Figure 3.26 —'Final carbohydrate coqcéntratiqn in the
medium of SIPC cultured in Bioreactor IF.
Symbols are as in Figure- 3.25.

SC: Suspension culture.

Line 1: S = 20 g/L CHO= 19.0 — 1.9t (3.66)
Ne = 9 r = 0.87
Line 3: 8 = 20 g/L CHO= 6.7 s = 2.0
| ‘Ne = 10
%Lne 2: § =

10 g/L CHO= 12.3 = 2.2t~ (3.67)

Ne = &6 r = 0.94

-
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The results of Figure 3.26 are corréléted in Table
3.10. Theée qrowtﬁpcurves, before the ;étﬁfianary phase,
are significantly linear (r > 0. T;;y fit well the
empirical SIFC growth model represented by Equation (3.18).
The censtant growth rates- (b Cmg dow./ci=.d1  can  be
further correlated with ﬁhe medium inmitial sUCrose
concentration (S [g/LJ) by the +o1iowin§ equation.
| b = 0.0415 + Q.60 - (3.68)
Linear carrelation coe{#icient ro= 0.99

The growth curves of Figure .26 can be represented in

terms of dried biomass.concentration ([g d.w./L of brothl)

in the bioreactor at harvesting. This corresponds to an’

Y 2

‘equivalent plant cell suspensibn concentration. These -

- growth curves .are illustrated - in Figure 3.27 and are

correlated in Table -3.11. These growth curves are also
. : : . : o

fairly limear (r 2 0.9) before the stationary phase. ¥Thé
immobilized biomass growth Tates (b'Tg d.w./L.dl) and
specific growth-ﬂates of‘S = 20 g/L cultures are identical

to rates obtained for plant cell suspensions cultqreﬁ in

: R . ‘ .
shake flasks agitated at 150 RFM. The constant SIFC growth

rates can be further correlated to the¥ medium fnitial
- e

sucrose concentration (as Egquation (3.68)) by the following

=2quation. -

- . .

“e
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' GROWTH CORRELATIONS OF SIPC CULTURED IN BIQREAGTOR Ip.”* ' o
* s ) _).' T “ . » .
.y ] :i;
. v (4 [
Initial CultureNumber Growth Correlations Specific Growth Ratq
Sucrose « |Period of : : — - —
Concentration (d) |Cultures J (g d-w-/cmz) Iy (1) |Pigure3,2p At rSl)
(g/L) ’ o : o Line (d~h .
, d ; ia) y - - ¥ ;
20 2%to 6 | " 6(2) [sipc @ 1.47t + 0.78 @.69fo.o1| 1 0.50 0.97
£ , - g . ' . -.’.
. — .
7 to 14| "18(3) [5TPC="7.00 o(4)- 075 ) - 4 ° . . -,
. N P p P
10 2to 6 6¢2) [s1pc = 0.97c + 0.82 (%64)0.97{ 2 .| 0.3 0.94
. ‘\ . " ‘ b . s - . ) , , .
<40 2to 5| 42 lsiec = 2.2t + 0.08 (3.65)[0.98] 3 | o.52 0.99 -
(1) r: Linear correlation coefficlent. ' ¢
~ (2) An origin point was included cérresponding to Eull inoculum inmobilization at t = 0.
(3) All § = 20 g/L data were included except s " g Y
- - Pedbatch experiments, (6) . e
] - - 5u582 and SBl cultures. v L
(4) 4:,, Statistical standard deviation shown by dotted lines In Figure 325, .
B ) ek * . i "‘ )
o Q
. ¢ ,. L]
: ) . O e
¢ v ) ﬁ}
“ t £
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a 3:27 - Growth turves'c{'SIPD cultured in Bioreactor

- Figur
. - -
i ) e

. IR expressed in. suspended biomass
- i i e kd < , - \ )
_ - concentration. e~ . by
> - R . DN Vs v L.
o - SsE: ’Suspensipaﬁculture. SN
‘ _ L L e ‘ S
. Symbols are. as in.Figure 3Z.28S. ot
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TABLE 3.11

_ GROWTH CORRELATIONS OF PLANT CELLS CULTURED IN BIOREACTOR IP

<

Statistical standard deviation shown by dotted lines in Figure 3.27,
Y .

St

Initial Culture|Number Growth Correlations Sﬁecific Growth Rate
Sugrose Period |of Culture - -
Concentration . . (d) ? (g dow./L) . r(1) Figured. 27 p t:(l)
(g/1) , C . Line (d~1)
20 Cf2ese | 6 x = 1776+ 0.53 - (3.69)0.92 1 - 0.56 0.98
7t 14| 1800 580 s(Ma10 - 4 - -
10 2t0 6 | 602 |x .= 1.12¢ + 0.63 . (3.90)[0.97), 2 0.38 0.95
h . . o’
;. 40 2t0 6 | 4(2) |x_.= 2.35¢ ~ 0.069 (3.71)|0.99| 3 0.55 - 0.99
P ' o
Suspension Number of ] v o _
Control- points |[X =.1.92t - 0.40  (3.72){0.98 SC 0.56 0.95
(Pigure 2.1) |0 to 6 8 , " ‘ :
. ‘ 20 . * - , v
ki s
(1) r: Linear correlation coefFicient.
(2) The inoculation point was included (0.8 g d.w./L at t = 0).
, (3) A1l 8 = 20 g/L results were included except:
' — Fedbatch experiments (6).
. - 5u582 and BBl cultures.
(4) s:
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b = 0.0395 + 0.83 (3.73)
Linear correlation coefficient r = 0.97
The biomass stationary phase observed- for. SIPC

cultures - performed according to the standard protocol used

limits thé total biamaséicontent;bf Bioreactor IP as_:shown
in —Figure 3.27. Except for the SIPC cultures carried out
at S = 40 g/L, moét cultures perforTed for more than 6 days
(22 out of 24 cultufess were ‘limited “to bigmass
concentration of 8 * ig d.w./L. The Qiomaséhcnncantration
of the ‘SIPC cultures performed at S = 40 g/L was most
péqbably overestimated as indicgted by the highef yields

L}

cbserved (Figure 3.30) because of the high carbohydrate

-

concentrations (> 20-30 g/L) present in the medidim which

may have partly ihteﬁfered with dry biomass measurements.

«
>

The follawing"ﬁethnds were investigated to increase

this biomass concentration in Bioreactor IP. S ¥

.

i- Use of a‘ISZ (of total ‘culture volume) ‘inoculpm.

2- Periodical addition (10 ce/d from day 7 to day 12)
. ¢ ' ) .
of afcbncehfraied nitrogen/phosphate solugion to a

20 g/t. SIPC cultuwe. This .sclution‘ was made in

nut?ients*proportions ‘equivalent to the standard BS

Il

formulation (Appendix 2) and to a quantity of 75%

~-_ - of a“regular 1 litre BS medium. )
P S -
S B LT *
.'.-: ':‘( '-\.. .
Y ':é . fp.., o~ .

S

‘.“
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I- Initiation of a regular S = 20g/L  SIPEY culture
containing only SO% of the nutrients except for
suérose. The other S0% of the nutrients was added
after 2 days of culture.

4— Growth of S = 10 g/L SIPC cultures for 3, 4 or 5
days, then replacement of .80% of the liguid phase

with fresh medium of a 20 g/L sucrose concen—

tration. u

a
[

Browth of S = 20 g/L SIPCAgultures for 4 days, then
daily; replacameﬁE of part of the medium (o~ semi-—
continuous operation) with the 545? fresh medium at:
rates of 480, 330 or f?S g/d for 2, 3 or 6 days
respectively. o
lé— Feriodical addition (20.cc/d %rom day 4 to day 8)
of a same nitrbgen/phcsbhate solution és in Metﬁod
2 above to a S = 40 g/L SIFC cultwmre.
fiﬁ ﬁa - _ua“nt |
] 'és shown in Figures 3.25 and 3.26, ﬁ;tﬁods 1 to 4 were
unsu;cessful.. The'ﬁiomass conceﬁtraffgn at thé stationary

phase was not a?feqted by these changes. The use of a 15%

inoculum did not imprqve. the biomass concentration.
Methdds 1 to_ 2 resulted only  iQ' samé iﬁéreasg. in
cérbohydrate consumption (Figure\ 3.26). .Méthbd';, even
:1t56ugh it allowed a 80Z increase in tétal nutrient

availatility to gro@ing SIFC, resulted only in a biomass
. , . "3’ ) >

formation equivalént to a normal ‘batch ' ﬁu}fura . (at



§ = 20 g/L, Figure 3.25). In this case, the carbohydrate
consumption rate declined from 2.1-2.4 g/L.d to 0.3 g/L.d

within 4 days after the medium change.

a

' The .semi-continuous Method S5 resulted in some slow (0

0.2 g cf'drieﬂ biomass/L.d) impfuvement in. total_ biomass
formation (13  to 352), especially at the slower addition

rate. The carbohydrate :onsumpfinn was increased mainly

2

at the higher addition rates (Figure 3.26).

« The daily addition of: the nitrogen/phosphate

cqncenfrated solution from day 4 to a 5 = 40 gs/L SIPC
( culture (Method 6) .resulted in a significant increase (44%)
in carbohydrate consumption (Figure 3.26: from a final

carbohydrate concentration of 26 g/t for an untreated

cultufe to 14.5 g/L).‘,A similar increase (™~ 30%) was noted

in the biomass formation of this culture (Figures 3.25 and
3.27), even thBugh this result may have been: partiy .masked
, " by the high carbohydrate concentration present in the

medium. This was the most significant improvement in"éIPC'

-~ biomass formation obtained using the methods listed above.

-
-

-

more responsive to some of these éhangqs when tﬁey occured

It is important to observe that thé SIPC biofilm was

before the Sth or &th day of the culture. This is’

( - illustrated by the results obtained when. using M'ethc_;d 4 as
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cbmpared tp ’Method 2. A similar behavinur was observég
upon changing the medium of a 3 or 4 day old S =l i0 g/L
SIPC culture as ccdpéred to a S5 day old culture (Method 4);
Higher carbnhydra#e &onsumptiuns. were obse?ved for the

younger cultures after the medium change.

One of the last C. roseus SIPC cultures performed in

Bioreactor IP involved‘ assessiné the ' immobilization

u

efficiency of a_S day old plant cell _suspensidn inoculum
(~ exponential phase; sée Figure 2.1) at the standard SIFC
eulture conditions. This particular SIFC culture pefformed
better than SIFC cuthPés inﬁculated with stationary phase 
inoculum. its immobilizatiqn ef%iciency (Q@7.1%4) was

comparable te other SIPE cultures. The biomass produced

was eguivalent to other SIPC cultures. However, less foam-

> i

was formed on top of the liquid phase as noted in Sectionx

B

3.3.1.2 .and, more important, all carbohydrates present in

*

ihe'medium were consumed at the 11th day ‘of the culture

(data points marked "S*" in Figures 3.25 to 3.27 and Table

3.12). -This last result was rather surprising.

I

- & second sigilar SIPC culture was performed to verify .
. - S L : ’ 2 '

this result - and .simulféneously to assess its possibility

_%or high blomass +ormat10n using a 8§ = 30 g/L 1BS med1um.J2 

constan» high bcarbohydrate consumptlon rate was observed

durlng the whole ié6 day perlod of this SIPC culture<3KT*78



"the biomass formqtidn and control of SIFC cultures.
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g/L.d, B samples, linear correlation coefficient of 0.97).

The biomass concentration attained was the highest of all

SIPC cultures performed in Bioreactor IF (see point in
Figures 3.25 to 3.27). This concentration was 14.3 g of
dried biomass per litre of final medium plus wet biomass

-

present in the reactor.
7 O o

This is an important result for the application d#’the

surface immobilizatioh. technique' to the culture of plant

cells. It stresses the importance of . the - plant cell

suspension inoculum qhality (age), ré{her than guantity, to

T

A few additional experiments were- carried out to

verify the application of theé surface immobilization
technique and its scale up in Bioreactor I[F to the culture

of other types of plant cells. The selected plant cell

L

types were Sovbean (cell line SB1) and ITobacco (cell iineaif
SuS582).  These cell 1lines were maintained in shake flask .

L)

suépeﬁs&nns'as described in Section 2.1.  The SIPC culture

of these two plant cell tybes were carried out aéﬁocding to..

the standard protocol‘presented in *Section J.3.1.1 with

& . :
medium 1BS (5 = 20 g/L). - , _ .

-

!

The results of these SIPC cultures are summarized in

-

Figure 3.28 and Table 3Z.12. They' arfe - compared +to their

B
LS
.
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m Figure 3.28 - Growth curves o.f ‘-Tobacco cell line SuSB82 and
b Soybean cell - line SB1 cultured in shake
. ) ’ 'V-Flask suspensi'ons and‘in-_éic;reactor‘ IF under
standard canditinns.i : .u; 4
Cell line SuS82: suspension: A\:  CHO
; . . ¥ : biomass
. ' R . ' , L s | SIFC: 4 :,CHDI,A;LW
' L | | O : biomass
o S : Ceil line SBl: 7‘ suspensi.on,: D: CHO -
. , o . | , ‘: biomass
S S - T " sIRC: ¥ : t;Hb .
a :
- o L o .+ . @ : bigmass °
i \‘ ’ ‘ ) : b . .
o . R :
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TABLE 3,12

COMPARISON OF YARIGUS PLANT CELL LINES GROWTH.

Catharanthus r&aeus Cell .Line HCRL7

Tobacco Cell Line Su562

Soybean Cell Line 5Bl

~ -

Syspension Culture
-

Inoculum (age, X)
Time to Max Biomass

"+ . CHO_Comsumption

g

X formation

X = 1.92¢~0.40 (g d.w./L)

’

(Figure chj o
¥ _‘? d 6 10% (I/me)
r "f ) s

CHp =22,1-3.37 t {(g/Lh

2

J1o=8 r=0.96
)

+

no-B'r-O.QB

(Figure 3.28)

" 8d . ©o10%
. 9

CHO w23,7-2.1t (g/L)

(3. 780

no=? r=0.94
X=0. 95!:—0 92 (&d W /L)

(Pigure 3.28)

74d - 10X
6

cito -22.6-3.2t SF/L)
no=5 r-O 93"
X= 1. 50:-0 77 93 dow./L)

4

- no=6 r=0.96 T 0-5 :-o 92

Specific ger. (u)(djl) 0.56d" ) , "no=8 * r=0.95 }0.594"! nohﬁ r=0.92 10.55d" ! no=6 r=0.99

" Blomass Yield €X) p o sem’ “ 42t ‘ 49%
~.81p0 CulﬁJre.(IP) , |(Figure 3.30+1P;10) ' (Figuxe 3.28) (Pigure -3u28)
) . = e i O .

" Inoculud (age, X) 9d . 10% 54 10% - 10% 4 9%
Culture Time (d) 10 - . 1" n . ’ , 9 )
cHO céﬁsump;ton - leo =2t.2-2.1¢¢g/L)|cHo -21;4-2.2t(g%%? cno =25,2-1.7¢t (g/L) CHO,.= 24.0-2.33t (g/L)

. N (G P /) N ANV ¢ & . T(3.80 . +(3.83)
v ' no=4(7d) r=0.98 | “no=6 r=0.98 ho=6 r=0.98 now5 r=0.98
Av._Specifﬁc o f0u22g, 04315 002244 0,317, 0.215y4- 0.284,
-r-(ll)(d ) ’ b ’
Av., Norm. Biofila L S L - :
'8.1‘-([) 1)(”‘”:;‘“) ’ 0'6710d 0.9',67‘1 . 0.'6ll]d‘ 0'0967d . ’ 0-75171‘1 e Ouﬂogd
"Biomags' Yield (%) 46,2% | - 35.6% .0 55.2% . 43.9% |
S - -t
Normalized srpc(gg1ﬂ4ﬂp S 7.6 7.3 8.8 7.8,
. o T, N ‘
JImm.” Efficiency (X) . 96,28 97.1% 94.2 98.5
. . : X .’/ . ¢ X . g ’
/D Ratfo” ;| - 3.0 '36.1 o 55.5 | 31.1

e wrrer S ———— Y
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' - suspension culturevand to the culture of C. _roseus cells.

»

The growth of these three cell lines -in shake glask
suspensions is ﬁomparable,.mith-liﬁe SuS82 and SE1.scmewhat
s)] ower (50%Z and 22%) and lower in yield (427 and 494 as
compared to S6%) than line MCR17. Their SIPC cglturas'show
1 owet éarbohy;rat? consumption rates as compared ‘to

e W

c&rresponping suspensidn cultures (364, 19% and 27%

'respectiQely for . lines %;a&?, SuSB82 and SE1). These rates

(for SIPC) are comparable farthe three cell' lines, with

the rate of cell line SuS82 lower by ™~ 20% as compared to

the two other cell "liﬁas. The maximum biomass

' ‘ e T g - .
-concentration  attained in both culture systems conpares

well faor line SB1 (8.8 as”compared to 9.4 g d.w./L i the
SIPC system), but it is lower in the suspension culture

system for line Su382 (10.0 as compared to 11.2 -g d.w. /L)

(Figure 3;28r\5/*The suspension culture of line MCR17

ekhibited..a higher @aximum biomass concentration-thani_ﬁlPC

L . ) ‘Q. . “ ‘.
dew./L.). Thase results are reflectéd’ . in the.‘s yields and

lower 'é?owtﬁ rates of the SIPC cultures p@esented in Table
3- 1'2-

The - carbohydrate consumption results presentedi“in

."7' . ‘ .
Figure 3.28 indicate  that the SIPC cultures of lines SBl

Kl

-

and SuS82, with the protpcol used, do not lead to the early

;-

~cultures  (11.5-12.0 g d.w./L as compared to 855—9.0'97'

. bidmass ,stationar’y phase observed when culturing . roseus
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plant cells in this Sygtem using'a 8-9 dby ofd iroculumg

This 'reshlf was expected for cell line SuSé?lsin:é a B day

old suspension inoculum is in its exponential phase o?

growth. (Figure 3.28). This is equivalent to a 5 day old.
. ' ’ L .

inoculum of cell lime MCR17 for which the early SIPC
biomass stationary ,phase was observed not to occur. The

high carbohydrate consumption rate (2/33 g/L.d) of ¢the.

* Soybean SIPC culture 7dﬁring the whole cul ture period'_was1

fnot expected %ince‘the_ 9 day old imoculum used was a

.
o ‘ .

- - - iy e
stationary phase suspension culture {(Figure 3.28).

-

Thé . other investigated -characteristiés .of SIPC

caltures performed in Bioreactor IF were the ‘pH -of the
. : ' . X : ‘o N
@edium}' the biomass vyield, the carbchydiate consumption

rate, the wet-to—dry weight ratio and the  oxygen
‘consumption rate of the SIPC biomass. g g

. . . v
» N

‘The pH oOf . & SIPC Cultuééfmedium (liﬁeAMCR17,'normal
brotdcolffwas self-maintained at “1 5.1 (averaéé* of 1S
.cu;tqrés;“ s £.0.3) during the growth phase (first &6-7 days
‘of the culture). This was observed for cultures terminated

.8t or before this time and for cultures carried out for
S o . R R ;‘.‘_ . _ . ]
loriger periods but sampled regularly. Thereafter ;&@ pH of
. : - . oo 2 ‘ . B R -
the medium increased within 24 hours to a value of ™ 5.5

.8

> (average of 31:cultures, s.= 0.3). No real pattern was

noted other than this sudden,6 change {(not truly évérlapping)-

L.

L

t; _ . - " . . A .



at thg 6-7th day of the culture.” The pH%ivaiﬁ%' of shsge

;1 v flask. suspen51nn -cultufes increased prcgress1ve1y to ~

l.f‘t '@ é < o

S.6-3. t th com lete dxsa earanca-of cC 5boh drates from
(__,// _,_,é ) P- PP . &'%. Y

O .
qi the) medLuﬁl (? ath‘ day of cultures agltated at 150 RPM)..

[P

Thereifters the pH decllnedrtﬁ_” 4' -5 %gthaa decrease . in
3 "o

the biomass concentration (sée F1gure 2 Y 2 -

“y

SIFC culfures'using a s d old su'_-“.pensaon inoculum of

plant cells of line MCRI? showed hlgher pH of the  medium

& ‘. ) (S5.5-6.0) during ;he whole cul ture per:odn The,cdlture of
- Tobacco pzangg/cells (Sus82) ‘resulted.ﬁﬁnﬁﬁgr*siﬁ?laf p
) -patgern respectiyely. in Hshake' flask Vsusgensien 'a;d
‘: i, ﬂ ‘,Bié;eactcr ;P as observed for ‘the cu%tufe” of t:el]._l-liﬁe‘f
% " ¥ MCR17 - using thé:"étandérd' protoeolfi The culture of cell
a i 11ne SEI resulted in g similar pH patter‘n 'FCII" %gh systems,
N mf_;'. =1 ;;gre551ve increase to ~ 6 1 at the erd of the culture.
- . - i

S The final biomass yields of the various SIPC cultures
- T8 7 . ‘ - .
‘ 'perﬁefmeq in Bioreactor IF are presgnted in Figure - 3,29.
- < . - . L

'?UME\Df these results have to be aesessed with cére because

- ) . . . .

of the .possible interferemce of high ~ carbohydrate

concentrations in the medium (> 20 g/L) on fhermeasurement

. 3
\ . . - .

* o ., of dried biomass quantities.’ This ‘is  particularly

important “for. SIPC. cultures carried out with 'an initial.

sucrose ccn:entretion-of 40 g/L. A declining biomass yield

. 7 7 . . . .
( ' .. was obskrved during the growth phase as anticipated in _'

. “~ - . .
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Figure 3.29 - Biomass yield of SIPC cultured in Bioreactor
Y “ L e
"gymbcls arg as in Figure 3.2T.
. Line 1: S§'= 20 g/L y = 92.2 = 6.7 (3.84)~
S T Ne =11 r =0.88
o Line 3: S = 20 g/L y = 37.&% S = 5.0%
C * ) * Ne = 13 .
' ine 2: = =7 - 6.5t.(T.85)
- o ..L:Lnt::‘ 2 S 10 g/L v b.6 ? q%( 8..:
’ Ne = 6 r = 0.8t '
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Section 3.2.3.2. *A constant vield of ™~ 37,.67 was ohserved

+thereafter. _ - s S :

.
. . _ _ 2

-

-

The carbohydrate-cpnsumptinn pi:farn of all batcﬁhSIPC
‘cultares, of ﬁéll line MCRL17 carn;ed out according to the
standard pratnc6§ showed a constfant high rate (> 1.5 g/L.d)
during the growth phase. Thereafter, this’ rataﬁ Was
significantly reduce& (< O.é‘g/L.d}T This was illustrated
1:)y.L the final carbohydr;te' concentration‘ of all SIPC
cultures performef in Biéreactor IR présented in Fiéuré
3-26, The;é resu1t§ .were. compared to the,cafbohydrake
‘consumptibn pattérn of sha&e - flask cultured plant” egll
suspension (SC). & similar consumption-pattern was observed
for each 3SIFC gulture. A few of these fesults are
presented in Figure 3.30 -and Table I.13. The ¢arb0hydréte
consumption rate of groﬁipg SIFC cultures (™~ 2 "g/L.d) are
corr&spondihg to rates observed for shake flask Suspegéiqn

]

cultures agitated at 130 .and 150 RFM (1.4 g/L.d and 3.37

g/L.d.). .

The ﬂef—tnwdry weight.ratios (W/D) of the SIFC biongass
cuitqfed in Bioreactnr-ﬁp are presented in Figure 3.31. The
data points L of the experiments  are: scattered.

-

- ’ . %

8
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Carbohydrate consumption 6+.SIPC cul tures

IFP9/711 (200 RFM, 0.2 VM) and IF .24/286 (I00

»

RPM, 0.2 YVM) in Bioreactor IF.
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TABLE 3.13

CARBOHYDRATE CONSUMPTION RATES OF SIEC

CULTURES IP9/11 AND IP24/26 IN BIOREACTOR IP.

IP ‘Total |Time to Carhohydrate Consumption during. Growth |CHO Consumption }
CultureiStationary - . —= —<during- S. Phase |.
« | Period |Phase (d) [(No of |®#- (g/L) T - (g/L«d)
(a) © o po'in'ts '

9 3 - 2 M. 2.1 g/14 - -
10 7 7 4 |CHO = 21.2-2.1 t (3.86)( 0.98 ~
11 ‘10 7 4 |cmo = 19.0-2.2 t ¢3.87} 0.95 0.48
24 8 . 6 3 JCHO = 19.5-2.0 t (3.88) 0.98 -

R ST ,
L - 2 HCEQ . 3.0 g/L - -
26 12 6 3 |CHO = 20.4-1.7t -(3.89) 0.9 0.44
See Figyre 3.30.
\\ X N -
S/
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Figure 3.31 -~ Wet—to—-dry biomass ratio of SIFC cultured
iy in Bioreactor IF.
< . . - -
Symbols are as in Figure 3.23.
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A good proportion of these W/D results (33 out of 41

results) are higher (average of  32.9 for 37 cultures,

\ -
'

5 = &.2) -than _the theoritical ratio of 25 mentioned.in

r

Section J.1.2.3.

ELE

Qn'averagé wet biofilm thickné%s (T [mml} can - be
calculated from these guperimental resullts by the following

. to. -1
equation. . N

T = ﬂ)'SIF’C/E’Jb S  (Z.9ay

with SIFC: aﬁéﬁage SIFC dried biomass surface concen—

tration {mg d.w./cm™},

Qb: SiPC wet biofilm demnsity (™~ 1.01 g/cc).

.This average thickness *is presented in Figure 3.32 in
\

relation to SIFC su%fﬁge concentrations. This average T is

i

s
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Figure X.32 - Relationship . between the wet SIPC biofilm
_ thicknésé" and the dried biomass concentration
3 ‘ : : -
© of cultures performed in Bioreactor IP.’ .
——— : ' )
Symbols are as in Figure 3I.25. - *
) Line 1: S = 20 g/L T = 0.42SIFC - 0.S8 (3.95)).
_ No = .30 r = 0.86
Line 2: S = 10 g/L.T = 0.358IPC - 0.09 (3.9&)
. . Ne =7 r =0.98
Line 3: § =

40 g/L T = 0.26SIPC — 0.19 (3.97)

-

Nc? =8 r = .87
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2 flrst fwo equéigons g:ve an average SIPC blomass w/D ratlo‘
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3miheafayf'corﬁéiéted by Equatzans f13.95f'ftn'i319?{* Th

“-

.‘.»

of ™ 40~50.j Equatlon (3.95) 1ndrcates that a 3 mm wet sxe;*
biefilm (mazn SIPC bzoreactor design cr:tbrzon — see
Sé;tigﬁ " 3.2.1) coqrespcnds. to a biomass surface
concentration of 8.5 mg é.w./ém?- ‘This corregpnnds to ‘a
méximum. aligwgg‘plant cell binmass‘cbncéntration 5% B.Q‘to

e : : :
9.8 g d.w./litre of reactor volume at the maximum .and

L ) - .
imdggﬁlizing . structure liquid‘ levels. This range of
concentrations was pred1cted in - Section 3J.2.2.1 and was
. e H

attained for S '; 20 g/ \SIPC cultures with or without

biomass formation 5t;muiat1on (Figure G.27).

-i'j ¥
w The fina;hcharacterl c of SIPC'cuitures evaluated is
; ) - .

.the oxygen consumption ate of - the_immbbilized biomass.

This rate can be estimated either from the oxygen mass -

[

transfer rate (DzCRw.) or by the carbohydrate tonsumption

rate-(D=CR=) according to the follpwiﬁg'Equationé.

(Lx_,a} < (DO*-D0,) *VL_.¢

O=2&Rm = SowXy (3. 98
. dCHO, (i=ys).6 . Y, B -
0zCR= = (( dt-)‘ 180 )EE*( o - (3.99)
with 0zCR: -~~~ oxygen consumption rate of the immobilized
-.J--» : : .
biomass (uMOZ/mg d.w.h), ~
. . -



T
g

o

(kralet final oxygen £ransfe§ coefficient of the
v bioreactor (h—*), . = -
DO~ dissolved .okygen concentration at satu-

ratton (and equilibrium) of the medium at

L]
- the operating conditions (ppml, .
DO.: - ‘measured dissolved orygen concentration in
. - b ' - .

the medium at the end of the culture
(ppm} , ’ L -
. LR

Vewsz - Sedium  volume at the end of the jculture
wy,

Xvs total dried immobilized biomass in the

’t!,:-} ‘: . d - wi ) [ ] El
N ~

e e

. (dCHOZdt)e: final average carbohydrate’ consumption

rate (g/l.d},

Yas - final biomass yield.

>

The (kia)e coefficient was  estimated from the  wager

measurements as ﬁer Equation (3.61). The measured DO~
:ondghtratian ‘of meaiumﬁ 1BS " at the normal cperatiné
conditions of the system was 7.3 ppm.

“at-‘f;;_‘ ST - -

-

Th% :Bmparison of the O0zCRs and 0=CRe calculated

'réaultsishcwed'both to be in-fhe same range. ”However, the
- ’ : ‘ <

.,

h/iifter data were more scattered and, on the average, lower

than the OzCR. results (average of 28 results: -11%

)

4

bioreactor ét'ﬁherend of the culture (mg
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~ ,ﬁn\\ eelative to 0aCR. data,’ with s = 31%). "This difference

origiﬁatéﬁ probably from an ove estimation of (k.ade, the .

. . limited accuracy of the experimental - results and therw

. g ~ '
impossibility of determining a true differential biomass

LV

yvield. Conseduently, thé‘ O=CRm resulté obtaineq{—from

'Equation (3.98) were used and are prsen?eg in ngure-3.33;

]

These resﬁlts show a 'decline in the oxygen consumption

*

, rate of the -SIPQ..hiomass during the growth phase and &

" constént rate of ~ 0.10 uMO=/mg d.w..h thereafter.

-2
Eas resulfé ‘are consistent with' the 0=z2CR\ range of 0.2-3% ¥
- :pﬁOQ/mg,d.w.,hqﬁemtiﬁned in Section 1.2.1.1 for cultured
‘.'. . — . .
f‘: - plant cells, even though they are in the low end of thigs
: . : .rénge. These resulfs ‘are also .consistent " with the’
calculated DzCR= results (Equatlon «99)) ol growing plant
) : P
“ ™~ . cell suspensﬁbds (line MCR17) d//;ured in ghake flasks o
; i presented in F1gure .33, . S g .
g IR
T c
I Lo . T o :
F’ . .‘i‘_‘. A . . - .' ._“r._“"." . - . .
' - ; ; The "maﬁriﬁ' WaS fdrhé&\gn the vertlcal square splral g;.o
| “conflguratlon and placed in th vessel descrrbed'ln'Sectlon i '
) 3.2.2.2. - The biorgg:tor was either f1lled w;th;4 oCLof . -
‘Ei '%?‘ . the grow%h medium_1BS, or not, and steam jgterll;zed wlth j"_;;
» d

‘. K ) | : . V . - . ’/ - ‘ _..,.‘ ..- R L . .. : '. o : . .
a> n , ¥ - fg B o T
L . - o =y ' L S N
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Oxygen conSQMption.Eaté'of'SIPC biomass

cultured in Bioreactor IP. .
C _

Symbols are as in Figure 3.25. " : .

Flask suspensioﬁ%cultures O0=CRe (150 RPMY: .
- .1 A

-
N -

@®:s=4209gn. R *o -

n
!
i

20 g7Lk. L

N &ta. . ‘ H s e . s B . e . .' . ;cft
e@rsawen o Ty e
' . ol : i - . - :'5",' ' )
Line 1:° S = 10 g/L OzCR =-0.40 - 0.04t (3-1éﬁ£ .
. . . ' e . . .r :J .
- Ne = 6 r =0.86 . . s P
Linezg; S = ZO‘Q/LwDéhR_; OFiﬁbﬂﬂz/mg‘de-h | .
. . l ' . f% 5
Ne = 1&6's = 0.015 . R
L) L4 e
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accessories  according to the standard practice (40 min.,

121°C, 15 psi). The sterile reactor was subsequently

filled to the operational level (6.5, S.2 &r 4.4 L) with-

. = ' -
sterile medium and with a suitable suspension plant -cell

P prepared as per Section 2.1 and similar to Biorea&tcr IF

(see Section 3.3.1.1).

r

e The- bicreactﬁr was fitted with necessary sterile
accgssorfes (tondeﬁser, feed rese%vqif etc) and installed
in its holding structure. "The Eﬂlture'temperagure was
maintained at 27t1;C. The culture fliqﬁid  level and thé

aeration rate were adjusted to the 'desired values.

AR

inoculum (8 to 18% of the initial total culture volume) ™~

-]

During the culture period, the medium was regularlyl

Vi sampled by drainage as far Bioreactor IP.
. | * . the .culture wés,xreated as {or Bigreactor IF (see Sectiaon

Ty T.3.1.10. - -’ N

e : , J3.3.2.2 General‘DperatioaﬁComments.
. . N ) ,V - -w -

.- . . . . . O e - -
- . ” .. . ’

‘same as for Bioreactor IF. All the inoculated plant cells
were attached to the matrix within the first’ 24 hours of
the culturev/ The medium was completely free of suspended

By -_biomass until the end of .the culture. The final

The immobilization efficiency of Bioreactor IA was the

., At Hharvesting, .
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immobilization efficiency of the system, as:de+ined in
Section 3.3.1.2, was 96.0%4 (average of 30 cultures,

S = 2.27%).

.

° The use p? a large inoculum (1&6% aéﬂcomparéd to the

v, v

,staqqard-8~1ox ydlume ratio used) did - not imﬁrove the

growth of SIPC in Bioreactor IA'as for-Biorea;tor IF. The
use of this larger inoculum resulted in a slight inﬁraase
of the amount of plang-cells_trapbed in the foam layer of
the culture (™ +1% of ghe totél biomass present‘ in the
bi}reactor). The biomass froth fc;med on top of SIFC

cul tures performed in Bioreactor IA was of & similar nature.-
as for Bioreactor IR (see Section 3.3.f.2).‘ However, .it
was better contained (larger head space) and controlled

(flow diverting plate effect) than in the smaller system.

T & ! .3 . \/__,,____ L e €_‘ “

'

3.3.2.3/0pef§tioﬁai Hydrod?ngmicafof,Bidréaétor:IQ.

-

The hydrodynamics of Bioreactor IA was evaluated with

- . . Fs
water in Section 3I%2.4.1. Subsequently, .the  actual

. . . . -y . . - 4
operating conditions. of this system wege determined for a

best culture of surface. immabilizéd plant cells. These

.

culture conditions are presented in this Section.

.

-y,
v

The good biomgss handling per%ormance of Bioreactor IA

mentioned in the previous Section required a close control
-» .
3

- . . *



" of two operating conditians, particularly during the
- , ‘ . N . .
., immobilization period of '‘the.culture. (first 24 hours, until

tomplete attachment of the inoculated plant cells). The

A

- .

aeration rate was limited to 2.6 L/min_‘(~. 0.4-0.6 . VMM)

? . during this period. This low aeration rate was intended to
minimize the entrapment of the inoculated plant cells in
the foam of the culture (see Section 1.2.1.2). Thereafter,

. N :‘
the aeration rate was increased to the desired level.

The second. important dperéting condition was the
‘culture lidﬁid lével. As_ mentioned in Section 3.2.4.1,
high iiquid_leyels resulted in excessive .+1Qid by—-pass
Fage) around the immdbilizing étfucturef Lower liquid levels (£

S.2 litres), especially to ‘the top 'of the immobilizing

structure, favored better "mixking within th%,ve?tic sgiral

wound configuration. This behaviour was confirmgd during

i o
. - ' ‘the ‘experimentation of gRioreactor IA. The liquid level

could. influence drastically the di%tribution of the
" - . . ' i . *
inoculated biomass in thé‘immabilizing structure and its

unifgrmity of attactment. “High liquid levels (> 5.2 litres

-

. lar ‘above the flcw_di&erting plate) led to the formation of
a thicker wet biofilm on the external matrix.layer of the
immobilizing .structdre‘ as cnmhéred to. internal layérs

coverage. .Lower initial (first 24 hours of iﬁb ‘culture)
liquid- levels; particularly those reaching only to the-tqp-ﬂ
' . : - -
& of the immobilizing structure, resulted in an improved
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‘

uniform distribution and attachment'o¥ the inoculated plant

cells as well as in a more uniform grown SIPC biofilm

-

throughout the vertical spiral wound configuration. This
result was ﬁot - quantified be&ause of the .diF¥icu1ties
involved.",efter thﬁ; immobiiization pe?iod, ﬁhe \;éium
level was rai;ed to"£ﬁe flow diverting plate height (™ 3.2

litres) for uniform liquid mixing and growth.

/)f
-

- " The biomass formation 'phase was affected by 4hree

L

- operating - variaples as shown in. Table 3.14. Low

aeration/mixing rates (Experiments 14 and 17: 0.46-0.60

WMo (relative to the total initial culture volume))

_‘: ' " resulted in low yields (~ 30%) and in lower final biomass
_ccnceﬁtrgticns as compared to other cultures (™ 17 to 3ISU).

| The biomass +crmatidn was not affected by aeration/mixing

rates above 0.8-0.9 VWM. A 0.9 VUM aeration, rate was

selected to emsure sufficient oxygen transfer to the liguid

- phase (kca ~1E.2 Rt - Equatéoﬁ (3;57>) for the culture of

the SIPC. i, : wmw,; . .

R ; . . B - . - ‘l #g N

L] T - -
. . . ”

With the .Culture p;otccof used (sta;ipnafy phase. ..

¥ .. indculum of cell line #CR17); the final concentration of
N L “  the biomass in the reactor (Xes) depended on the initial
medium volume of the culture. This is shown in Tgble .14

.“+qr_SIPC cultures perfdrmed with & léﬁnes of medium (except '

s

c . “for Experiments 7 (low immobilizing ":“_&‘rea%ﬁd 14 (low

N ... .. '. _,\-L,/ . l . J - ’ PR .f - | *
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. : TABLE 3.14.

PERFORMANCE OF BIOREACTOR IA.

ml. v t tlemo Yx.. . lsteefY) IMax wiofidm growth r | Notes
: Atea [ om VoM. es r y1
.o ¢ 2 (W (@) ||Cg/L)|(Bdertoy ) (BEdowroy mE o (1) ¢ (2)
en? | e anl | cala |P1 @
3{7884 |6.0|1.43] 11 |] 0.6 | 10.7 9.3 0.8 | 1.10 8 las.9
4l7132 l6.2[1.38] 12 || 0.9 | 13.3 9.7 0.63 | 0.75 | 12 [40.3
gl6108 |6.1{1.15| 11 || 11.6] 10.8 8.0 0.87 | 0.88 8 .|49.2
9le346 |6-1{0.78| 11 || 10.9] 10.7: 7.6 0.78 | 0.83| 8  |s2.9
12]6264 |6.1{0.94] 13 4.5 11.8 7.8 | 113} 1.18| 8 [39.5
7{4544 |6.110.93} 12 |1 7.1] 8.6 |- 5.7 | 1.08 ) o0.82 R 6 |32.3
|14j6302 l6.1j0.60) 13 |} 20.5] 7.6 5.7 | 0.76 | 0.80 |- 6 l28.7] s .= 30g/|
15)6226 |5.2}0.91] 12 |} 6.5] 6.3 5.2 0.72 [ 0.75 | & |35.4],
1616386 [5.3)1.41} 12 || 6.7] 6.7 5.4 0.72 | 0.77 | 6 |34.6]
17{6415 {s.1l0.46! 12 8.5{ 5.5 4.4 | o.5810.62) 6 [31.6
19)6241 [5.1{0.91] ‘6 g.8{. 7.3 5.9 0.83 | 0.86 6 |45.0
\ 5 . )
; 20(6278 |5.1{0.32{ 9 6.0 8.1 6.5 | "0.90 | o.94) & |ad.s|
'5%3'7 5-8{1:45] 9 |} 12.0] -7.1 5.6 |- 0.92 *0.79 6 332 o
i — N oy -
it 2515934 [5.0(0.93] 14 || 14.4] 8.3 8.0 | ©0.74 | 0.73.| 8 |40.9[Med. replac-
.Q 1 2 : " jed ar day 6
_ . : 0 4.0F
2616266 |5.1{0.95{ 10 || 15.7] 8.5 7.1 | o.76 {079} & las.2].
30|5744 [4e6{1.01] 15 0 12.4 9.9 '0.65 1 0.62 | 15 143.7|Semicontin—
) ) ) uous, .
. e o : A day 4+10
- . 1. - e - I ‘ T T 1890 ¢e/d
- ' ‘
(1): Normalized to 6000 cm2.
.’, - . . .

Rl



- aeration rate) as compared to S litre cultures. However,

-
-

this high liquig level introduced serious éixiﬁg
disparities within the immobilizing structure (see Secfinh

- 3.2.4.1 and Figure 3.20). This can be resolved by a

. -

fedbatch or 7T semicontinuous operation of  the sfstem
(Experiment 30Q).

The third important variab}e was the - available
immobilizing area relative to the cul;u?e_volume.-This

‘ K e .

influenced directly the thickness of the wet SIFC biofilm

: e ' - :

B produced from a given.volume of medium. This is shown in
Téble 3.14 for Experiment 7 as compared to Experimentsls, g

‘: and 12. Lowering by ™~ 25% the immobilizing area relative

to a same initfal mediumlﬁblume (™ & litres) resulted in

decreases respectively of 22% and 31% in the final biomass

\

-

concentration and in the yield. A 'same incréase of the

medium volume

immcbilizing_-areé re;atiQe to the 5

-
—

(Experiments 3 and 4 as compared to-EXperiments '8, 9 and
12) did not lead to a significdant improvement in-the
w - - .
biomass produced at the same operating conditions.

. ) . . e -

" From these results, a set .of best OpeFEting conditions

of - Bioreactor IA was determined and 4is summarized in Table -
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¥
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BEST OPERATING CONDITIONS OF BIOREACTOR

TABLE 3.15

IA WITH THE STANDARD PROTOCOL USED.

Operating Conditions

Selected Level

Inoculation Ratio

Immobilizing Area

Immobilization Period (1° day)

Culture Liquid Level

“Aeration/Mixing Rate

Growth Period {>i‘ day)

Culture Liquid Level

Aeration/Mixing Rate

High Biomass formation

¥

8-10% of total culture
volume ‘

Structure B (Table3.7)
~5500 cm 2

Top of matrix structure
(4.4 litres)

oy

0-6 m

Flow diverting plate
level (5.2 litres)

0.9 VVM

Semi-continuous operation
before 5° day or using a
5 day old ‘inoculum and
higher initial sucrose
concentrations

(5~30-50 g/L) .

r
»




"Z.1bvand 3.17, it can bé seen that the growth. rates of

R . | , B ‘
3.3.2.4 The Growth of SIPC Cultured in Bioreactor IA.

S

#»

The biomass formation pattern of SIFC cultured in

Bioreactar IA is illustrated in Figure 3I.34. The results
." ‘ r . 0

were normalized to & 6000 com® immobilizing areal As

. _ . 2 . -

observed for Bioreactor IF, this pattern is-chaﬁ?cterized

by a linear growth phasé up to the &th day of the ‘cul'ture

followdd by a .stable biomass stationary phase without

complete consumption of carbohydrates.” The occurrence of

e .
this last phase was also confirmed by measurements of

m

-and

carbohydrate concentraiions as shown in Figures 3.3 R

2]

3.38. The results of Figure 3.34 ar

orrelated in Table-

i

: : )
The . growth curves of Figure 3.34 can also be

represented in terms of the driga biomass concentration per

litre of wet biomsss plus mediumﬁpresent'in the pioreaeﬁﬁr.

This corresponds . ta  an equivalent plant cell suspgnsidn

. conqéﬁtration: Figure 3.36 shyws these grd¥th curves which

-ﬂ.{ N . L4 ! .
are €orrelated in Table 3.17. From the results of Tables.

L]
bl

§ = 10 g/t and § = 20 g/L SIFC cultures]perfarmea in g

.~
. M

Bioreactor IA are lower (~ 30-40%) than the growth rate of

a shake flask suspendion culture agitated at 150 RFM.

- ’ . ! -

\

a
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Figure 3.34 ~ Normalized growth curves of SIFC cql?ured in

* Ly

~IA  at  the best operating

20<g 7/l

10 g/L. S

“

KA

40 g/l. . L :E{ P

[

20 g/L, medium ‘changed” after .6
: == T

20 g/ *+ N=/FQOa.

. » " .

20®g/L, semicontinuctis. . @
‘ _ o,

20 g/L, 16% imbculum.
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Figure 3.35 - Final carbohydrate concentration "in the
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medium.o# SIP? cultured in Bicreactor*lér

i)

Symbols are as in  Figure I5T4. t el
Lighe 1: § = 20 g/L CHO= 23.2 - 212t (3.104)
:‘ ; ) . = & S = . . '
R | . ; No =5 'r = 0.97 L
, . Line 2: S = 10 g/L CHO= 13.1 - 2.5t (3.105)
.. > T by &
LI ’ l Ng = .3 ro= 1.0 .
N - Life 3: §°'= 20 g/L "CHO= 8.3 s = 2.4
- Nc = ‘12 e - L
. .
.
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GROW}! CORRELATIONS OF SIPC CU(‘E&T{\ED—.‘IH BI(‘JREASTOR 1Al

[

1o

»

Y

Niieiar”

Specific Growth Rate

Culture Number Growth'Correlhﬁiényg
Sucrose- _ YPeriod |of Cultures -
. .|Concentrgtion o : 2 1) Fi ure3.34 I 1
. ?57 g u/r" (d) o (mg d'-y_:-/ctn ) r(. ne (c]’ 1y (1) \
e T |2k s 4(2).7 Lstpe = 1,07t + 0.3 (3:10t)0.94) 2 0.38 0.99
- ) - . _ . . . ) -
' J\\ 20 2-to 6 5(2)  Isipc = 0.93t + 0.41 (3 102 0.85 | ©0.30° 0.89
o e 40 [8 o 1e)] 11 Astee =62 sMa0g - L3 - -
T 20(5) 7o 1a] 37 . |sipc = 0.28t + 4.11 (3.103]0.99) 4 0.06 | o.9%
\J. . . '.} -‘ ' ' . ' - . : ’ .
| (1) ‘r: -Linear correlation coefficient. A _ e -
(2) An origin point was, included, correaponding to full Inoculum immobilization at:t=0.
(3) A1l S=20 g/L and §=40 g/L data included exceptgthe final semi~continuous experiment.
(4) 8: Statistical standard. deviation showgﬁby dotted lines.in Figure 3.34.
N (5) Cultures at 5=20 g/L with,completgtmedium replacement after 6 days of culture.
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‘?lgﬁre_S.Sé - Total biomass concentration of
‘ in Biorgﬁctbr IA.

Symbols are as in Figure 3.34.

SC: T Suspension culture.

bl

IFC cultured
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: . TABLE 3:17 .
B 2 : o : - : . L
i GROWTH CORRELATIONS OF PLANT CELLS CULTURED IN BIOREACTOR IA. |
Anitial éqbtdre Number ., . Growth Correlations Specific Growth Rate
| eeseontration)| crae” | Culf (D]Figeredap (1
“|Conegnfration 1 Cultures ' red.Jp
(TiNE (g d.w./L) S L i 7 1 d-n|-r
207 |10 6 6(2) X g= 1.07t +0.63 (3,106){0.88] - .1 0.38 0.87
. 20 1o 13](21203) [x o= 0.90c + 0.97 (3.20D)]0.97] 2 0.18 0.92
20 8 to13] 16(4) [x =72 sGlanze b=} 4 - -
10 206 42 lx.o= 1300+ 0s32@s08fo.9s{ 3 | o0.437 | " o0.99
s i 1% of pea| b =7 -
uspension No of pts : . : 2
Control:’ 24 N , : . i 7
20 o . , .

L)
(2)
~(3)
(4)
- (9)

8%

——
- .

r:-. Linear correlation coefficient. .
The inoculation point was included (0.8 g dew./L at t = 0)
All points of Equation (3+102) plus Experiments 3,4,8,9,12 and 20 (Table3. 14),

All S = 20 g/L and S = 40 g/L experiments except Experiments 3,4,8,9,12 and 30 (Table 3@14)
Statistical Btandard deviation shown by dotted lines in Figure 3.36)
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@a& High b;aﬁass concéntratinns in Bioreactor 1A were
attaiﬁed,f@é;ﬁ”high initial. medium vq1umé$'(” & litresy,
with‘gn—immobilizing ;rea ~ 6000 cm® and by'semiucontinuous
“operation (seeyTghlé*3.14).- - ) -
T . ) . o v, . N ' . ‘.

The 'other. characteristics of SIPC cul tures per{ormed
’ . ‘ _ - o=

. in Bioreactar 1A whi;hwwere evaluated, were the pH'“oF -the_

" o . Y medium, the 'bidmaésliyield; the carbOhydrate consumption
- rate,  the wet-to-dry.- we{ght u,ratio -and the oxygen

i~ ° . '.l.

.. consumption rate of the SIPC bYomass.. : ' v

. X - e . -
. . . [ e - -

The 'pH of the SIPC _cdlturg media was as noted for

Bioreactor IF: ' o e T

¢

.

-
-

Culture time < % .days: - pH = 5.1 (average of 56 .

e B i ’ - . readings, s = 0.2).
Culture times ¥ & ﬁﬁéys: pH = 5.5- (average of SO:a" A

readings, s = 0.2)r.

2]

This was observed for sampled  andnJhafyesteg cultures.

Again, ‘.no reals pattern was noted,othér than this "sudden":_{

change'frdm ~ 5.1 to ”;5f5 withiﬁ 24 hours from &th day. of
i the culture. ' i
oo .

- . . . £ -’ - - . . -

. .. . Y . .

C e, .
-

of the various SIFC cultures
. . N ) :
. " . ‘'performed in Bioreactor 1A are shown in Figure - 3.37. A -
- - ) n' .. el . - M . . R b -~ ~
v 7 declining

',Tﬁe final hiomass vield

trend is. observed before .the Bth day of:the L
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Symbols are as in Figure
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; ..~ .Figure 3.37 - Biomass yield of SIFC cultured in Bioreactor .
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to those observed +for sh@ke flask 'égspeﬁ ion cultures

L

*+ ‘can correlated with the fg@ldwing équation for .S = 207 g/L N

-249- . I

culture and a constant average yield of ™~ 40% (average ' of

, - - - -

16 :ultures,‘ 5.= 6.6%) is-nofed_therea;térufor.S'= 20 g/L.. i
SIPC.culture.i A similar .trend was.apserveaifcr B;or?ééﬁor
IP cultures (Figyré z.2%). . f L '

o ! o N - LY

> . ' . ’ p" o v :
-As  observed - for . other SIFC ..culture éysﬁgms, the
carbohydrate consumption rate of batch SfPC . cultures : T

T

perfqrhed in Bidreattorzlh.@as énnstant @urihg ghé growth

¥ .

' phase (~ 2.2-2.5 g/Lyd - Figure 3,35‘andf,1;?rg.s. g/L.d =+

Figure | Z.38 and Table 3:18). This rate was reduced during
fﬁekstationary'phase‘ (0.1—1.2; g/L.dé. ';Theqltatbdhydraﬁe

4

consumption - rates of growing SIFC_Sulture . are compaable

- -

: ‘ T . L
agitated.at 130 and ©50. RPM (1.4 g/L.d and 3.37 g/L.d). "
- - o -~ ) ’ ) 2
, ~ T A e
The wet-to~dry biomass ratio of ‘the SIFC cultures

. e

]

performed ‘in Bioreactor IA are presented -in ‘Figure 3.39.. s
. - T SN L - : -

. ’ . . : } . ~.'l\ : '
These _results'agpear‘to.haye less scattér than the results - 0N

. presermted for Fioreactor IPf(Figure 3.31).° An increasing..

* N
P -

. - ' . o . a A "‘ )
trend, Gf W/D" with time also be observed. 'The W/D ratios

»
v

< " sand S-= 20 g/L cultures. . . . 3 »
' < . ) ) h . - &’
] - "El.'- ’ - :
B L c e B
'W/D = 1,25t+14.1 L (EaLe '
. ' T R RPN )
- ‘ o . . . ' (. -
- A o oo
for 'El%\cultures, linear correlation coefficiermt of 0.73,
' & .“ L] ‘ N ' -~
. 1 , —
- .‘ @- - +1
4 ®
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Figura 3 38 - Carbohydrate consumptzon of SIPC cultures
Iﬁm,4 1\4/17 Tamd IA18/20 in Eu.cnrer:tcnr IA.
- ' _';; . ‘ B - / o .
- b
“ N . ..’ ‘ . Fa
Ial  [I,; ared| Vomil) | VWMo |IA I. areal Vo, | vuMa i -
e F I O ¥
-t b(cmz) - : ‘ _(em=> . .
|V 7884 | 6.0 | 1.93 {18|W] és08 | .51 H.91
! s , RO ERE I ) -
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: | S
LS . TABLE 3.18 _ I
. . S . . Q-‘:";':f»:.
A - _ CARBOHYDRATES CONSUMPTION RATES OF SIPC  , . - =%
, . CULTURE3~IA3,4, 15/17 and 18/20. S
IA° |Total |(Time to .. Carbohydrate Coﬁsumpt:ibn at Growth | CHO Conszmption,
Culture}Stationary— — during S. Phase
Period |Phase No of |  (g/L) r (g/L «d)
P ] (@ © (d)  |poimts ) . oo
3, n|f{ s -3 |cro = 23.1-2.9¢ (3.109)}0.96 0.88
4 12 7 - 6 |cEO = 20.8-1.5¢ (3:110){0.95| -
s | 12} 7| .3 |cmo = 251.%-2.01: (3.111)]0.99 0.62
16 | 12 7 .| 3 Jcho = 21.7-1.8e (@.112)|0.99) ¢ . o0.50-
BN T AN T 7 1.3 lcro = 20.5-1.6c @a13)0.99|._. o.10 .
<oom = ‘ : - —
vl 18 3. - 2 |cro/e= 1.2 g/Ld V- | - |
BB 6 4 |cRo = 21.6-2.1¢ (3ar@)o.9s] -
20 | 9" % 4 |cEO =22.2-2.0t " (3:115)}0.97 1.23
B See Figure 338, -x. . .. &
! " . . ' N i, Y '
7 . i . 7
. * '?3“"
N < ‘ -
AN BERNS ~ ‘ N
L * <O
e ( © )
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Wet-tosdry SIFC biomass 'ratio of SIFC

cultures performed in Bioreactor IA.

« —~
Symbols akg}és in Figure I.34.
‘ S
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This correlation is'remarkably close to Equation (3.93) of'

Figure 3.31 for growth stimulated SIFC . cultures  in

. . o . ‘
-Bioreactor I The lower scatter of the experimental

resglts‘présented in Figufé 5.39 can be partially exblained

' by the lower. average wet biofilm thickness (Equation
(F.94)) shown in Figure 3.40 for SIPC cultures performed in
Bioreactor IA " (0.2-2.6 mm) as compared to similar results

‘ .presented in Figure 3.32 for Bioreactor IF (0.2-4.35 mm).

-

A

The average wet biofilm thicknesses of Figure 3.40 can

be  linearly “correlateq ta the surface concentrations SIiFrC

‘by Equations 3.117-3.119. The first two equations give an

average N/D~€atio of ~ 24-33. A 3T mm wet biofilm thickness

,

corresponds to é SIPC.bégmags sﬁ?%ace con;entration of ~
é.z mg d.w./cm=, This gives an allz:éﬁle. biomass
‘cancehtration'of 11.5 to 13.6 g d.w. per litre -6$ -réactnr
-yolq@g, _with an immobil%;iﬁg area Bf éSOG'cm=~(Structufe B.

- Table 5.7) and at the flow diverting plate (5.2 L) and
'immoﬁiliziné structure (4.4 L) heigﬁﬁé, which can be

~cultured in Bioreactor IA. This SIFC surface concentration

comparés to the . value .determined for Rioreactor. IF in

1 -

Section 3.3.1.3 (8.3 mg d.w./¢m=).' The higher allowable

biomass concentration of PBioreactor IA as compared to

Bioreactor IF (8.5-9.8 jﬂd.w.?LJ comes from the lower .A/v

e -

. . s \Q ’
- ratio of the smaller system (1.0 cm—* as compared. to 1.25

\ fxe, . -
cmT) . These concentrations for Bioreactor IA are .

-



Yy

Figure 3.40 - Relationship between the wet SIFC biofilm

thickness and the dried biomass concentration
of SIFC cultures performed in Bioreactor IA.
Symbols are as in Figure 3.34. .

Line 1;8 = 20 g/L T = 0.31SIFC - 0.24 (Z.117)

Ne = 24 r = 0.91

1

S

Line 2
No = 4 r = Q.99

Line 3:8

T Ne = 3 r = 0Q0.94

10 g/L T = C,248IFC —~ 0.02 (3.113)

40 g/L T = 0.17SIPC ~ 0.07 (3.119) °
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consistent with the values reported in Table 3.8 for the

-+

immobilizing Structure B (7.6-15.1 g d.w./L).
i

by
This range - of a{lowed biDTEEE concentrations was

attained in Bioreactor IA for batch cultures I, 4, 8, 9 and _
.Eéy(Table‘S.;4> per&orﬁed with an init£a1 medium volume of
~ & litres. ' The semicontinunu§‘Expériment 0. produﬁed.a
12.4 g duw./L culture and a 10.4 mg d.w./cm® biofilm
(immobilizing area of S744 Em=).g‘The aQerage wet bigfilm
thickneés (W/D=37.6&6) of this culture was 3.9 mm. This
resul ted in an unacceptable biomasg backing of the
immoﬁilizing struﬁture.

The final characteristic of SIPC cultures evaluated is
the oxygen consumptinn rate of éhe immobilized Bioméss. As
mentioned ip Se;tion_S.S.i.S, this.rate can be estimated
frgm Equa;ions : 3;98i (D=CRm) and 3.99 (0=CRe) . The
:nmparis?ﬁ of the 02CRm and 0=CRe calculated results for

cultures performed in Bicreactor 1A showed both tohbe in
" the same raﬁgé:‘ The latter data were on the‘ aveﬁage 10%
hnger tﬁan the O=CRm .resﬁlts (average-of 12 cultures,
s = 27%4). The reasons of ;n;ﬁ.difference'were discussed in
Section 3.3.1.3, but include the higher evaporation rate
observed in Biofeactor IA whicé lawefed the measured.
carpohydrate consumption rate. The O0zCRm re$u1t5 of the

—_ . . -
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SIFC tultd%es performed in Bioreactor IA are presented in
Figure 3.41.

These results show - some declining trend during the
growth phase and a constant rate of ™~ 0.06%9 uMOz/mg d.w.h.
thereafter. These O0zCRm are lower than all previously

mghtinned figures (see Section 3.3.1.3). The difference in

b

the overlapping OzCR. ranges, of the. SIPC biomass cultured

in .-Bioreactor IF (0.085-0.115 pMOz/mg d.w.h) and - in:

.Eiareactor IA. (0.040-0.098 uMO=/mg .d.w.h) ‘was ”alr$ady

indicated in their 'respective deviation - from ?pe O=CRe
’ ’ ./ : "
calculated results (~11% and +10%). The higher OzCRm

~

values obtained in Bioreactor IP cultures can be ’iiglaiHEd‘

by the experimental method used to measure the k& and the

D0, values. The DO probe could not be installed in  the

-

immobilizing structure of Bioreactor- IF bedause of the

small size of the vessel (see Section 2.8.2).i- The k.a

measured - for IP (Equation (3.61)) and used for the 0zCR,

-

calculations is most probably overestimated by"abbut 20%

-

relative to 'a koa which would have been determined ‘inside

the immobilizing-structure. This 204 figure was obtained

by analogy with Eioreactor IA when comparing kia measufed

inside {(Equation (3.57%) and outside (Equation (3.56&)) the

L

immobilizing structure. The second cause of the higher

0=CRm of Bioreactor IF cultures comes from  the

impossibility of measuring the final culture dissalved -

‘\7



i

Figure-3.41 - Oxygen consumption rate of SI?C'cultured in

Bioreactor IA. .

Suspension cultures D;»_CF-{= (150 RFM).
]

. @ s =10g/. ST
$: s =20 g o | -
& : s =10g/n. )

Symbols are as in Figure 3,34, - :

Line 1: § = 20 g/L ' 0=20R=0.06% uMO=/mg d.w.h

Noe = 9 s = 0.029 uMO =/mg d.w.h

b . . -
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. - | A
oxygen concentration (DOs) rapidly. A period of ~ &

~ el
- ~

minutes was required tg@a&cess the medium after -stopping

— " .
aeration and-. mixing. This introduced an . error in
determining DO«.. Consequently the 0zCR. measured for

cultures performed in Bioreactor IA are more representative

of the oxygen conéumptian rate of a SIPd biomass.
a—

[
= N

In summary, the estimated average oxygen cbnsumption

.

rate of a surface immobilized plant” cell biomass ' -decreases

during ﬁhé growth phase to "a constant level of ™~ 0.07

+ . .
uMO=/mg d.w.h during the statidﬁary phase. These rates are

i

-lower than for growing suspension cultures by at least 20%

during the growth phase of SIPC, and by at least 65% during

the stationary phase of SIPC (Figure 3.41).

it
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3.4 Production of Secondary Metabolites from SIPE.

. b >

The Dbje;tive of this research project was to. a;velop
& 5uitablelimmqpilizétion culture system +or'the production
of secondary méfagbliées from cultivated plant’ éells. It
was i@portant 't? evaluate if t;e'cellé culturéd by the
éurface immobiliigfioh technigue retained fhis type of
« Diosynthetic capacity. This- was veri+iéd for  the
prodﬁﬁtion of indole alkaloids from C. r?sedé eells {line -
MCR17) using the AFPM medium. ThisAgrbduction mode results
in the biosynthesis-o¥ numerous compounds #rom productiv;
plant gell lines fgee. Seétion- 1.2.2 and Figure J.42).
These p%educts are retained in the biomass.. The results

' -
presentgd 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 aikaloidé of suspension and SIFC shake flask
cultures of C. roseus cells ?in the AFM médium. Iﬁis
expérimeét was carried Dut‘ at McGill -University. "The-
extraction n{ the producfé-and their analysis was performed,
»af NRC-FEBI 'iﬁ Saskatnon.. Thé results of this experiment
é:g_gummariﬁed in Table 3,19. ThE‘,Bresence of . mosf SM
cahpounds‘ in the SIPC.bldmass Was con%;rmed.analytiqallg.

The two i1mmobilizitg materials gerformed well. The lower

. oo PR,
SM concentrations of the immobilized plant cells may
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Figure 3.42 - HPLC analysis of exthacted alkaloids from the
SIPC biomass of culture IA& (25ul, 2 cc/min,

3000 psi, R=0.16).
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CULTURED IN SHAKE FLASKS

ES

L

PRODUCTION OF INDOLE ALKALOIDS FROM C. ROSEUS CELLS (LINE MCR17)

Main Cultﬁre Pafametpra(l) Strictosidine|Ajmalicine Tabergbniné Serpentine |TLC Analysis -
Lactam (1g/g dewd) [(18/8 dowed|(ig/g dows) = . Cath-
Technique |[I. Material|Biomass (/g dew.) ' Vindoline|19 Epi-[aran-
"~ 1Produced vindo. thine'
Suspension - 9.6 g dow./L ' 927.2 ‘4.8 212.7 1543.2 | B(? P | F(3)
Suspension(7) - 13.0 g dow./L 1261.1 94,4 330.7 1261.5 P F' -
: . : \ b ) . .
SIPC Q8. 17 mg dow./cm? 257.4 A4 25.40 32.3 406.8 vE('") VF -
_ ’ _ : .. 108.3 - 10.3 - 16.6 205.5 V'3 VF. -
S1PC Q8 7.0 g d.w./L(5) 648.0 60.0 109.7 3224.2 JF B -
SIPC 7612 21 ng d.w./cmz 129.7 17.3 13.7 121.2 F F -
SIPC 7612 {6.6 g dow./L( 5 374.6 12.4 98.9 1288.1 P g P, ¢] F
Suspension( ©) - 11 g dow./L 866.5 114.8 240.8 1033.9 F F | ¥
Suspension( 7)( &) | - _ ]13.9 g dww./L 594.9 15746 208.7 | « 908.9 F F F
SIPC(6) Q8 21 mg d.w./cm2 165.9 121.7 71.9 486.8 VF v | -
, < 277.5 128.4 42.6 463.6 F F -
STIPC( 6) Q8 5.7 g dewt. /L(5) 852.4 161.5 92,5 1054.0 F F VP
: ‘ . _ L
SIPC( 6) 7612 20, mg d.w./cm? 606.2 49.8 36.4 545.8 | F " F -
STPC( 6) 7612 18.3 g d .w./L(5) 869.0 68.1 ¢ 99,4 ° 1044.7 ¥ - F. ¥
(1) 27°C, Culture Time: 32 days, APM medium with sucrose, 130 rpm" (4) vr:' Very PFaint .
(2) P: Present. : (5) Residual suspended bilomass B
(3) F: Faint (6) APM medium with glucose instead of sucrose’

(7) 150 rpm
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originate from an overestimation .of the dried biomass-

(unwashed freere dried samples) and/or different

biosynthesis kinetics.

- -

Subsequently, this production wé;Lasseésed‘iﬁ the SIPC

bioreactors. The first experiment was = performed in
Eioreactor IA ~(IRG). It ifvolved an APM culture carried
- L a-/, : .

out according to standard conditions -as shown in Table
¥

J3.20. Four shake flask suspension cultures. (APM, 130 RFM, ’

same inoculum) were carried out ‘simultaneously. for

comparison. . This number of flask cultures was required to
ensure the availability of a sufficient volume of plant

cell suspension for sampling during the whole experiment.

K

The  biosynthesis - patterns of the of the most

significant alkaloidé prcduced'in these suspension cultures

*

are illustrated in Figure 3.43.. The highest concentratien
of these products in +the biomass occured betﬁeen th;
12—14thh day and the 20-21ith aay of the cultures, depenqihg
on the compound. Thereafter, these particular products
were taﬁﬁbolizeg. Ne product waé Betecfed in the medium of

N

these cultures. ‘ ‘ . -

The concentrations of these products in the suspended

biomass  at the 26th day of culture (Figure 3.435:

~ 200*400'pg/g diw.) compare to the concentrations of the
. , . ,%

q



TABLE 3.20

T

2

1
1

e
i

PRODUCTION OF INDOLE ALKALOIDS FROM C. ROSEUS CELLS (LINE MCR17)
CULTURED IN THE SIPC BIOREACTOR IA (IA6).

Taberaonine

Culgﬂredendigfons ‘Harvesfing - |Ajmalicine |Serpentine Sfrictosi~ TLC Analyaia
o (wg/g d.w){(e/eg dow.)dine Crglg dw.) : :
. © |lactam Tryps fH. 1lcin|Loch|Valles.
) o (}g/g doﬂj)
I. Areai 6479 cm? , . 242.6 365.0 620.8 - i p e P
. . : ’ SIPC=4-6mE doW- . 1. '
- |[Medium: = APH, 6.1 L. cm 291.5 262.4 614.7 - - - - -
Inoculum: 562 g of 94 [((W/D) =27.5) 290.6 260. 1 625.6 - - - |- -
. » o0ld suspension E :
Aeration rate: 0.9 VW . : :
o ' - 29145 553.8 783.2 254.8 P P P | 4
Tempe;atgﬁeﬁ 27° C" Medium: 4.04L
Time: 26 days ( /L med)+ 159.0 112,0 - - - - - -
(1) P: Present\ :
Tryp.: Tryptamine. » d
He icin: Horhammericine..
Loch: Lochnericife.

Valles:

Vallesiachptamine: .
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Figure 3.43 — PFquction of indole alkaloids from C.. roseus
cells (line MCR17) cultuFed ih shake  flasks

with the APM medium.

A
~ _ A} 12 Ajmalicine in the :bicmasg of +Flask-
suspension culture i (fSci).

+ 12 Tabersonine in the biomass of +S5Ci. |

p Y Serpentzne in the biomasg of fSCi.

: ﬁB1omass ccncentratlon.
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- same compounds produced by the su;

" Figure .43, - The secretion ﬁgmahan1sm was rap1d1y

~271-

same compounds measured- in the immobilized plant cell

R

biomass of the SIPC culture IA6 at harvesting (day 26)
presented in Tablg 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.

Howevéé, some alkalopids were detected in the medium of

the SIPC culture IA&. The secretion patterns of the few

compounds dete&ted are illustratgd,il Figure S.44. These
£rends reseable.thé biosynthesis pa terns-obser?ed.for the
ed' plant cells in
stimulated (within 110 minutes) by the addition of 1.2
litres (~ 30%Z of the culture _%i&al liquid volume) of
sterzle distilled water (EH, = B.6 after steriiizatinn

a

adjustédo with KOH before stefilizatinn). This last result

presented in Figure 3.43 was not corrected for the dilution

effect of the water addition.

‘Few other production schemes were examined to improve.
the productive capacity of the SIPC bioreactors. They are
summarized in Table 3.21.  All schemes .were marginally'

successful .« The biomass content of the bioreactors was

increased. The SIFC biomass was successfully elicited with

the Pythium aphanidermatum sterile fungal extract (Section

o



Figure 3.44 - Concentration of indole alkaldids detected in
the medium of the SIPC culture IAL.
' v : Serpentine.

ZS’ Aimalicine.
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J ~ TABLE 3.2L

L]

SECONDARY HETABOLITES PRODUCTION SCHEMES FOR SIPC BIOREACTORS.

ST Y T T AT

I. Area Growth'Phaae
Exp.|{(cm 2 ‘
1185 | % Aeration|Time{ Production Phase Results Notes
V(L) {Inoc.| rate (d)
TA10] 6400 5.9 8.4 10,9 VVH 13 Puryd: 1065 L of 1B5.]10.2 mg d.w-/cm2- 0.5 L of 1BS left
o ' Addition: 3.45 L of Small quantities of lin bioreactor in-
APM. - Serpentine * -|hibited biosynthe-
10 days. ~ Tryptamine [ |sis.
' - S. lactam & ) ' d
other SM pro- - ,
duced.
TA11] 6260  |6.1 | 8.5 |0.9 VVH | 13-|Addition of 280 g of |Dead culture after [Dead bicmass com-
. Elicitor. 30-50 houra from - pletely detaching
I_ ‘ : Elicitor addition. |[from the matrix.
IA13] 6460 |[6.,1 | 8.5 (0.9 VWM | 13 |Addition of 280 g of 5.2 mg d.w./cm?2 Non-~optimized pro-
Elicitor. - |Small quantities of |tocol.
Medium dumped after - Ajntalicine, Fully viable cells.
24h, Refil: 2.95. L. - Tryptanine & S
Batch: 5 hours other SM produced.
Continuous: 92 hours :
9 ] 1.7 cc/min
644 hrs
Batch: 2 days
IP47] 1540 |1.5 | 10% |300 RPM 6 |Addition of 92g of 10.4 mg/cmz._ Non optimized pro—
0.2 YW Elicitors Small quantities of jtocol.
Medium changed after Tryptamine ‘and Fully viable
24h, - lother SM produced cells,
. Batch for 2 daya. : -
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1.2.2). However,. the alkaloids biosynthesized were

"pr Mduced in low guantities. The growth' and production

phases of  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'Charéctegistics of the Surface Immobilization

Technique. X .

/
i

"The main ?actﬁr that contributéd to ghe success ot thi%
techniq;e ‘was obviously the selection of Material AQ7 as
the immobilizing matrix. This material is a non-woven
geotextile. Its highly irregular fibrous surface, its

\ ‘
inertness and a probable biocompatibility between the

polyester based ‘fibres and the plant-cells favored the

+*

excellent biomass attachment observed.

The mechanism of attachment of the cells to the matrix

was described "in Section 3F.1.2.1. It involved the
. adaptation of the plant cell’'s shape to the
micrcccnfigdration of the support material and its

o
secretion. of some compound accumulating between the cell

wall and” the immobilizing materié}; These compounds-are
suspected t$~be polysaccharides and/or :ﬁfoteins of the
t?pes that have been reported to be secréted by plant cells
cultured in suspension (11,27,34—37) and/or'similar to the
middlé lemma  extracellular giueing pectin -substances
occuring in‘planﬁs (32)f This was emphasized by the use af

stationary ' phase  suspensian fnocula .of sticky and

polysaccharide secreting plant cells (2). The results
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. * : N
presented in Figure 3.1 to 3.7 support an hypothesis of the

cell wall plasticizing during growth on the immobilization
. . :

surface, shape adaptétion ta the support microconfiguratibn

and subsequent rigidifying in place.
- The immobilized plantléélls were not just viable but
were required to participate _actively in the adhesion
. procéss described above. In fact, the aeath of the plant
cells was shdwni to\result in the complete detachment of
the biomass from the immobilizing matrix (see _TableA 3.21,
Experiment Iﬁll).l:The_limited thickness of the biofilm (™

-

3 mm), its good diffusive properties. (see section 3.2.3.2 -

Assumption A2 (48,186,201?203)), the slowness of the plant
cell metaboliém Aty ~ 1-2 days)y the presence . of
accumul ated intfacellular nutrients, the full batrirg of
the biomass by the medium and the_ more mass transfer
efficient hydrodynamics of the cu}tu;e‘ system were ailk
likeély contributing to ensure good viability reﬁention of

surface immobilized plant cells.

The adhesion process resulted in a biomass—support bond

[

'sFrong enough to resist the culturing .conditians af the
bioreactcfs without biomass leakage from thelimmabilizing
structure. However, 'the application of the sur face
immcbi;iéation technigque required the formation of Material

%Eg Coe AO7 into a space. efficient and easily accessible fixed

N

-
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1 B

, o = ;
structure, such as the vertical .spiral wound configuration

used in this L work, to prevent biomass attrition and

. abrasion. A similar result.was observed for the entrapment

of plant cells in pmlyurefhane foam (206). However, the
-scale up of this last technique was done using a:free

floating particulaée form of the immobilizing matrix in &
'complgx | culture system of questionable (gterile)

reliability and biomass retention (171).

The cther factors which have like{y contributed po the

L a4

successful scale up of fhe sur%ace immobilization technigue
were fhe-availability of a large immobilizing-arearrelgtive
to the cﬁlture volume (™ o.ehi.z cm=*) and the fluid mixing
pattern within the immobilizind—-st;ucture; These last
factors éppear ;o have cverridden'éhe requirement for a
statiohary phase inoculum noted in Section 3.1.2.3 for a
good attachmeﬁt and growth of SI?C cﬁltured -in shake
ff;sks.. Thié-was shoﬁn by the successful C. roseus éIPC
cuitures pérformed in Bioreactor IF using‘én exponential

b
phase (S day old) plant cell suspension inoculum.

- . g
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4.2 Scale up of the Surface Immobilization Techniqua.

4.2.1 SIPEC Bioreactors Mass Transfer Characteristics.
-

The operating .conditions of both bioreactors Qerg
determined 'relative to their respective ‘unigque
configuration. This was to ensure comparable uniform and
ef%icient; mixing ‘andgﬁsuf%icient oxvgen transfer to the
medium to meet the needs of the cultu;e witﬂin ‘the
immobiliéigg structure. .én'exponential-cnrrelaﬁion af. the’
form- of Equation (4.1) is suggested to daésess the

;?¥icien:y of the oxygen transfer from the sparged air to

the liquid phase in- aerated vessels (207,208).
kea o (VWMIN, ' (4.1),

Nalues of ng ™~ 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 ni values of ~ 0.77 and 0.52

respectively for Bioreactors IA and:fP for all conditions

Lo

f , o _ ‘
evaluated. This shows an oxygen transfer efficiency in
relation to the air flow rate in Biorector IA comparable to

other airlift cnn%igurations. Whereas the lower effitiehcy_

observed for Bioreactor IP comes from the hindering effect

of the immobilizing matrix on the air dispersion action of

~
-

the mixing bar and/or the 1esé efficient air-sparger used.

Bé

s
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Y

low Ar/An ratio of Bioreactor IA (~ 0.03 to 0.09 at

full design biomass loading) was selected to minimize space

shown

- . -

losses for immobilization. This structural  parameter , was

S . - o
to influence significantly the mass transfer

characteristics of internal loop airlift vessels according

-

to the following squations applicable far' 1.5 < Ar/fp % 7.7

(188,207) .

Kea = 0.75(1+Ap/Ar) —*- 2 (Ug),-©-° L (4.2)

. e . .
T s = 3.5(Ap/AR) S (4.73)
= "" .":‘2 -1 ....__._._(‘V‘—)z"" PP C " . \ ‘
Jec B.Z(1 + AR) . ( Deg )] (4.4}
(VL) = 0.66 (Ap/Br)I©-79 (ugl), 273 (4.5)

with (uq5r: 'superficial gas velocity in the riser tube

(m/s),

(uu)P:l_super+icial liquid velocity in the riser tube

9.;;:

) Dc} ’

(m/s),

circulation time (),

internal diameter of the vessel {m) .
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F\\The‘ Cc.8 éxponent of Equation (4.2) origina£es fr-om
Equation (4.1). The low‘An/AD fegtura of Bioreactor IA
limited- its k.a to the -recommended range of 10-15 h—*! for
plant cell culture (32) as anticipated a;co?ding to
Equation (4.2).‘ This'compares-to the high kea observéd T
airlift'bioreactﬁfs (> 100-400 h~2%) (143). This low Amr/Ap
did not affect si%ﬁfficantly the mixlng'efficien;y of.?he
systemT Equation (4.2 is compared to the k_,a values
obtained for Bioreactor IA in Figure 3f21' The higher (~

45%) experimental values of Eioreactor IA are ﬁo; caused by

P

the presence 'Ef-~the_ immoﬁiiizing structure-(Line 3: no

“ structure) or of the flow diverting plate (see Table 3.9);

This différence can be explained by tHé kLa measurement
technique used. to determine Equation (4.2) (CO=z) “and/or its
Ar/Ap range of application as compared to the low An/As

ratio of Bioreactor IA.

-

The application of the surface immobilization tecfnique

to other mare oxygen’gémanding'cell cultureé,may require

ssme operational and/or” structurél ~changes of these

bioreactors at ieast‘ to ,ihprove tﬁeir -oxygen tfansfer
v

capacity ®o the liﬁuid phase. These changes include a

better air sparger.in Bioreactor IP and a-higher aeration

rate or an increage of the Am/Ap ratio of Bioreactor IA.
) . . ) . A c. .

The uniform mixing of the culture broth within the low

A
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»

H/D (™ ©.77) immobilizing structure of Bioreactér IP was
achieved efficiently by the upward swirling motion imparted

by the mixing bar to, the liquid phase. The direction of

.the liquid flow relative to the winding'orientaginn Q% the

o " - . 3
vertical spiral structure of the immobilizing matrix did

not influence .the _e&gﬁt ‘cells attachment and growth

processes.

.

Achieving mixing 'uni¥ormity .within = Bioreactor

. IA immobilizing structure (H/D ~ 1.6&) required an optimum

location of ;the'{lnw'diverting plate above the riser tube
Co t .- '

and close level control. The reason of this particular

hydrodynamics behaviour of Rioreactor IA can be +6und in

B
RN

the results presented in Figure 3.20.-

-

It was meritioned in Section 3.2.4.1 that the measured

mixing-times (8m) compared surbrisingly weli.xa the average -

circulation times (6.) predicted by the hydrodynamics model

_ﬁf Equation (3.12) ~in two situations. _This occured when

the immobilizing structure was removed from the bioreactor

" and _gheﬁ the pH electrode was placed in its peripheral

spé?ing_for liquid level above the flow diverting plate (He

.

2 5.2 LY. All 0, measirements were as shown in Figuré 2.4y

hifh_no‘real indication of a circulation time (for example,
a  cyclic response before final homogeneity) other than the

imitial lag time .observed. This lag time was ~ Z7% of 9Om



)

Bioreactor IA.

(average of 84 results, s = 6.74). This would give a O/ B

~'Z.7. This value. is ldrger  than the 0.8-1.8 ratios’

observed in Figure I.20 for 6, measured in the periphefal

spacing for all VVM andrin the immobilizing structuwe for

aeration rates '2 0.9 VWM (Ho £ S.2 L) relative to,the O
values predicted by Equation (3.12;.

-

Equation. (4.3) and a second correlation (1BB), which

invalves the dispersion of the tracer Tn the liquid phase, -

could be used to estimate this ratio. lBoth ‘correlations

give either too high (Eguation (4.3) ~ 20) or too low (~

10=2) values of 9n/0c as compared to the- results o%, Figuré

— : - "t i - .
X.20. THe main reason of these differemces . is most

probably associated to the unique contiguratian of

-

The surprising compatibility observed between some

measwed 9, of Figure 3.20 and the predicted 6c may be

| - | e A
coincidental, more or less associated with the particular
A . ,

measurement technique  used. An -alternative explEnation

. . B,

involves the structure jof Bioreactor IA, the flow pattern
: ' - ‘ . ’ _

generated and the type of tracer used. | This-mixing_ vessel

v

is —omposed of a central section,  the immobiliiing
structure, which occupies ™~ 80% of the ligquid volume ot 'the
reactor, where laminar flow occurs, limiting dispersian.

This section is surrounded bv a liguid wvolume occcupving ‘the

-

-
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residual Z0% of the vessel (top'and'bqttbm sections of the

‘rea;tar, riser tube and peripheral spacing around the
. .’ - . .\~

’ . N (v . -
immobili=zing structure?}, which_is intensively mixed. It is
intereéting to note that this 204 figure compareé to the
relative duration of the lag time observed in measuwring Oa4,

(™~ 27% of 9m2. In addition., Bibreactar IA is small (8.3 L)

-

and its -slenderness ratio (H/D ™~ 3) is low for an airlift

vessel gnd the HCL used -diffuses rapidly.r These +facts

: . >
explain to some extent the shape of the response curve

]

obtained (Figure 2.4), especially upon aeration ratés_'

higher than 0.5 VUVM at the optimum flow diverting plate

 height and liquid level.

The reéults presented in Figures 3.19 and 3.20 show a
large and constant.di;feFencé—}by a factor of ™~ 10) between
the 6, meaéured at the vessel beripheryﬁ;and within the
iﬁmobiiiéing structure at high liguid levels (Line i‘in
Figure 3.20); This indicates excessive fluid- - by-pass 1in
the peripheral spacingﬁre;ative tol#low in the stru:tureraé
méntioned previoﬁély: It is.then reasonable to conclude

that the time parameter measured at the' vessel periphervy is

more associated to a cir&ﬁﬁ%&icn- time. Whereas =~ the

——

parameter measured inside the structurs is more aof & mixing
‘ ] . o - \
time. This explains the results observed in Figure 3I.20

and the good compatibility of some of them to Equation

(3.12). These resuits econfirm the vélidit? of the

Fl
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hydrodynamics model reptregsented by Eguation (3.12) to

'estimate the kn of the bioreactor The optimization of the

flow_” diverting platé location and of the operating

conditions of Bioreéé%or IA to"attain mixing uniformity

were aimed at reducina this difference between 8. (inside

the structure) and 9c (at the vessel periphery).

4.2.2 SIPC Bioreactors Performance. 7

The inoculated plant cells were.rapidly, uniformly and
efficient;y himmobilized and the %&PC'as well retained in
both bioreactors: This goéd performance can -be 1attributed
to the combined optimjzeé actioh‘of the numerous factors,

either structure,  operation or immobilization. technique

associated, discussed in the previous Sections.  This

. resulted in limited foam prdduction, which can be further

&

raduced by using an exponential phase suspension inoculum

and/or regulating the concentration of carbohydrates in the
culture medium. This resulted also in the formatidn of a
uniform biofilm and in the efficient . separation of the

biomass from the medium.’

<
o

Three structural features -of the bioreactors have

sigmi4icantly‘inf1ugnced their'performance. " The low H/D

ratigs of the vessels V(IP: 1.5, IA: JI. and of the

immobilizing structures (IP: ©0.77, IA: 1.630 have

<

£y
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contributed to the uniformity-of the inocuium distribution

within the immobilizing sgructﬁre and of the grown SIFC

biofilm.“' They allawed For short but frequeht passage of

the inoculated plaht cells over .the ‘immobilizing 5ﬁfface

which resulted in a more uniform deposition.

A ‘compromise had to be madé in selecting the

.immobilizing layers spacing and the available immobilizing

area +or a maximum biomass cqntenf of the bioreactor. The
results of this work have shown that a spacing of 1.0-1.3Z
cm and a biofilm thickness. of ™~ 3 @am provided.for good

viability of the biomass and sufficient flow passage. These

factors should be taken into éccount upon further scale up

-

af this tecﬁniqua.
4.2.3 The Culture of SIPC in Bioreactors.
4.2,3.1 Browth Behaviour of SIPC.

It was difficult to compare the growth rates of SIFC
to that of suépension cultured plantl cells. Their
respective mechanism of growth‘is di¥¥erent. Flant cells.
culfured in suépension grow in aggtregates by tridimensional
expansion and division. Large aggregates are broken by
fluid shear (see Section 3.2.3.2). The respéctiva basis of

biomass concentration measurement of these two culture
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mades are‘dif+erent (area against volume). The concept of
the specific growth rate (u) (growth by binary fission) is

not truly applicable to the culfure of surftace immobilized

splant  cells. However, i remains an easy and ' useful
méasure of grbwth which is dot associated with a
gpatial dimension (4 =g X EE)’ tt—3l. Consequently i1t was
S e - -

- . L4
used in  this work, .in conjunction with biomass growth

rates, for comparison purposes.

The groﬁth ~pattern of the .SIPC 5iomass, cul tured
according to the standard protocpl used, was 'mcre easily
digtinguishgq in the bioreactors than in the flask systems.
The Righ quantity of suspended biomass masked Eﬁis battérn

in shake flasks. The low A/ ratio (™ 0.5 cm—*) of the

wmagnetically stirred flask system résulted in refatively

-high amounts of nutrients available to the space limited

growing SIFC biofilm. This méy.havg caused the iariability‘
of'fﬁg results pfesented im Figuré T.13 and I.14.

_-This ‘grawth pattern of SIPC cultﬁres cansisted of a
linear growth ph%se. Qp to the 6—Eth day ﬁf _culturé,
tollowed by a& stationary phase of a constant bibmass"
concertration. The characteristics of this gro@th pattern

and of the biomass produced are summarized in Table 4.1 for

N
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TABLE 4.1

COMPARATIVE CULTURING OF C. ROSEUS LINE MCR17 PLANT CELLS

SIPC Culture Systems Shake Flask
Culture - Suspension Cultur
Characteristics Mag Stirred Bioreactor IP Bloreactor IA -
.(s=20 g/L) Flask . (300 RPYM, -
: (200 BRPM) 0.2 VW) (0.9 YW 130 RPM 150 RPM
- A/V (em™ 1) 0.3 1.0 0.8-1.2 - -
Growth Phase '
Time (d) 8 - 6-7 6~7 12 6
cEC (g/L) 11.3%1.6 6.7+2.0 8.322.4 0 0
pH range 5.010.3 - 5.110.3 5.120.2 5.0 + 5.8
: 2
. . bl(cmz-d ) Zes bl(cm_z-d = Xes
Growth Rate ) !
Blomass (g dow./Ld) J1.08 B&deite. | 147 | 1.77 ] o0.93 '1.07 0.81" [~.1.92
R Cat) 0535 0.50 0.56 0.30 0.38] 0.24 0.56
d(CHO)/dt -(g/L d) 0.84 2.1 2.2 . 1.44 3.37
"OZCRC( umz/mg d-v;-_;h) 0.34 . Decreasing Decreasing 0.08 0.19
Stationary Phase b
SIPC . (mg d.w./cm?) [8.5:2.2 7.020.7 6.210.9 - -
(100 em2) {1900 cm2) (6000 en?) C/H\_/_
X max {g dow./L) - 8.1:1.0 7.2%1.2 . -0 11.7
pH range 5.04.3 5.520.3 5.5#40.2 5.6 - 4.8
Ochm(uHOZImg detr. «h) O.ZSC 0.10£.015 0.06920.02% - -
d(cHo)/dt (g/L<d)  lo0.62  0.46 0.67 - -
Biomass yleld 24.557% 37.625.0% 40.0.26.6X 57.12 56.2%
W/D ratioc’ 142.9212.5 32.926.2 ¥- 14.%:1.2)&: 22.927.6] 26.028.3
. : . (31116
Biofﬂm'thickness' ~3.6 1I=0.425IPC-0.58 T=0.31SIPC-0.24 - -
(mm) (3.95) (3114)
Immobilization 75.5:12.22 96.4%1.9% 96.022.2% - -
Efficiency
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thé . three éIPC culture systems devéloped. :Théy‘ are
compared to shakei%laék 5uspension.cultuces. The iower Asy
Fatiﬁ af the flask system explains the slower and slightly
extended géowth phase (8d) and the .higher' SIFC biomass

loadings observed (8.5 * 2.2 mg d.w./cm=),

The twb’ SiPC biareactors pe;+ormed well, with the IP‘
~systam showiﬁg higher'grcwth ratés.(“ 604 relative to IA)
and F;nal biomass concentration (Xee) (™ 132 relative to
IA). ‘This comes.%rom the higher A&/V ratio qf Bicreac&o? Iia
and the resulting lower -relative qQant;ty_af nutrﬁenté
(other than carbohydrates) available +or growth as cnmpér;d
fo Biorea;tor' IF and to' the magnetically stirred f;ask
system (A/V ™~ 0.3 em—2). This %act will - be discussed
further with the characteristics of the unusuai_staﬁionary

phase of SIFC cultures.

The biomass growth and carbohydrate consumption rates
of SIFC cultures performed in the bioreactors are
intermediary between that of shake flask cultures agitated

at 130 RPM and 1S5S0 RPM. The SIFC cultures were optimized

-

for mass transfer while higher shake flask mixing speeds

may cause shearing,of the plant cells. The availability of

nutrients, extracellular carbohydrates for suspension

cultures (Figure  2.1) (2) and intracellular rapidly
- T‘}- .
assimilated nutrient(s) for SIPC cultures  (see following

u N
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discussion), and the inherent division rate of plant cells

limit the growth in both types of culture.

-
.

formation phase of & SIFC

This maﬁes the biomass
culture bioreaction .controlled and its Effectivenass Factor
(Me — Equation (3,42 ™~ 1. This process is.- not mass
transfer limited above the wmixing and aeration rates
determined for a best_operaticn of the SIPC bioreactors.
This can be confirmedA by comparing the growth and‘
carbohydrate cnnsumption rates of SIFC cultures perfﬁrmed

in the bioreactars (~ 1.1-1.7 g d.w./L.d and 2 g CHO/L.d)

to the following egquations derived in Section 3.2.7%.4 for

A4

-q- 1 .

Va 1< 7.60°s (g/L.d) . - (3,53
Va << 6-5L°» (g/L.d) C(E.SE)

wheré C’a is the nut}ient {carbohydrate) concentration and
Va is the obser@ed reaction rate. ‘fhié conclusion can be
extended to them praduction of secondary‘metabolites from
'culﬁured'plant cells since the highest production rate
reported (~ 0.9 g of rosmarinic acid/L.d (7)) is S£ill

lower than Equatibhsv(S.Sﬁ) and (3.35) values.
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.Thé Efficiency Factor (n: - Equation (3.41)) ot 'the
growth-phase of SIPC cultures per+0fmed in Biareactar'fP is
~ol relafive to a shake flask suspension culturé ,agitated 
at 150 RPM. Comparing the results of Table .20 and Figure
3.43 indicate that i of the SM production pha;é is at

least of the order of 1. This stresses that these

processes are bioreaction limited.

The negative effect of high mixing ratés on the éfowth
of SIFC cultured in the flask systems observed in %able 3.3
and .4 cannot be explained. This. may result from some
restricting physiological response(s) of the SIPC biofilm
to these culture‘ccnditions,'from some inhibition to the
attachmeﬁt process or sc@e,detachmentvo+ the biomass (shake
flask system)  and/or +§pm same inhibitory e?fgct of the

high relative aQailabil;ty of some nutrients.

[y

The ;Dnclusicn that mass transfer does not control
the SIFC processes above the aeration and mixing rates
deterhined for the biéregctors suppports £he growthimodel
developed in Section 3.2.3.2. The simple empirical
Equation EE;IB) prbpoéed to describe the growth of a SIP&
biofilm (with no mass trénsfer festrictions) was very

useful in correlating the growth phase behaviow of these



cultures performed in the flask (Tables 3.3 and 3.4) and

bioreacfor systems (Tables J.10 and 3.16).

SIFC = Io/A + bt (3.8
However , the nature of this immobilization technique
precludes any .direct measufemeq; . of the ~biomass

concentration in the-bicreactor. This model was modified
tc.include the medium cargohydrate cnﬁcentration. This
sﬁbstraté ﬁgpresents the major carbon ‘source for the
- formation of biomass .and it is,tﬁgsily measured. The
biofilm growth rate (b"[mg d.w./cn=.d1) was related to the
measured carbohvdrate disappearance rate from the medium by

Equation (3.32).

< . -
i >, Ym (dCa ' .
b = vy a (dt Y (3.32)
It was found experimentally that the end of the growth
phase was marked by a significant decline in  the

carbohydrate disappearance rate +rqm the medium (Tablé 4.9
~ 2 g/L.d to ~'o.s g/L.d). The close moniteoring of this
rate rallows .asséssihg b and determining‘the end of the
growth phase. From these results, the 'produc£iye :hiémass

content of the bioreactor can be estimated from Equation

(3.18).
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The validity of this approach - was vefified' by
comparing the méasured bicfilm.qfnwth rates ﬁbm) detgrminéd
as peng Equation (3.185 to estimated rates (bg) calcﬁlated
from Equation (3.32) for SIFC cultures performed in the

biaoreactors. The growth phase period‘Tt) was determined as

discussed above. The vield factor used in Equation- (3.32)

was obtained from Figurés 3.29 and 3.37. The Vm/A ratio
used. was the initial culture valte. =

20 g/L SIPC cultures

The resulis of S = 10 g/L -and S

carried out in Bioreactor 1P show

-

for I& experiments performed under various conditions

(batch, chemicals additiun,' semicontinuous etc) with a

" standard deviation of 1&%. The results  of similar

experiments carried out in Bioreactor 1A give

' ) bm = 1, 18bg

for 21 cultwes with ‘a standgrd.deviatign of 24%._-The
1at£er higher difference (bm/be) comes‘ mainly - from thé
high?r evaporation rate ocﬁuring in the ai?lift-Bioreactoh
IA. This increases artificially the  carbchydrate

concentration measured and diminishes the disappearance
% SRR .
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rate and bg.

Consequently, the simple and crude model of Equétians

Z.18 and 3.32 represents reasonably well (+ 20%) the

- .

biomass formation phase of. the SIPC cultures performed 1in

the - bioreactors. Its accuracy can be significantly
improved upon tloser monitoring q% (dCa/dtigf of the ﬁedium"
chume and of ‘thé evaporation raté as wé1l_as‘by using a
better yield model and by evaluatingr the effect rpi. the
biofilm wvolume <(last term of- Equation (3.29)) on this
gro@th model. This could be achieved only. with a better
instrumented and controlled SIFC Sibfeacfnr system.

The stationary phase of SIFC cultur955inoculgted'with

a stationary phase suspension of C. roseus cells is rather

vhusual but similar for the three culture systems'presented
”:‘ -

in Tablé‘ﬁ.?{ It occurs=without carbohydrate depletion in

- . ‘ . . .
the- medium and with a constant biomass concentration.
e ' ' L o . .
is phase, carbohydrates/are slowly constumed (™ 0.5
fr ’ ‘

g/L.d). The presence of carboh?ﬁrates in the medium during

During th

et
g

the'ystatinnany phase explains, at least partly, the
constant SIFPC biomass concentration Dbserved_(EQQ). Thfs

behaviou of the immobilized biomass is different from the

growth, of & suspended biomass using medium 155 and any
¥iable inoculum of a sufficient volume (S-20%4). The normal

growth limiting nutrient of this medium is carbohydrate

b
A

™
\
]

*
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£ -
-i‘ -

e ) : -
{sucrose) at initial concentrations lower than 30 g/l (2.

. - : .
Carbohvydrate exhaustion from the medium causes the
suspension culture to enter a stationary ”phase which 1is
characterized by some decline in the dried biomass

concentration (Figure 2.1). Some other mechanismis)

appear (s) to limit the growth of the SIFC cultures.

This phenomenon was not caused by mass transfer

-

restrictions for the reasons discussed previously. nor by

the sterilization of the immobilizing material with the

. growth medium. ‘However it was found to depend on the plant

call type and line cultured and on the inBeulum age.

..This behaviour can be explained by considering the
: T - . ‘
structure of .a SIFC bicfilm and ‘the particular,&growﬁh

metabolism of cultured plant celis. The growth of SIEC is

mainly unidirectional and is space limited to the
- : > '
immpbilizing area. This growtﬁ is most probably restricted
to the Bio%ilm%ﬁ#ternal layer while subsurface piahﬁ éellé
experiéhce some - valuﬁefri; pressugne -inhibiﬁing-‘ceil'
expansion and division. "

. <
>

- Plant cells, and ' in particular C. roseus cells, used

Ay

to - inoculate a volume of medium fdr suspension culturingy

are known to accumulate readily (within- -2 days ~after

" imoculation) and to store large quantities (& 60%L) of some

L

[y . g
o N
- - -
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nutrients from the fresh medium (210-213). A good~ -example

is phosphate which *is less “damagirg to the durtqre i+

abééﬁ% from the medium. These storéd 'nuﬁrieqtsﬂlgéféj
féubéébuently ~ redistributed to the c¢cell progeny -upon

division. Growth and tﬁé{amoupt-of biomass produced  are
L a : .
proportional to © the tota& intraceTlulér concentration of

- - .
-

s W
ayailqbility at

-

these€ nutrients in the culture and’to their

division (210-213). | ) C L
X . )

-

- . - “ . - - - -
The ‘imhdrent structure of a, growing SIFC biofilm,

consistéfoé vounger (nutrients demanding) ée;ls'exposed- to
C 3 P . . .

-’

©a depleted medium &nd growing on top.of older (putrients

.

poorer? cells. :THLQ arqwth patterq;restricts~seriouslx the - .

availability of essential intracellular nutrients for
continued ygrowth. '
. , N

- _ . . . X

N X . o

This behaviouF was found to be cell type and inocuwlum,’
. . ;7

4

age  dependent.’ Different nutrient(s) uftake iates,
suspension gréwth patterns’™ and culture histories can

explain the obserrved variability per pléﬁt_cell type. This

L}

' - ‘ o N , :
implies that some protocol optimization may be:required for
2ach” tvpe of plant cell to %ttain'ééIFPQrmwth control . in

. Y : T : _

SIFC cultures.

- - ) - . \
(nobloéh‘ 2t . al (212) offered an interesting
D : o G ) 2

a
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"

explanation +for +the ‘inoculum age factor. The stored
intracellular phosphate (and/or other  -nutrient(s)) of
inoculated sfatienary phase plant cells would be in.a form

making it unavailable for grnwth—ccnnected metabol'ism. In

-

this case, the growth of the SIFC biofilm depends only on

-

. . &

the phosphate present in the medium which. is accumulated,

‘rapidly by the ﬁutrient starved cells. A hart of the

1ntﬁace11uiar phesphate (and/or Dther the nutrient(s)) of

inoculated,.growinq plant cells is readily aveilable for

-grEwth. The ph&éphate present in the hedium ‘is probably

anat i et .

accumulated less rapldly by these 1mmob111 ing plant cells.
et .

Consequently, a 1arger quan*;ty Df phosphate is available

'

for the growth of the culture an “more remains aQailable in
- u- S :

- 1)

.ﬁ- . : kY : ,
the medtum cver a iongetheniod/far the " growing external

’

layer- of the SIPC biofilawm . ) Cw ;

. - o )o;-_ - .
LT - . L. N L. : . - .
This 'mechanism explains "the needlessness of-usings
hY ’ ' B
.. . S ' o * : . A,

large indculum velumes (16%). It wds tested by the varioud

-

‘chemicals addition and"medfﬁm.change;schemes'experimented

d
A W

ih_Bioreactor.IP Ygectrnn‘Z,S;l}é). Most’ schémes resulted

-
-

. L. E .
in - mafginal ‘improvements in biomass formation (0O to ™~ 10%

for sdmicontinuous operation, see Figure 3.25) or - in some

increzase in carbohydrate consumption (~ 40—1002<relatiﬁe to

v

other cultures, see Figure 2.26). However,.the periodical

L

addition of a concentrated nitrogen/phosphate solution fron

day 4 (growth phase) of a S = 40 g/L "SIPC culture did

k4
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' ‘: ‘ ' \
C : respond by a significant increase in biomass formation (™

- 3QL) and in carbohydrate consumption (™ 40%). This result

GE: ‘- supports the growlth "limiting mechanism discussed above.
In °~ summary., both these spaCe and intracellular
‘ . <
q: nultrients availabililty restrictions imposed .by this culture

mode on  {(surface immébilized} plant cells resulted in ¢he‘

limited growlh observed. This discﬁssion suggests a (batch

) , cultured) SIFC biofilm to be heterbgeneous in depth (formed
. S . .

[ .‘W' .

of calls prograssively poorer in  intracellular nutrients

<.

,

near  its surface) and~homogene0us in surface. Thﬁ biofilm

grows abt its periphery« , prob bly with some degree aof

QE _ synchrony, <&t a cons stant rate as long. as essential
) nutrients .éreé Jextracellularly - and intracellularly
- available. THe , plant  tcells underﬁeaﬁh this dividing and

expanding layar undergo st&tionary phase differeﬁfiation.

= : % . 2 : §
) . " o . ‘ -

- L ;Ju\gh ‘should promo‘Le - secondary metabolism. This bidfilm-
< S S - o . - T
- structure, girowth . behavior | and metabolism suggest aa

‘r'. '. ~311ferwnt .(gomplex) physiology“ of SIFC as toﬁpéréd.td a .

" - . EERTIN
4!:71;;] ,‘f%uspans;on culiurod plant cell bliomass, which seems not- Lo .-

- .
- Il

B have - heen %studied for ﬁécondary metabolites production

- Ll Pwher @1 in this work. . :
¢ C TS

Fhe otcurrence of Lhe par icular stationary phase of a

-
. -~

- $TEC Cbhiofilm cultur@d' accmrdlng to Lhe aLandard protocol

- Y

-~ ‘ } . v . _,g_,.‘. . ) i .
_( T . used represents an  important  advan tage of ‘this culture.
——— v . ‘ ’ :



¢

B

-299~

technique. It offers a natural, easy and non—-damaging

means of cantrnlllng the growtn of the biomass Ffor the

=

efticient Icng term operatlon of this immobilizing system.
4,2.35.2 Chéracteristics of the SIPC Biomass.

The . two SIFC bioreactors produced a viable plant cell

biofilm of compafable characteristics (vield, oﬁygen

conshmption rate, wet—to-dry weight ratio and medium pH
control; see "Table 4.1). As compared' fo_ shake flask

suspension cultureg, the SIFC biomass is morelétable at
staticnary phase since cgrbohydrates-aré st;ll presént' iﬁ
the meqium (209) andiconsequently if may be less subject to
cell Hﬁéis ag indicated by the sfébiiity og the bH"ﬁé‘ tge

medilm.

& ' -

The estimated OzCR ' of. the SIFC. biomass follows a .

normal declining“trend during the growth'phaSE and attains

L

a constant . lew :level' during the stationary phase (~ 0.07

uMO=/g d.w..h). The 0zCR (™ 0.07 = 0.3 " uMOz/mg d.w..h)

" presented in Figures 3.33 and F.41 aré-lowér than the range

r

a+_‘0.2A.F ;u.4 uMi=/mg ‘ggﬁ,h) reported far -~growing
susoen51on§ QF plant cells mentioned in Section 2.2.1.. The.

SIFC biomass QQCR afe also lower (~ ‘25 - S0O%) +than Ethe

AN

[

avefava éstimated qiifc of growing C.'ngggg’(line MCR;I?)

)

”, . o o -

cell SuUspensions cultured in shake ¥1a=k5 agltated at-7150
o‘ - N

-
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RPM preseﬁted in these Figures. Simultaneously the vield

af the SIFC bicmass declines during. the graowth phase
(Figures 13.29 and 2.37) and 1s lower than for a suspension

‘cultured biomass (40X as compared to S&%).

This behaviour resQIts from the structure of the
grcwi%g biofilm discussed in théj;revious Section. Growth
T is restricted to ~ the biocfilm externalﬁ-layér while the

subsurface plant cells enter rapidly,afstationgky phase
metabolism. This metabolism is chékécterizéd by a low
'pxygen Fonsumpfion'rate and = low carbohydrate utiii:ation
. rafe étrictly fDr_mainteﬁance purposes. _ThiS'expla;ns- the
.‘E: ' o _lbwer estimated average -D=CR and biomags vields Dbsérved
for SIFC cultdres..as the proportion of stationary to
growing picmass increases whea tampared to a suspension
- culture. | |

&

The'wet—to—dry biomass weight ratio of SIPC increases

e

°

- * with time . (Figures 3.31 and 3.39) as the proportion of
5tati0naf§ to growing biomass in the biofilm increases. The

¢

possible .Meclining trend noted in Figure 3.31 " for
§ = 20 g/ batch SIFC cultures in stationary phase may
- indicate a possible contractionof the b;ofilm which would

'l

not affect the 'dried biomass concentration. These ratios.
-are higher~"than for a suspension cultured plant cell
Lo TRTEL T \ L . .
C‘ - b-if:;gmaég.‘ (30 to 50 as compared to ™~ 25, see FTable 4.1). A
< \‘l.‘_{"" i"‘"-i"‘hgh . i . ) . . )

- B

-
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similar result was reported for plant cells entrapped 1in

foam particles (W/D ™~ 3I3Z.5) (20&6). This higher W/D of the

3

_immobilized biomass is partly explained by the fact that it
was not vacuum Ffiltered after its re&oval, from the

bioreactor as compared to a suspended biomass. This W/D

N

ratic of SIPC repfesents an actual wet—-to—-dry biofilm

measurement.

This high actual W/D ratio of SIFC is the factor which

Iimits the amount of active plant cell biomass that can be

-

cultured in &8 given (immobilization as well-as suspension?
. - . . <

'bioreactor volume. The practical biomass capacity of bath
SIFC bioreactors were determined accordingiy for their
refficient aperagion. - These tapacities are "~ 10 g
‘d.w./litre of Biofeactor IF volume and ~ 13 g d.w./litre of

oresctal® R vol |
Eioreactar® IA volume when culturing C. roseus plant cells
according to the standard protocol used. These biomass
capacities may change ‘depending on the plant cell type

being cultured.

A final paoint worthy of. notice concerns  the

responsiveness of the SIFC biofilm to chemical stimulation.

This " was noted previously in Section I.3.1.2. ., The

.resbonsiveness of a growing SIPC biomags,appeaf% to differ
L. ) -

from that of a stationary_phéée bipmass. This may.be plant

cell ‘type " and/or inoculum . age dependent. Consequently,

l
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C' motaimizing the S oroauvction ofF surt+ace immobilized

i
il L4 4 C . . . . -
: cultured plant cells will require evaluating this factor.
N .
J
~
7
- -
s y % .
. )
! - -
Fi
L3 .
- : x -
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4.3 The Production of Secondary Metabolites from SIFC.

Suwrface immobilized C. roseus cells culturep in shake

flasks and in -Bigreactar IA were shown in Section 3.4 to

-

biaosvnthesize indole alkaloids to concentrations at least
comparable to that of plant cells of the same line (MCRL7)
cultured in shake <slask suspensions uunder' identical

conditions. The comparison of these results to others is
difficult since the kinetics of .5M biosynthesis bv SIFC was

S

not determined and this production’ is significantlv

affected bv the cell 1line and culturing conditions used

-

{see Section 1.2.2 and 1.2.%).

-~

in addition.. some alkaleids were detected im the

medium of SIPC culture IAG contrary to suspension cultures.

- F

This secretion of SM bv.immobilized plant cells. and in

carticular Aimalicine and Serpentine from C. roseus cells.

Telr -

4

. has bebn reported for gel’ entrapoed IrC (133, 168 .

¥

Comparable concentrations of Ajmalicine in the medium were

detected (30 ug/L per litre b%'medium for SIFC as compared”

to " 80 ugs/L of culture (1&8)). - As discussed .\ L1687 . this.
‘ . ;

. . 7 ) . 4 ‘ . < - .
croduct release was grobably not caused bv cell -lvsis  when

«considering. the ageneral aspect of the SIFC culture (;Ebar

medium. viable and attached plant cells) and the stabilitv

. ~. OFf the DHJ The secretion patterns of theﬂélﬁgsbglture

{(Figure %.44) foliowed surprisinalv well . the biosvnthesis

) -

.

LMy
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trends of the same products measuwred in the biomass of the
shake flask suspension cultufes vFiaure 3.43 . The
secretion pattern parallels most probablv the metaboiic
grend. inleding cataboiism (7). !

The highest total quant&iv aof Setrpentine released in
the medium tat day 19 :wasi“ 1i% of the total qﬁgntitv
.measuréd in the immobilized biomass at t%e end of the IAe
culture (dav 26). The quéntitv of SBerpentine released in
the medium at day 26 was ~ :0.4i of the intragellular
concentration of the SIFC biomass. . Some kind of metabalic
and/or mass.transfer equilibrium mav'havé existed petween
these- intracellular and extracellular-coﬁcéntrations.. If
this'was gﬁe case, 1t would be interestihg to evaluate tﬁe
_biosynthgsis trends of B5IFC since extrabalation of the
aboqe'results suggeéts high ccncentrétioné of §M préduced
< bv a SIPC biomass (* LO00G pa/a c.w. or 1%). This is 3.go

i

S  times higher than  the Cmaximum guantities

bio -n%hesized by o a suépended plant cell biomass cultured
an sh flasksf/under identical conditions.’ T -

A . . o
4 . -
The signaificant. rapid and gentle  stimulation tby &

factor of 10 .within ;110 minutes) of the SIPC secretiaon

-

!

-

mechanism shown in Fiagure 3.44 was most probabliv caused bv
osmotic: andsor ionic  shock (1061117 .118). Tnis acproach

» . should improve the economics of this process.

-

- .. s .
- . . R SNS .
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The unsuccessful schemes listed in Table 3.21 confirm

the last point made at the end of the previous Section,

that optimizing a produ&tian process perfaormed ‘within_ the

L3

better culture system developed in this work represents

Another.Sajor research project.

_\A"}



PREPRR T RO E DR S 8 55 Kakisa Lt ]

I'4

4.4 The Potential of the SIPC-Culture Te:hﬁique.

The immobilization of plant cells has been suoqgested
as a better wav of culturing plant cells. its advantaaes

were discussed at. length in Section l.Z.4. However. all tne

-

immobiliggtion technigues used to cultwre plant cellis weres
- difficult to perform under sterile conditions.

especiallyv upon scale up (entrapment).,

- '
-

~ chemicallv intgrferino with the composition of the

medium {calcium alginate entrapment’.
W-.") +

~ = growth uncontrolled (gelﬁgﬁtraomeni).

- biomass capacitv limited (see Table 4.Z). :

-

. 3 o
- mass transfer restricted (see Table 4.2Z) and/or

- difficult to scale up within a suitable and reliable

- - g . »
svstem. S R
In addition. the precious; “wsecondary  metabolites

biosynthesized bv the cultured plant cells-aré™not secretesz

in the medium.
Surface immobilization has been developed in this

. L oo v,
‘research .roject ras. a nrew culture techniaue for plant .

cells. This technigue. From its develooment in “flask.

» - -
i,

svstems to its experimentation '%n' labpratory si

. . . . o _ = . o

bioreactors. is an easv and etficient  culture mode - for

plant - cells. The ;noculéted biomass is readiiv. and

naturally attached to  the -"immobilizing. "~matrik. The
v . . . -

=4

W%
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TABLE 4.2

BIOMASS -CAPACITY 0‘1':“ PLANT CELL CULTIURING SYSTEMS.

-

.

" Culgure System ' Planl:-\Cells’; 'Bi&‘n&ass Capacii:y Reference Notes
Surface Immobilization| ’ , g
' ‘ ; _ -
- Shake flasks C. roseus —Z-O—g%zd& or This work - .
A -!‘. , . B - '
. 34-8 _8‘ d-w-, .. - -
- L of wet ‘ + .
- e MCTJ » - .
- Bioreactor IA - " C. roseus 11.2313.’3.,.3 w./L of reactor i‘his work Total 2 side
' . I ’ ) « : volume : ‘ thickness:
) - ) <R - -0.75 mm
. or -8 aWe L ' . - - . .
. i Iz. of. wet biomass + matrix . .
_ . " 8.6-10.4 g d.w. This work :
Biqreac._tor IP | C. roseus . lmme o . DR
, . 1 -9.4 .. ' ' This work |Cell Line SBI
-‘? . N M.“ﬂ ' of culture . . ‘ ae
- . . ‘L .
; . Nicotiana St This work  {Cell Line |
) : . . 5u582
ol - tabacum _ N
Caltium Alginate €. roseus . 415 g d.w./kg.of beads - "46:{&3,‘131;.‘:,;.6‘-,_’_;étarved at
Gel Entrapmént % > 153.187 and beads_
e \ L " | others 0D ~5 mn
. . . ~ - -
Hollow Fiber - -1 C. roseus _ 'Eib'%_%'% is‘ tubi 3 0, starved-' -~
Entrapment - Hacys _ woing 135 L(%:Lber OD:
“ - - . i . . ) : ) " ) 6-5 mm)
Polyurechane Foam ~1C. frutes— 32.4 ¢ d.w. : Particle of
-|Particles Entrapment [~ <eus of empty foam particles |4 lcc
- R = ) . . :
- Suspension Culturing _ " -
. - — Shake -Flasks C. roseus. 32.5 g d.w-/L of suspension . 27 . i
. . - . . - . _ N ) L R LI \
N -~ Airlift Bloreactor|C. roseus 14~20 g d.w./L of suspension } 2,52,73 Foaming -
-t : - - ’ . . . . - - T Problems GJ
~ Stirred Tank C. tricus- }30'g d.w./L of suspension - 66 .
) Reactor (Modified | , pidata ‘ N L C. -
-t B Impeller) . e - . :
.y . : ¢ . ‘ . :
- - ' i i -
- =T . <
e e = . e
5 - . A '
. . - . / . ,
. - e ' r
) {" N . %y . . )J .
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biomass—support bond is strpnb enqugh to resist bioreactor

culturing conditions.. The formation of the foam and

biqméss froth characteristic of plant cell cultures _is

-

significantly reduced. The overall system allo&s'complete
separation of Ehg;biohéss from the gas and liquid phases.
makiﬁg its operation more flexible -and its mass transfers

processes easier to &g:frol.
. -

. - . i - ) )

The good operating characteristics of the. SIFC

technigue represent réégﬂ;agt brécess advantages over the

M -

traditional suspension culture of plant éellg;. This -
technigque 1is also easier and more efficient than all other

plant cell'immobilization'techniqges used and discussed in

Section 1.2.4. Tha attachment process cannot be gehtLer

N

and easier. No . physical and mass transfer barrier is

introduced between the immobilized plant cells and the

medium. This makes this technique particularly compatible

new Fechnoicgy'd? plantdcell elicitation

to ~the'o'important
. . . ..

. . . ) . d;\-' . L . -
for the  production of - valuable¥ compounds. The

-

immobilization material @ is inert, sterilizable with the

medium, Fgrmable. eaéily availabie and inexpensfvékﬂiﬁrowth
of  the i mmobilized b;omasé is allowed without matrix
disruﬁﬁion;i This'g:Ewth can be controlled, at least for C. .-
roseus 'pfént cgllé, by using a.suitable'%;étioﬁéry-phase
— . ‘

-, . d * B .
imoculum and sufficient medium and immobilizing “area

without affecting the viability:  of the biomass. This



- .
represents a significant advantage of this technigque which

will need to be optimized For production. The , SIFC

‘technigue has been successfully scaled up in efficient and

reliable laboratory size bioreactors.

- ’ a -

- - ; ) ‘ ‘ .
The biomass capacity of the SIFC technique 13 higher

*

_(10-130%) tham all - other ° plant cell immopilization

N -

«  technigues used presently. as shown in Table 4.2, with much
; B . o

o L N

less ouygen transfer problems. It compares Dbetter thmT?

these'techniques to plant cell biomass concgntrations which

can be -aftained by suspension cultures pérformed in
r ‘ bioreactors (™ 13 g d.w./L against 15-26 g d.w:/l for the ..

Ny

latter culture system). : R 3 R

It is important to_observe‘that- the overall bio%%ssl

concentration of all plant cell immobili;atfon techniques,
) a . . P ‘ ke 7
cachlated over the entireé liquid volume of . the culture-
svstems '1s inferior or barely reaching suspension culture

[ - . -

. ; biomassucoﬁééntéations. This is contrary to published

discussion. (132 and athers). These concentrations

represent less than 4% oﬁ the;gulture mass on & dry weight -
. i . . L . ’ ’ : . .ﬁ )

" basis. This fact stems “from .the large ‘e and high

» ) . Q .
t hydration level (x 9S%) of cﬁfiured; plant cells énd: the

. wdditionil volumetric requirements of the _immobiliiiﬁg '

-

- ""matrix relative to the gis and liguid phases.
\ ’w{ - : .
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.. The &dvantage of “the immobilization

)
L

technoloav applied

¢ to the culture ;of plant celIs is mainle in the much
. : . . P _ .
ﬁ%—ﬂr '_impmofadd G %ﬁciennv =2 the resultlnaﬂévstem. Foaming and
Q. . - . Ve 5 .
a . -
mass transter control-is easxeraz E:Dmass tentlow allow5*

L= 3

x, ',-n‘\ k\'\

: . 3. .
+ easvy  medium channeover aand conthadéhsﬁg%nerazméh clore .

biomass : homoaen91tv. morphoioa1c

important. but stzil 1araelv unknown. is t?gi\ggect ot tne .

al rest - and -

microenvironment on the Dlajgg cell ﬁhvsinlagv. ang  more

specificallv. on  its secondarv met
caoabilitv.-/
- ' ‘ s

L)

4
. : . p . N
vertical sopoiral, wound conflguratuon

-

The scate up of theﬁSIPF technigue

-structure 1nstalled in laboratnrv 5}19 v

' -

a

hudrodynamzcs Datterns. . Bioreactor

ot sprznc of the ma&hetlcallv stirred ¥

abolite  production

involved a ;Cémﬁact-
OFf the immobili;iné n
essel Suitable
IFP is a -direct

lask svstem. The

main cbjective in gdesigning this svstem was to provide tor

a small (2 L). easily handled. laborator

o ) : Y
representative Y  (AsV - 1.0, cm—+)

v size 5vs%em» mare .,

of’ the surtace .

o«

immobilization technique than  the oriaginal flask svstem. It

» -

allowed walso decounling the e{fekt of mixing from asration:

*

- which wds not-possible in Bioreactor .IA.

up. . potential of .Bioreactor IP was

The limited scale

recoonized earlv.

eﬁpeciallvfcnhSIdering'its low H/D. which may reoresent

mechanical  restrictions.: In additi

- -

transagion from  magnetic to strictiy

on. the necessaryv
mechanical mixing
( o

.
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means ‘may reduce i;s-(Steriié)‘reliability. Eidreactor IA
- ¥ . - - * .

S -~

! . T .
. A .
[

has better scale up potgntials. )

. - -

o . The laboratory size systems developed were e+{fcignt
a . :
and reliable. ThHey were optimized for uni%orT and maximum
. . . L}

- .
<
- s .

-

3 biomass™> content. Their experimentation illustrated more
- A \

L , Y g

"clearly than. all other .immobilization techniques the

significant operational advantages of using this technologyﬁ5

. ) N
to cultrure plant cells for the production of valuable +fine

chemicals

B b \

The slgwness of plant cell metabolism.makes the growth
. ‘ R

phase of this process performed in +the SIPC. systems not

¢

mass (:??ahé+er “limited - at mild operating ‘conditions
R Y . '
determinad “3s compared to shake flask suspension cultures.

-

& similar non—dependency on mass transfer is anticipated
: e

- .

for its production phase; This phase may rather be limited
. by ;hé'secFetion of the products by the plant'célls, by the

-

limited "solubility of" these Compoﬁnds irm the  biofilm and
in  the medium and/or by their upﬁake and catéboégéﬁ by the
. S0 . N . ) .,P 5 .

biomass'(Figqre TLA4) .

\ ll

. .
- h ]

e .

. _Thauscale up of the SIFC, technique to industrial size

RS
v

-

Fiohéactoﬁé can: be considered. and no majar problems arke

antiﬁ;patéd- The i@mpbilithg matrix can EF farmeq#rin an
‘%E% - efficient vertical spiral wound, configuration with a layers

. . " ' ) - ) .
[N

- ’ 4 \

-
~

o . ] <\ o o _ | o

*a . _';.""'

&%
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spacing aof ~ 1.2 cm and é'H/D “"1.6, which may regquire

furthest .opt?mizatioh. This will improve the biomass.
conten by at least 10%,  rendering this system more

- hi

competitive to suspénsnph cultdring. The design of this

structure represenf%mthe\only serigus mechanical problem of

Fossible solutions to tnis pfmblem include

the bioreactor.

a cartridge tvpe arrangement, the use of -some light;

" LIRS B . e . .
strong, inert - artde sterilizable (reinforced plastic)
. € - *

structure similar to the one used for the laboratory SIFC
bioreactors. or some roll<in configUrafion of the matrix
material with a Awidely open mesh structure to ensure

suffifient spacing between the immobilizing layers.

'This * immobilizing structure will need to be installed
in & low H/D véssel operated as the laboratory SIPC

bioreactors. This vessel can be & mechanically stirred

reactor, similar to REioreactor IF, equipped with "a 1large

(D /Dy ™~ 0.8&) marine impellér pperated at low speed for

efficient vertical pumping of the culture broth and with &
compatiblé air sparger. A 'mcre (sterile) reiiable and

' better hydrodynamically configured alternative would be a

modified airlift vessel similar to Bioreactor IA. This,
. ] : ‘ o
reactor will require a profiled bottom to minimize  dead

spaces. ~ The required mild cdlture conditions of such .a

>

proceés, exéept for theé sfrict -sterility requirement,

should not cause serious operational d;fficulties. They

r
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would be determined as fur the Ldéorafory bioreactors. It

-
L

. ;-e ', . . .
o . iz noteworthy to mention® that the economic size of such “a

bioreactcr may be Timited by “(sterile) reliability
. ; ‘ e . :

considerations and/or by-market-size constraints (1), which

are .price de&éndent and ccnséquently flexible, especially

when considering a contimuous flow operation.
!-\ )

-

Fredicting, cantrolling and Dptimizing‘ the behaviour
of a SIPC-biofh@m fof-éhE'produ:tion of finE‘chemicals‘f?um
this typeiﬁf bicmass‘repreéent as grealt a chéllenge'as its
scale up, especially ig- the  context of the‘(genétic)

complaxity and versatility of plant cells cultured in
vitro. The p@rticulér grd@th pattern obséryed for SIFC
wsing a tumplete‘medium, espggially the occur(ence. of the
eariy stable  biomass stationary  phase’ without complete
carbdhydraté'exhau§tiun frcmlthé medium, is_un;que to this .

culture mnode. It reépresents an interesting approach to

-graowlth control of the immobilizedj piant cells.. The

-
-

dependency‘ of this 'phenwmenpn on the.plaht celi'type and
line béing cultivated, Gﬁ the inoculum_qualify‘éng on, the’
parﬁicular ‘nutrientgw'uptake 'pehav}our(s)' of plant cells
 strasses thé ‘cdmﬁlexity of culturing this particular
biolmgical system. * ‘ | o :

L

Tae results presented = in  this work suggest a
pafticuiar—physiolpgy of a SIPcrﬁiofilm which was shdwn to

4

*
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differ from that of a suspensign cultorad plant cell

biomass. This behaviour-is imposed .on the viable plant

celis by this unidirectional -growth space restricteﬁ .

R4 -

culture technique and/or represents their adaptive response

to this mode of.:cultivation. In 'féct, the surface

immobilization of plant cells can be seen, wmore than any

‘other culture mode, as closing the loop in the in vitro

Tigsue Culture of plant celle.- This ‘started with the

generation of a dedifferentiated biomass callus of.cells

-

from & plant tissue. Flant cells +{rom this solid

cultivated callus were subsequently cultured in the form of
fine biomass aggregates suspended: in an  agitated liguid

m&d Lum . The SIFC technique restores  the callus like

growvth.of plant cells in & uniform and hopogengous biofilm

fully Submerg@d'and bathed within a well éontrolled liquid .

envirvnmnent. This is & wmore natural growth form. (in

Ltissue) 'foﬁ plant cells which offers thé‘possibilit;?qu

'physimlmgical‘ hehaviour(s). This‘procéss could be pursued

under proper physical, chemical and/or hormenal - controlled

stimulation Lo any desired level of biochemical and even

morphological differentiation. True artifical Flant Tissue |

a - [ -

Culture in a bioreacltor can be achieved for fine chemicals
production and for physiologicel studies.
[} N -7 -

g
*

reinitiating intercellular communication and associated::

.

v
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"S5.0 CONCLUSION.
. -
5.1 Contributions. . -
. 4 ' .
1- The major contribution of this research project

- consisted in the development of the surface immobilization

_ technique as a new and superior culture mode for plant
Ty -

églls as compared to most existing cultivating techniques.
’ . e ‘ s
2= This £e:hnique Wwas 'écaiedl up successfully to
lanrafDry size bioreactors specifiéaily designed for the
cul£ﬁre of Surfaﬁe‘iﬁmobilized plant cells. These systems
can be further scaled up. -

3~ The operation of these systems wés optihizéd.¥oﬁ'
biomass forﬁation. “Tﬁis-phase.uf the process was found not
to be maés' tfaﬁsfér limited 'abovg the mild operat}hg
conditions détermiqéd. It compared well to‘the graowth of
shakg flask cu}t&fed pl%nﬁ cell susbensions;_

4- The produced éIPC biomass.waS'partiy chara;terizéd.
1It cnmpiex ahd’unique physiology, which is still largely
unkncwn_‘since: plant cells were ‘never_'cultured in this
pariééula?‘b;ofilm form,hhas found to depend on the ‘plant

N

qul _iype and line cuitiyated as well as on tpe quality of

. the plant ceil,suspéhsion inoculum used.
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9= The physiology of SIPC was “found to - differ from

that of & suspension cultured biomass. It offered the

possibility of controlling easily the? growth of -.the

, . LA e ’
.immobilized biomasst Lo -

&— SIPC were. shown to ‘biosynthesi:ze seéondary
‘metabolites'to levels at least comparable ta that ‘of . a

shake flask cultured suspended plant cell biomass.

_7—- : Compounds produced by SIPC were shown to be partly

secreted in the medium, contrary to a suspension cultured

-

biomass.

8~ This secretion mechanism was shown to be rapidly,

easily and gentiy stimulated.

5.2 Recommendsations.

3

Further development - work is required before the

industrial application 0?. the new SIPC technique can be
fully evalGated. It is Fecommended that this be undertaken
as soon as.pcssible to maintain the Canadian lead ithhis
field. The major areas of study-includé:‘
i— Thé application.bf this culture techniﬁue to other
economically important’piant cell.typés;

P .

C

'K
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2- The optimization of the physiology of each type of

- : . 4
SIPC ~'biofilm for #Phe chemicals biosynthesis

-

according to suitables induction schemes, (medium

inductipn, elicitation, estc.).

-

I~ The induced secretion of these compounds in - the

L3 ~

medium.:

4~ The ° development of ‘suitable laboratory . size

processes and monitoring and control strategies

.

-using .the SIPC technique.

=

o— The scale up of such processes to. & pilot plant

level for operational and economic -feasibility

studies of the production of SM from SIPC.
This undertaking can afread* be justified by preliﬁinéry
economie evaluations similar to thé crude estimatg
p%esehted iﬁ Table S.1. This bréliminary study ‘involves
thé production of ‘ the typical plant, compounds AJjmalicine
and Seépentiﬁe. These,binchemicals.derivéd from the 'piant.
C. roseus aFe used as pharmaceuticals for the treatmen£ of

circulatory (A) and hypertension (S) problems. "The world

. -
- LY

market for each of these proddcts is I500 kg/y (1983)

(1,84). Their updated (see below) selling prices (3Cdn
1987)' are respectively "~ $2900/kg '(lg and v $58,600/kg'

(84).

The base case was taken from Fowler =~ (84) since this

- study represehts the most Feasonable economic analysis of

o
e

A4

=g

e



TABLE 5.1

™

»

PRELIHINARY ECONOHICQ OF THE PRODUCTION OF THE INDOLE
ALKALOIDS SERPENTINE AND AJHMALICINE FROM CULTURED C. ROSEUS PLANT CELLS,

Traditfonal Batch

[

Suspension +
Product Induction

Semicontinuous‘SIPC and
Elicitor Technology.

SH Produced

No of Prod. Cycle/year

Bioreactor Size (L)
Capital bost (cc)..
Operation Coat (0OC)
Raw HatFrials'(RH)"'

' Breakeven ‘Producer Price
(BEPP) 2

lz of d.w. per
product(2)

-= in biomasa

~ Total for 10d

30
(lio:15% downtime)

50 m?d
§23.4M1 (Cdn 1987)
$8.84/y
$7.0Mfy

$16,400/kg

1% of d.w. per product(Z)

- 75% in medium

- per 2 day elicitation
cycle.

((ﬁo:ﬁ! downtime)

70% of base case
502 of base case
50X 6f base case

BEPP

N Technology - (84). Assumptions '
Production Cyclet '
Culture time 10 days Preparation. 8 daye
) . i Growth "6 days
: _ P Sem{continuous Prod. 24 weeks
Biomasa;éoncentratiep 25& d.ﬁ./p EJQ_m%_dluL A .4 en”! [12.6 g duw./L
., cm o

50 m?
$16.4M
$4.4‘H/y
$3.7 M/y

saszo/ké*

L' 108,

2BEPP:

Vph
cc/8;
ta: Taxes (20X).

CF=0=(BEPPAV,-0C-RH-CC/8)(1-t,) + CC/8.

Quantity of Chemicals produced and sold.
Depreciation (8 year life of plant).

"
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this aroductio® of the féw .available in _the literature.

¥

This case involves the traditional, suspension culture of

plaﬁt cells-and prroduction ihddétion‘by én éPM-tvpe medium.
It -was modified to include the prnductionrn$ Aimalicine at
an assumed rate similar to that 6f Serpéntinei The ¢cost
figures were updated BV assumi;é a #2 Cdn/L STG exchanae

rate and an average 104 inflation rate from 1363 to 1987.

, U

The immobilization case assumed wsina the SIFC and
elicitation (114} technologies. - A six month semi-
continuous operation was also assumed with the biomass

loading. biosvnthesis and ‘secretion rates as shown. The

semi—-continuous and product secretion schemes ijustified the
assumed reasonable lowering of costs presented. According

N . ' - . ’
to this evaluation of a whollv Canadian owned technoloagyv
mostlv available gpday. the more advanced production

process has a 4 tnfﬁ‘cost aanntaqe over the traditional
proceés for & world markeﬁ share of ~ 235% for each product.

oS

This breakeven oroducer price is Qiéhinpthe {updated $Cdn

. . . -

198%) selling price | range of a certain number of
interestina plant products ($2§004€>$7600—ﬁ>$9.5 ¥ 1oe/skar
{1,. This  means that anv further teﬁhnclogical advances..
Drodgétion scale up and/or divéféificatidn or a .mbre
accurate economic evaluation can méke this bictechnological

-

‘process profitable in & verv near future. ' )
» -
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It is  alrso ;eccmmended that this gentle, - easy:

efficient and advantageocus surface immobilizatign technigque

' be evaluated for . other cultures. The - surface

immobilization of microbial and fungal biomasses should not

immobilization of the fungus: Rhizopus, arrhizus was

perfbrmed successfully in the magnetically stirred flask

system using a milk whey salts éﬁpplemented medium. A T4

-

inoculum was fully immobilized within 4 hours. A three day

.

growth period gave a loading of 16.4 mg d.w./cm® and full
sporulation. A mofe-intrigu@ng and interesting appljcation

would be the culture of animal cells in this system.
, ' o -

S} , [ . g -
Finally it 1is ggspmmended thHat the SIFC technique be

e ¥

presented to, and evaluated by, phytoscientist as a. means
: i - - ‘ . i
of recreating-in vitro under closely controlled cmnditiohsi

plant tissues for physiclogical studies.

- . B o ) ~

-

represent particular problems. In fact, the surface

[

-
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v The rheolagical properties of the C. raseus suspension

- ‘cutture mentigned Tin Sections 1.2.1.2 and 2.7  were

.. ' oetermined fram the results presented in Table Al.1. ‘They

* -

were correlated accbréing to Equation (2.1) ‘as—’+oliqws
. L v s ‘,‘ ) ’ . ' * N -
€74y, < o S ' DI

-

f';’,

9 ='§?mwn L : 2.1

w "

s . 1n 8 = nknW + Lnogk ;

" Correlation of the results of” Tdble Al.l for each spindle
ves: L
-QlVE?- - _ S ‘ N
™ Spindle 13 - T | S
- - : .o
AP . S 1n @ = 0.771nW +  Z.04
» No of points: 4.  r = 0;99 (A1.2) .L‘
) P .
: : .
’ Spindle Z2: - -
1n © =%0.701lnW, +.1.45 (AL.3)
No—aof pointéf 7 1-rr.=;0.99 s . A
. ) : ' . . ' - &
- - ‘ ‘n Lo v ‘4. . 2 .-' ’ ¥ " A ' . ‘ ~
: Spindle Ir . st e e R
) , . . , . ,

In 8 = 0.701nk + ©,49

- : N .' N ‘ .
L S . . No of points:” "7 ° o= 0099 L. t: . )

- - [
. » 7 - -
o © The. last term of Eguations A1.2Z to Al,4d (Bimﬁ'repreéenté
. - |. ').

the 1n am:k'teérm of Equation Al.1. Thig can be written as .
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TABLE A1'1

-

MEASUREMENT OF ‘A C. ROSEUS CELL SUSPENSION VISCOSITY. .

Fl

4

Spindle #

Viscometér
speed
(RPM) | .

_Average
viscometer -
reading [-]

Apparent'
viscosity
-~ ,(cps) ..

12.0.
21.7

43.0

. -ﬁl""- ' i ) <
2400

. 2i70

1720

'100.0

. 5.0 s o Y. 1420
B R |
2 4.0 ;0.5 - \als - 13080 . - -
| J . ] :
1.0 4.3 11720
- | " 2.5 . 8.3 1328
> 5.0 13.1 1048
¢ ‘ . . .
-4 . ¥,
10.0 - | 21.5 3§g\\ ‘
| s 20.0 () - 36.0 720
». ) S . !
. 50.0 ( 64.8 518
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. 3 - . 10-0 H 1-0""7 .1'.-6' 1600 e
a. A S " . *
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N ” = Consequently *the value of . the Power Law Model
‘pnarameters for this plant cell suspension culture are: Lo
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F f
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Ne ‘ . .
. - * . . .

; ' E‘-\1 = 1n mg‘_\ti‘\ .. - '.Q,L.S'J
g } Bey = 1IN ey + 1ln K (H1.6)

- .. . . . - % a

- I‘
- b " R * R .

A correlation between'we: and E,, gives a consistency index

‘ o s - B o

-

K at no flgw. - ’ , o -

» : % ~

oS E,s = —4.11n xBy + 3.02 .

_

: ' B ! No of paints: 3 o= 0.9

- . . " . .

' oo e - .
v Flow behaviouwr index n = 0.72 L < -

“{M“ Y - - N N
I ‘ ) R . ) . ¢ -" : - --.
- g . : - B P
.« Flow c?néisteqey index K = 20.4 ofm sect-=9, N
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R2.,1 - Composition

Nutrient .

, KNO= _ L
o CaCl= . - ZH=0 .

- NaH2FOa . H=O - o
: ) T “

- Al . ) 2
‘~ ) 3
- -
? Inositol
- ! . b i ]
o~ Nicotinic -pcid T
uﬁ " * . .

Pvridoxiner . HCL-

- o
e : -, _ S -
Jhiamine . HCL - -
: T .
. ' ‘ ) 4 '
. e Sucrose
N . . .. - 'u

'.- : CUSGA -

. CoCla. « é;H;-."/ - .
) EDTA ferric %&alt o

q

of ‘the Browth Medium 1BS (43,214}

Concentration (ma/L)
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2.4 Dichlorophepoxvacetic acid‘(zh.‘i D) 10 )
Notgs . . ) | | .

1—9@11 chemica1§ were of reagent arade.

— ) . o : / -

Z= The growth medium NBS was of the saﬁi\fompcsitzon as 1EB5

) : _ ' ‘ o .
exceot for the two f&llowing changes: -

‘af The oau&in hormone 2Z.40 was réplaced cbv  tne

m—nanhtha&enE'acetic %fid at the same'concentfatioh,

- - . [
. ch’ 8 g of agar was added per litre of medium.

- . N N .
- . .
- - - -
.
. et
- -
. .
P t . - ‘
.
r
] »
- L}
.
w
. . .
L . -
K -
. .
¢
- - - r .
-
-
. .
1
~ L]

e )

-



. . -
“ s
. . .
;
- 4
-349— P
. . . [
' . - . . i
. D .
- . .. . . . . . . o ow R P
. . . L. . .,

.

A2.2 ~ Compaéiticn of the Alkaloid Production Medium (APM)

(33,97 .

. g e
) ‘Nutrfents : . Concentration (ma/L)
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KND= . 730
M . , :e .
NHaNGx . 72
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Appendix T — Measurement of the Biomass_ Content of  a

Bioreactor Loaded Immobilizing Structure.
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“ Frior to its formation in the spiral confiauratien.

the cleaned Mn boiling distilled water for O minutes. then

in methvl ale¢cohol) and dFEed immobilizing material was
< .

weighed and its dimensSions were measured. The material. was

tormed in the spiral structuwre. which ‘was weighed (Wm) .

Tl At the end of the culture. the bdiomass loaded

w structure was treated as mentioned in Section Z.o. The net
: - @ : .
wet immobilized bidmass weight. (Ww) was determined

according .to the following eguation.

o .
¥ + _r. <
.w...=w.n.,‘~w.,-‘-:-1...f—vm- A3 1)
- Gl . -
where Wris total wet. weight~ of the biomass iqaded
- structure (q,y “i i?ﬂ
’ " ‘Ax‘*wm;' total. immobilizing sf;ucture welght priééf
° to cultufé'(gﬁ,; . ~ \ o
‘{3 . o IV immobiiiﬁ;hg 'aaterial . oniqinai unlo;ded

volume cm®, ,
immooilizidq materizl liguid absorptivity

(g of apsorbed water per unit volume o+

materiaii. -

< . -
R oy

- - . i " ﬁ
The, Mw 0Ff the immobilizing materials used was;determined_by

sterilizing measured strips in distilled water. This IMw



-~
. - 1]
Y

- -2 : .
‘ © was found to be V.72 g/cm® {average of S results. s = Q.07

gs/cm=) vor the RIY Materialevused.
. The . net immobilized biomass drv weiaht (DW) was
~ % ‘

. . ‘ X . . '
determined accordina to the following equation. '

DW = Wro ~ We = (M ® YV * CHG) . (A3.2)

. . - . -

o

where Wrps tet&l drv weight of -the biomass loaded

structure {(q’.

. . CHO:z medium final rgsidual carbohvdrate concent~

] ration (g/Ls.

~

No correction other than +for the immobilizing matrix.

’ ~

assumed equilibrium absorption of the medium (last term on

the ?ight hand side of Eguation A3.2) was used to take into

: ' - - . - .
; : account the effect of unconsumed --carbohvdrates on the
. ' . ' ) s
- . biomass drvy weight measurement. - 3
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Appendix &4 - Materials:Teste¢u$ar the Surrtace

Immobilization of Flant Cells.
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Materials Tested for SIFC.

Material - Suppiier
) ~
l-Copper maanet wirepwith a4 polvester
imide coating Lo . w?stinéhcuse Inc.

-

Z=FAluminium swface with an oraanic

anti—corrésic;-coating P Hexel inc.
3-Folvimide surfacé Hexel In&; -4
4-Ultip6r GF ' = Membrane - 'Fall inc.
S—Ultiggr GF + Membrane %%11 Inc. '

Forex Technoloav

&~Folvvinvlidene tluoride surface

- Inc.
_ . ~
7-High densitv polvethviene porous Forex Tethnologv -
sSurrace (550 um) 7 Inc.
E—Fol§propvlene sﬁ?face. T Farex Technologv
| Inc.
‘9~Ultrahi@h.mo;ecu1ar wéighf polv—- Forex Te?hnclogy‘
ethvliene poroﬁgysheat (20 umi ‘ Inc.
1o~Folvstvrene sur¥ace - Monsanto Inc.

4

-l1i=-High densitv polvethvlene Dow Chemicals

surtface . ' : » Ipc.

-

,

_lZ“High densityv vethvlene - S Dow Chemicals

surface coated with an inc.

antistatic agent o .

13-Crushed ceramic ' - Norton Inc.
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14—Cru5hed'ceramic . o - Centre delfe:hérw
- ' . . . che 1ndustr;élle
| du @uebé& .
ISQZ?DSingid%_powder-(20*30@ umy Ehcné‘PDuleﬁ;
| L T - S.he _;
la—Hvanculture oil shale. éiay n R ) Hvdro;qn1c Inc.
N pellets and verm{gqiite - - . - . : 5
l?—Céllqicse,fiber melamine resin . ’ QMFﬂCunoilncgr
. bDuna materia_tlc . e
lé—Cellulése fiber phenolic re?in QM# Cuno Inc.
Sound material . . '
.1§—chvlié Tiber phenolic resiﬁ ' 1_- | «ME Cung Inc.
" bound material (@8 Material)-
Zo—ﬂcryliqdra;nn %ibe;‘phenolgc resin QMH Cuno Inc.
bound material (QB Matefiall
Ei—Celldlése/qla5s fiber ﬁhénoii: ’ AMF Cuno Iﬁc;
resin bound‘material;: . y .
2z-Raw glass fiber # 10BA * Manville Inc.
23-Celite catalvst carEiéh‘E céag‘.‘. *“"Haﬁvélle inc.
T#ROL0. #R626 and #ROTO - . | _?‘
zi-asbestos cloth N Manville Inc.
,ES;Geatextiles 760?.?509‘and 7elz . Texel Ing. -
{Unwoven polyster based). ' -
Eé—GgetextilelTSbo and T1o00 L 161 imc. i -
zv—éabgag;;}e Mi;dfi, o 5e1aneéeﬁ7.'
. T , m; . : .
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