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Section | : introduction

p + basic unit operati

Bioreactor

Strain selection and
improvement >
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S-Lseparation

Extracellular metabolite
conditionning(phase L)

Biomass
conditionning(phase $)

¥

S-Lseparation

of Produ
Whole cells Baker's yeast
Lactic acid bacteria

Single cell protein
Primary metabolites  Beer, wine

Ethanol
Lactic acid
Citric acid
Glutamate
Lysine

;

nism
Saccharomyces cerevisiae
Lactic acid bacteria
Methylotrophic bacteria
Saccharomyces cerevisie
Saccharomyces
carlshergensis
Saccharomyces cerevisiae
Zymomonas mobilis
Lactic acid bacteria
Rhizopus oryzae
Aspergillus niger
Corynebacterium glutamicum

Secondary metabolites  Pevicillins
Cephalosporins

Statins
Taxol
Recombinant proteins  Insulin

1PA
Erythropoietin
Human growth hormone
Interferons
Vaccines
Monoclonal antibodies
Enzymes Detergent enzymes
Starch industry
Chymosin
Polymers Xanthan gum
Polyhydroxyalkanoates
DNA Vaccines

Escherichia coli

Penicillium chrysogenum
Acremonium chrysogenum
Streptomyces clavuligerus
Aspergilius terreus

Plant cells

Saccharomyces cerevisiae
Escherichia ooli

Chinese Hamster Ovary cells
Chinese Hamster Ovary cells
Escherichia coli

Escherichia coli

Bacteria and yeast
Hybridoma cells

Bacilli, Aspergilli

Bacilli, Aspergiili

Aspergilli

Xanthomonas campestris
Alcaligenes eryirophus
Lscherichia coli

Market valu,

12 billion US$
200 million USS

1.5 billion US$
1 billion USS
500 million USS
200 million USS

4 billion US$
11 billion USS

9 billion US$
1 biltion US$
3 billion US$.

1 billion US$
3.6 billion USS
1 billion US$
2billion US$
700 million US$
600 million US$
200 million US$

400 million US$

Petri dish
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Flasks

2L bioreactor

20 L bioreactor

500 and 2000 L bioreactors

2000 L bioreactor

10

Control system

Centrifugation
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Ultrafiltration

Lyophilisation

Atomization

End product

Section 2 : Microbial physiology in process conditions

- Optimisation of microbial growth and product formation
- Importance of response and adaptation to stress conditions

2.1. Microbial growth : basic techniques for the quantification of biomass
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- Plate count
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- Microscopy (direct count)
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- Dry matter
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-Spectrophotometer

- Indirect parameters extracted from sensors (direct parameter now possible)

cellular components
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Traditional approach : Monod

Micro organisms are considered as a « pool of enzymes »

Theory of a limiting substrate — Monod

4 i
Vv-rax H max
Vinax [ Bmax [
Bl i X IRy
K s K sl
Michaelis-Menten Monod

e =
%T)t(:“m”%(si(s

First problem

Hmax @nd K varies with pH, T, nature of the substrate, exposure to stress,

Can be resolved by one of the numerous Monod modified expression

s (Kat S — /KT STo4KS
2K
4 Lane (19 s ) '
.= sl At v i) :
K 0
(14 B2 2o Nk v 54 K01 + Kot

Otsson (1976) . sa

. Ko KK A

and Calvet (1983) s K ’

S ) = TS T STRI®, + PN T F)
Williams, Yousefpour and Swanick (1984) KiS | Kb .

s ap = (e KN A K- k)

Second problem : substrate depletion in batch
system

Hmax @nd K varies with substrate concentration (simple Monod expression)

BUTALSO

Substrate concentration can induce a shift from a metabolic pathway to another

(homofermentative shift to a heterofermentative pathway)

Solution : fed-batch system (if vessel is considered as
perfectly mixed) or structured kinetic model

Growth, substrate consumption and metabolite production

log X 5

-~

Different modelling alternatives for microbial growth :

-The simplest way to express microbial growth : Monod type equation
(saturation)

- Structured modelling : take into account the internal dynamics of the system to

be studied

- Segregated modelling : take into account the heterogeneity of the microbial

population

Image analysis
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Flow cytometry
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Example of application of flow cytometry : cell viability
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bioreactor configurations

Mass balance

Rate of
variationofa _ Flow rate
component with = FlowrateIN - ouT *  Production -~  Consumption
time
=0 at steady state Depend on Depend on kinetics of the
bioreactor reaction (in our case:
configuration Monod)
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Hypothesis:

- Perfectly mixed reactor

- No cellular death

- No metabolite synthesis

- The only limiting substrate is the carbon source
- Dissolved oxygen is not limiting

In these conditions, Monod equation can be applied

S
U= pmax --=------
S+Kg

V = working volume (m3)
V S X S = substrate concentration (g/l)
X = biomass concentration (g/I)

The rate of biomass variation with time (g/I.h) :

X max

S+K

X : biomass concentration (g de cellules/litre)

S : substrate concentration (g/I)

W - maximal growth rate (h?)

K,: substrate affinity constant (g/I)

For the substrate:

r, : substrate consumption rate (g/l.h)

Y s : yield coefficient (g biomass per g substrate)

m, : maintenance constant (g de substrat / g de cellules . H)

Experimental results : batch culture of Bacillus subtilis

Durée (h) 1 (g/Lh) ts (g/Lh)
0 - -
05 0,003 0
1 0,008 0,02
15 0,011 0,04
2 0,019 0,04
25 0,044 0,09
3 0,083 0,20
35 0,142 0,27
4 0,242 0,54
45 0412 0,96
5 0,698 143
55 1,158 2,34
6 1,940 444
65 3,089 741
7 5,00 11,10
75 3,811 8,89
8 0,87 0,087
85 0,27 0,012
9 - -

X (g

Méthode 2

Bo-107

Temps (h)

tangente en 16 ;1,79]

Méthode 1

dy=-92

Growth curve : step method for the estimation of the rate of variation with time

Biomass and substrate variation rates : step method

Durée (h) rx (g/Lh) 15 (g/l.h)
0 - -
05 0,003 0
1 0,008 0,02
15 0,011 0,04
2 0,019 0,04
25 0,044 0,09
3 0,083 0,20
35 0,142 0,27
4 0,242 0,54
45 0412 0,96
5 0,698 1,43
55 1,158 2,34
6 1,940 444
65 3,089 7,41
7 5,00 11,10
75 3,811 8,89
8 0,87 0,087
85 0,27 0,012
9 N -
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Computation of p,, and K

T
= HMm K 7S
1 1 Kg+S§ Durée (h) 1/S (g u (kY 1u (h)
8 Hm E T 0,05 - -
05 0.05 015 6,67
1 s 1 1 1 0,05 035 2,86
So=S .~ 15 0,05 0,39 2,56
B Hm Hm 2 0,05 056 179
25 0,05 0,94 1,06
3 0,05 1,06 0,94
1 35 0,051 109 0,91
4 4 0,051 109 091
45 0,052 i 0,90
5 0,054 1,20 0,91
55 0,056 1,08 093
6 0,061 1,08 093
& 65 0,075 1,03 0,97
1t
i 7 0,112 102 0,98
i avec tg 0= Ks/tm 75 1090 048 2,08
Ry 8 7,20 010 10
s % 85 2490 0,03 33,33
9 6265 -
Linewaever-Burke
40 Ts =
Ts 1 Ix
30 X =Yg X * s
T
W a0 =5
Pente de la droite = 6,13 T ‘k
5
10 Ordonée i l'arigine = 0,72 o= X
¢ p
0 100 200 300
s
S
F -
>
I'x
="y 1
X avec tg B = Yo
x/s
3
Ordonée & Forigine = 009 glh
:
Durée {h) p=1/X (h-1) o=r/X (g de 2 Pente de la droite =2,1
glucose /g de cellules .
h)
3 — - o
05 015 - '
1 035 -
15 039 087
2 056 143
25 094 118
3 106 191 00 02 04 08 08 10 12
35 1,09 256
4 100 2,08
45 11 245
5 110 259
55 108 227
6 1,08 - 219 _ _
65 1,03 248 v =slope=2,1
7 102 247 e
75 048 i Ys =0.48 gof cells / g de glucose
3 010 0,0t
85 0,03 - M,  =y(x=0)=0,09 g de glucose / g of cells.h
9 © R
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Productivity associated with batch reactors:
' Cultivation timelength + time associated with industrial operations

Total time is calculated by :

|n7—/1max.Texp
_ -1 Xf
tow=Tewtto Lin ﬂ]h?"'to WITH
> 0 to=ty Hy HeH T +T:
Amount of biomass produced : Xf _XO:YX/S-SJ

Productivity ( batch) :

Productivitybatch = M YyisS

In Xif + Aumax'to
0

Fed-batch culture : mass balance

Monod hypothesis:

. Perfectly mixed reactor

. No cellular death

. The only limiting substrate is the carbon source
. Dissolved oxygen is provided in excess

Eirst case : metabolites synthesis

1. Growth period: equations identical to those used for b atch

axX . - [X dS__ —_ av
dt —rx—umaxl_iK!SsTS dt Y msX dt 0

2. Metabolite synthesis period (fed-batch) :

d¥o Q.s,
]

l S,V,PX

= . das__ dV
SUBSTRATE dS=—~dV. +Q%

Hypothesis : added substrate is immediately consume d(S=0)

U= QiF=0

rs:Q %: msX + er/
pls

. METABOLITE : dP__p _dV,
dt~ " dt
— BIOMASS : cellular concentration is kept constanta  ndr, = 0.
Variation at the level of the biomass concentration can only be attributed _
to dilution effect : re=x X
dax__dVv,
dt  dt
~ VOLUME : dV_g
dt
2nd case : biomass production.
1. Growth period: see batch .
C‘P 2. Fed-batch period:
B ractedosinei xp Période de production
batch u Jed batch T

© T
A

@ Q=constante

dX/dt=-dV/de. X/V
dilution

t@

. BIOMASS: d>t(_rx dV%g LX) Q[X with p = cst

. dS__ dv
~  SUBSTRATE: Frane F%
dS__ =+ Qs
T rs—Q$+Q%— VS*T/[tS s)
Qs _q) K = =
rs—v[(S S}——Yﬂs+mDK If S = cste and dS/dt = 0

- VOLUME: %ZQ with Q being compr ised between Q i, et Q ax
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Example : P. pastoris fed-batch culture Fed-batch culture of S. cerevisiae with Q.R. regulated at a set point of « 1 »
(S, = 200g/l; VO = 10 liters; Vf = 12,88 liters)

L Durées X S QR. Q V (litre) | S,.(V-Vg)

% (h) (g/h (g/D (1/h) (g)*
s [} 0,28 0,15 B 0,02 10,00 16
i 0,83 03 0,21 1,22 0,016 10,013 26
1,83 039 019 13 0,009 10,022 14
2,83 0,42 0,18 1,76 0,003 10,025 5

! 35 047 0,11 112 0,003 10,027 54
" ’ 433 0,58 012 1,02 0016 10,040 8
4,83 0,66 0,11 1,13 0,016 10,048 9,6

K e Pt I I S ! w X 533 0,97 0,14 097 0,072 10,084 16,8
6,33 152 0,14 1,04 0,063 10,147 294

” 7,33 242 0,13 0,97 0,104 10,251 502

s o 8,33 3,12 0,06 1,02 0129 10,38 76
3 o 1 9,08 4,68 0,04 0,98 0,181 10516 103,2
£ 10,08 5,66 0,14 1,15 0,128 10,644 1288
& 23,83 16,17 027 1,03 011 12,164 4328
% 25,83 1833 024 097 018 12,527 505,4
26,83 19,11 0,25 12 0,139 12,666 5232
N ' 28,83 20,28 0,28 09 0,107 1288 .| 5760

W
anetll o g *5,.(V-Vp) = Apport cummulé en glucose (g)

20 %5
Tomps (1)

100 8
20 5
—&— X{g/h
—k— S(g/D . .. — o)
5 —0— QW/W o0
10 o
Ls 20
i @ 03
= L, FRRER g
o
14 .2
104
F1
L
Lot
05
A s —————— A A
1 T T o
0 10 20 30
00 T T .
Temps (h) H ™ 5 e
Temps (h)
Fed-batch culture of S. cerevisiae with Q.R. regulated at a set point of « 1 » )
Evolution of Q.R. and« Q » (feed flow rate)
Fed-batch culture of S. cerevisiae with Q.R. regulated at a set point of « 1 »

Control of glucose efédfstct pmsfive sttriss H Continuous reactors : mass balance H

Software sensor: respiratory ratio

) Qa,s, | | S,V,P.X,Qs
QR >1 - alcohol proohietiion((ovesitomw) l I

QR =1 - growth S.\VPX
QR <1 - alcohol resesssimilidaiion

QR can be measured by gas balance analysis (derived metho  d can also be
used to monitor K |a)

Basic principle : maintain .., by keeping constant cellular environment

_Other control procedures: during the culture
Ethanol, glucose sensores Parameters :
pHstat, DOstat « dV/dt=0 - Qa=Qs=Q
Exponential feeding algorithm (if kinetics parametersar e well known) « Dilution rate D = Q/V (h )

* Mean residence time ts = V/Q = 1/D (h)

10
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— BIOMASS : %:M—DIXZX[CU—D)

. SUBSTRATE : dd—tszD[&—rs—D[S:D[(B;—S)—rs

_ METABOLITE : %:rp—D[EP

dX/dt, dS/dt and dP/dt depend on the value of D:

- Critical dilution rate D

taux de dilution

- Maximal dilution rate D |, Effect of the dilution rate on the biomass (X) and substrate (S) concentrations (also on
generation time g and productivity D.X)

1stCASE : D >Dc

Bioreactor wash out - dX/dt<0

2nd CASE :0<D <Dc
Evolution toward a steady state :
X=Xeq = Ix=pUX=DX

batch continue D> Dc

X w

S§->5a
S=Seq -r1,=D.(Sa-5) — CHEMOSTAT
WASH OUT
P=Py ~r,=DP
3rd CASE: D=De= x>0,
X/t =X . (e D) =0 — TURBIDOSTAT ¢

Evolution of S and X for a continuous reactor operation in wash out conditions

»
5 b
1%
~——0
? o ? .
Evolution to the steady state in a continuous reactor operating in the chemostat mode 3 turbidostat
2 modes
3
-
»

START OF
TURBIDOSTAT

Working window in the case of a turbidostat

START OF t
CHEMOSTAT

11
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Chemostat : modelling

X and S mass balance equations with Monod kinetics. At steady state, p=
D:

Xeq=—YousD -S.
o D+msts[tB )
If we focus our attention on generation time and produ ctivity :

—In2_In2
9 Jeq

productivté=XedD=Yus(S—Sq)D

Bioreactor operating mode : synopsis

=

e

) Réacteur «discontinu » (batch)
b) Systéme Fed-batch

d) Systéme a recyclage de la biomasse
€) Systéme en «cascade »
<) Chemostat 1) Systéme & écoulement « piston»

2.4. Impact of process-related stresses on microbial physiology

SYSTEME BIOLOGIQUE

SYSTEME PHYSIQUE:
ENVIRONNEMENT
EXTRACELLULAIRE

N———— i t
-

aton ensource de |
FLUX DE carbone

flux dPéchange physico-biclogique

réaction physiologique

!

flux dinteractions intracellulaires

Process-related stresses: Physiological impact

- Thermal shock - Short-term : metabolic shift
- Hypoxia - Long-term : gene

- pH shock induction/repression

- Carbon starvation

- Carbon excess

- Nitrogen starvation

- Choc osmotique (fed-batch)

- Haute densité cellulaire (fed-batch)
- Turbohypobiosis

Depending also on the intensity
and the frequency of stress

System timtugy

Les différents composants des systémes (métabolome, protéome,
fluxome) sont organisés en réseaux
Existence d'interactions complexes au sein de ces différents réseaux

Etude des temps caractéristiques du procédé

Temps de génér

imismes (20 min & Sh)

Temps de mélange (5 i 400 )

Temps de ransfert doxygine (10 4 100 5)

Temps de circulation (1350 5)

Secondes Minutes Heures

—

BIO-REACTEUR MICRO-ORGANISME

Temps caractéristiques pour les réactions enzymatiques du
métabolisme : peuvent étre inférieurs a la seconde (dépendent de la
constante cinétique de réaction)

Temps caractéristiques pour la synthése des ARN,,, : quelques dizaines
de secondes (dépendent de la longueur de '’ARN messager)

12
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Transcription
factor
_.~""alarmone,.
Enzyme

DNA - mRNA o unfolded protein - folded protein

Degradation
(half-life time
constant)

Example ffor E. coli :

Transeription Translation Foiding
DNA —— mRNA — Unfolded protein — Folded protein
Rate: 40-50mucl/sec 1562 pucLisec =1 min /molecule

« Omics » technologies

DNA microarray

2D gel electrophoresis

Overview of the substrate assimilation pathways inside the cell

Metabolic byproducts

Biosynthetic
reactions

Polymerization
reactions

Macromolecules’

Assembly

reactions

Proteins Biomass
(more cells}

Complexity of the metabolic network : example of central carbon metabolism in E. coli

Glucose == GlucosasP == wonomers
PTS

Fructhsesp @
a,.m.l source

Fructobet.6diP

Dihydroxyacatonep —-L-»Glyceraldehyde3P

"o AP tonomers opGiycerate

- Pathways

121+ €O~ | |
il Srecreors 3PGlycerate == uanomers

/ Futecycle "\

7 PiOH
PO~ - XOP~ ~ADP Acstato
YN et 2Piygerate
tho N-xe0 /. At Nenamers
== \
R Honomers <—=Penol Pyruvate
PK PEPC yMalate
H0 Polymers——3-Blomass

Monomers c—pynate  Oxalacétate Fumarate

POH| Y ;

Gitfate

o S

xo
Glutarate’ =5 uonomers

Holms [1996] FEMS microbiology review

Analyse des flux métaboliques : méthodologie

Observation de la dynamique interne d’'une cellule avec un réseau
métabolique simplifié

3 métabolites A, Bet C 3
3 flux externes b1, b2 et b3
3 flux internes v1, v2 et v3

Balance de masse dynamique : % =—vl-v2+bl

4 _ 1+v3—b2
ac T
a@_ 2 —v3—b3
a T
Sous forme matricielle : vl
v2
i A _ -1 -1 0 10 0 3
at B|=(1 0 1 0 -1 of. bl
C 0 1 -1 0 0 -1 b2
b3
dxX ) .
i S S : matrice stcechiométrique

V: vecteur de flux

Balance de masse a I'équilibre :

13
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Réseau métabolique a I'état stationnaire (turnover des intermédiaires) sous
forme matricielle :

Sv=0
On a K métabolites et J réactions

La matrice stoechiométrique S a donc les dimensions (K,J) et le vecteur de flux
s ala dimension (J,1)

Le modeéle reviens a un systéme d'équations linéaires dont le nombre de degré
de liberté F = J-K

3 cas de figure
SiF =0, le systéeme est déterminé et la solution est unique
SiF <0, le systéme est sur-déterminé
SiF >0, le systéme est sous-déterminé et il existe plusieurs solutions
Dans la pratique, pour les réseaux métaboliques les plus complexes, le
systéme est toujours sous-déterminé
On diminue le nombre de degré de liberté en mesurant certains flux. Le
systéme d’équations linéaires s'écrit alors :
Sv=S,Vn+Sm - Vom =0
La solution est alors obtenue par :

= -1
Vom = =(Sum)™* - S Vi

Réseau métabolique pour la croissance de E. coli sur Réseau métabolique pour la croissance de E. coli sur
glucose glucose avec limitation de la croissance
G~ Glucosat® —[TTE ) onomers
T | Ezl GlucosesP —{ T3] tonomers
msj 3 e {
Glucose  Frucloses?
Glucose Fructoses?
Chempss
Fructose bisP =0
Frucighs P
[ \
B —
tl TriosaPs Monomers
7 )
PGiycerate Monomars ]
spaicerats —[TIT}~ onsmmrs
Penol Pytuvate T——

Pepatpyfuvete o

Réseau métabolique pour la croissance de E. coli sur

glycérol glucose : surexpression de la voie PEPC
Gast? (O] s Gucoes? —(TTT] s
PTS
_Giygerol oo Glucose  Fruclosssp
[ Sreeep Frucgigtis? Fructose bisP
i, 7
[ s v —

[]
3PGiycerate —{0.95 -~ Uoromers PGiycorate Monomars

PanolPyhuvate —{TTT = wenomers PonctPyfuvate —[GAB}~ Wonomers

PEP
C
TS, o PK PEPC PTS, PK. PEPC
[f057] [258] PTS vs. PEPC
/ . & oy
Monomers =—{ 2.18] ruyate ) fonomers et i a
(278} pyn Yoo 222, (55 u — N R N— M,W..@-nym‘m- ,fy,:z\ Noramers Monomers- Py A, —{TAT}~ Monomers
o - -
L Gk T Monomers<—[TE} A8 Honcrmars o Wik e T
o alue i o
AcetylP Al
cetyl R
aop- iso Citrate. AcetylP iso Citrate sl fso Cirae " o
o = e -
o | ok st b it
Gtarate Gitaga G urste
(5] [o00) . (555 E20)] o
Excrete  [0STH= tonomers Exclete (O8] tonomrs Excrote [T toreners Excrete - oo

Réseau métabolique pour la croissance de E. coli sur

Bascule métabolique déclenchée par :

- Exces de glucose

- Manque d’oxygene (voie des acides mixtes chez certains
procaryotes)

Exemples : E. coli

Glncose
Ll
b NADH, o
ooy +
e Oxaloacetate —— "+ Succinate
A
s e
Lo NADH, NADH
war aoe %S ey
o, awa N e

e - H
ormate <
k s co

Ethanol

s scetyP—X, Acetate s ATP
" aeetn P
OO0 fcetyicas — % scetye A .
b e— 4"“"'
TCA cyae

Section 3 : Basic bioreactor design

14
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Overview of bioreactor operations
Controller

Cells or
metabolites

Heat transfer

Substrate 9 0, transfer —— By-products
oo °®
| Residual
Momen ransfer _—
= substrates

Bioreactor : system description

Bioreactor design overview Mixing can be provided by :

- Mechanical system
| - Pneumatic system

Bles
4

(1]

o
= Mechanically stirred bioreactor

- Piping : steam, compressed air,
thermal regulation

- Valves (manual and/or
automatic)

sterilization
—_—

condenser
oil filter Water
removal

:/ < | I
] Air dispersion
compresser sterilization

Filters and holders

15
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Air filter Double jacket

valye

cold water
valve
f warm water
T° probe

B
computer

steam

TI
mom

Scheme of a typical temperature regulation loop

92

Pressure

Increase the pressure in the vessel in order to :
-Avoid contaminations
-Increase oxygen solubility in water (or aqueous media)

Classical flowmeter (ball)

9

pH management
Mass flowmeter

Relation between voltage and pH:

pH=a+bU
Where b depends on T°
oo
a=1enen
i f
Q={TTs)

Debimtre & cuveriue varable Q = 1A)

New developement : optical system

9%

16
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Liquid electrolyte

Téte enfichable
autaclavable

Volume dair
prassurisé

Eiément de référence.
Elestrolyte sous
forme de gel
Diaphragme.

~— Mombrane de verre

Solid electrolyte
(gel)

Sondes rétractables stérilisables

PH probe

T
i

pH regulation

T
mam

H probe

computer

Capteur GO, InPro5000 modulaire Gorps & membrane

Corps interme échangeable (slecirode de pH) Tige de capleur Gaine

Actual technology not very efficient
New development: optical systems

New development :

optical systems

Fio .4 broches

Jointforique (20.2912.62;
Silccne F8)

Joint brique (7.65%1.78;
ion For)

Joint apezaidl

Corps ntreur:
Anode

Cathode

Coips @ membrane:
T:96 cu 596

Membrane
téflon

Schéma de la sonde

La chambre de mesure est séparée du milieu par une membrane en Teflon qui réalise
I’étanchéité et est perméable aux gaz. Elle donne une information en mA (4-20 mA)

1 treoivie
| Anode

et
Filim dlectrolytique
_Membrana permiable.

Schéma de principe
de 1a sonde i oxygéne dissous

17
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pO, regulation

manometer

pO, probe

T
mh

SERVOMEX'

Gaseous phase CO,

SERVOMEX'

stirrer speed
computer
Gaseous phase O,
Analyser Series 140C
air
03 04
New trends : mini bioiaaitie's Basic screening tool (erlenmeyer): 0% of microbial culture experiments (at the academic
and private level) are performed in erlenmeyer flasks
Large-scale bioreactor Scale-down bioreactor Shake flask

| 4 [N

Experimental throughput

A

Representativeness

Fully insirumerted bioreactor
1101001

(S —
RR g s
500 ml

Process information available >

Experimental throughput —————————P>

Vasala et al. [2006]

Time [r)

Mini- iorezctor déeetdppneant

Parallel ettt SR

Miniaturized ppobless

>

ca®
el

Mini STR IViimi owitthile cadiumm

IREE S e

-

New developmentin sensor technology for bioprocess control : optical systems

Principle : collision between oxygen and dye molecules inducing luminescence
quenching

AP
"~ O-@

absorponof oMt gyiiq e
sate energy
by collision
i, > no emission of light

=0°0-£-® =

Optical transmit
signals to analyzer

Adhesive

Optical receive
signals to analyzer
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LStk (01
T

1=fte.D 2 parameters depending on
e=1(0:) — 2P pencing

oxygen concentration

I: Luminescence intensity in presence of oxygen
I Luminescence intensity in absence of oxygen

T Luminescence decay time in presence of oxygen

T Luminescence decay time in absence of oxygen

Ksy:  Stem-Volmer constant (quantifies the quenching efficiency and therefore the sensitivity of the sensor)
[0z Oxygen content

ol Py
/ 5
P
e .
5 08 /
04+ :
. \‘-\
02 // -—
s R

oxygen content [%]

(A) Luminescence decrease i the presence of oxygen (8) Stem-Vomer piot

1 130 1/'1

Minisensor

Glasfaser Koppler

F
\\ Leo,,

ST " LeD,,

Sinusoidal LED excitation signal and daphasage mesruement between

reference PTM and measure!

ment PTM
n,

5 0 5 10 15 20 25 30
time [us]
Schematic of the single expo-
nential decay (to > t;)

reference sign;

5 0 5 10 15 20 25 30
time [us]
The luminophore is excited with sinusoidally modulated
light. Emission is delayed in phase expressed by the phase angle F
relative to the excitation signal, caused by the decay time of the excited

state

Comparison with polarographic probes:

-No polarization lag time

-No oxygen consumption

-No contamination with other dissolved species
-Non invasive measurement

-No membrane, no electolyte required
-Insensitive to electrical interferences

Microbioreactors

Microbioreactor
with sensors
Chamber . !
'
\'\
'
'

Photodetector

Emission s Emission
~ filter % mxer\l

1

- - Focusing
lenses

Excitation
filter

|
'

|

|

|

|

|

|

|

Bifurcated fibers |
| |
|

|

|

|

|

|

|

|

|

Instrumentation

Lock-in Amplifier

aeration
membrane

channels — <SS
s

glass base

PH sensor

Bioprocess control

Control strategy : closed loop with feedback

Control algorithms

-ON-OFF control

-Proportionnel (P) control
-Proportionnel-integral (P1)
-Proportionnal-différential
-Proportionnal-integral-différential (PID)
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ON-OFF control

100

Manipulated
variable
[}
l | |
AN AN }
Control \l___%_\____ -X---A--"
variable | \!\/ Set point

!

Differential gap

Possibility to introduce a dead zone where controller is never activated
Simple system, but tends to lead to oscillations of the controlled variable

Proportionnal control

P=Py+Kp.5

P : signal output (signal envoyé par le contréleur)

€ : error (difference between the output signal,i.e. controller impulse, and the
input signal, i.e. the probe signal)

K, : proportionnal gain

Proportional-integral control

Kp [t
P=Py+Kp.¢ +—.f e.dt
T Jo

T,: integration time constant

If error is constant

2Kp
Controlled
output
Kp dP  Kp
? dt 714
Error 1
signal

&.t

Proportional-differential control

P =Py+Kp.& +Kp.Tp.—

Ty : differential time constant

P,e
PID
PD
—
—
-
—

S P (alone)

. Set
point
de
dt €

Proportional-integral-differential control (PID)

P =Pyt Kp.s 2 ft dt + Kpotp. 22
=Fo p-€ . 05- P-TD 7y

Controlled
variable

" Uncontrolled
response

/ PID

Practical implementation of PID controller :

- At the level of transmitter

- At the level of central controller
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BogomertD. Begs Ed Spione Rl iz Qpioe. Gl 2
by
SisrD
[Process |
000000 -
oo |
_ s
: : 02 Prod_Tot 602 Prod
7| 7 e s | |
——
sion, i o
2 o 7 o 0
PC2_géné Syno, | [Courbes | | Groupe | | SE R —
Vseile | atarmes.| m.sys. | Jnor | il 3] = = (= e | | 3
CO1/R0S/T03/P02/B02 Mode démo GUEST
100
Advanced bioprocess control © Exponential feed
Fed-batch gontro\ : = % 5 10 15 20 25
- Exponential feed Q = Qq.exp(p.t) 2 00
- RQ (respiratory quotient) g
- Feedback loop (biomass, ethanol or glucose probe) 8 5 DO-stat (ON/OFF)
- pH-stat £
- DO-stat g
< 0 5 10 15 20 25
= 100
[}
j=2
>
g 50 —
hel
g DO-stat (ON/OFF +
S o 5 10 15 20 25 delay)
&
2 100
50 ]
% 5 10 15 20 25
Time (h)
: : . : : , pH-stat
; ) ) 1. Basic bioreactor design : standard geometry
=Dil0
55D <d<05D
: : . : : : H
T
o
7L
o ==
o ‘ ‘ . ‘ ‘ ‘ | T
12 14 16 18 20 22 24 : —
—
—
D
3 I L L D
12 14 16 18 20 22 24
Time (h) 126
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R2] |
©

3 () z=2d

G4pE

QDN [ 0

CARS Q]
‘/ \ RADIAL AXIAL
Pgiobar < 2-Prpg Petobal = 2-Pros
127 28
Calculation of power dissipated
Medium to high voscosity — tangential impeller
Three kinds of variables :
-Geometry
-Nature of the fluid
-Mixing related
Vaschy-Buckinghamtheorem : from 16 to 13 dimensionless variables
N, =k.Rex.Frv. We?. (H/d)**. (D/d)2..
Reynolds number (Re) = pNd?/p
Power or Newton number (N,) = P/ p N3d®
Anch = ON2d3,
nchor Ruban hélicoidal Weber number (We) = pN2d3/o
Froude number (Fr) = N2d/g
129 130

N

Fluid flow rates calculation
Dissipated power characteristiccurve : N, = f(Re)
T T 1T I I 1
g I I
e .
§ |
A |
ke
L ‘ =
= = 0 il .
I = L_,,% Circulation = entrainement + pompage
B s
= = PEkl ~« L Pumping: Circulation:
i | v T M
‘ L__hd>dr Q, = NN
: > T : e Lo/, Q=0 +Q,=N, N
- t=V,/Q
f,=1/¢, <= V)
131 32
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Application :

Considering a standard stirred vessel (D = 0,3 m) filled with
water. Mixing is promoted by a TD6 impeller at a stirring rate
400 min,

TD6 dimensionless numbers:
N,=55

N, = 0,85

Nge=1,51

Calculate the power di 1, peripheral speed, pumping and
circulation flow rates, as well as pumping and circulation times

2. Scaling-up basic principle : similarities principle

Ningustriel = Niab - (Dindustriel/ Do) /P
AvecF = Djpgustria/ Diab

Example : P/V as scaling-up cirteria

NploINdS _ N3[Ds

PPN =N3[D2
\% D3 D3 NI

= Viesse pursriian

04t o pompuce
— Temos seponoase

Factou de mtphcsson

Application :

The culture of an anaerobic microorganism as been set up in a pilot-scale
bioreator with a working volume of 785 liters (standard vessel : D = 1m).
Mixing is ensured by a TD6 impeller at a stirring rate of 180 min in a
water-like medium.

Calculate the peripheral speed, pumping and circulation flow rate, and
pumping and circulation times

The cuture has to be up-scaled to a 50 m* bioreactor. How does the
above i d mixing vary if vol ric dissi|
power is the scaling factor (i.e., is kept constant during the up-scaling).

Answer :
Volume (m3) 0,79 50,00
d(m) 0,33 1,33
N (s-1) 3,00 1,16
P(W) 610,60 38891,45
PV (W/m3) 777,83 777,83
Vitesse périphérique (m/s) 3,14 4,84 1,54
Débit de pompage (m3/s) 0,09 2,27 24,58
Temps de pompage (s) 8,52 22,07 2,59

Multiplicative factor = f(F)

3. Transport operations

- Mass transfer Z }7
- Heat transfer -
- Momentum transfer

3.1. Gas-liquid dispersion and oxygen transfer

Phase L

PhaselL + phase G

Bakker [2000]
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Transition between different gas-liquid flow regimes :

From left to right, the air flow rate is kept constant and stirrer speed is progressively
increased

—_—r

Flooding Partial
flooding

Loading  Recirculation

Nienow [1998]

Flow diagram (dimensionless) :
Aeration number (Na) in function of the Froude number (Fr)
Propensity of air flow rate in relation with mechanical stirring intensity

0s . : : : :
Cowbe dengorgement
Courbe de charge
0 1
03
Engorgement total
H dumoblle dagitation
“-"’ 025 1
2
i ]
2 i 4
E 0.15 Engorgement partiel
£
]
01
0.05
Charge t reireation

0
01 015 02 025 03
Nombre de Froude Fr= N’d/g

Power dissipated in G-L system : P, decrease when the air flow rate is increased

Michel et Miller :
P,=m. (P2 Nd? / GOso)n

ForaTD6 : m=0,78 n=0,45

Vortex cavity =3

Optimization of the impeller geometry

X

1. Profiled propellers :

1:Pitched blade turbine

2:Profiled propeller A310
(solidity ratio : 22%)

3: Profiled propeller A340
(solidity ratio : 67%)

4: Profiled propeller A315
(solidity ratio : 87%)

Ny Nimbaroffarge | W9 <MY . -
\cz;nli?‘a Incroases | i8ubie fow Proportional effect on liquid flow rates:
g i Fomioreto six | Six large: ¢ @SN
P e ™ R Qi = (PulP) - @,
g I ' P .ere/Po) - Q ) -
r \\i\ { Flooding (Pl Po) - Qc 2. Hybrid multi-impeller system :
First large ¢ \4\\ -
cavity appears i
! _ 1.0 A
g To o ooy o oo s w
Lu et al. [2001] AT AUTIREEN X w HOT4 - HTPGA o |
©
& i \
o8t 1a1 te 2  2m
Poriphera speed (nis)
Application _:
0.7 T T T T T
. . . . 06
Consider a standard stirred vessel (D = 0.1m). Mixing is ensured
by a TD6 impeller (N = 300 min') in a water-like medium. Air is
sparged at a flow rate of 0.5 vvm. 05- i .
The loading curve for the TD6 is :
Na=30. (d/D)35 . Fr o4r ’
2
What is the maximum flow rate acceptable in order to keep an 03+ . 4
efficient G-L dispersion (and by keeping a constant stirrer rate) ?
02~ 1
01~ 5 -
o/ i i i i i i L
0 0.1 0.2 03 0.4 0.5 0.6 0.7 08 0.9

Fr
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Application _:

We consider two kinds of impeller : a TD6 and a profiled
propeller (d = 0.5 m). The equations for the loading curve
are the following:

TD6: Na=30.(d/D)35. Fr
Propeller : Na = 6000 . (d/D) 155. Fr27

Considering the constraints presented in the table,
determine the gas-liquid flow regime for each impeller

N maximum for G minimum for

shear (s %) Oxygen transfer
(vvm)
TD6 0,51 0,13
Profiled propeller 0,83 0,19

Résolution :

— Courbe de charge pour TDG

0 01 02 03 04 05 06 07 08 09 1

Résolution (suite) : Oxygen theamesftar
0.1
0.09|
|
008 | 4
|
0.07 |
| Substrate Concentration in liquid Critical concentration Consumption rate
006 : q phase (ppm) (ppm) (mmoles/g biomass.h)
| Glucose 10.000 100 26
So05- 4
| Oxygen 7 0.8 7.7
0.04] : 4
|
0.03- I o
|
002 I |
|
0014 | 4
|
i L i i H
o co1 0 00 004 005 005 007 008 00 O
Fr
G-L interface
Gas phase Liquid phase
Gas film (R1) [ Liquid-solid interface
R6 PG
Gas-liquid (RO) ) —
interface (R2) [ Solid phase(R7) N
/ \ ci
{ ! cL
\ /
Convective - electron Gas film Liquid film
transport (R4) chain (R8) Direction of oxygen transfer

g Liquid film
[ (R5)

Liquid film (R3)

— A, N J
AIR BUBBLE Liquid H MICROORGANISM

P,=He.C;
dg =Kq [Py = By _ .
‘ ‘ ( ¢ IJ Concentrations at the Gy = Kg Eﬁpg P )
q. = kL [ﬂCI _CL) interface are =K [6CL° -C )
- approximated : global A L L
qg A exchange coefficients
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1K, = 1k, + 1/He kg
Solubility of oxygen is very low in water, i.e. He is very
a=kS(CO-C)
By dividing by volume :
Q=aV =k SV (C°-C))
Amount of oxygen transfered per time :
Q=ka(C%-C)
General form :
dc /dt = k,.a(C%-C) - Qo
C, : dissolved oxygen concentration in liquid phase (m g/L)
C°_ : maximum dissolved oxygen concentration in liquid phase

Ka : oxygen transfer coefficient (s-1)
Qo : oxygen uptake rate by the microorganisms (mg/L.h)

Optimization of the oxygen transfer rate

- Increase Kja : nature of te medium
- Increase a : play on mixing performances

- Increase (C° -C,) : play on pressure/temperature to modify the G/L equilibrium

Methods for estimating K |a : oxygen probe (indirect)
static gassing-in gassing-out

A€y ade -c) : P

dt

J dc =k.al

c-c

m(c' -c )=k at )

Methods for estimating K |a : oxygen probe (direct)
dynamic gassing-in gassing out

[} 1 "

“Lika

t dcu/dt + o
Part Il : %:OTR—OUR:kLaEﬂC -C)-4
kadc' -c )=0
dc,
=0OUR= —g, (X
& %

Part Il : C =C -——[—=+q,

.1 [dCc
k,a \ dt

Methods for estimating K |a : gas balance (direct)

Que

’—' %0, At steady-state:
%co,

dc, _
dt
g =kealc' -c)
il fac G
& — Sy
Biological demand for oxygen (q,) _ Qo2 — Quree
determined by gas-balance analysis: kLa = fc
Qinoz = Qi [0,2094 -
Qunz = Qp D79

%N,y =100~ %0, ~%CO,
100
Qor =5 @
-OuUT OA)NQOUT INN2

%0,
Qouroz = FCZ Qour

Application _:

Consider a culture of Penicillium sp. The reactor has a volume of 50 L and
aeration flow rate is of 0,16 vvm (inlet air: 20,94 % d’O, et 79% de N ).
Culture is performed at 30T and at atmospheric pre  ssure (C °_ oxygen =
7,6 mgll).

The data collected from outlet gas analysis and dis  solved oxygen probe:

Temps (h) %02 %CO2 pO2
2 20,26 0,54 71,7
20 20,1 0,84 0,3

Calculate K | a for the two culture times
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K a calculation:
Van't Riet correlations :

« For distilled water (coalescing) :
ka = 0.026 . (P/V)°4. (G/S)°S

* For

ytes (non coalescing) :
ka=0.002 . (P/V)*7. (G/S)°2

General form for pneumatic reactor (without mechanical stirring):

ka=C.(G/S)®

Application _:

Consider a standard stirred vessel (D = 0.1m). Mixing is ensured
by a TD6 impeller (N = 300 min') in a water-like medium. Air is
sparged at a flow rate of 0.5 vvm.

Calculate the power dissipated and the K, a if we consider a
non-coalescing medium.

OTR limiting phleawoneeiaa : fdaam

Chemical aanttffeam : sditioon Haetkiomee

L Lphase <

WATER

TN

‘ccansion f the air through the foam
column and drainage of the liguc
contairedin tre lamella (Thirning)

I\‘/Ie l\‘de I\|/Ie
Mc*\Si*O%\Si*O{'n*Tich
Me Me Me

Mechanical didtzanesr

3.2. Heat transfer
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Dimensional analysis : Dimensional analysis: Nu = C.Re®.PrB.ViY

-TD6 with heat jacket:
Variables to be considered : D,A, i, p,u,Cpeth.

Nu = 074.Re”®® Pro%v;i
Dimensions to be considered : M, L, T, et t.
- Pitched blade turbine with serpentine:
— Nusselt number : =h.D ]
usselt number Nu="4 NUser=0,00752Re’ 722 Pro4 \/j %2

— Reynolds number : Rs:% - Propeller with serpentine :

Nuser=0,011Re" Pro37.vj02
- Prandlt number : pr—C;—:u

- TD6 with serpentine :

Nuker=0,0205R e Pro37,V/j0?

Relation between heat transfer and microbial growth 3.3. Momentum transfer

In intensive aerobic processes, heat released is proportional to the amount of oxygen Characteristics of urbulence :
consumed :
Qexo = Yho- OTR

Heat extracted by heat exchanger:

Qe = K.A.AL

w [m/s]

At steady-state, heat generated by microbial growth is proportional to heat removed
at the level of the exchanger:

w=w+w
K.A. At = Yp,,. OTR k=% (W2 +W 2 +wW2)
Wrxz - erz - Wrzz
But, scale-up problem, as A OV, 23

Kolmogoroff : eddies scale

) N
MoA=[—
ﬂ wh o (5)
‘4 dz."”a %98?{4

Limite de Kolmogoroff — en réalité, on a une
répartition du taux de dissipation d’énergie.

La plupart de la dissipation prend place dans
¢ (Wikg] I'environnement direct du mobile d'agitation.
74.0
\:, energy flow

Ap Ap~hw

10l T
s
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Mixing time measurement

Temps

Methods involving probes:

Traceur Sonde
Acide-base pH
Solution saline Caonductivité

Solution chauffée Thermocouple

2 phenomena:
- Circulation - = o5 B O W ™
- Turbulence
Equations based on circulation Correlation based on turbulence
5,9.023.¢,13,(d/D)/3
= -3 -1
t,-N=3,9.(d/D)2.N,
Rushton  Prochem
I a turbine  impeller
- 1 o 0 yvm
~es Stope - ' a 05vwm
) 1-0vvm
104 m o 15 vwm
i “ haa
£ & S5F 8
3 p o
T=05m -0
3 o Lyt
: 0aTh LE S
2 #* From Equ. 32
1 1 1 1 A 1
20 50 100 200 500 1000 2000 5000

(€7 or (Erlg (Wikgx 10%)

Mixing time in function of the number of agitation stages:

11 liters 22 liters.

Evolution of mixing time during scale-up :

10° -
i H % =6~ Réacteur de 20L ; 2 mobiles d'agitation TD8
B o ~€ Réacteur de 20L ; 3 mobiles d'agitation TD&
~&- Réacteur de 500L ; 2 mobiles TD4
~E- Réacteur de 2m? ; 2 mobiles TD6
A Réacteur de 2 m?; 3 mobiles TD6
B~ Reacteur de 30m” (Vrabel et al. [2000])
@
@
i)
2
S
B
2
E10
£ . :
e
2
2 .
2 !
@
K
1
10 7 4
10 10
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Example of the impact of mixing time on process efficiency : concentration gradient
during a fed-batch process

Ajout fed-hatch

Effect of concentration gradient on cell physiology : le of L lactis

de sushstrat | t—:
= nsecerid ,,.f Low$
P iy q T\
Conceteation s ‘;P —
en substrat (@) 4
i . Tigh S
i ESi
/
Tempsch) I
Structured model for bioreactor hydrodynamics Mathematical basis
- Compartment model
- Network-of-zones
Evolution of concentration with time for each compartment :
FEEEE
B g ) N ) N
[ F —r ,j 'J The evolution of C, is described by an
(1—”—”5 —:] ordinary differential equation (ODE):
] c
Iag Ej s v Q. e, ¢ )+, +c,, -2c,)
iili E] ] -
% i 0] 1}
infiifsifiafiil e
[ [ E] : Convective fluxes (Q.) are calculated (circulation flow rate) and the turbulence flow
[ [ E] b rates are estimated on the basis of mixing time experiments
[ L - J :ﬁ System of ODEs is numerically resolved by a Runge-Kutta routine (e.g., ode45 routine in
= e Ko N N j Matlab)
[ g N g NN g N
Application : Mathematical basis
Evolution of concentration with time for each compartment :
A stirred bioreactor (V = 500L) is
equiped with a TD6 or a profiled L t The evolution of C, is described by an
propeller. The hydrodynamics can be A ordinary differential equation (ODE):
modelled by the compartment l l
principle, leading to the model
structure shown on the figure. SHAFT

Write the ODEs system for the
evolution of the concentration of a W @“@

specie Cin the compartments | Iy |

IMPELLER

sl

) o G
i

tutbudence flow rate g

> ot Qow o g

v Q. e, ¢ )+ e, +c,, -2c,)

Convective fluxes (Q.) are calculated (circulation flow rate) and the turbulence flow
rates are estimated on the basis of mixing time experiments

System of ODEs is numerically resolved by a Runge-Kutta routine (e.g., ode45 routine in
MatLab)
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Application :

propeller. The hydrodynamics can be
modelled by the compartment
principle, leading to the model
structure shown on the figure. SHAFT

Write the ODEs system for the

evolution of the concentration of a @@
specie Cin the compartments i

IMPELLER

A stirred bioreactor (V = 500L) is
equiped with a TD6 or a profiled

tutbudence flow rate g

> ot Qow o g

Application :

Consider a two-staged stirred bioreactor (TD6-TD6)
as shown on the figure

Ifgc=0.1 m¥setqge=0.2m¥s

Model and simulate the mixing time when a pulse
is added at the level of the first compartment

o

i

4

o
41
b

|
|
>
D
»

[
i
-—

>

[T
LY Y
o

u!‘“

-
|
e

*

L
'Y
:L

Resolving the ODEs system with MatLab :

First file.m:

- function y = f(t,y)

- Constant

- Algebraic equations

- Ordinary differential equations, ODEs (in matrix form)

Second file.m :
- Solver ode
- function plot

Application of structured modelling procedure to oxygen transfer

2 scaling-up criteria:
- Air flow rate: G/V (en vv.m.) ou G/S (en m/s)
- Agitation rate : TNd ou P/V

But doesn’t necessarily lead to reliable results, considering the spatial distribution of
basic hydrodynamic parameter inside the vessel

00E-02

£.00E-02

Gos Yolume Fraction

LUERD

Bul?ble ka=a.(G/S)®
region

Well mixed — ka=a.(P/V)?.(G/S)®
regions

Oosterhuis N.M.G., Kossen N.W.F. [1993]
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Bioreactor hydrodynamic structured model : stochastic framework

by the

Time (s)

Case study 1 : modelling approaches for bioreactor
hydrodynamics

Traditional approach
Scale-up

Problem 2
Evolution of the performance criteria for multi-agitated system

11 liters 22 liters
’ Vx2
| |
Qcx2
T, = cste
t,=5s 1, = 20s

Traditional approach
Scale-up

) VARV

t, = 20s ty = 10s

Model is needed to understand the evolution of the mixing mechanism

FIRST : homogenisation process
Mechanical constraints — P/V limitation - increase of the mixing time

Consequences : gradients establishement (substrate, pH, O,,...)

Fed- Oxygen
batch trar):gfer
process

Enfors et al. [2001]

Bakker
Journal of biotechnology

[2003]

SECOND : circulation process

Increase of the broth volume - increase of the variability (the
randomness) of the circulation paths taken by the microorganisms

- this phenomena is not often considered

If we observe three distincts circulation paths fol

lowed by a
microorganism :

There is not a
single value of
@.. circulation time,
but a CTD
Namdev et al. [1992]

Biotechnology and
bioengineering
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Circulation time distribution (CTD)

05 SCALE UP
—

10 15 20 25
Circulation time (s)

- Increase of the randomness at the level of the circ  ulation paths
followed by microorganisms

Compartment modelling concept (shift from a black b ox to a grey

box)

What does
it look like

inside?

Stochastic compartment modelling concept

Probability matrix or transition

matrix
¥R R
T=
R IR

Let S be the discrete state vector of the previous
following equation allow us to calculate the discre
evolution of the system :

S| ¥R R ||S
x| =
SL| R TR|lS),

This equation can be generalised :

S=S.T

system, the
te time

Don't keep track of the particle history, but compu tationaly ligth

- Well suited for the simulation of the
(large amount of molecules, particles)

SHAFT

tutbulence flow rate g,

comvective flow rate ¢

Ny

tangertial flow rate g

14
NN
512 5
£ BN ]
; | s H
§
§og 3
Ens o ~ wowe st 3
H
Ll /e !
09
0 % EJ W%
"28s
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Hydrodynamic modelling of bioreactors

Superimposition of the two stochastic formulations

« Mlcromgamsms view »

C i by the

Case study : fed-bbathicaiiliveeobf S. cerevisiae in large scale bioreactor

Time (s)
f(gluc 1, fermentation, ethanol uptake
20 T T T T T
Feed zone
® 1 Feed zone
Pumping flow rate J
© Pumping time |
é Peripheral speed 1 Circulatior
S flow loop
]
= 1
Small-scale
4 stirred Impeller
bioreactor zone
4 1 Peristaltic
pump
P 4
I N S N S R R SCALE-DOWN LARGE-SCALE
Microbial kinetics
20L strirred bioreactor (RTD6 ; working volume 10L  + glass bulb Biomass
for SDR Reactor .
or s) yield Y xs
Regulation : pH 5.5 ; T°30T ; pO , 30% ; air flow rate (no Classical bioreactor 0.48
regulation for the nonmixed part of the SDR)
X SDR recirculation flow rate Q = 18 I/h
Exponential feed of glucose (start after 5 hours) : F = F, exp(ut)
SDR recirculation flow rate Q = 39 I/h 0.45

(FO = 0.086 ml/min; p = 0.005 min 1)

Biomass (g7)
3 & 8 B 8 8

20L stirred bioreactor
SDR Qrecire =39 L/0

SDR Qe = 18 Lh

15
Time (h)
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SDR stochastic model :

P,

ciculate

Delvigne et al. [2005] Chemical engineering
journal

Delvigne et al. [2006]Biotechnology progress Non-mixed part

Model validation :

Inert tracer

S
&

[

)
>

DETECTION

Relative concentration

Biological tracer

)
Y

le——

TRACER PULSE

100 200 3?_0 400 500 600 700
- Inert tracer (NaCl solution) me®

- Biological tracer (CFDA SE stained cells)

LY

We have described the physical parameters
BUT

What about the biologicals implications

Whatis the microbial response in front of these environmental fluctuations ?
TO MAKE THE LINK

What about the environmental sensing capabilities of microorganisms ?

In the case of S. cerevisiae :
- Cells react very rapidly in front of glucose fluctuations

- Glucose sensing mechanisms are well documented bigepAgEWAA1{ESS) FEBS journal

data available
®zcan et al. [1999] Microbiology and molecular biology
reviews

- The cell don’t sense all the environmental fluctA&tiGHS RBASHIS Kyresearch
some specific metabolic pathways act as intrac¥lItiat $:rieReERgg gnical society trans.
devices) ¢

Wolf et al. [2005] Journal of theoretical
biology

Rao et al. [2002] Nature

Important in order to make the link between the physical
and the biological parameters

Investigation tool : DNA microarray

Transcriptomic response to gradient stress
(superimposition of a « pgvéttigtiyixeded »
small scale bioreactor with a scale-dowawn

reactor)

Case study 2 : Whole cell biosensors for the detection of
mixing imperfections
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Background

Bioprocess scale-up — general scheme

tirred bioreactor — industrial
scale

Stirred bioreactor — lab-scale

Shaken bioreactors — lab-scale

>
Reactor dimension (D)

| |

Lack of efficicency compared with stirred Drop of mixing efficiency when D/ at constant P/V
reactors : Generation of heterogeneities (substrate, dissolved
- Lower transfer efficiency oxygen, pH, temperature,...)
“No regulation of the main environmental
variables (pH, dissolved oxygen)

Background

Exposure to spatial heterogeneities — hydrodynamic aspects

Cells exppsed to local
substratd excess

ercentage of the microbial population

Starved cells

H[l\ b
0

02 04 X 1

Mean concentration experienced A\

Delvigne et al.[2006] Chemical engineering journal

Experimental strategy

Fluorescent reporter system

Basic principle :

Using the microbial population as « physiological tracer » for the estimation of the
bioreactor mixing and transfer efficiency (potentially capturing the stochasticity linked
with the CTD)

Extracellular simuli (S, 02, pH)

GFP coding
uence

Experimental strategy

Flow cytometry — an efficient tool to characterize microbial population
heterogeneity

cells
sample

Red fluorescence(FL3)

———— Yellow fluorescence (FL2)

—> Green fluorescenc

. Ssidescatter (S5C)

Forward
scatter =

(FsC) W

Fsc

30,000 microbial cells analysed within 30 seconds

Experimental strateg
Choosing the right ORF for my application

E. coli : about 4000 ORFs : A

Transcriptional network

W oo
B | I
s Bl s g

Transcriptional network —
hierarchical classification

Maet al. [2004] BMC Bioinformatics, 5:199

Results

Screening among an E. coli GFP clones library

Cultivation in shake flasks on mineral medium
prpoS::gfp

GEP- "~ GER*

fponentitprase

Number of cells
T

fatonary prase

Y |

10
Fluorescence intensity (AU)
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Results

Screening among an E. coli GFP clones library

Representativeness of shaken bioreactor
Shake flask : easy to handle, well suited to perform parallel cultures, but lack of
representativeness compared to the performances of stirred bioreactors

/

3

o

oF

=]
o
N
S
N
X

(%) Optical density 600nm
o

%EH
8

Sum of cell fluorescence  Dissolved oy
intensit

‘o 5 10 15 20 25
Time (h)

Results

Screening among an E. coli GFP clones library
Representativeness of shaken bioreactor

Intermittent feeding strategy

|

Orbital incubator
(T° and shaking
frequency controls)

Results

Screening among an E. coli GFP clones library
Representativeness of shaken bioreactor

Cultures of GFP clones in shaken bioreactors (1L baff  led shake flask : initial working volume
200mL ; final working volume : 400 mL)

~ prpoS:gfp strain
pusph:gfp sirain|

Dissolved oxygen (%)

10 E
Time (h)

puspA:gfp sirain

=@~ prpoS gfp strain|
RS

10 15
Time (h) -
Growth inhibiting value : 4.5

Results

Screening among an E. coli GFP clones library
Representativeness of shaken bioreactor

GFP-  GFP GFP GFP*

r

W [ v o ¢ W
e

i

i

B

i

r

3 [ n ‘
Florescence tensty (AU)

f [

Furescence ensty A

prpoS::gfp puspA::gfp

Results

Screening among an E. coli GFP clones library

Two modes of expression : bibargry ar graded

Inducer Concentration

Binary induction

—> rpoS

)

8 AL

b A

2 Graded induction

5

z —> UuspA
csiE
inaA

Gene Expression Level osmC

Zhang etal. (2006) Theoretical biology and medical modelling, 3:18

Results

Screening among an E. coli GFP clones library

Binary mode of gene expression — sources :
-Short mRNA and protein half-lives
-High sensitivity for the detection of the reporter protein

Generally not observed for GFP reporter system considering the high protein
stability of this system compared with B-galactosidase and luciferase reporters

This mechanism of gene induction give rise to differentially expressed phenotypes
at the protein level. Can potentially be used to gain more sensitivity about the
impact of extracellular fluctuations
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Results

Behaviour of prpoS::gfp strain in fed-batch stirred bioreactor

Regulation of the addition of glucose by the dissolved oxygen level (SP = 30%) PID control
400
350

300

Number of cells
8 &

10° 10' 10° 10'
Fluorescence intensity (AU)

Results

Behaviour of prpoS::gfp strain in fed-batch stirred bioreactor

Regulation of the addition of glucose by the dissolved oxygen level (SP = 30%), ON/OFF
control

24n
400 -

Number of cells

50

3 10' 10° 10'
Fluorescence intensity (AU)

Results

Behaviour of prpoS::gfp strain in fed-batch stirred bioreactor

Basic observations :

- Binary mode for GFP expression at the end of the batch phase and during the
transition from batch to fed-batch phase

- After the induction of the major part of the population (all the cells are in the
GFP+ state), graded mode of GFP expression is observed

- Successive glucose excess tends to slow down the binary expression phase

Results

Behaviour of prpoS::gfp strain in two-compartment scale-down bioreactor

Two-compartment scale-down reactor
(P-SDR)

Microbial cell 1
Microbial cell 2
Microbial cell 3

controlled
feed

Substrate
level

\M&cess level

Starvation level

Time

Results

Behaviour of prpoS::gfp strain in two-compartment scale-down bioreactor

substrate [e—
vl et

Operating conditions
- Stirred bioreactor, working volume 10L

- Mineral medium, glucose as carbon -9
source g

- Fed-batch with exponential feed N J
algorithm pomete

- Scale-down approaches with DO-
controlled fed-batch and partitioned
reactor

Delvigne F. et al. [2009] Microbial cell factories , 8:15

Results

Behaviour of prpoS::gfp strain in two-compartment scale-down bioreactor

(it red oxponerin feed

C-SDR

Biomass (g/L)

P-SDR

Dissolved oxygen (% from saturation)

2% 30

5 10
|
|

15
Time (h)
Batch | Fed-batch P-SDR

o 5 10 15 20 %
Time (h)
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Results

Behaviour of prpoS::gfp strain in two-compartment scale-down bioreactor

=
200 200,
100 100
0 : [ .
10° 10° 10° 10°
—
200 200,
2 100 100
] "
5 0 0 L
s 10 10° 10° 10°
g,
£ (=0
2 200 200,
100 ‘ 100 ‘
0 - 0 -
10’ 10° 10° 10°
=2 =m
200 200,
100 100 ‘
0 0 -
10° 10° 10° 10°

Fluorescence intensity (AU)

Results

Behaviour of prpoS::gfp strain in two-compartment scale-down bioreactor

00

80 Global mixing

0 efficiency

40

% of GFP" cells

20

Wl mivec DC-fead contol
—Partioned rctor 0, = LN
5 —Parttionad eactor O, = FLh

Global mixing
efficiency

intensities (AU)
N W

Sum of the fluorescence

Results

Behaviour of prpoS::gfp strain in two-compartment scale-down bioreactor

A pcya::GFPmut2 strain is not influenced by hydrodynamic conditions

[Eae—— e w
600
400,
400
200 ' 200, '
ol 9
10° 10° 10° 10’ 10° 10!
o
o 400 400
3
s
g 200 200,
E
g 0 0
10° 10° 10 10° 10° 10*
400 400
200 200,
0 9
10" 10° 10° 10’ 10° 10"

Fluorescence intensity (AU)

Results

Cultures performed under constant glucose feed

3 150
s — 1 sConstantfeed at 10 g/h
S BATCH EXPON.  CONSTANT
€ 100|- PrAck FEED|  LMITNG |
z — 1 5 Constantfeed at 7 g/h
2
8 50 1
3
a
o “ il L L L "
0 5 10 15 20 25 30
_ Time (h)
3 o
x10
ST d " T Classical bioreactors
_—
2 without recycle loop
8
?
4
s
S
2
3 1 Two-compatment
—_— .
s scale-down reactors
£
@» 0 5 10 20 25 30

15
Time (h)

Results

Cultures performed under constant glucose feed

Reactors without recycle Two-compartment
loop scale-down reactors

GFP- GFP+GFP++

oh 8 8 2 2
10" 10°
10° 0 10" 0
107 10° 10°
12h m
1 +
ol 5 o o |
10° 0° 10° 0° 10° 0°
25h 2

Results

Cultures performed under constant glucose feed : pcsiE::gfp strain

Sum of cell fluorescence (AU)

10 20
Time (h)

40

20
Time ()
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Results

Cultures performed under constant glucose feed : puspA::gfp strain

Optical density 600nm

Sum of cell fluorescence (AU)

10 20 30
Time (h)

Tme )
To be validated by using a DO-controlled feed
Prytz et al [2003] Biotech bioeng 83:595-603

Results

Synopsis : relation between GFP expression level and cell density

Two main mechanisms proposed to regulate rpoS in high cell density cultures :
- Cell density DeLisa and Bentley [2002] Microbial cell factories, 1:5
- Decreasing growth rate  inssen and Egli [2004] Microbiology, 150:1637:1648

Fluorescence intensity (AU)

Perspectives and conclusio

prpoS::GFP strains seems to react to the degree of homogeneity inside the
bioreactor :

Homogenous reactor : GFP+
Inhomogenous reactor : GFP-

Perspectives and conclu

Two questions have to be raised :

- Flow cytometry combined with Pg.s::GFP expression — impact of extrinsic
fluctuations
What about the intrinsic fluctuations ?

- Characteristic times of hydrodynamic mechanisms compared with those of the
biological processes behind GFP synthesis

Stirred bioreactor
V=1L t010L; t ;= 10 min to 15 min

Recycle loop (plug-flow)
V,=0,1Lto 2L ;t, =455 to 200s

Transduction fyanscripton = 20-70
—-——— >O ARNm

GFP

Cransiation = 4R

Perspectives and conclusio

Complex phenomena :

- Two sources of noise (extrinsic and intrinsic)

- Very different characteristic time constants (physical and biological pocesses)
— A model is required

TA
mpi& A—l> TA
m TA+ DNAS TA_DNA
l TADNAS TA + DNA
s o
— TA_DNAS TA_DNA + RNA
l RNAS RNA + GFP
RNAS @
Degradation GFP ]E‘) ﬂ

-—

Perspectives and conclu

Reaction scheme : ODEs system :

Exposure to
glucose excess
=f(tmtc)

c,.,TA.DNA—k,. TA + k;.TADNA

2.TA.DNA—ks.TADNA — k;.TA_DNA

A

= k3.TADNA—k,.TA.DNA
TA_DNA 5 TA_DNA+ RNA A

= ks.TA_DNA—k¢.RNA —k;.RNA

RNAS RNA+ GFP dt
ko dGFP
RNAZ @ = ke RNA—ko.GFP
GFPZ ¢
, ke
Generation time GFPrgsay—seate = RNAssuaay—sate- (T)

k8 = log(2)/t ¢

8 rates (including the characteristic time constants) to specify
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Perspectives and conclusion

These equations can be used in the classical deterministic formalism (ODEs
solver), but more interestingly in the stochastic formalism :

Probablity that reaction p occurs at time 1 (Gillespie algorithm)

Number of cells

Gillespie [1977] . of physical chemistry, 81:2340-2361

‘ o Example : simulation of 30,000
I | cells after 6 hours of induction

10 10°
Fluorescence intensity - number of GFP molecules.
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