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Part 1
Online Monitoring of
bioprocess and Scale up






Important enqgineering parameters of a bioprocess

If no suitable environmental conditions
are provided for the microorganisms,
they will not perform properly and

we may select the wrong candidates.

Also essential to obtain meaningful results

for scale up.




Technische Umsetzung I: Technikums-Anlage
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Fermentations equipments for producing Vitamin B12

Vitamin B2, Roche Vitamine, Grenzach



lversity

Micromonospors

Natural d

Why do we have to screen among SO many variants ?



Why do we have to screen among SO many variants ?

Microorganisms: E. coli has 4289 genes
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Why do we have to screen among SO many variants ?

Due to the large number of possible microbial variants and
the low success probability of a single experiment, an extraordinarily

large number of experiments have to be conducted.
B
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Why do we have to screen among SO many variants ?

Culture media:

* Carbon source ~
(glucose, sucrose, starch, molasses, glycerol,
methanol, acetate, plant oil, etc.)

* Nitrogen source
(ammonia, urea, nitrate, corn steep liquor, yeast

extract, protein hydrolysate, etc.) All these compound’s

* Phosphorous source concentration have to
(phosphate, phytin) > be optimised

(at relevant operation

* Sulphur source

(sulphate, amino acids) conditions) !

* Trace elements
(Mg, Ca, K, Fe, Mn, Cu, Zn, Mo, Se, etc.)

° Vitamins
(biotin, thiamine, pantothenate, riboflavin, etc.) J




Modern procedure for bioprocess development

Mlcro tltre plate culture systems

- Primary screening with
— high throughput (HTS)
ey 5.000 - 40.000/d,

g batch-reactions

Scale- up




Determination and control of mass transfer areas
of gas/liquid-reactions

Stirred tank fermentor Shaken bioreactors
(without baffles)

— | «—— foamageneration
= < gas separation

<« coalescence
q (\ <«— bubble recirculation
N N

<«— bubble dispersion

<«— bubble formation

difficult to easy to
determine determine




Why application of shakinqg principle in case of highly parallel bioreactors ?

Energy input from one
c’ central drive by rotating

Input of energy is only possible _ ;
centrifugal field

with dedicated drives for every W
individual bioreactor



Oxygen transfer (OTR) in bubble aerated bioreactors

OTR = K8 XPaps XL o2 X(Y* - Y1)

Different or rather changing concentrations:
1) slightly influence the oxygen solubility (Loy),
2) slightly influence the ,

3) strongly influence the specific mass transfer area (a).




Coalescence phenomenon

from Lessard and Zieminski, 1971
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Oxygen transfer (OTR) in unbaffled shaking bioreactors

OTR = Kk >a XPaps XL oz X(Y* - Y1)

Different or rather changing concentrations:
1) slightly influence the oxygen solubility (Lo»),
2) slightly influence the ,

3) but do not influence the specific mass transfer area (a).




Calculated liquid distribution in shaking flasks

250 ml flask, shaking diameter 25 mm, filling volume 25 ml, shaking frequency 200 rpm

maximum
liquid height_ s

(3.07 cm)
4

Height (cm) 3

4 -
y-Axis (cm)

x-Axis (cm) h =1mPas



Important enqgineering parameters of a bioprocess

1)
2)
3)
4)

5)

6)

7)

- - 8)

9)

general hydrodynamics
specific power consumption

O, - supply

ventilation (stripping of CO,, H,O,
alcohols etc.)

degree of mixing and homogeneity

hydromechanical stress (control of
morphology, wall growth)

foam generation and its impact
dispersion of an organic liquid phase

suspension (homogeneity) of solids



A tvpical correlation for power input (in watls) is:

P(w) = ;}Up‘

i
5,
%,

( RPM
60

J

\ D*

P, is the power number of the impeller.

For a fully immersed Rushton impeller it is 5, and if it is

very near the ligquid surtace it is less than 5.

£ 15 density (kg/ms).

RFPM are revolutions per minute.
[}is the diameter of the impeller.

A typical correlation for K, @ (in hr) is:

kya = 0. 1|

P( W) ‘

2

0.4

L

Yy
a4

0.6

M is the mass of the fluid.
0.1 is experimentally determined (should be determined tor each culture broth).

!

). 18 superticial gas velocity.

(Empirical)

OUR = k,alC’

,)

OUR s oxoveen uptale rate,

" N ¥ . *
' is the sat'n concentration of Q..

C, istheactual DO.




Investigation of the oxygen transfer rate (OTR) applying a gas balance

spez. volume flow q_,
———-| exhaust gas analyser >

exhaust gas

(yCIg,out X Yco,,out = ?’

= I f

=y o =

1— =
OTR= b -[yo,.m e et -vo,,o.,J

=R mo 1- yO,.out - yCO,.out

= =1
\f ' ! _j

spez. aeration rate ¢ _ CN!D

air
(yOz,ll'l = 0.2098 ycoz,ln = 0.00035)



Parameters for estimation of oxygen mass transfer

P B
a
k g = kus —
W
Medium _ k a B Agitator Reference
Coalescing 0.025 0.5 04 Six-bladed Rushton Moo-Young and Blanch
turbines (1981)
0.00495 0.4  0.593 Six-bladed Rushton Linek et al. (1987)
turbines
0.01 04 0475 Various agitators Moo-Young and Blanch
(1981)
0.026 0.5 04 Not specified van’t Riet (1979)
Noncoalescing 0.0018 03 07 Six-bladed Rushton Moo-Young and Blanch
turbines (1981)
0.02 0.4 0475 Various agitators Moo-Young and Blanch
(1981)
0.002 02 0.7 Not specified van’'t Riet (1979)

“Parameter values are specified in SI units, i.c., the power input is in W m™ and the superficial gas flow rate is in ms™.

BIOVERFAHRENSTECHN®C AACHEN



Was ist Leistungseintrag?

Mischzeit

\ Sauerstoffeintrag

(Volumenspezifischer) Leistungseintrag:

Wieviel Energie pro (Volumen-) und Zeiteinheit
In das System eingetragen wird

PV [W/m?]

|

Mechanische
Belastung

Interdisziplindres Praktikum vy



Rotating camera for investigation of hydrodynamics in shake flasks

Shake flask
Video
camera
with wireless
transmitter
Rotating
disk

Wireless
receiver




Analysis by classic last streak method

Shake flask volume 250 ml, liquid volume 25 ml,
shaking diameter 50 mm, shaking frequency 117 rpm

Video sample rate: 25 frames per second => 1 Frame = 0.04 sec.

1.52 sec. 2.12 sec.

3.28 sec.




Oxvygen transfer capacity in 250 mL shaking flasks

Shaking diameter 25 mm, filling volume 25 mL
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Optical determination of the oxygen transfer rate

stoichiometric amount of sulphite
OTR ~ T

time for oxidation E:'EEEEEEEE;
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* gas/liquid mass transfer coefficient and _
_ _ _ can be characterised
°* mass transfer resistance of sterile barrier



Optical determination of the oxygen transfer rate

Na,SO, + 0.5 0O, P Na,SO, 10" M CoSO, catalyst, 0.012 M phosphate buffered

< 0.005 9
©
= - 8
—  0.004 A
o : - -7
o | [ -
<~ 0.003 i o
g ° 3
© '©
(D) i B 1
- . . . .
© End of the oxidation reaction visually — - 4
g 0.001 + determined by colour change of
@) \ - 3
< 2.4 105 M Bromothymol blue
O O | | | | | | I -"-‘ 2

0 10 20 30 40 50 60 70 80

Time (t) [h]




Case study:




Device for on-line measurement of O,- and CO,-transfer rate (OTR, CTR, RQ)

Respiration Activity MOnitoring System (RAMOYS)




Fields of application

4.0nline tracing of microbial cultures in shaking reactors (many
details of the culture behaviour can be clarified at this very early
stage of bio-process development).

4 Easy determination of characteristic values for scale up (OTR,
CTR, RQ, m.,, ka...).

4 Recognition and prevention of oxygen and substrate limiting,
product inhibition.

4 |dentification of changes in metabolism (e.g. diauxic growth)

4 Recognition of suitable conditions for conventional mass
screening (operating duration, media, operating conditions).

4 Media optimisation, reduction of media developing time.
4 Fermentation balancing.

AVerification of molecular biological approaches.

4 Process optimisation

4. Quality control.

4 Scale up
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@ Bacillus spez.
@ Botrytis cinerea
@ Catharanthus roseus

@ Corynebacterium
glutamicum

@ Escherichia col

@ Gluconobacter oxidans
@ Hansenula polymorpha.
@ Hybridoma Cells

@ Lactobacillus kefir

@ Nicotiana tabacum_

@ Pichia pastoris

@ Pichia stipitis

@ Pseudomonas
fluorescens

@ Pseudoalteromonas
haloplanctis

@ Pseudomonas pudita

(@ Saccharomyces
cerevisiae

@ Streptomyces lividans
@ Vibrio natregiens
@ Xanthomonas campestris



Motivation

“The disadvantage of the shake flask as an
experimental system is that the experimenter has
only limitied capabilitities for
on-line monitoring and control”

Payne et al., 1990

“Weakness of small-scale liguid fermentations:

discontinuous monitoring”
Hilton, 1999



What kind of online
measurement signal?

carbon source
(glucose, glyceral,
plant oil, ...)
13 trace elements,
: % vitamins
nitrogen source T /
(ammoniumsulfate, urea,\ L il
yeast extract, peptone, ...) : :T’ h
— oxygen
— carbon dioxide

\ sroduct

(alcohol, proteins,
amino acids, ...)

phosphorus

source
(phosphate, phytin)

sulfur source
(sulfate, cystein, ...)



State of the Art

>
A
/1 N
BTN OTR *
= SO online >

RQ

stirred shaking
bioreactor bioreactor




We do not know the
course of the fermentation!

Product
Concentration
A/ A
V\ B
P Time

Sample



Product
Concentration

P Time
Sample



Solution

v
i
RAMOS measures online the
respiration activities (OTR, , RQ)
of biological systems under sterile
conditions in shaking flasks
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Development of the
OTR-course

oxygen partial pressure [bar]

0.210

0.206-
0.202-
0.198-

0.194+

0.190

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

/' | \/ YY 'Y .
oxygen partial pressure |\ sz ét

- 0.02

oxygen transfer rate v

\

2 4 6 8 10 12 14
fermentation time [h]

0.05

- 0.04

0.03

- 0.01

ed,

oxygen transfer rate [mol/L/h]



Selection of typical
biological phenomena

oxygen transfer rate

oxygen transfer rate

unlimited growth
mineral medium

fermentation time
product inhibition (e.g. pH)

fermentation time

oxygen transfer rate

oxygen transfer rate

substrate limitation
(except C-source)

fermentation time
diauxic

growth

fermentation time

oxygen limitation

max.
£ioxygen transfer
capacity

oxygen transfer rate

fermentation time

- total oxygen
= consumption




Corynebacterium glutamicum

30°C, mineral medium, 30 g/L glucose , with CaCO,
shaking frequency 200 rpm, shaking diameter 50mm

0.050
E — flask 1: 10 ml
% 0.040 - — flask 2: 15 ml
é — flask 3: 20 ml
O 0.030 — flask 4: 30 ml
[, d — flask 5: 40 ml
[ - — flask 6: 50 ml
n
% 0.020 -
= —
/
Q
O 0.010-
>~
X
o
o A ' ’ ' . :
0 10 20 30 40 50 60

fermentation time [h]




IVIeala Opt MISat on
Pseudomonas fluorescens
30°C, glucose 30g/L, complex medium

shaking frequency 200 rpm, shaking diameter 25mm,
filling volume 10mL

0.07

0.06 -

0.05-

0.04 -

0.03-

0.02 -

0.01-

oxygen transfer rate [mol/L/h]

FN“Q/J\AA

W = 0.34 1/h

Hmax = 0.18 1/h

— 2X concentrated
— 4x concentrated

BIOVERFAHRENSTECHNIK AACHEN

10

20 30 40
fermentation time [h]

50

60



Media and process optimisation

Yeast Hansenula polymorpha
(In co-operation with Rhein Biotech GmbH)

0,03
" ) == medium with 100% comp1,
conditions: 30 mL liquid volume
0,025 + o . .
T=37°C == medium with 200% comp1,
n =300 rpm 30 mL liquid volume
0.0 D — 25 mm == medium with 200% comp1l,
) 9 /Eshake

0,015 -

0,01 -

0,005 A

Oxygen Transfer Rate [mol/L/h]

20 mL liquid volume

0 5 10 15 20

Time of Fermentation [h]

BIOVERFAHRENSTECHNIK AACHEN

H/TEC ZANG



Pseudomonas putida

30°C, 30g/L glucose, mineral medium,
shaking frequency 250 rpm, shaking diameter
50mm,
filling volume 10mL

0.050
ﬁ 0.045 - max. oxygen
= 0.040 - _ __transfer capacity
E 0035-
Q .
§ 0.030
D
»  0.020 -
-
©  0.015 A
(- -
S 0.010
2 0.005 -
=
O 0

0 5 10 15 20 25
fermentation time [h]



Pseudomonas putida

30°C, 30g/L glucose, mineral medium,
shaking frequency 250 rpm, shaking diameter
50mm,
filling volume 10mL

— 0.05
<
= -
o 0.04- — g — o -
£
o -
g 0.03 -
E -
2 0.02-
©
c
Q 0.01 -
@)
>~ | A ——-medium with 160 mM NH,* M
é ....OC‘
O '-f T T T T 1
0 5 10 15 20 25

fermentation time [h]



Bacteria Rhodococcus spec.
(Measurements carried out at the BASF AG)

0,03
E 4
= ]
= 0,025 1
£ ]
= )
nd ]
‘E 0,015 -
%) ]
C 4
@© 0,01 -
(o .
c ]
S 0,005 1
> )
= :
@)
0

12 18 24 30 36 42 4

o

Time of Fermentation [h]

BIOVERFAHRENSTECHNIK AACHEN
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Saccharomyces cerevisiae

30°C, 20g/L glucose, complex medium,
shaking frequency 200 rpm, shaking diameter
50mm, filling volume 25mL

oxygen transfer rate [mol/L/h]

0.07

0.06 -

0.05 A

0.04 -

0.03 A

0.02 A

max. oxygen transfer capacity

fermentation time [h]



oxygen transfer rate
+

carbon dioxide transfer rate

|:{> more information



Saccharomyces cerevisiae Crabtree effect

30°C, 20g/L glucose, complex medium,
shaking frequency 200 rpm, shaking diameter

transfer rate [mol/L/h]

50mm, filling volume 25mL

0.07

0.06 -

0.05 A

0.04 A

0.03 A

0.02 A

—— oxygen transfer rate

12 16 20 24

fermentation time [h]







transfer rate [mol/L/h]

Saccharomyces cerevisiae

30°C, 20g/L glucose, complex medium,
shaking frequency 200 rpm, shaking diameter
50mm, filling volume 25mL

0.07

0.06 A

0.05 A

0.04 -

0.03 A

0.02 -

0.01 -

—+— oXxygen transfer rate

= glucose

12 16 20 24

fermentation time [h]

T T T T T
o N B~ OO

20

- 18
- 16
- 14
- 12

concentration [g/L]

glucose-,



RAMOS /g

culture

OTR in Mol/l*h

5,00E-04 -

4,00E-04 -

3,00E-04 -

2,00E-04 -

1,00E-04 -

0,00E+00 #

-1,00E-04 -

RAMOS Reference 1

Zelle Hybridoma MK425
Zellzahl/ml: 1,19E+06
Vitalitat in % 96

Zeitin h

140



Control program

»2 RAMOS - historische Daten

Operating control

New experiment

v

Parameterize

v

Oxygen calibration

v

Leakage test

Parameters

Experiment nare [Hefe_030508_g

Purpose of experiment|Hefe_DBDSDB

Operator [RKR

Measurement start |

Preculture |6,25g Trockenhefe/|

Inoculation guantity [2ml / 60 mi

v

Start experiment

System status [histo

Phase[ ]
Rermaining time |00:00:00
Sampling

Delete next
measure phase

Shaker speed |—2DD RPM
Flask
I | | M | M | N | I | N em |

Flask vu\umel 287 ml
Liguid vulume| a0 ml

Comment

10 g/l Glukose,
10,5 o/l Glycerin;
2 gl Hefeextrakt

max. measuring timel 10 min
rinsing t|me| 20 min
Measuring cyclel 30 min

RAMOS R HITEC ZANG

Experiment comments

Print results

max OQ-decreasefr‘neasuringl 15,0 mhar flaskl_D

02-decrease == 0,5 mbar = adaptive made (var. measuring time)
O2-decrease = 0,5 mbar = measuring time like setting
Flask = 0, monitaring of all flasks

03.05.03 15:42:39:

O2-Kalibr. fertig. Ergebnis: FFFFFFFFF

03.05.03 15:44:41

Lecktest abhgehrochen

03.05.03 12:558:53:

O2-Falibr. fertig. Ergebnis: G 0K GE Ok 0K Ok 0K Gk -
03.06.03 16:08:53:

Lecktest fertig. Ergebnis: FFFFFFFF

03.05.03 16:17:42:

O2-Kalibr. fertig. Ergebnis: Gk Ok, Gk Ok 0K Ok 0K, Gk --
0,00k (08.05.03 16:24:58):

Messung gestartet

71,680 (11.05.03 16:05:50)

Messung beendet

Ternperature (actual value) e

Communication: Offline

manual settincs I

Temperature (set—value)| 30,0 °c

Flows rinsing phasel 10,0 mlfmin
Oreygen cantentl 20,85 %
Unitl g

Add comment Report

4 I 3 I\HamoS}Dverview AOTRACTRARGADT {CT [Growth rate {TR_RQ1 {TR_ROZ [TR_RQ3{TR_RO4{TR_ROSATR_ROE {TR_RAT {TR_RQOE {0xygen paitial pressue Oxygen (Differential pressure {Flaskl [Flask2 {Flask3 {Flask4 {Flask5 {Flasks {Flask? iFlaske




»2 RAMOS - historische

Overview

Daten

Flask 1
E 2 10
O 0,54 .
E 0,56
@]
048+ -6
040+
-4
0,32 5
0,241 -2
0,16
\\,\ Lo
0,08
DﬂD : R
E 24 32 40 48 58 54 72
Flask 4 Enlarge |
o 064 10
'_
O 056
& Lg
5 0481
0,40 &
0,32 5 4
0,24 -,
0,16 /\,_,—\\
0,08+ e T ra
e
DIDD T T T T T T T T '2
0 8 168 24 32 40 48 56 B4 72
Enlarge |
E 0,72 10
) 0k
& -8
= 0,564
o
048+ B
0404
L4
0,32
0,24 + -2
0,16
“\ 0
0,08+ e T AT
L_w—
[I,I]I] | -2

E 24 32 4D 48 56 84 72

RA[-]

RA[-]

OTR/CTR

Flask 2 Erlarge |
» 10 —
o =
O 054 g
= 0,56 e
= 4
=0,
048 8
0404
L
0,321
0,24 1 2
0,16 -
“-\ —D
0,08 - A
um T ———-2
16 24 32 40 48 55 B4 72
Flask 5 Enlarge
0,032 10+
(&
0,024 - N
0,016 -
0,008 | °
it "TII I\ fhfﬂ. fy L
0.000 S Mat '-'lL‘l/\' AUESRN
-0,008 - Lo
0,016 -
0,024 - B
0,032 T T T T T T -2
0 8 16 24 32 40 48 56 B4 72
Enlarge |
o 0,72 10+
O 064 o &
= 0,56
[
0481 6
0,40
0,32 1
0,24 2
0,16
\\ —D
0,08 e
DﬂD -2

18 24 32 4D 48 58 64 72

_18] x|
Flask 3 Enlarge
o 0,72 10 —
= o
© 0,84 . o
= L
= 056
[
0,48 FB
0,40
F4
0,37
0,24 F2
0,16
w\\ Lo
0,08 N TS
kwyw—
DﬂD ‘ =3
15 24 32 40 48 55 54 72
Enlarge |
= 072 10
= i o
= 04 g 2
E 0561
=
5 0484 FB
& 040
= H4
© 32
0,24 F2
0,16
4..,\ La
0,08 =N
0,00+ ———————————— 7
0 8 16 24 32 40 48 56 B4 72
F-Axis fime in hours OTR
CTR
9 RQ
Lxh

Bxp.: [Hefe_030508_g

&5 Print |

4

HITEC ZANG

RAMOS

bl | 4 ‘I\H amos | Overview {0TR {CTR {RA (0T {CT {Growth rate {TR_RO1 {TR_RG2 {TR_RA3{TR_RO4 {TR_RQS5 {TR_ROE {TR_RG7 {TR_RAS {Osyoen parial pressure 0 aygen {Differential pressure

Flazk1 fFlask? iFlask3 (Flazkd (Flaskh tFlaski (Flask? (Flask

g



Single flask (OTR/ CTR/ RQ)

+2 RAMOS - historische Daten == x|
Flask 1 Experiment [Hefe_030508_g |
o 072, : : 72
2 4| I
[ [
& [0
=
© 064- 6.4
0,56 - - 5.6
048- 4.8
040- 4.0
(0, &% = 3.2
0,24 - 24
0,16- - 1,6
0,08-— —+08
: :
0,00 — - L0,0
g I6>lIElI -I )_| : | [ [ [ [ [ [ [ [ Ir
Lxh 0 8 16 24 32 40 48 56 B4 72
— actual values time [h]
- T
OTR [0,00000 gflh 0T 0,00000 o/l liguid volume ml OTR
0.00000 g/lih CT[0.00000 ol comment Ovenew | %R
10 g/l Glukose, extended display |

temperature °C

p O2(0,00000 bar
0,000 mbar

10,5 g/l Glycerin,

2 ofl Hefeextrakt

RAMOS

HiTEL ZANG

bl I L4 .\H amos {0verview {0TF ACTR {RQ 0T #CT {Growth rate} TR_RG1 TR_ROZ {TR_RA3{TR_RG4 {TR_RQ5{TR_ROE {TR_RG7 {TR_FROE {Oxvgen partial pressure {0 xygen (Differential pressure

Flask1 fFlask2 iFlask3 tFlazk4 tFlazkD tFlaskb (Flask? iFlask:

£



OT / CT / growth rate

% RAMOS - historische Daten SEIE)
8 Oxygen transfer (OT) Experiment[Hefe_030508_g
3 2
E
=
o
od = =
4- -
P
) sche Daten SEIE)
Experiment[Hefe_030508_g
0-
— 8- T
= o
2 ooy - —
9 r T T T ==
L 0 8 16
liquid vol | OT 0,00000 liquid vol torische Daten JREIES|
1:[10 0/ Glukose, 2:[10 9/ Glukose, 4- = %
10,5 gl Glycerin; 105 gfl Glycerin; _ Growth rate xperiment [Hefe_030508_g
2 gfl Hefeextrakt 2 gfl Hefeextrakt £
3
liquid vol. | OT 0,00000 liquid vol 3 o8-
10 g/l Glukose 10 g/l Glukose, 2- &
10,5 gl Glycerin 10,5 g Glycerin; £
2 gl Hefeextrakt 2 gl Hefeextrakt B ]
g o
U Oy
| » famos fovervien FRRQTCT fGiowh el {TF_ROT {TR_RO2{TRAOZTRA_ A4 |
=\ 02- .
Py .
‘@‘Q‘*H < : : 00- [
T o0 8 16 ==
liquid vol. ml CT 0,00000 liquid vol 02
1:[10 0/ Glukose, 2:[10 9/ Glukose, 3 —
10,5 g Glycerin; 10,5 g Glycerin;
2 gfl Hefeextrakt 2 gfl Hefeextrakt 04—
liquid vol. ml CT 000000 liquid vol
10 g/l Glukose, 06—
10,5 g Glycerin;
2 gfl Hefeextrakt 2 gfl Hefeextrakt |
08-=|
=
@
| » famos fovervien T Giowih e TR AQ1 {TR_RO2{TA_AO3/TR_ A4 TR AQ5{TR_AO6{TA R 4‘0_@‘@“” < g
r T T | | | |
0 4 6 8 10 14 18 20
liquid vol 0,00 liquid vol 000 liquid vol 000 time ]
1:[10 9/ Glukose, 2:[10 9/ Glukose, 10 g/l Glukose, 4:[10 g/ Gluk, 105 g/l Glyc; 5
10,5 gfl Glycerin; 10,5 gfl Glycerin; 10,5 gfl Glycerin; 2 gfl Hefeextral,
2 gfl Hefeextrakt 2 gfl Hefeextrakt 2 gfl Hefeextrakt nicht angeimpft!! Print
liquid vol liquid vol
:[10 ¢/ Glukose, 10 g/l Glukose, 10 g/l Glukose, 10 g/l Glukose,
10,5 gfl Glycerin, 10,5 gfl Glycerin; 10,5 gfl Glycerin; 10,5 gfl Glycerin;
2 g/l Hefeextrakt 2 g/l Hefeextrakt 2 gfl Hefeextrakt 2 g/l Hefeextrakt
HATEC ZANG




Case Study:
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Our Key Technology

Oxygen Transfer Rate as the Basic Parameter for Characterising
the Metabolic Activity of Hansenula polymorpha Cultures

\

Devices for the On-line Measurement of the Oxygen Transfer Rate
In Test Tubes
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