High cell density Escherichia coli fed-batch
cultivation in the new BIOSTAT® B-DCU
#02
Application
Note

#03
#04
#05
#06

Marco Leupold, Diana Hesse,
Sönke Rosemann

Introduction
The requirements of a bioreactor | fermentor
for microbial fermentations are fundamentally different to those for mammalian cell
cultivations. Microbial processes require
higher gas flow rates, tip speeds and
greater cooling capacities in order to support the higher growth rates and greater
oxygen demands of microbial cultures.
Moreover, highly dynamic microbial
processes cause rapid changes of process
parameters and place great demands on the
performance of the bioreactor controller.
Precise control of critical process parameters
is needed to achieve optimal product
quality and prevent the formation of
unwanted byproducts.

Maintaining a constant pO2 during the
course of a microbial cultivation is a challenging task for a bioreactor system and
requires precise control over a large range
of gas flow rates. In addition, a microbial
bioreactor system for process development
and characterization should be capable of
being used with a range of different cultivation volumes. The BIOSTAT® B-DCU meets
these requirements and features digital
mass flow controllers with a gas flow range
of 1:200 (e.g. 0.05 – 10 lpm) in combination with the possibility to combine additional mass flow controllers to further
extend the flow rate ranges. This enables
different cultivation volumes with the
same bioreactor controller.

This application note describes a high
demanding Escherichia coli fed-batch cultivation and evaluates the performance of
the new BIOSTAT® B-DCU in such a process.
It focusses on describing the control
accuracy of the main process control
parameters for pO2, pH and temperature.

Cultivations of E. coli with high growth
rates generate a large amount of biological
heat. To remove this requires an adequate
cooling system that provides effective heat
transfer and temperature control close to
a set point.
To deliver the optimum product quality
scientists must have a thorough understanding of the manufacturing processes.
The BIOSTAT® B-DCU features advanced
sensors and analytics that form the basis
for comprehensive process understanding.
Off-gas analysis supports the characterization of cell metabolisms during microbial
processes. During these experiments, the
BIOSTAT® B-DCU was equipped with the
BioPAT® Xgas off-gas analyzer. In addition
online glucose, ethanol and methanol
determination as well as inline turbidity
and capacitance sensors provide even
greater process understanding when used
in conjunction with the BIOSTAT® B-DCU.

Material & Methods
The cultivation was performed using strain E. coli W3110
thyA36 supO λ- (Ordering number: DSM: 5911, ATCC: 27325).
The process was started with a single colony from an LB-agar plate
and followed by two preculture steps according to DECHEMA
guidelines [1] (Table 1).
Table 1: Preculture steps
Steps

Medium

Growth conditions Duration

1.
–
LB-Agar Plate

–

LB-Medium
2.
1st Preculture (20 g/L
LB-medium
powder Roth,
Art. Nr.: X964.2)

Incubation shaker, 8 h
37°C 50 mm orbital
diameter at 180 rpm

–

Biener Medium [2] Incubation shaker, 16 h
3.
2nd Preculture (10 g/L Glucose) 30°C 50 mm orbital
diameter at 180 rpm
For the main culture, Biener medium [2] was used – with medium
1 for the main feed during the fed-batch phase as well as the
bolus feed medium (medium 2). The mineral salt component
was autoclaved directly within the UniVessel® Glass 5 L. Glucose
and trace elements were added separately as a stock solution
after autoclaving. The total batch medium volume was 2.7 L.
The fed-batch cultivation was conducted with a growth rate of
μSet = 0.4 h-1 using an exponential pump feeding profile according
to Riesenberg [3]. The cultivation temperature was 37°C and the
pH was maintained at pH 6.8. The pO2 cascade is given in Fig. 1,
with a pO2 set point of 35% at maximum gassing rate of 1 vvm.
The set-up had previously been shown to generate a kLa of 740 1/h
through characterization with the gassing out method [4]
(data not shown).

Figure 1: Schematic pO2 cascade of both cultivations. Starting with a constant
air gas flow of 5 lpm, pO2 was controlled by increasing tip speed to 1500 rpm
and supplementing oxygen.

The cultivations were performed within a UniVessel® Glass reaction
vessel with a maximum working volume of 5 L. The vessel was
equipped with two 6-blade disc impellers for effective gas dispersion
and good homogenization of the cell broth. A ring sparger with
upturned holes was used. Additionally, the vessel was assembled
with several ports for feeding, incorporating digital pH as well as
digital optical pO2 sensors, an exhaust cooler and Sartofluor® 150
gas filters.
The bioreactor was controlled with the new BIOSTAT® B-DCU
controller. It was equipped with mass flow controllers with a flow
range of 0.05 – 10 lpm for air and oxygen. The control system
automatically adjusted the ratio of air and oxygen according to
the oxygen demand of the culture.
Results & Discussion
The new BIOSTAT® B-DCU was set up as described above and a
fed-batch cultivation with a growth rate of μSet = 0.4 h-1 was
conducted. The results were compared to historical data from a
fed-batch cultivation conducted in a BIOSTAT® benchtop bioreactor
with the same growth rate and identical preculture steps. The
culture profile of both cultivations is given in figure 2. The cultivations started with an OD600 of 1. The duration of both processes
was approximately 12 h. After 5.2 h of batch phase the depletion
of glucose initiated the fed-batch phase. At an OD600 of 150,
feed medium 2 was given as a bolus feed in addition of the
continuing exponential feed of medium 1. The end of the
cultivation was marked when the maximal filling volume was
reached and the final OD600 was 265 (former cultivation: 260) and
a respective cell dry weight of 87 g/L (former cultivation: 84 g/L),
indicating a high cell density culture. The cultivations were
stopped after approximately 2.3 L of feeds had been added and
the maximum volume of the reaction vessel was reached.
The pO2 value was approximately 35% during the entire cultivation.
The fluctuation was significantly lower than compared to the
previous cultivation, indicating a sufficient oxygen supply. The
pH was well maintained at pH 6.8 by adding base throughout the
cultivation. Minor peaks in the pH were caused by the consumption
of acetate at the end of the batch and bolus addition of the
secondary feed.
The extracellular glucose concentration measurements showed
that glucose had been completely metabolized during the batch
phase and the cells remained carbon limited during the fed-batch
phase. Acetate was formed up to a concentration of 0.4 g/L during
the batch phase in both fermentations. After the initiation of the
fed-batch phase, acetate was consumed completely and increased
only at the end of the process to 4.8 g/L due to the high growth
rate and high cell density. The acetate formed was near the
growth inhibitory concentration of 5 g/L and even at 1 g/L negative
effects could be observed [5]. Consequently, the growth rate was
reduced and glucose over feeding was observed during this highly
challenging process.

Even at the end of the cultivation at high cell density with a high
growth rate of 0.4 h-1 and during unlimited growth in batch phase,
the temperature was maintained at approximately 37 °C. The new
BIOSTAT® B-DCU is clearly able to facilitate high cell density E. coli
cultivations.

Figure 2: Overview of the cultivation in the BIOSTAT® B-DCU (solid lines) with
a UniVessel® Glass 5 L compared to a former cultivation (dashed lines) with a
UniVessel® Glass 5 L. Shown is the optical density at 600 nm (black), growth
rate (red), acetate (grey) and glucose (orange) concentration. The start of the
feed is indicated by the dashed line and the bolus feed 2 is indicated by the
arrow.

At around 10.5 h of cultivation the measured CER was
500 mmol L-1 h-1 and the OUR was 1200 mmol L-1 h-1. These
are typical values for an E. coli high cell density culture at a
growth rate of 0.4 h-1 [3]. This data allows process control steps
like induction profiles at peak OUR or feeding profiles to be
defined. In addition, values can be calculated that allow greater
process characterization. For example, the RQ-value describing
carbon source uptake efficiency could be determined.

Figure 4: Exhaust gas measurement of the cultivation in the BIOSTAT® B-DCU
with a UniVessel® Glass 5 L for oxygen (grey) and carbon dioxide (orange) as
well calculated oxygen uptake rate (blue) and carbon dioxide evolution rate
(red). The start of the feed is indicated by the dashed line and the bolus feed 2
is indicated by the arrow. Exhaust gas measurement was stopped when the
measuring range of O2 (50%) and CO2 (20%) was exceeded after 10.5h.

Summary and Outlook
A high cell density E. coli fed-batch cultivation with high growth
rates was successfully performed in a BIOSTAT® B-DCU bioreactor
system. The maximum tip speed was 5 m/s and a gassing rate of
1 vvm was selected to avoid foaming and to prevent clogging
of the exhaust filter. The culture achieved a final OD600 of 265
(equal to a cell dry weight of 87 g/L) after 12 hours.

Figure 3: Process control of both cultivations. The pO2, was controlled by
changing the tip speed and supplementing oxygen (fig. 1). Additionally, pH
and temperature were also controlled. BIOSTAT® B-DCU data were colored
and data from a former cultivation were light-colored, respectively.

The fed-batch cultivation of E.coli in BIOSTAT® B-DCU was conducted with a fully integrated BioPAT® Xgas device, which monitored the
oxygen and carbon dioxide concentration in the exhaust gas (Fig.4).
Compared to a “standard” BioPAT® Xgas the measuring range for
carbon dioxide was modified and increased from 10 to 20 %. Based
on these values the oxygen uptake rate and carbon dioxide evolution rate was calculated to characterize the metabolism of the cells.
During this highly challenging fed-batch process the measuring
range of oxygen and carbon dioxide in the off-gas was exceeded
after 10.5 h and the measurement was stopped. Thus, the measuring
range for the BioPAT® Xgas will be increased in future to 75 % for
oxygen and 25 % for carbon dioxide, respectively.

It is also possible to apply higher gas flow rates to reach higher
kLa values of e.g. 1000 1/h at 2 vvm gassing [data not shown] for
even higher cell densities with the new BIOSTAT® B-DCU. Bench
scale bioreactor systems are capable of performing challenging
processes, however, the design space in which they are operated is
often constrained to match the technical limitation of large-scale
bioreactors to ensure effective scale-up. We were able to demonstrate that the BIOSTAT® B-DCU provides precise control of the
critical process parameters even during a highly challenging E. coli
fed-batch cultivation with a growth rate of μ ≈ 0.4 h-1 even
though the growth rate of industrial E. coli processes rarely exceed
a μSet > 0.2 h-1.
Digital mass flow controllers are a significant enabling, underlying
technology within the system. The experimental data we have
presented shows that fluctuations of the pO2 were greatly reduced
when compared to the control provided by analog mass flow
controllers. The measured value was close to the set point of 35%
during the carbon source limited fed-batch phase of the cultivation.
Even when the addition of pure oxygen started and the mass flow
controller was working at the lower end of its flow range the pO2
remained almost constant. Moreover, the possibility to combine

mass flow controllers with different flow ranges in a single
controller facilitates perfect conditions for working volumes from
250 mL – 10 L and makes the bioreactor controller truly universal.
The integration of advanced sensors and analytics allows in-depth
process monitoring and supports straightforward implementation
of advanced process control strategies. In an earlier application
note we have discussed the possibilities and advantages of an
automated glucose level control with a BIOSTAT® B-DCU [6].
In this application note we focused on integrated exhaust-gas
measurement, which allowed continuous monitoring of the
cell’s metabolism.
In future, the potential to optimize the feeding scheme and
process control recipe could be investigated. Turbidity or
capacitance measurement could be used to monitor the cell
density in real-time and to automatically trigger the induction
to initiate the production phase.
References
[1] Blaschczok K, Dreher T, Leupold M, Eibl D and Glöckler R:
Escherichia coli model process from the DECHEMA working group
„Single-Use Microbial“. Draft version from September 2016
[2] Biener, R., Steinkämper, A., Hofmann, J. (2010): Calorimetric
control for high cell density cultivation of a recombinant
Escherichia coli strain, Journal of Biotechnology 146, 45-53.
[3] Riesenberg, D., Schulz, V., Knorre, W. A., Pohl, H. D., Korz, D.,
Sanders, E. A., Roß, A., Deckwer, W. D., (1991): High cell density
cultivation of Escherichia coli at controlled specific growth rate,
Journal of Biotechnology 20, 17-27.
[4] Meusel W, Löffelholz C, Husemann U, et al. (2016):
Recommendations for process engineering characterisation of
single-use bioreactors and mixing systems by using experimental
methods. DECHEMA Gesellschaft für Chemische Technik und
Biotechnologie e.V, Frankfurt am Main, ISBN 978 3-89746-171-0.
[5] Luli, G. W.; Strohl, W. R. (1990): Comparison of growth, acetate
production, and acetate inhibition of Escherichia coli strains in
batch and fed-batch fermentations. Applied and environmental
microbiology 56 (4), 1004–1011.
[6] Tindal, S.; Ruhl, S.; Hesse, D. (2016): Automated Glucose Control.
Sartorius Stedim Biotech application note from October 2016.
Acknowledgements
The authors would like to thank the complete Upstream
Technology team of Sartorius Stedim Biotech, Göttingen
especially Luisa Bierwirth and Sandra Burghardt.

Sales and Service Contacts
For further contacts, visit www.sartorius-stedim.com

Americas

Germany
Sartorius Stedim Biotech GmbH
August-Spindler-Strasse 11
37079 Goettingen
Phone +49.551.308.0
Fax +49.551.308.3289
Sartorius Stedim Systems GmbH
Robert-Bosch-Strasse 5 – 7
34302 Guxhagen
Phone +49.5665.407.0
Fax +49.5665.407.2200
France
Sartorius Stedim FMT S.A.S.
ZI des Paluds
Avenue de Jouques – CS 91051
13781 Aubagne Cedex
Phone +33.442.845600
Fax +33.442.845619
Sartorius Stedim France SAS
ZI des Paluds
Avenue de Jouques – CS 71058
13781 Aubagne Cedex
Phone +33.442.845600
Fax +33.442.846545
Austria
Sartorius Stedim Austria GmbH
Modecenterstrasse 22
1030 Vienna
Phone +43.1.7965763.18
Fax +43.1.796576344
Belgium
Sartorius Stedim Belgium N.V.
Rue Colonel Bourg 105
1030 Bruxelles
Phone +32.2.756.06.80
Fax +32.2.756.06.81
Hungary
Sartorius Stedim Hungária Kft.
Kagyló u. 5
2092 Budakeszi
Phone +36.23.457.227
Fax +36.23.457.147
Italy
Sartorius Stedim Italy S.r.l.
Via dell’Antella, 76/A
50012 Antella-Bagno a Ripoli (FI)

Netherlands
Sartorius Stedim Netherlands B.V.
Phone +31.30.60.25.080
Fax +31.30.60.25.099
filtratie.nederland@sartorius-stedim.com
Poland
Sartorius Stedim Poland Sp. z o.o.
ul. Wrzesinska 70
62-025 Kostrzyn
Phone +48.61.647.38.40
Fax +48.61.879.25.04
Russian Federation
LLC “Sartorius Stedim RUS”
Uralskaya str. 4, Lit. B
199155 St. Petersburg
Phone +7.812.327.53.27
Fax +7.812.327.53.23
Spain
Sartorius Stedim Spain, S.A.U.
Avda. de la Industria, 32
Edificio PAYMA
28108 Alcobendas (Madrid)
Phone +34.913.586.098
Fax +34.913.589.623
Switzerland
Sartorius Stedim Switzerland AG
Ringstrasse 24 a
8317 Tagelswangen
Phone +41.52.354.36.36
Fax +41.52.354.36.46
U.K.
Sartorius Stedim UK Ltd.
Longmead Business Centre
Blenheim Road, Epsom
Surrey KT19 9 QQ
Phone +44.1372.737159
Fax +44.1372.726171
Ukraine
LLC “Sartorius Stedim RUS”
Post Box 440 “B”
01001 Kiev, Ukraine
Phone +380.44.411.4918
Fax +380.50.623.3162

Phone +39.055.63.40.41
Fax +39.055.63.40.526

USA
Sartorius Stedim North America Inc.
5 Orville Drive, Suite 200
Bohemia, NY 11716
Toll-Free +1.800.368.7178
Fax +1.631.254.4253
Argentina
Sartorius Argentina S.A.
Int. A. Ávalos 4251
B1605ECS Munro
Buenos Aires
Phone +54.11.4721.0505
Fax +54.11.4762.2333
Brazil
Sartorius do Brasil Ltda
Avenida Senador Vergueiro 2962
São Bernardo do Campo
CEP 09600-000 - SP- Brasil
Phone +55.11.4362.8900
Fax +55.11.4362.8901
Mexico
Sartorius de México, S.A. de C.V.
Libramiento Norte de Tepotzotlan s/n,
Colonia Barrio Tlacateco,
Municipio de Tepotzotlan,
Estado de México,
C.P. 54605
Phone +52.55.5562.1102
Fax +52.55.5562.2942
leadsmex@sartorius.com
Peru
Sartorius Peru S.A.C.
Avenue Alberto del Campo 411
Floor 12 – The Office
15076 – San Isidro, Lima
Phone +51.1.441 0158
Fax +51.1.422 6100

Asia | Pacific
Australia
Sartorius Stedim Australia Pty. Ltd.
Unit 5, 7-11 Rodeo Drive
Dandenong South Vic 3175
Phone +61.3.8762.1800
Fax +61.3.8762.1828

China
Sartorius Stedim Biotech (Beijing) Co. Ltd.
No. 33 Yu’an Road
Airport Industrial Park Zone B
Shunyi District, Beijing 101300
Phone +86.10.80426516
Fax +86.10.80426580
Sartorius Stedim (Shanghai)
Trading Co., Ltd.
3rd Floor, North Wing, Tower 1
No. 4560 Jinke Road
Zhangjiang Hi-Tech Park
Pudong District
Shanghai 201210, P.R. China
Phone +86.21.6878.2300
Fax +86.21.6878.2882
Sartorius Stedim Biotech (Beijing) Co. Ltd.
Guangzhou Representative Office
Unit K, Building 23
Huihua Commerce & Trade Building
No. 80 Xianlie Middle Road
Guangzhou 510070
Phone +86.20.37618687 | 37618651
Fax +86.20.37619051
India
Sartorius Stedim India Pvt. Ltd.
#69/2-69/3, NH 48, Jakkasandra
Nelamangala Tq
562 123 Bangalore, India
Phone +91.80.4350.5250
Fax +91.80.4350.5253
Japan
Sartorius Stedim Japan K.K.
4th Fl., Daiwa Shinagawa North Bldg.
8-11, Kita-Shinagawa 1-chome
Shinagawa-ku, Tokyo, 140-0001 Japan
Phone +81.3.4331.4300
Fax +81.3.4331.4301
Malaysia
Sartorius Stedim Malaysia Sdn. Bhd.
Lot L3-E-3B, Enterprise 4
Technology Park Malaysia
Bukit Jalil
57000 Kuala Lumpur, Malaysia
Phone +60.3.8996.0622
Fax +60.3.8996.0755
Singapore
Sartorius Stedim Singapore Pte. Ltd.
10 Science Park Rd
The Alpha #02-13/14
Singapore Science Park II
Singapore 117684
Phone +65.6872.3966
Fax +65.6778.2494
South Korea
Sartorius Korea Biotech Co., Ltd.
8th Floor, Solid Space B/D,
PanGyoYeok-Ro 220, BunDang-Gu
SeongNam-Si, GyeongGi-Do, 463-400
Phone +82.31.622.5700
Fax +82.31.622.5799

www.sartorius-stedim.com

Specifications subject to change without notice. Copyright Sartorius Stedim Biotech GmbH. Printed in the EU on paper bleached without chlorine.
Publication No.: SBI4011-e170101 · Order No.: 85037-557-89 · Ver. 01 | 2017

Europe

