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• Calculations concerning fed-batch
cultivation

• Improvements of batch performance

Agenda

• Fed-batch applications

• Bioprocess analytics
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Strategies to improve the productivity of a bioprocess

Generally, a bioprocess can be improved at three levels: 
i. Strain development
ii. Medium optimization
iii. Improvement of the bioprocess unit operations 

(e.g., preculture, feeding strategy)
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i) Improvement of productivity by cell engineering
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Improvement of production cells

There is a possibility to increase the productivity by genetic engineering. 
The objectives are:

  - Selection of host
 - Increase of the product yield
 - The maintenance of the yield

 
Techniques: - Selection 
   - Selection followed by a mutation: sequential mutagenesis
   - Genetic engineering: directed evolution



Typical host cells
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Host Organism Type Advantages Application Examples

Escherichia coli (E. coli) Gram-negative 
bacterium Fast growth, easy manipulation, cost-effective Insulin, growth hormones, 

enzymes

Bacillus subtilis Gram-positive 
bacterium Secretes proteins, lacks endotoxins Proteases, amylases, 

industrial enzymes
Corynebacterium 
glutamicum

Gram-positive 
bacterium

High tolerance to metabolites, good for amino 
acid production

Amino acids, recombinant 
proteins

Saccharomyces cerevisiae Yeast (fungus) Performs PTMs, GRAS, well-characterized Bioethanol, vaccines, enzymes
Pichia pastoris 
(Komagataella phaffii) Yeast (fungus) High-density fermentation, strong promoters Biopharmaceuticals, enzymes

Yarrowia lipolytica Yeast (fungus) High lipid metabolism, protein secretion Lipases, specialty chemicals, 
proteins

Aspergillus niger / 
Trichoderma reesei Filamentous fungi Excellent secretion, robust enzyme producers Cellulases, amylases, citric 

acid

Streptomyces spp. Actinobacteria Naturally produces antibiotics, handles 
complex proteins

Antibiotics, secondary 
metabolites

Sf9 / Sf21 (Insect cells) Insect cells Eukaryotic PTMs, high protein yield Vaccines, VLPs, complex 
proteins

CHO / HEK293 (Mammalian 
cells) Mammalian cells Authentic human-like PTMs Monoclonal antibodies, 

therapeutics



Increase of product yield: Simulation of pathways
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http://www.genscript.com/gene_synthesis.html

Buy your missing gene: Gene synthesis service

https://www.brain-biotech.de/en/ 8

http://www.genscript.com/gene_synthesis.html
http://www.genscript.com/gene_synthesis.html
https://www.brain-biotech.de/en/


Recent methods to enhance strain performance using mutagenesis

• Directed mutagenesis (assisted by evolution)

• Site directed mutagenesis (genetic engineering became very efficient because of 
known genome sequences)

• PCR mutagenesis (error prone PCR of gene sequence)

• Transposon mutagenesis

• Signature tagged mutagenesis (used in research of pathogens)

• Insertional mutagenesis (change of reading frame by insertion of one or more bases)

• CRISPR/CAS9 Method to put the gene on the chromosome: => Maintenance of a 
stable production yield!
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The stages of CRISPR immunity for each of the three major types of 
adaptive immunity. (1) Acquisition begins by recognition of invading 
DNA by Cas1 and Cas2 and cleavage of a protospacer. (2) The 
protospacer is ligated to the direct repeat adjacent to the leader 
sequence and (3) single strand extension repairs the CRISPR and 
duplicates the direct repeat. The crRNA processing and interference 
stages occur differently in each of the three major CRISPR systems. 
(4) The primary CRISPR transcript is cleaved by cas genes to produce 
crRNAs. (5) In type I systems Cas6e/Cas6f cleave at the junction of 
ssRNA and dsRNA formed by hairpin loops in the direct repeat. Type 
II systems use a trans-activating (tracr) RNA to form dsRNA, which is 
cleaved by Cas9 and RNaseIII. Type III systems use a Cas6 homolog 
that does not require hairpin loops in the direct repeat for cleavage. 
(6) In type II and type III systems secondary trimming is performed 
at either the 5’ or 3’ end to produce mature crRNAs. (7) Mature 
crRNAs associate with Cas proteins to form interference complexes. 
(8) In type I and type II systems, interactions between the protein 
and PAM sequence are required for degradation of invading DNA. 
Type III systems do not require a PAM for successful degradation and 
in type III-A systems basepairing occurs between the crRNA and 
mRNA rather than the DNA, targeted by type III-B systems.

Clustered regularly interspaced short palindromic repeats (CRISPR)

https://en.wikipedia.org/wiki/CRISPR 10

https://en.wikipedia.org/wiki/Cas1
https://en.wikipedia.org/wiki/Cas9


From lab on a chip to lab on a particle. 
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(a) Lab on a chip technology uses microchambers or droplets 
to confine reactions, enabling the analysis of target cells or 
molecules with high precision. Parallelization and scale-up rely 
on the 2D surfaces of chips and custom instrumentation, which 
often lead to reduced analysis throughput. (b) Lab on a particle 
technology enables millions of microparticle-based 
compartments to be scaled in 3D in standard tubes, where 
fluidic operations are performed using standard laboratory 
equipment. (c) Operations on particles include cell loading and 
encapsulation, analyte binding, reagent exchange and washing, 
and templating of water-in-oil emulsions. Signal enrichment 
can occur on particles through reactions that are either 
confined or locally bound. Microparticles are barcoded by 
shape, size, pattern, color, or other means to enable time-
variant analysis as reactions or cell behavior progresses over 
time. (d) Microparticles are analyzed using standard analytical 
instruments compatible with cells, such as microscopes, flow 
cytometers, fluorescence activated cell sorters and single-cell 
sequencing instruments.



ii) Improvement of the productivity by medium optimization
Composition of the growth medium

 The medium composition plays a crucial role for an optimal production. Besides 
using literature data to design a medium and thus considering growth yields, the 
statistical approach (design of experiments (DOE)) helps to determine the most 
significant parameters  for cultivation in a very efficient way.

12

 

  
Figure 1: Effect of the gas composition on the specific growth rate (µ) during cultivations in a 1 L bioreactor without CO 
for A) a variation of O2 and H2 concentration and B) for a variation of H2 and CO2 concentrations. 

A B 

Florian Miserez (Growth of Idionella sp., unpublished data)

See also chapter «Medium»

https://doi.org/10.1007/s12206-012-1220-y

https://doi.org/10.1007/s12206-012-1220-y


iii) Improvement by Bioprocess Engineering

Engineering
This approach includes: 

1. Improvement of functionality of bioreactors for a maximal productivity. One has to 
assess the influence of pH, temperature, the transfer of biomass, the cell 
concentration, the morphology of the cells, the osmotic pressure, the rheology, etc.

2. The design of a bioreactor for a maximum productivity.
3. Extraction and purification of a product (downstream processing)
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Why do we need microbioreactors?

Optimization prior to scale-up =  reduction of time and costs

≠
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Why do we need microbioreactors?

Contributed by Paul F. Schendel
Current Protocols in Molecular Biology (1998) 16.1.1-16.1.3
Copyright © 1998 by John Wiley & Sons, Inc.
16.1.1

“To restate the obvious, protein expression is an inexact 
science at present…

The solution: Implementation of microbioreactors

…The procedures employed are relatively quick and 
uncomplicated, and the rewards for success are great.”

Medium throughput screening of as many
parameters as possible…

…as early as possible!

S. Wegmüller, HES-SO VS
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Evaluation of growth: Classical methods

Only distinct data points!
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Optical density

Beer-Lambert law

Correlation with CDW

Direct measurement of microbial growth

Dilution with blank solution (e.g. dH2O)

ODcells = ODmeasured ∙ f – ODmedium        (f = dilution factor) 
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Direct measurement of microbial growth
Cell dry weight:

Cell dry weight x [g L-1] =
(wt. of dried filter [g] – wt. of filter [g] )* 103

sample volume [mL]

• Use triplicates.
• Wash loaded filters with ca. 10 mL of 10mM MgSO4 or 0.9% NaCl solution.
• Dry loaded filters at 90°C for 20 hours and cool down in a desiccator.

• Alternatively also preweighed and dried Eppendorf or glas tubes can be used.
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Cell number determination 
using microscope

Direct measurement of microbial growth

19



Cell number determination plate counts

Direct measurement of microbial growth

Note:
 Even distribution of cell 

emulsion is required (see 
above).
 Optimal volume for aliquots: 

150 – 200 µL (not 1 mL as 
indicated in the figure on the 
left).
 Each cell forms a colony.
 Optimal number of colonies: 

ca. 200 per agar plate.
 At least 24 h of incubation 

needed.
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Flow cytometry for quantification and characterization of cells

http://withfriendship.com/user/mithunss/flow-cytometry.php

Sample (stained)Sheath fluid

Hydrodynamic 
focussing

Fluorescence 
emitted from 
stained cells

Forward and side 
scattered from all 
cells detected

Nozzle

Laser light 
source

http://www.invitrogen.com/
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Indirect measurement of growth

Carbon 
and 
energy 
source

O2
Nitrogen 
source

Other 
nutrients 
required

+ + + Cells Products CO2 Heat H2O+ + + +

Consumption of 
carbon source

Chemical 
analysis 
refractive index, 
viscosity

Oxygen 
consumption
Dissolved oxygen
Off-gas analysis

Consumption
pH stat
Chemical 
analysis
NH4

+-electrode

Measure cell 
components 
(and their 
fluorescence)
Protein, DNA, 
RNA, ATP, 
NADH, lipid

CO2 
production
Infrared 
analysis
Dissolved 
CO2

Consumption of 
nutrients
PO4, SO4, K, Mg
Chemical 
analysis
Selective 
electrodes
FTIR

Follow 
product 
formation
pH, ethanol, 
CH4, lactic 
acid, viscosity

Energy 
balance, heat 
evolution
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Establishment of a screening 
system using stock cultures

https://www.youtube.com/watch?v=r-9si98zdR8
24

https://www.youtube.com/watch?v=r-9si98zdR8


Establish your own strain collection…
The different strains are stored in 96-
well plates at -80°C.
Culture plates are inoculated by pins 
pressed into frozen stocks.
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In situ measurement

Direct measurement of microbial growth

http://www.optek.com/index.asp

Back scattering

https://www.infors-ht.com/de/blog/measuring-biomass-in-shake-flasks-offline-od-vs-online-backscatter-light/ 26

Optical density

https://www.infors-ht.com/de/blog/measuring-biomass-in-shake-flasks-offline-od-vs-online-backscatter-light/


Micro-Matrix (Applikon Biosystems)
no of wells 24

volume 2-5 mL working volume

mixing shaking

temperature online measure/control

pH online measure/control

DO online measure/control

gas addition top

feed yes

cell types Bacteria, yeast, cells

https://www.reseabiotec.ch/our-products/micro-matrix/ 27

https://www.reseabiotec.ch/our-products/micro-matrix/


BioLector XT Microbioreactor Features with
Microfluidics Module

Humidified
All gasses are 
humidified

pH Measurement
Real-time online 
measurement

Shaker
For mixing and 
oxygen transfer 

Temperature 
Control
10 – 50 °C

DO Measurement
Real-time online 
measurement

Biomass Measurement
Scattered light, in situ, no dilution
Up to OD600 = 250

Optical Filter Modules
Up to six filter combinations for different 
parameters (fluorescence)

Feeding
Controlled, fully 
flexible feeding

pH Control
Continuous pH control 
using acid or base

BioLection 
software
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BioLector XT Microbioreactor Features with
Light Array Module (LAM)

Humidified
All gases are humidified pH Measurement

Real-time offline 
measurement

Shaker
For mixing and 
oxygen transfer 

Temperature 
Control
10 – 50 °C

Biomass Measurement
Scattered light, in situ, no dilution
Up to OD600 = 250

Optical Filter Modules
Up to six filter combinations for different 
parameters (fluorescence, Chlorophyll)

BioLection 
software

Light Irradiation
Allows phototrophic 
cultivation of algae and 
cyanobacteria
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BioLector XT LAM (Light Array Module)

• All gassing modules work together with the LAM (CO2)
• Chiller unit necessary to cool down the LED array during operation
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BioLector XT LAM
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ambr (TAP Biosystems)
No. of wells 24/48

Volume 10-15 ml

Mixing stirring

Lid no

Automated handling yes

Temperature no

pH online measure/control

DO online measure/control

Gas addition top

Feed yes

cell types Bacteria?, yeast?, animal
cellshttps://www.sartorius.com/en/products/fermentation-bioreactors/ambr-multi-

parallel-bioreactors/ambr-15-cell-culture#id-1157764
32

http://www.tapbiosystems.com/tap/cell_culture/ambr_videogallery.htm
https://www.sartorius.com/en/products/fermentation-bioreactors/ambr-multi-parallel-bioreactors/ambr-15-cell-culture#id-1157764
https://www.sartorius.com/en/products/fermentation-bioreactors/ambr-multi-parallel-bioreactors/ambr-15-cell-culture#id-1157764


Fed-batch cultures: the best way 
of reaching high cell-densities

http://www.novasep.com/Technologies/
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Different bioprocess modes

Bioprocesses

Closed systems Batch

Continuous

Chemostat

Auxostat

Perfusion 
bioreactor

Partially open 
systems

Fed-batch

Draw-Fill

• Closed systems:
– No substrate fed; no cell culture fluid 

withdrawn; volume remains 
(approximately) constant

• Partially open systems:
– intermittent withdrawal/addition of 

significant amounts of liquids

• Continuous systems:
– Continuous addition and withdrawal 

of liquid
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Partially open systems

Repetitive fed-batch

Fed-batch

Repetitive batch

This lecture

Liquid volume Global flow 𝐹𝐹 = 𝐹𝐹𝑖𝑖𝑖𝑖 − 𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜

Adapted from Chmiel, 2011

Constant feed
Exponential feed
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Cyclic batch fermentation (CBF) for cultivation of 
Chelatococcus sp. 

Mohammad H. A. Ibrahim, and Alexander Steinbüchel
Appl. Environ. Microbiol. 2010;76:7890-7895

Cyclic batch fermentation (CBF) for cultivation of Chelatococcus sp. MW10 under thermophilic conditions. Cultivation was conducted in a Biostat UD-30 
stirred-tank reactor containing 25 liters MSM with an initial glucose concentration of 50 g/liter as the sole carbon source. The fermentor was inoculated 
with a 24-h-grown MSM preculture (4% [vol/vol] inoculum size). Culture temperature and pH were controlled at 50°C and at pH 6.7, respectively, during 
the entire course of the fermentation. Aeration and agitation rates were controlled automatically by adjusting the pO2 at 20% saturation. Cycling of cultures 
was operated on a 50-h cycle by withdrawal of 92% of the cultivation medium (black arrows) and refilling with an equal volume of fresh MSM (gray arrows) 
with glucose (50 g/liter). During the time course of cultivation, samples were withdrawn, and the concentrations of glucose and ammonium as well as the 
cell dry weight (CDW) and poly(3HB) content of the cells were determined as described in the text.
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4 phases of fed-batches

1. Initial fill (t < 𝑡𝑡𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
– Before inoculating the batch, the bioreactor is filled with 

medium

2. Batch (𝑡𝑡𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ≤ 𝑡𝑡 < 0)
– Initially, after inoculation, the cells are grown in a batch 

process to increase the cell density
– During the late exponential or deceleration phase, the 

feed is started

3. Feed phase (0 ≤ 𝑡𝑡 < 𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒)
– The feed 𝐹𝐹 supplies the limiting substrate(s) and dictates 

the growth rate of the cells

4. Harvest (𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒 ≤ 𝑡𝑡)
– After the final volume is reached (max. 80% of reactor 

volume), the batch is harvested

𝐹𝐹𝑖𝑖𝑖𝑖 𝑡𝑡

𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡 < 𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 0

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 ≠ 0
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Why fed-batch cultures?

Many commercially important products are produced in highest yields 
at low nutrient or substrate concentrations.

In fed-batch reactors, feed is added, but effluent (and cells) are not 
removed. Thus fed-batch reactors can be used to maintain cells under
low substrate or nutrient conditions without wash-out taking place.

As a large proportion of commercially important products are produced 
in a partly or non-growth associated manner (e.g., secondary metabolites), it is 
not surprising to find therefore that fed-batch reactors play such an important
role in industry.

Fed-batch reactors are thus primarily used for producing products under  
low nutrient or substrate conditions. 

𝜇𝜇

𝑃𝑃𝑆𝑆

𝜇𝜇

𝑃𝑃𝑆𝑆

Non-growth 
associated products

Partly growth 
associated products
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General aspects of fed-batch

Advantages
• Increased productivity. Production of high cell densities by high substrate concentrations in feed 

and extension of working time compared to batch leads to higher volumetric productivities.
• Controlled conditions for the provision of the substrate in the reactor
• Control over metabolic pathway and catabolites. Different substrates may be fed in a time-specific 

approach
• Replacement of water lost due to evaporation
• No additional equipment required besides accurate feed pump

Disadvantages
• Organism needs to be characterized regarding its nutritional requirements and its physiology with 

respect to productivity.
• Requires more experience of the operator executing and scientist/process engineer developing & 

defining the process compared to a simple batch cultivation.
• Cyclic (fed-)batch cultivations need to ensure that all substrates are included in feed and no toxins 

accumulate
39



Reactor volume in fed-batches

• The total volume of a fed-batch bioreactor is a function of time. 
We can write

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐹𝐹(𝑡𝑡)

• Integrating

𝑉𝑉 𝑡𝑡 = 𝑉𝑉0 + �
0

𝑡𝑡
𝐹𝐹(𝑡𝑡)𝑑𝑑𝑑𝑑

• The exact reactor volume over time thus depends on the feed 
rate and feed profile.
– Constant feed  linear dependence of reactor volume on time
– Exponential feed  exponential dependence of reactor volume on time

𝐹𝐹𝑖𝑖𝑖𝑖 𝑡𝑡 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 �𝑡𝑡<𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡 < 𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 0

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

≠ 0
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Differential mass balance: biomass 1

• We can construct a differential biomass balance according to first 
assumption of Monod’s model

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=
𝑑𝑑 𝑥𝑥𝑥𝑥
𝑑𝑑𝑑𝑑

= 𝜇𝜇𝜇𝜇

• Contrary to chemostat and batch processes, the volume in the 
reactor is not constant, and we cannot simply pull 𝑉𝑉 out of the 
derivative. Instead, we apply the product rule.

𝑑𝑑 𝑥𝑥𝑥𝑥
𝑑𝑑𝑑𝑑 = 𝑉𝑉

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝑥𝑥

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

• By using the definition of the feed flow

𝑑𝑑 𝑥𝑥𝑥𝑥
𝑑𝑑𝑑𝑑 = 𝑉𝑉 𝑡𝑡

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝑥𝑥𝐹𝐹𝑖𝑖𝑖𝑖

𝐹𝐹𝑖𝑖𝑖𝑖 𝑡𝑡 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

�
𝑡𝑡<𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡 < 𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 0

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

≠ 0
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Differential mass balance: biomass 2

• Summarizing the previous equations

𝑉𝑉 𝑡𝑡
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝑥𝑥𝐹𝐹𝑖𝑖𝑖𝑖 = 𝜇𝜇𝜇𝜇

• We define once again 𝐷𝐷 𝑡𝑡 = 𝐹𝐹𝑖𝑖𝑖𝑖 𝑡𝑡
𝑉𝑉 𝑡𝑡

and divide the 

above equation by 𝑉𝑉(𝑡𝑡)

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝑥𝑥𝑥𝑥 = 𝜇𝜇𝜇𝜇
⟺

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝜇𝜇 − 𝐷𝐷 𝑥𝑥

𝐹𝐹𝑖𝑖𝑖𝑖 𝑡𝑡 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

�
𝑡𝑡<𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡 < 𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 0

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

≠ 0
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Differential mass balance: substrate

• We define the substrate mass balance with no
maintenance energy requirements and no substrate 
consumption for product generation as follows:

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑠𝑠𝑖𝑖𝑖𝑖𝐹𝐹𝑖𝑖𝑖𝑖 −
𝜇𝜇𝜇𝜇
𝑌𝑌𝑋𝑋
𝑆𝑆

• Converting the derivative to concentrations by applying 
the product rule (see previous slides)

𝑑𝑑 𝑠𝑠𝑠𝑠
𝑑𝑑𝑑𝑑 = 𝑉𝑉 𝑡𝑡

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 + 𝑠𝑠𝐹𝐹𝑖𝑖𝑖𝑖

• Combining the two equations, dividing by 𝑉𝑉(𝑡𝑡)

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝑠𝑠𝑖𝑖𝑖𝑖 − 𝑠𝑠 𝐷𝐷 −

𝜇𝜇𝜇𝜇
𝑌𝑌𝑋𝑋
𝑆𝑆

𝐹𝐹𝑖𝑖𝑖𝑖 𝑡𝑡 =
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

�
𝑡𝑡<𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡 < 𝑡𝑡ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 0

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

≠ 0
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Note: P, P0 and Xm are concentrations [g L-1] 48



Summary Fed-Batch
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There are two choices as a feed profile:

1) F=const: First growth with µmax but then steadily decreasing !

2) s=const (ds/dt=0); consequently the feed has to be exponential:

)( DX
dt
dX

−∗= µ

(for simplification usually s ≅ 0)

49



Further aspects of fed-batch cultures

𝜇𝜇 = 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 ∗
𝑠𝑠

𝑠𝑠 + 𝐾𝐾𝑠𝑠
∗

𝐾𝐾𝑝𝑝
𝑝𝑝 + 𝐾𝐾𝑝𝑝

Potential growth inhobition by 
product formation:
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Applications of fed-batch cultures

Growth not inhibited by acetate

Growth inhibited by acetate

Concentration of acetate during inhibition
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Open loop control of bioprocess 52



High cell-density culture of non-recombinant Escherichia coli
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Pulsed feed Fed-batch feed profiles

pulsed constant feed linear increase exponential increase
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Different fed-batch feeds and their influence on µ
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Closed loop control of S. cerevisiae fed-batch
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Closed-loop control

• PAT is used to measure the content of limiting substrate. This is generally the case for 
mammalian cultivations.
– Frequently, off-line or at-line measurements are performed 1-2 times a day (exact frequency 

depends on cultured cells).

• The feed rate is adjusted to maintain a constant concentration of the limiting 
substrate by a feedback control, e.g., through:
– PID (proportional–integral–derivative) controller
– Model-based controller
– Manual adjustment
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Successful application of fed-batches using recombinant E. coli strains
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Production kinetics

Products directly associated with generation of energy in the cell (ethanol, acetic 
acid, acetone, butanol, lactic acid, other products of anaerobic fermentation)

Products indirectly associated with energy generation (amino acids and their 
products, citric acid, nucleotides, polyhydroxyalkanoates)

Products for which there is no clear direct or indirect coupling to energy 
generation  (penicillin, streptomycin, vitamins)
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xY
dt
dxY

dt
dp

XPXP ∗∗=∗= µ

Growth-linked specific product formation

dxYdp XP ∗= dsYdp SP ∗=

SX
SPSP Y

xY
dt
dsY

dt
dp ∗

∗=∗=
µ

Biomass related productivity Substrate related productivity

XP
SX

SP Y
Y
Y

=

µ∗= XPP YqFor growth-linked product formation
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Non-growth-linked product formation

µ∗−= kqq PP
max

The non-growth-linked product can be a complex function of the specific growth rate. 
An example of this type is melanin formation by Aspergillus niger, which is represented 
by 

βµ +∗= XPP Yq

where qP
max and k are constants. The formation of cyclodextrin from starch by Bacillus 

macerans and spore production by Bacillus subtilis are similar.

When product formation is partly growth-linked and partly independent of growth 
rate, we have:

Formation of end products of energy metabolism follow this relation where β includes 
the production which results from either the maintenance energy requirement or 
uncoupling of ATP production. Lactic acid production from sugar by Lactobacillus species 
follows this model. 60



Substrate uptake with product formation

CELL

Excreted 
ProductBiomass

Excreted 
Product

CO2 + H2O

Substrate
for growth

Substrate for
maintenance

Biomass

CO2 + H2O

CO2 + H2O

CO2 + H2O

Excreted 
Product

Substrate for 
Growth

Substrate for 
maintenance

Substrate for 
production

CELL

« Directly coupled to energy metabolism »

« not directly coupled to energy 
metabolism »
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Positive Negative
+ high cell density - controlling demands require

expensive infrastructure

+ control of growth / metabolism - exponential growth needs high 
levels of oxygen and nutrients

+ high product titres - change in metabolism by
successively changing process
strategies

+ increased space-time-yield

+ control of product quantity and
quality (post-translation modification)

- technical limitations are faster
reached

Summary of fed-batch technology
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Take home messages

• In biotechnology clearly batch cultures dominate the field of bioprocesses.

• Screening technology enables the selection of the optimal production strain. Direct and 
indirect biomass measurements simplify the follow up of biomass evolution.

• Fed-batch cultivations are very suitable for reaching high cell-densities from substrates that 
usually lead to substrate inhibition phenomenons.

• In fed-batch cultures it is best to calculate with total biomass [g] because the volume and 
concentrations change over time.

• Different feed strategies have been established (e.g., open loop, closed loop, pulsed, linear, 
and exponential feed).

• Depending on the type of product formation (e.g. directly coupled to growth) and the 
production strain particular fermentation techniques need to be applied.
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