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1.1.1 INTRODUCTION

Biotechnology and biotechnology-based methods are increasing in importance in 
medical therapies and diagnostics as well as in the discovery, development, and 
manufacture of pharmaceuticals. Biotechnologically manufactured pharmaceuti-
cals will soon reach a market volume of more than $100 billion USD and, thus, 
some 20% of the total pharmaceutical market. The key step in their manufacture 
is the conversion of the genetic information into a product with the desired phar-
macological activities by an appropriate selection, design, and cultivation of cells 
and microorganisms harboring the corresponding biosynthetic pathways and physi-
ological properties.

The intention of this chapter is to give insights into the typical issues and prob-
lems encountered in the manufacture of biopharmaceuticals, to mediate general 
ideas and current strategies on how to proceed in the design and development of 
biotechnological processes, and to deliver the immediate theoretical backgrounds 
necessary for comprehension rather than to give detailed experimental instructions 
like a manual does. In focusing on gene recombinant proteins and peptidic anti-
biotics, the biotechnologically produced pharmaceuticals with the highest market 
share, representative aspects will be discussed (1) for process development and 
optimization approaches to increase product yield and process rentability and to 
ensure a consistent product quality, (2) for experimental approaches to design and 
to modify the molecular structure of compounds to meet specifi c medical needs, 
(3) for the replacement of chemical procedures by economically and ecologically 
advantageous biotechnological processes, (4) for critical issues of product purifi ca-
tion, and (5) for specifi c demands in pharmaceutical production to conform to 
regulatory requirements. Finally, the advantage of an integrative biotechnology is 
emphasized, which designs the biosynthetic steps of the product in accordance with 
the requirements of product purifi cation procedures already during early develop-
ment stages.1

For further reviews comprehensively illustrating issues of biotechnological pro-
duction processes, the reader is referred to further review articles [1–8]. To look 
up basic subjects of molecular and cellular biology, the reader is referred to 
textbooks [9, 10].

1 Parts of this chapter were excerpted and modifi ed from previously published reviews of the author 
[16, 86, 98, 113, 273] by courtesy of Springer-Verlag, Heidelberg.



1.1.2 PRODUCTION ORGANISMS AND EXPRESSION SYSTEMS

Design and development of all microbial production processes start with the selec-
tion of appropriate organisms, strains, and expression systems enabling high yields 
and high quality of a desired product with defi ned pharmacological properties.

1.1.2.1 Industrially Established Recombinant Expression Systems

Industrially established expressions systems for production of the marketed com-
pounds are, besides inclusion, body-forming Escherichia coli strains, the yeast
Saccharomyces cerevisiae and mammalian cells like CHO- and BHK-cells (Table 
1.1-1). These systems were the genetically and physiologically most advanced and 
therefore mostly applied when recombinant production processes were starting to 
be developed in the mid-1980s and are now widely accepted by regulatory bodies. 
E. coli and S. cerevisiae can be grown cheaply and rapidly, are amenable to high 
cell density fermentations with biomasses of up to 130 g/L, possess short generation 
times, have high capacities to accumulate foreign proteins, are easy to handle, and 
are established fermentation organisms.

However, because gene recombinant pharmaceuticals continuously gain an 
increasing importance in medicine and are expected to help curing diseases that 
are not yet treatable today, new expression systems have to be exploited enabling 
the production of such pharmaceuticals with innovative properties that simultane-
ously meet key criteria like consistent product quality and cost effectiveness. Of 
particular interest in this regard are expression systems enabling the secretion of 

TABLE 1.1-1. Industrially Used Recombinant Expression Systems

Product Company System

Blood coagulation factors  Novo-Nordisk/Bayer/ BHK-Cells
 (VII, VIII, IX) Centeon Genetics Baxter/ CHO-Cells
  Centeon/Wyeth
Calcitonin Unigene E. coli/CHO-Cells
DNase (cystic fi brosis) Roche CHO-Cells
Erythropoetin Janssen-Cilag/Amgen/ CHO-Cells
  Boehringer  
Darbepoetin Amgen CHO-Cells
Follicle stimulating hormone  Serono/Organon CHO-Cells
 (follitropin)
Luteinisation hormone Serono CHO-Cells
Gonadotropin Serono CHO-Cells
Glucagon Novo-Nordisk S. cerevisiae

Glucocerebrosidase  Genzyme CHO-Cells
 (Gaucher-disease)
Growth hormones  Pharmacia & Upjohn/Lilly/ E. coli

 (somatotropines) Novo-Nordisk/Ferring/
  Genentech
 Serono Mouse Cell Line
 Serono/Bio-Technology  CHO-Cells
  General Corp

PRODUCTION ORGANISMS AND EXPRESSION SYSTEMS 3
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TABLE 1.1-1. Continued

Product Company System

Eutropin (Human growth LG Chemical S. cerevisiae

 hormone derivative)
Growth factors (GCSF u.  Novartis/Essex/Amgen/ E. coli

 GMCSF)  Roche
 Chugai Pharmaceuticals CHO-Cells
Platelet-derived growth  Janssen-Cilag S. cerevisiae

factor (PDGF)
PDGF-Agonist ZymoGenetics S. cerevisiae

Hepatitis B vaccine GlaxoSmithKline S. cerevisiae

 Rhein Biotech H. polymorpha

Hirudin Sanofi -Aventis/Novartis S. cerevisiae

Insulin and muteins Sanofi -Aventis/Lilly/Berlin- E. coli

  Chemie
Insulin Bio-Technology General  E. coli

Corp
 Novo-Nordisk S. cerevisiae

Interferon alpha and muteins Roche/Essex/Yamanouchi E. coli

Interferon beta Schering E. coli

 Biogen/Serono CHO-Cells
Interferon gamma (mutein) Amgen/Boehringer E. coli

Interleukin 2 Chiron E. coli

Oprelvekin (interleukin Wyeth Human Cell Line
 11-agonist)  ROMI 8866
OP-1 (osteogenic,  Curis/Striker E. coli

neuroprotective factor)
Tissue plasminogen-activator Genentech/Roche/Boehringer CHO-Cells
Recombinant plasminogen- Genentech/Roche/Boehringer E. coli

activator
Stem cell factor Amgen CHO-Cells
Tumor necrosis factor Boehringer E. coli

Note: Overview on the currently worldwide commercialized recombinant pharmaceuticals and the 

expression systems employed for their production. The substances are not listed strictly alphabetically 

but are partially grouped according to therapeutic areas. Antibodies, which are mostly manufactured 

by hybridoma cell line systems, are not considered. Data were extracted from the European patent 

database Esp@cenet (http://de.espacenet.com) and the IDdb3-database (http://www.iddb3.com). 

BHK = baby hamster kidney; CHO = chinese hamster ovary. (Taken from Ref. 16 © Springer-Verlag, 

Heidelberg)

correctly glycosylated and folded proteins into the culture broth. Such secretory 
systems offer advantages in terms of simple and fast product purifi cation proce-
dures and the avoidance of costly cell rupture, denaturation, and refolding pro-
cesses (see Section 1.1.4) and thus conform to the requirements of an integrated 
production process.

Even though animal and plant systems (molecular pharming, [11]) and secretory 
plant cell culture systems have received a great deal of attention, their commercial 
feasibility is still under investigation, particularly with respect to their slightly dif-
ferent posttranslational modifi cation modus leading to an altered pharmacological 
behavior and to allergenic properties [12, 13]. Established in the pharmaceutical 



industry as production organisms are, besides the above-mentioned systems, further 
prokaryotic and yeast species as well as fi lamentous fungi, which are already 
employed for the manufacture of natural products (see Section 1.1.2.2).

The suitability of the most prominent secretory systems among these organisms 
from the viewpoint of an integrative process design for the manufacture of recom-
binant proteins will be evaluated in the next section by discussing their potential 
productivity and their physiological properties.

1.1.2.2 Evaluation of Secretory Expression Systems for 

Pharmaceutical Purposes

Escherichia Coli. As E. coli lacks fundamental prerequisites for effi cient secretion, 
the marketed pharmaceuticals (Table 1.1-1) manufactured by E. coli-systems are 
mostly produced as inclusion bodies. Due to the membrane structure, the low 
chaperone and foldase level and the high periplasmatic protease concentration E. 

coli-secretion systems allow only comparably low product yields, making them 
suitable only for compounds marketed in small quantities like orphan drugs. 
Genentech  (San Francisco, CA), for instance, has patented a secretory E. coli-
system for the preparation of human growth hormone [14]. The secretory potential 
of E. coli is indicated by exceptional high product titers in the range of several grams 
per liter, which were reached in a system developed for secretion of hirudin using the 
alpha-cyclodextringlykosysl-transferase signal sequence as a leader und secretor 
mutants defi cient in their membrane structure [15]. Titers of human-insulin-like-
growth-factor or human-epidermal-growth-factor were reported to be as high as 
900 mg/L and 325 mg/L, respectively [references in 16]. Most of the reached and 
published data, however, refers to processes leading to a periplasmatic product 
concentration (e.g., 2 g/L of a human antibody fragment, 700 mg/L of a monoclonal 
antibody) or stays below 100 mg/L, a value that generally is not considered to be in a 
competitive and economic range. Efforts are thus undertaken to condition E. coli-
strains to effi cient secreters. The main strategies to enhance secretion effi ciency [17–
19] comprise (1) employment of well-characterized secretion pathways like the 
alpha-hemolysin system [20] or components of such pathways like effi cient signal 
sequences from effl ux proteins [21] or outer membrane proteins [22], for instance, 
the maltose binding protein [23] or the TolC-protein [24]; (2) variation of the signal 
peptide; (3) cocloning of and coexpression of chaperones and foldases [25–27]; (4) 
enhancement of gene expression by employment of strong promotors and effi cient 
transcription termination sequences; (5) generation of protease defi cient mutants; 
(6) generation of cell wall lacking or cell wall defi cient mutants [28, 29]; and (7) 
modulation of the protein primary structure that was found to exert a strong infl uence 
on productivity and secretion effi ciency by infl uencing protease resistance, folding 
effi ciency, and the tendency to form inclusion bodies. Details of the strategies for the 
design and development of secretory E. coli strains as well as for the controlled 
soluble cytoplasmatic expression of recombinant proteins may be taken from general 
reviews [17, 30–32].

Alternative Prokaryotic Expression Systems. In addition to conditioning E. coli-
strains to effi cient secreters, alternative species, which are considered to inherently 
possess a superior secretion capacity, are tried to be established as expression 
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systems. Comparably high product yields of 2 g/L and 1 g/L were reported for 
production of human calcitonin by Staphylococcus carnosus [33] and of proinsulin 
by Bacillus subtilis [34], an organism that is continuously characterized and 
improved as a cell factory for pharmaceutical proteins [8]. Bacillus megaterium,
which is thought to be as effi cient as B. subtilis, is currently developed as a secretory 
expression system by a Collaborative Research Center (SFB) of the German 
Research Community (DFG). For Ralstonia eutropha (formerly Alcaligenes 

eutrophus), employed at ICI and Monsanto for polyhydroxyalkanoate production 
at a scale of several 100 m3 and genomically completely sequenced, 1,2 g/L of 
secreted organophosphohydrolase, a model enzyme proned to form inclusion bodies 
in E. coli, were reported [35]. R. eutropha displays a more effi cient carbohydrate 
metabolism than E. coli and is easily amenable to high cell density fermentations 
with biomass concentration of more than 150 g/L dry weight. This permits a lower 
specifi c productivity that in turn reduces the inclinement to form inclusion bodies 
and thus enables a more effi cient secretion. Rhodococcus, Corynebacterium,
Mycobacterium, actinomycetes, and streptomycetes [36] are also considered to be 
potentially suitable for the development of effi cient secretion systems. A comparative 
study with recombinant alpha-amylase demonstrated that fi nal yields as well as 
enzyme activity were considerably higher when produced by Streptomyces lividans,
by which it was completely secreted than by E. coli in which it was concentrated 
periplasmatically [37]. The yields reported so far, however, are still below cost-
effi cient ranges. A system developed by Hoechst/Aventis for insulin production 
yielded around 100 mg/L, and the yields of correctly folded human CD4-receptor 
sites are in the range of 200 mg/L. Attached as signal proteins were the prepeptide 
of the alpha-amylase inhibitor from S. tendae (tendamistat) and the signal sequence 
of a protease inhibitor (LTI) from S. longisporus. In the course of these studies, it 
was found that the choice of the linker and its length strongly infl uences secretion 
effi ciency. The comparably low yields, however, demonstrate that still a lot of 
fundamental research is necessary to render streptomyces systems competitive. 
(Strategies and examples for enhancement of recombinant protein expression in S. 

lividans and the current status of the genetic and physiological development are 
given in Refs. 38 and 39.) A general focus of research will be the detailed exploration 
of the twin arginine translocation (TAT) pathway, which has been recently 
discovered in addition to the conventional prokaryotic secretory (sec) pathways and 
enables the export of proteins with cofactors in a fully folded conformation [40, 
41]. It evidently plays a more important role in Streptomyces species [42] but might 
also be useable in other species.

As the potential and capacity of prokaryotes for prosttranslational modifi cation 
appear to be quite limited and the knowledge about the pathways is quite scarce 
(reviews on bacterial protein glycosylation see Refs. 43 and 44), the employability 
of most of the known prokaryotes usually is restricted to the preparation of proteins 
that are naturally not glycosylated, such as insulin, hirudins, or somatotropins, or 
to natively glycosylated proteins that are pharmacologically also active without 
glycosylation, like various cytokines (tumor necrosis factor, interleukines, inter-
ferones). For production of proteins that are pharmacologically active only with an 
appropriate modifi cation pattern, eukayotic cell systems are more suitable.

Yeasts. Besides possessing complex posttranslational modifi cation pathways, they 
offer the advantage to be neither pyrogenic nor pathogenic and to secrete more 



effi ciently. Species established in industrial production procedures are Saccharomyces 

cerevisiae, Kluyveromyces lactis, Pichia pastoris, and Hansenula polymorpha,
which will be dealt with more in detail in this section. Whereas S. cerevisiae is the 
best genetically characterized eukaryotic organism at all and still is the prevalent 
yeast species in pharmaceutical production processes (Table 1.1-1), P. pastoris, fi rst 
employed by Phillips Petroleum for single-cell-protein production, is currently the 
most frequently used yeast species for heterologous protein expression in general. 
Whereas only just a few proteins were expressed by Pichia species at the beginning 
of the last decade [45], the expression of more than 400 proteins have been 
meanwhile reported now [46, 47]. P. pastoris is considered to be superior to any 
other known yeast species with respect to its secretion effi ciency and permits the 
production of recombinant proteins without intense process development. The 
highest yields were reported for murine collagen (15 g/L), tetanus toxin fragment 
C (12 g/L compared with 1 g/L in S. cerevisiae), human serum albumin (10 g/L 
compared with 3 g/L in K. lactis and to 90 and 150 mg/L in S. cerevisiae), and 
human interleukin 2 (10 g/L). The highest reported yields for H. polymorpha relate 
to phytase (13,5 g/L) and to hirudin (g/L range) and for K. lactis to human serum 
albumin (3 g/L, see above). Even though S. cerevisiae offers a high secretory 
potential as evidenced by some 9-g/L secreted Aspergillus niger glucose oxidase 
[references in 16], such data document a general inferior secretory capacity, the 
reasons for which are numerous. For the methylotrophic species Hansenula and 
Pichia and the lactose using K. lactis, natively strong promoters are available that 
derive from the methanol and lactose assimilating pathways and their enzymes 
(e.g., alcohol- and methanol oxidase, lactose permease, galactosidase). As the 
enzymes of these pathways account for up to 30% of the total protein content, the 
metabolic effi ciency with respect to the secreted protein is signifi cantly higher as 
documented by Buckholz and Gleeson [48]: Only one or a few gene copies are 
suffi cient in P. pastoris to gain the same yields as with 50 gene copies in S. cerevisiae.
Furthermore, proteins with a molecular mass of above 30 kD are retained in the 
cytoplasma of S. cerevisiae, whereas H. polymorpha effi ciently secretes proteins 
with a molecular mass of up to 150 kD, like the glucoamylase of Aspergillus niger.
[Detailed overviews on the physiological properties of methylotrophic yeasts and 
K. lactis with respect to their use for recombinant protein production is given in 
Refs. 46, 47, and 49–53]. Further reasons for the differing secretion rates among 
the species are the specifi c proteolytic activities and the specifi c degrees and 
patterns of glycosylation. Besides having an impact on the protein’s fi nal 
pharmacological activity, glycosylation also exercises an infl uence on the folding 
and secretion effi ciency. Among the discussed species, S. cerevisiae was shown to 
possess, besides a higher enzymatic activity in the secretion vesicles that leads to 
a reduced portion of intact secreted proteins [54], also the highest glycosylation 
capacity leading to a hyperglycosylation of the protein and a reduced secretion rate. 
Both the degree and the pattern of glycosylation are dependent on the genetic 
background of the species and strains employed as well as on the sequences of the 
expressed protein and adjacent regions. By employment of the natively highly 
glycosylated alpha-mating type factor as a secretion signal, the extent of the 
glycosylation of the product can be diminished or completely avoided as shown for 
human interleukin 6 [55]. NovoNordisk reported leader sequence-dependent 
insulin yields in S. cerevisiae [56] and in S. cerevisiae and P. pastoris [57]: The 
sequence and therewith the degree of glycosylation of the leader infl uences the 
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effi ciency of the multistage cleavage and folding processes as well as the insulin 
glycosylation rate and secretability. Further enhancement of the secretion effi ciency 
can be achieved by (1) mutating secretion enhancer genes [58], (2) suppressing 
secretion blocking functions, and (3) reducing proteolytic activities in secretion 
vesicles [54]. So-called supersecreter strains of S. cerevisiae have, for instance, been 
generated by inactivation of the PMR1 (SSC1) function and suppression of the 
secretion blocking ypt1-1 gene: the yields of non-glycosylated human pro-urokinase 
[59], of human serum albumin, and of human plasminogen-activator have been 
augmented to a factor of up to 10 [60]. The traditional approaches pursued for 
enhancement of gene expression are gene amplifi cation, employment of strong 
promoters, and enhancement of the transcription and translation rate. A high 
amplifi cation of the gene copy number [45, 46, 61] usually is achievable with 
episomal vectors, which however do not reach the mitotic stability of integrative 
systems like the transposon (e.g., Ty-element) mediated embedment of reiterative, 
dispers repetitive sequences in S. cerevisae. Transcription rates were reported to 
be enhanced up to 100 times through cotransformation with transcription activators 
and enhancers, which evidently are limiting factors for overexpression of foreign 
proteins [62, 63]. Translation effi ciency can be enhanced by preventing an 
accelerated degradation of transcripts and the yeast typical random transcription 
termination through modulation of the recognition sequences. Prevention of the 
random transcription termination led to an increase of tetanus toxin fragment C 
yields in S. cerevisiae by a factor 2000–3000 to 1 g/L and 3% of the total soluble 
protein fraction [64].

Despite their physiologically advantageous properties and natively high expres-
sion and secretion capacity, just one industrial application is reported for each of 
the alternative yeast species: H. polymorpha is employed for hepatitis B vaccine 
production at Rhein-Biotech (Düsseldorf, Germany), K. lactis for bovine prochy-
mosin production in a 40-m3 scale at Gist-Brocades (Delft, Netherlands), and P. 

pastoris for production of recombinant carboxypeptidase B and trypsin at Roche 
(Basel, Switzerland). For pharmaceutical application, it has to be considerered that 
the methylotrophic yeasts in contrast to S. cerevisiae and K. lactis are not used in 
the production of foodstuffs and therewith have no GRAS (generally regarded as 
safe) status according to the U.S. Food and Drug Administration (FDA) criteria 
and have to be grown in expensive explosion-proofed equipments when the above-
mentioned native induction systems are used. The discussed properties of the 
mentioned yeast species are compiled in Table 1.1-2 for comparison. The employ-

TABLE 1.1-2. Typical Sequence of Biotechnological Production Process Steps

Step Method/Approach

Selection/design/engineering/ Criteria: pharmacological activity and properties
 development of an   of the compound, productivity, process
 appropriate species/strain/  behavior, suitability for downstream processing 

expression system  steps, spectrum and pharmacological activity 
  of side products to be removed, experimental 
  experience with the respective system, 
  biological and medical safety, acceptance by 
  regulatory bodies
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TABLE 1.1-2. Continued

Step Method/Approach

Strain improvement Mutation/selection, strain recombination (e.g.,
  breeding/protoplast fusion), directed genomic
  alteration/metabolic engineering/enhancement
  of gene expression rates
Biosynthetic product  Amino acid exchange/combinatorial 
 structure modifi cation  biosynthesis/precursor directed biosynthesis
Fermentation optimization Empirical optimization of culture conditions 
  (media components, pH, oxygen supply), 
  clarifi cation of the infl uence of process 
  parameters on growth, productivity and side 
  product formation
Fermentation scale-up Detailed process characterization for reduction 
  of stress exposure, insurance of homogenized 
  reaction conditions, and identifi cation of 
  suitable scale-up parameters (e.g., with the 
  help of chemometric modeling, computational 
  fl uid dynamics)
Downstream processing

Cell separation and harvest,  Centrifugation (decanter, disk-stack separator,
 removal of particulate  (semi)continuous centrifuges), fi ltration (dead-
 matters  end, tangential fl ow fi ltration)
Cell rupture High-pressure homogenization, bead mills, 
  sonication, enzymatic treatments
Product capture Filtration (micro-, ultra-, nano-fi ltration), 
  precipitation, solvent extraction, ion exchange, 
  size exclusion, affi nity chromatography
Product purifi cation/polishing Hydrophobic interaction/reversed-phase
  chromatography
Clearance of contaminant  Nano-fi ltration, heat, pH, chemical inactivation, 
 agents (e.g., viruses,   ultraviolet, gamma irradiation
 endotoxins)
Drying Heat, freezing, vacuum
Galenic preparation/fi lling Addition of galenic excipients, supplements, 
  stabilizers, and adjuvants

Notes: Comprehensive overview illustrating the typical steps of a biotechnological production process. 

Production starts with the selection of an appropriate species and strain and the engineering of an 

expression system that enable high product yields and permit easy handling during strain development, 

fermentation, and downstream processing. Classic measures for improvement of the selected strains 

and expression systems are mutation and selection runs, breeding, directed genomic alterations, meta-

bolic engineering, and measures aimed at the enhancement of expression rates of genes involved in 

product biosynthesis. Cultivation of the cells occurs under suitable conditions permitting strong 

growth, high product yield, and high product quality and facilitating product recovery and purifi cation 

during downstream processing, which usually starts with separation of the product from the biomass 

and the culture broth by centrifugation or fi ltration. Before the separation of intracellular occurring 

products, cells have to be ruptured by high-pressure homogenization (e.g., in a homogenizer, a Dyno 

mill, or a French press). For high product purity, high recovery rates and simultaneous maintenance 

of the pharmacological activity, product purifi cation and polishing usually occurs by solvent and solid-

phase extraction. The choice of suitable resins and solvents and their combinations is highly dependent 

on the chemical and physical properties of the product and the side metabolites to be removed.

The fi nal step consists of product concentration and drying, e.g., by heat, freezing, and/or vacuum 

before the galenic preparation. The discrimination between product capture and polishing is somewhat 

arbitrary as is the assignment of the respective methods. Depending on the product and the individual 

product properties, the transitions between the steps are gliding and the methods can change 

accordingly.
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ability of yeasts in some cases however might reach a limit, particularly when the 
pharmacological activity of the product is impaired by the glycosylation pattern. 
In K. lactis, for instance, which usually does not hyperglycosylate, an exceptional 
high glycosylation of human interleukin 1β has been observed, reducing the biologi-
cal activity to 5% [65, 66]. In such cases, a postsynthetic chemical modifi cation has 
to be considered or the employment of higher developed organisms.

Filamentous Fungi. Filamentous fungi are higher organized than yeasts and 
consequently have a more complex posttranslational modifi cation apparatus more 
similar to mammals. Some proteins like t-PA in Aspergillus nidulans are produced 
with the natural human glycosylation pattern. For recombinant protein production, 
species are prefered, which are broadly employed in industry for production of 
enzymes, acids and antibiotics and thus possess GRAS-status: A. nidulans, A. 

niger, A. sydowii, A. awamori, various Fusarium and Trichoderma species, 
Penicillium chrysogenum, and Acremonium chrysogenum. Their productivity and 
secretion potential, which is in the range of 30–40 g/L for homologous enzymes like 
cellulases and amylases, is considered to be superior to any other system, but 
unfortunately could not be converted into corresponding yields of recombinant 
products, even when these were fused to such homologous enzymes. The highest 
yields are still obtained with heterologous fungal enzymes: 4-g/L Fusarium protease 
in A. chrysogenum and 4.6-g/L A. niger glucoamylase in A. awamori. The highest 
yield of a mammalian protein was reported for human interleukin 6 in A. sojae in 
a range of 300 mg/L [references in 16]. The yields of most human proteins like t-PA 
and various interferons, however, were reported to be below 1 mg/L [67–71]. Possible 
reasons for these incompetitive yields are restrictions in posttranslational metabolic 
steps like intracellular transport, folding, and processing. Even though fi lamentous 
fungi are industrially used now for decades, they are not adequately characterized 
on the physiological and genetic level. Little is known about details of the 
modifi cation and secretion metabolism, and effi cient gene transformation is 
hampered by degradation of foreign DNA, low transformation rate, and therefore, 
low copy numbers of the transferred genes and random genomic integration. 
Expression rates are restricted by a high RNA turnover, incorrect processing of 
the foreign messenger, and incomplete folding and secretion, which are, as in yeasts, 
both infl uenced by the glycosylation pattern. Proteins not completely or incorrectly 
glycosylated and excreted are rapidly degraded as shown for human interleukin 6 
[71]. Currently, fi lamentous fungi cannot be regarded as a serious alternative for 
the production of pharmaceuticals. To fully exploit the potential of fi lamentous 
fungi, their physiology, particularly the glycosylation metabolism, thus has to be 
investigated and clarifi ed in more detail.

Insect and Mammalian Cell Cultures. Animal cell cultures are the systems with 
highest similarity to human cells with respect to the pattern and capacity of 
posttranslational modifi cations. However, their cultivation is more complicated and 
costly and usually yields lower product titers. Among the known systems, insect 
cells transformed by baculovirus vectors have reached a comparable popularity as 
Pichia among yeasts because they are considered to be more stress resistant, easier 
to handle, and more productive compared with mammalian systems and are thus 
frequently employed for high-throughput protein expression. The highest reported 



yields refer to human collagenase IV in Trichoplusia (300 mg/L). Yields reported 
for non-insect cultures were 80 mg/L for human apolipoprotein A1 in chinese 
hamster ovary (CHO)-cells and 1 mg/L for human laminin in human embryonal 
kidney cells [references in 16]. For commercial application scale-up, related 
questions have to be clarifi ed, particularly concerning oxygen supply [72] and 
carbon dioxide accumulation [73], stability of the cell line, and the bioreactor type 
to be employed [74]. Further defi ciencies of insect cells are observed in (1) an 
ineffi cient processing and an impairment of the folding and secretion capacity due 
to the baculovirus infection [75]; (2) the high, in part baculovirus encoded, protease 
activity and the resulting necessity to routinely employ protease inhibitors in the 
culture media or to develop protease defi cient vectors [73]; (3) an insuffi cient 
expression strength; and (4) deviations of the posttranslational modifi cation pattern, 
which could act immunogenic. For optimization, the construction of new innovative 
vectors and the coexpression of chaperones, foldases, and folding factors such as 
canexin [76] have been suggested as has been the broader development and 
application of alternative systems like Drosophila [75]. Preferably applied in 
pharmaceutical production processes are mammalian systems like CHO- and baby 
hamster kidney (BHK)-cells (Table 1.1-1). These systems are generally considered 
to be genetically more stable and easier to transform and to handle in scale-up 
processes, grow faster in adherent and submerged cultures, and are more similar 
to human cells and more consistent in their complete spectrum of modifi cation [77], 
which minimizes the risk of the formation of structurally altered compounds with 
immunogenic properties. In some cases, mammalian systems can be the only choice 
for the preparation of correctly modifi ed proteins. Studies of Tate et al. [78] 
comparing the expression of a rat serotonin transporter in various expression 
systems demonstrate that biologically active transporter was only synthesized in 
mammalian cells, whereas it was partially degraded in E. coli, not correctly folded 
in Pichia and not correctly glycosylated in insect cells. CHO- and BHK-cells 
further have the advantage to be recognized as safe regarding infectious and 
pathogenic agents and therefore to have a higher acceptance by regulatory bodies, 
which accelerates or at least does not delay approval procedures. [Issues related to 
the physiology and the technical handling of mammalian cell cultures in the 
manufacture of human therapeutics are discussed in detail in Refs. 74 and 
79–81].

1.1.2.3 Criteria for the Choice of Recombinant Expression Systems

In summary, the criteria for the choice of an expression system in pharmaceutical 
production [82] are the existing expertise, the available physiological and genetic 
know-how and tools, the patent situation, and to avoid delays of product launch 
and commercialization, regulatory aspects like the acceptance by the approving 
authorities.

The overall decision criteria, however, is the pharmacological activity profi le of 
the yielded protein in context with the posttranslational modifi cation pattern fol-
lowed by rentability.

For production of non-glycosylated proteins and proteins that are natively gly-
cosylated but pharmacologically active also without glycosylation, prokaryotes, 
which usually lack metabolic pathways for glycosylation, theoretically are the most 
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suitable organisms, offering two alternatives: Either E. coli-strains are conditioned 
to effi cient secreters, or effi cient native secreters like Bacillus-species are accord-
ingly developed. (The implications of the glycosylation pattern for the choice of 
expression systems and the physiology of glycosylation is reviewed and discussed 
in Ref. 83.) To fully exploit the secretion capacity of fungal species, a deeper 
understanding of their posttranslational modifi cation physiology will be necessary 
to steer the degree and pattern of glycosylation, which infl uences both folding 
and secretion effi ciency. Insect and mammalian cells display posttranslational 
modifi cation patterns more similar or identical to humans, but in view of the 
entailed expenditures, their employment can only be justifi ed if their modifi cation 
machinery is required to ensure a desired pharmacological activity.

E. coli, P. pastoris, and Baculovirus-based systems are currently preferred in 
fundamental research for structural and functional analysis of proteins and are 
employed as high-throughput-expression systems but will certainly fi nd their ways 
into production processes in the near future. None of the systems, however, can be 
considered to be generally superior to any other. For each product, the most suit-
able expression system has to be identifi ed and optimized individually both on the 
genetic and on the fermentative level by taking into account the properties of the 
product, the organism, and the expression cassettes, which suggests to always have 
a set of accordingly developed expression systems available. Some key properties 
of the established expression systems are compiled in Table 1.1-3. A review on 
properties and prospects of further alternative systems is given in Ref. 84.

Once an expression system has been selected, the respective strains are continu-
ously submitted to improvement programs to render fermentation processes more 
effi cient by increasing strain productivity and by modifying physiological proper-
ties and process behavior to enhance process economy. This does not only apply 
to the fermentation process, but also to parts of downstream processing, thus 
requiring an integrated strain selection and process design. Strategies to improve 
productivity of secretory recombinant systems and of strains employed for the 
manufacture of natural products will be outlined in the next section.

TABLE 1.1-3. Features and Characteristics of Expression Systems

Property Bacteria Yeast Insect and Mammalian
   Cell Cultures

Growth Fast Fast Slow
Nutrient demand Minimal Minimal Complex
Costs of media Low Low High
Possible product yield High High Low
Secretory capacity Limtited High Medium
Glycosylation capacity Limited High High
Modifi cation capacity Limited High High
Risk of retroviral Low Low High
Contamination
Risk of pyrogens High — —
Scalability Good Good Low
Process robustness Good Good Low



1.1.3 ENHANCEMENT OF PRODUCTIVITY

1.1.3.1 Secretory Recombinant Expression Systems

In terms of downstream processing effi ciency, secretory expression systems indeed 
offer potential advantages for production of recombinant proteins compared with 
inclusion body-forming cytosolic systems, but most of the potentially available 
secretory systems are not yet fully competitive for high-volume therapeutics like 
insulin and therefore still require intensive improvement efforts.

Current strategies to improve productivity and secretion effi ciency comprise (1) 
enhancement of gene expression rates, (2) optimization of secretion signal 
sequences, (3) coexpression of chaperones and foldases, (4) creation of protease 
defi cient mutants to avoid premature product degradation, and (5) subsequent 
breeding and mutagenesis.

1.1.3.2 Natural Products

Completely different is the situation faced in the production of the so-called natural 
products, which are mostly secondary metabolites and therewith the endproducts 
of complex biosynthetic pathways of fi lamentous bacteria and fungi and thus require 
different approaches. With few exceptions like the antidiabetic drug acarbose 
(Glucobay) [5] or the chosterol-lowering drug lovastatin (Mevicor) [85], such fer-
mented pharmaceuticals of natural origin currently belong for the most part to the 
class of antibiotics [86].

Enhancement of the productivity is achieved at fi rst by rounds of random muta-
tion and selection and, if possible, by breeding, and/or by DNA injection or fusion 
techniques like protoplasting and at further stages, after a com prehensive charac-
terization of the usually complex biosynthetic pathways, directed genomic altera-
tions and metabolic engineering.

These approaches, developments, and states in industrial strain improvement 
and pathway characterization will be illustrated for some of the best characterized 
organisms, namely the two fungal species mainly employed in industrial β-lactam 
antibiotic production, the penicillin producing Peni-cillium chrysogenum, and the 
cephalosporin C producer Acremonium chrysogenum.

Characterization of Biosynthetic Pathways. The productivity of Penicillium 

chrysogenum could have been augmented impressively during the last decades: 
Penicillin titers have been increased by a factor of 50,000 from a very few milligrams/
Liter in the 1940s to more than several 10 g/L by now and also some several 10 g/L 
cephalosporin are currently gained.

This development, however, has come to a halt during the last couple of years. 
As these titers have been reached through conventional mutation and selection 
[87–90] and no further signifi cant increase in productivity could be noted, the tools 
of genetic engineering were more and more included into the improvement pro-
grams [91]. To gain a profound basis for directed genomic alterations, studies were 
conducted at various corporations and universities to elucidate the mechanisms and 
genes involved in β-lactam biosynthesis to characterize the respective biosynthetic 
pathways. As the results and achievements of these studies have already been 
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reviewed extensively and in detail elsewhere [92–97], the current knowledge will 
only shortly be summarized.

Cephalosporin C Synthesis in Acremonium Chrysogenum. Biosynthesis (Figure 
1.1-1) starts with the polymerization of L-α-aminoadipic acid, L-cysteine, and L-
valine to the linear tripeptide L-α-aminoadipyl-L-cysteinyl-D-valine (ACV-peptide). 
This reaction is catalyzed by the ACV-synthase (MW about 420 kD) through the 
following steps: (1) the ATP-dependent activation of these amino acids to bind them 
as thiolesters, (2) the epimerization of L-valine, and fi nally (3) the condensation by 
a thiotemplate mechanism [99].

Cyclization of the ACV-peptide to the bicyclic isopenicillin N (IPN) occurs 
under oxygen-, Fe2+-, ascorbate-, and α-ketoglutarate-dependent action of the IPN-
synthase (IPNS), which has an MW of about 38 kD. Inhibitory to IPNS activity are 
cobalt ions and glutathione.

Further pathway reactions are as follows:

• IPN-epimerization to penicillin N (IPN-epimerase).

• Penicillin N conversion to deacetoxycephalosporin C (DAOC) by expansion 
of the fi ve-membered thiazolidine ring to a 6 C-dihydrothiazine-ring 
(DAOC-expandase).

• Formation of deactylcephalosporin C (DAC) by dehydroxylation and oxida-
tion of the methylgroup in C3-position (DAC-hydroxylase).

• The acylation of DAC to cephalosporin C (DAC acetyltransferase).

DAOC-expandase and DAC-hydroxylase activities in A. chrysogenum are exerted 
by the same enzyme (MW 41 kD), which like the IPNS belongs to the group of α-
ketoglutarate-dependent dioxygenases.

The fi rst two enzymes, ACV- and IPN-synthase, are encoded by the pcbAB- and 
the pcbC gene, respectively. Both genes are linked to each other on chromosome 
VI by a 1.2-kb intergenic region carrying the putative promotor sequences from 
which they are divergently transcribed. The pcbC-promotor seems to be about fi ve 
times stronger than the one of the pcbAB-gene [100]. The cefEF-gene and the 
cefG-gene encoding for the bifunctional expandase/hydroxylase and the DAC-
acetyltransferase, respectively, are located adjacent to each other on chromosome 
II. Again the genes are separated by an intergenic region of 938 bp, which is sup-
posed to harbor the promotors from which they are transcribed in opposite direc-
tions. The cefG-gene has been proven to contain two introns [101]. Due to an 
extreme in vitro lability, no information is yet available on the epimerase converting 
IPN to penicillin N as well as its putative cefD gene. Until recently, the structure 
of the cefD gene could have not been elucidated. Meanwhile, data could have been 
obtained indicating the existence of two reading frames (cefD1 and cefD2) contain-
ing all characteristic motifs of mammalian acyl-CoA ligases and α-methyl-
acyl-CoA racemases [93].

Regulatory studies demonstrated that the early functions are expressed simul-
taneously, whereas the later pathway genes cefD and cefEF seem to be induced 
sequentially.

In contrast, the penicillin biosynthesis genes in P. chrysogenum are considered 
to be expressed completely concomitantly.
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Figure 1.1-1. Biosynthetic pathways of penicillin G and cephalosporin C. In contrast to 
recombinant proteins, the structure and production of which can easily be modifi ed by altera-
tions of the encoding DNA sequence and the use of stronger promoters, respectively, structure 
modifi cation and enhancement of expression rates of natural products by directed genomic 
alteration and metabolic engineering require a detailed characterization of the biosynthetic 
pathways as it has been performed for penicillin and cep halosporin biosynthesis in the fi lamen-
tous fungi Penicillium chrysogenum (left) and Cephalosporium acremonium (right). Enzymes 
(bold) and genes are underlined by gray arrows. The fi rst two reaction steps are common to 
both pathways. Cleavage of isopenicillin N to 6-APA and the subsequent acylation to penicllin 
G in P. chrysogenum and the expandase/hydroxylase activity in A. chrsyogenum are exerted 
by bifunctional enzymes. For details, see text. (Graph taken from Ref. 98, © Springer-Verlag, 
Heidelberg.)
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Penicillin Formation by Penicillium Chrysogenum. The fi rst reactions of the peni-
cillin biosynthetic pathway are identical to the ones in A. chrysogenum (Figure 
1.1-1). IPN, however, is not epimerized to penicillin N; instead it is converted to 6-
aminopenicillanic acid (6-APA) by removal of the L-α-aminoadipic acid side chain, 
which is substituted by a hydrophobic acyl group. Both steps are catalyzed by the 
same enzyme, the acyl coenzyme A: IPN acyltransferase (IAT). The enzymatic 
activity of IAT is believed to be the result of the processing of a 40-kD monomeric 
precursor into a dimeric form consisting of two subunits with MWs of 11 and 29 kD. 
Due to the broad substrate specifi ty of IAT, various penicillin derivatives are syn-
thesized naturally by attachment of different acyl-CoA derivatives to the 6-APA-
core. For industrial purposes, to facilitate extraction by organic solvents, synthesis 
usually is directed to the less hydrophilic penicillin V or penicillin G. This is by 
addition of phenoxyacetic acid or phenylacetic acid, respectively, as precursors to 
the culture broth.

The IAT encoding penDE-gene (also named aatA) is located on chromosome I 
and organized as a cluster together with the ACV-synthase and IPN-synthase 
encoding genes pcbAB (also named acvA in Penicillium) and pcbC (ipnA).

The enzymes involved in penicillin biosynthesis are distributed at different sites 
of the cell: ACV-activity was found to be bound to vacuole membranes, IPN-
synthase occurs dissolved in the cytoplasm and IAT-activity is microbody 
associated.

1.1.3.3 Approaches and Goals for Further Strain Improvement

Analysis and Comparison of Strains. To get hints for more rational strain 
improvement approaches, (1) highly mutated production strains were gene tically 
and physiologically compared with their less-productive ances-tors, (2) concentrations 
of pathway intermediates were determined to identify potential pathway bottlenecks, 
and (3) regulatory mechanisms were investigated.

In the course of such studies, high-performance strains of P. chrysogenum

turned out to possess amplifi ed copies of single genes like the pcbC gene or even 
copies of the whole cluster as well as increased steady-state transcript levels of 
pathway genes [102–104]. In some strains, the amplifi cations were shown to be 
organized in tandem repeats, which presumably were generated by a hot-spot 
TTTACA hexanukleotide [105]. Comparison of promotor strengths of these genes 
from high and low productive strains did not reveal any differences. This indicates 
the involvement of additional unknown trans-acting factors [106], as the amounts 
of increased mRNA did not correlate with the degree of gene amplifi cation. Also 
a high specifi c activity of IPN synthase was reported in a more evolved Penicillium

strain, which was independent from transcript amounts and probably due to a 
higher enzyme stability [102, 107].

In A. chrysogenum, no amplifi cation of the relevant genes could be detected. 
Nevertheless, transcript amounts in production strains are signifi cantly increased 
[108].

Also chromosome rearrangements could be detected in high titer strains [109–
111], but their causative infl uence on productivity remains unclarifi ed for the 
moment.



Directed Genomic Alterations. Enhancement of Gene Expression. Con-sidering 
these fi ndings, the experiments conducted so far to improve productivity mainly 
concentrated on enhancing the pathway gene dosages and on enhancing promotor 
strengths to remove presumed pathway bottlenecks. For instance, the cefEF-activity 
was generally believed to constitute a potential rate-limiting step in view of 
the high accumulation of penicillin N in various strains of A. chrysogenum and 
accordingly amplifi ed.

Such approaches resulted in partially signifi cant increases of productivity in low 
and medium titer strains: Improvements of the fi nal yields by 50% have been 
reported [96].

However, all improvements achieved so far with high-performance produc-
tion strains remained with a 5% maximum in the range of normal statistical 
deviations.

Also more exotic approaches like the (presumed) improvement of the intracel-
lular oxygen supply through cloning and expressing of a bacterial hemoglobin gene 
from Vitreoscilla [112] failed to increase productivity in high titer strains.

The reasons for these failures are manifold:

1. As both direction and site of integration of the imported DNA cannot be 
controlled suffi ciently and transformation effi ciency is still quite low, the 
probability of fi nding new, higher producing mutants even in a large-scale 
screening is rare.

2. Most of the data available are from studies performed at academic institu-
tions with original strains. Even when sharing the same ancestral strain, the 
high-performance strains employed in industries have an individual geneal-
ogy and mutation-selection history, so that their physiological behavior and 
properties differ drastically. Data and knowledge obtained with a particular 
strain thus cannot always be generalized and transfered to other strains. Even 
among industrial strains, signifi cant differences have been revealed. For 
instance, the expression of the cefG-gene and the acetyl transferase activity 
was reported to constitute a possible rate-limiting step in Panlabs-strains 
[113]. Studies conducted on other industrial strains, however, could not 
confi rm this observation.

3. The genetic instability and drift rises with the degree of genomic alterations, 
particularly during long-term vegetative propagation with numerous genera-
tion cycles in industrial large-scale fermentations.

4. The complex interdependence with other metabolic areas is not yet com-
pletely investigated. Consequently, after removal of an obvious β-lactam 
pathway bottleneck, unknown reaction steps of the linked and preceding 
pathways might become fl ux limiting. To overcome such fl ux limitations, one 
of the most exciting recent discoveries in molecular biology, namely RNA 
interference (RNAi), might play a major role in the future.

The Possible Impact of RNAi in Strain Improvement. The mechanisms of p
osttranscriptional gene silencing, generally summed up as RNAi [114] offer 
potential approaches for the specifi c shut down of any gene of interest: Native 
genes can be silenced by triggering the RNAi cascade through introduction of 
homologous genetic sequences. As a result of these possibilities, RNAi has already 
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revolutionized fundamental research in molecular biology, particularly in func-
tional genomics, and will substantially contribute to novel therapeutic approaches 
in medicine [115, 116]. For fungi, which evidently were among the fi rst organisms 
in which RNAi and associated phenomena were observed [117–122], this RNAi 
triggered cosuppression phenomenon has been termed “quelling” and bears an 
enormous potential with respect to the study of biosynthetic pathways and the 
improvement of metabolic productivity.

On the one hand, the implication of RNAi may supply an explanation for obser-
vations made in the course of strain improvement programs of Penicillium chrys-

ogenum and Acremonium chrysogenum, according to which antibiotic productivity 
can decrease drastically upon amplifi cation of genes involved in antiobiotic 
biosynthesis.

The characterization and inactivation of these cosuppression mechanisms thus 
might help to overcome such limitations as does an application of fungal RNAi 
tools for silencing of pathway blocking or metabolic fl ux limiting genes, e.g., by the 
use of a novel vector system consisting of dsRNA viruses [114].

To fully realize the potential for further enhancement of productivity, which is 
generally assumed to be in the range of some 300% and to fully exploit the poten-
tial of RNAi, current and future studies thus aim at fi lling the actual gaps of 
knowledge and will be focused on

• The exploration of regulatory mechanisms and circuits on the transcriptional, 
translational, and posttranslational level.

• The determination of the specifi c intermediate turnover rates resulting from 
specifi c enzyme activities, enzyme titers, and enzyme stabilities.

• The detailed investigation of linked and preceding pathways.

• The investigation of product secretion mechanisms.

However, as no great leaps in productivity are currently reached, strains emerging 
from the development programs are also selected for benefi cial alterations of 
genetic, physiological, and morphological properties that contribute to an enhanced 
process economy.

Improvement of Process Behaviour. Among the desired alterations are:

• A decrease of side products, which (1) consume metabolic energy at the 
expense of the desired main product, (2) hamper the fi nal product purifi cation, 
or (3) even can be inhibitory to the production organism. For instance, a sig-
nifi cant reduction of DCPC concentrations has been reached through knock-
ing out esterases that hydrolyze cephalosporin C to DCPC during fermentation. 
Esterase inactivation was by conventional mutagenesis as well as through 
gene-disruption and by introduction of anti-sense genes.

• Increase of the tolerance toward toxic side products and fed precursors like 
phenyl- or phenoxyacetic acid (see above).

• Further reduction of feedback inhibition by endproducts and metabolites (see 
below).

• Further reduction of catabolite repression (see below).



• Enhancement of genetic stability.

• Enhancement of viability, stress resistance, and life span.

• Accelerated product formation and enhancement of time-specifi c productivity 
to shorten fermentation time.

• Enhancement of the strain-specifi c productivity to reduce the amount of 
biomass to be processed and disposed.

• Increase of product secretion rate.

• Improvement of the fermentation behavior like (1) higher effi ciency of 
substrate/precursor consumption, (2) diminished oxygen demand, and (3) 
diminished shear sensitivity.

• Improvement of fi lterability.

The in-depth characterization of physiological properties and biosynthetic path-
ways not only aims at improving process behavior and process economy, but also 
it relates to modifi cations of the inherent biosynthetic pathways (pathway engineer-
ing) to create innovative, novel products with improved properties and enhanced 
therapeutic values, e.g., to overcome the antibiotic resistance problem, a major 
global health-care problem of today [86].

1.1.4 BIOSYNTHETIC STRUCTURE MODIFICATION

Although the metabolic engineering of beta-lactams by combining β-lactam encod-
ing genes from various sources [95, 123] is still in an explorative state, the study of 
polyketide pathways and the creation of polyketide antibiotic derivatives is more 
advanced.

1.1.4.1 Combinatorial Biosynthesis

Compounds emerging from the polyketide pathways are the classic subject of meta-
bolic engineering [124] and for creation of novel structures. To create novel anti-
biotics, the natural biodiversity of polyketides is trying to be enhanced artifi cially 
by modifying and newly combining the biosynthetic pathway steps and enzymes 
involved [125, 126]. Polyketide synthases [127, 128] are multienzyme systems, which 
due to their modular structure and the occurrence of their encoding genes as clus-
ters, are considered to be most amenable for directed alterations, genetic interven-
tion, and heterologous expression in foreign hosts with different metabolic pathways. 
Concepts and strategies that are currently being pursued for creating novel and 
un-natural polyketides [129–132] comprise (1) creating block mutants at various 
biosynthetic levels to accumulate intermediate metabolites; (2) elimination of 
unwanted groups; (3) modifi cation of polyketide synthases to further broaden 
substrate range, eventually combined with a precursor-directed biosynthesis (see 
below); (4) formation of new structures by deleting or intro ducing additional 
modules; (5) modifi cation, addition, or elimination of postsynthetic modifi cation 
steps like glycosylation, lactonization, and amidation; (6) the cloning and combina-
tion of various polyketide synthase genes in heterologous hosts to construct hybrid 
pathways and antibiotics [130]; and (7) linking and combining routes of polyketides 
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with pathways of nonribosomal peptide synthesis to create hybrid peptide–
polyketide compounds [131–135]. As the microbial nonribosomal peptide syn-
thases share many structural and catalytic properties [136] with polyketide synthases 
like their organization into catalytic modules and domains [137], they are also 
envisaged as ideal subjects for metabolic engineering by creating large sets of 
modules and subsequently combining them artifi cially [95, 138, 139]. The rapidly 
growing body of patents makes evident that an increasing number of companies 
are working on the fi eld of combinatorial biosynthesis. However, it also becomes 
evident that, despite their promising prospects, these strategies of combinatorial 
biosynthesis are still in an initial state and need further intense research to eluci-
date the required genetic and physiological details.

This is just in contrast to another approach of modifying the molecular structure 
of peptidic compounds on the biosynthetic level, namely the directed biosynthesis 
of the desired compound structures by feeding of appropriate biosynthetic precur-
sors or stimulating agents during fermentation, as it is routinely performed for 
production of penicillin V und G by the addition of phenoxyacetic acid or phenyl-
acetic acid, respectively, as precursors to facilitate penicillin extraction from the 
culture broth.

1.1.4.2 Precursor Directed Biosynthesis

Microbial peptidic compounds can be modifi ed not only in their peptide structure 
by direct incorporation of amino acids supplemented during fermentation but also, 
if present, in their fatty acid moiety [140]. The possibilities of precursor-directed 
derivatization of cyclic peptides cores and fatty acid moieties by amino acids will 
be illustrated for three compound complexes (Figure 1.1-2) with unique modes of 
action and outstanding spectra of activity against multidrug resistant germs, which 
were developed by Aventis, Eli Lilly, and Cubist Pharmaceuticals. The complex 
A1437 of Aventis is synthesized by Actinoplanes friulensis [141], which originally 
produced a mixture of altogether eight lipopeptides (A–H), classifi ed according to 
the exocyclic amino acid position and the type of their fatty acid chains [142] 
(Figure 1.1-2). Through addition of L-valine and asparagines, the biosynthesis 
could be directed toward the production of the desired D-peptide [143], which 
exhibited superior pharmacological properties in preclinical trials and is character-
ized by an exocyclic asparagine and an iso-C14 fatty acid moiety (Figure 1.1-2). 
The A54145 complex from Eli Lilly [144] exhibits the noteworthy characteristic, 
that a built-up resistance was immediately lost in the absence of this compound 
[145]. It consists of eight lipopeptides produced by Streptomyces fradiae containing 
four similar peptide nuclei in combination with three different fatty acid acyl side 
chains. The nuclei differ in their valine/isoleucine and glutamate/3-methyl-
glutamate substitutions at one or both of two locations of the peptide ring. The 
composition of the peptide nucleus as well as the percentage of branched-chain 
fatty acid acyl substituents could be directed by supplementation of either valine 
or isoleucine [144] (Figure 1.1-2). Likewise, the complex A21978 from Streptomy-
ces roseosporus, also developed at Eli Lilly, can be infl uenced in its composition 
by modifi cation of the fatty acid chain. Precursing with valine results in an enhanced 
formation of the compound C2, whereas the compound C1 was preferably built 
upon feeding of isoleucine [146] (Figure 1.1-2). Compound C1 was inlicensed as 



daptomycin by Cubist Pharmaceuticals for clinical development. However, due to 
rhabdomyolytic activities and a slight haemolytic potential [138, 147, 148], it has 
been approved by the U.S. Food and Drug Administration in 2003 as Cubicin®

salve for topical use only. Despite such disadvantageous properties, peptides in 
general, including those that are from nonmicrobial sources and ribosomally syn-
thesized, are currently considered to be among the most promising compound 
classes for development of novel antibacterials [86, 149, 150].

However, it has to be taken into account that amino acid and precursor incor-
poration as well as regulation mechanisms of biosynthetic pathways also depend 
on growth phases, on environmental infl uences, and thus on the conduction of the 
fermentation process during which the cells are propagated.

A prerequisite for a successful fermentation are controlled and homogenous 
environmental conditions for the cellular reactions. However, the ensurance of 
controlled reaction conditions, particularly in large production scales, has been 
turned out to be one of the most critical issues of industrial biotechnology, as will 
be illustrated in the next section. For a detailed discussion of problems specifi cally 
related to the fermentation of β-lactam antibiotics, the reader is referred to the 
review by Schmidt [98].
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Figure 1.1-2. Structure modifi cation of peptide antibiotics by precursor directed 
biosynthesis. Biosynthetic structure modifi cation can be performed by metabolic engineer-
ing requiring an in-deph pathway characterization or by feeding of appropriate precursor 
compounds incorporated into the product. Examples are the lipopeptide complexes A 54145 
from Eli Lilly (a), A 1437 from Aventis (b), and A 21978 developed by Eli Lilly and Cubist 
Pharmaceuticals (c) synthesized by Streptomyces fradiae, Actinoplanes friulensis, and S.
roseosporus, respectively. The composition of both the peptide cores as well as the fatty 
acid moieties can be modulated in vivo by supplementation of amino acids like valine, 
leucine, isoleucine, and asparagine. The addition of valine leads to the preferable formation 
of peptides A 54145 C and F. The biosynthetic pathways of A. friulensis could be directed 
toward a more specifi c production of the desired peptide A 1437 D by feeding of valine and 
asparagines, whereas the preferred compound A 21978 C1 (daptomycin) could be stimu-
lated by the addition of isoleucine. For the further details and references, see text. (Graph 
taken from Ref. 84, © Springer-Verlag, Heidelberg.)
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1.1.5 FERMENTATION OPTIMIZATION AND SCALE-UP

The scale-up of fermentation processes as a central problem in biotechnology was 
fi rst recognized and described during industrial penicillin production at the begin-
ning of the 1940s and has been studied in more detail in E. coli and recombinant 
protein production.

1.1.5.1 Reduced Mixing Quality and Enhanced Stress Exposure

Fermentation scale-up is aimed at the manufacture of larger product quantities, if 
at all possible, with a simultaneous increase or at least consistency of specifi c yields 
and product quality. The changed geometric and physical conditions in larger 
scales, however, has lead to a less favorable mixing behavior and to impaired physi-
ological reaction conditions, which in turn may lead to a decreased process con-
stance and reproducibility, to reduced specifi c yields, to an increase of unwanted 
side products, and thus ultimately, to a diminished batch-to-batch consistency and 
product quality, which are all key issues in industrial production processes.

The problem of reduced mixing quality in larger scales is aggravated with 
increasing vessel sizes: The opposite substrate and oxygen gradients along the 
vessel height that are formed as a result of the conventional fermenter design, 
according to which substrate feed usually occurs from the top and aeration from 
the bottom, are more pronounced in larger reactors due to (1) longer distances to 
be covered leading to larger substrate and oxygen depletion zones, (2) larger 
volumes of culture broth to be stirred and therewith longer mixing times, and (3) 
stronger hydraulic pressure gradients infl uencing the oxygen transfer rate (OTR; 
Equations 14 and 15, Table 1.1-4) [151–155]. Cells at the fermenter top are exposed 
to excess glucose concentrations and simultaneously suffer from oxygen limita-
tions, whereas those at the bottom are exposed to glucose starvation. Excess glucose 
concentrations (threshold value for E. coli at 30 mg/L) result in acetate overproduc-
tion (overfl ow-metabolism), and a simultaneous oxygen limitation further induces 
the formation of ethanol, hydrogen, formiate, lactate, and succinate (mixed acid 
fermentation: Refs. 154, 156, and 157). The produced acids can become reassimi-
lated in oxygen-rich zones but in any case fi rst lead to a temporary acidifi cation of 
the microenvironment and later eventually of larger regions. Combined with a 
decreased transportation and elimination of carbon dioxide, detrimental metabo-
lites, and surplus heat generated by agitation and metabolic processes, resulting in 
zonal overheating, the lower mixing rates in large scales thus lead to the formation 
of zones with enhanced stress conditions. The subsequent activation of stress genes 
(a survey on bacterial stress proteins is given in Ref. 158) only partially protects 
the cell against detrimental stress effects. For instance, despite activation of heat 
stress genes like E. coli dnaK and clpB, reducing misfolding and aggregation of 
heat-sensitive proteins [159], metabolic changes and damages such as translocation 
of proteins and membranes have been observed upon heat exposure [160]. The 
evidently unavoidable detrimental effects of the repeated and cyclic passing of dif-
ferent stress zones and the subsequent continuous activation and shut down of the 
corresponding stress genes are believed to lead to a completely altered physiology 
[155, 161] with metabolic shifts, which ultimately reduce growth and productivity 
and increase byproduct formation.



TABLE 1.1-4. Fermentation parameters, coeffi cients and terms, implicated in mixing, aeration, oxygen, and heat transfer, suitable as scale 

up variables to be kept constant alone or combined with each other or other process relevant variables, preferably but not necessarily, as 

dimensionless groups as described and discussed e.g., by Hubbard [228] and Wang and Cooney [230]. For instance, the kLa—value as the 

most frequently applied physical scale up variable has been combined with [1] the vessel backpressure p by maintaining the product of kLa

¥ p constant through variation of pressure, agitation, and aeration for scale up of Bacillus thuringiensis fermentations (Flores et al. [232]) 

or [2] the aeration rate vvm under variation of power input, working volume and aeration according to the Wang-Cooney-equation [217]. 

For details and further explanations see text (taken from Ref 273 © Springer-Verlag, Heidelberg).

Parameter / coeffi cient Mathematical characterization Symbol explanation

Power input (P); volumetric  (1) P = 2 π n M = NPo ρ n3 dI
5 [kg m2 s−2 = W] P = power input; n = stirrer speed; M = momentum;

 power input (P/V)   NPo = dimensionless power number (impeller 
   specifi c);
Dimensionless power  (2) NPo = P / ρ n3 dI

5 ρ = density of the medium; n = stirrer speed; 
 number (NPo)   dI = impeller diameter
Impeller tip speed (vtip)  (3) vtip = 2 π n dI [m / sec] n = stirrer speed; dI = impeller diameter
Reynolds number (Re)  (4) Re = n dI

2 ρ / η Re = Reynolds number; n = stirrer speed; 
   dI = impeller diameter; ρ = density of the medium; 
   η = dynamic viscosity
Mixing time (Tm)  (5) Tm = f (n, dI, υ) = V / Q = V / Nfl n dI

3 [sec] Tm = mixing time; n = stirrer speed; dI = impeller
   diameter; υ = kinematic viscosity; V = volume; 
   Q = volumetric fl ow rate; Nfl = pumping number
Dimensionless mixing time  (6) Tm n = f (Re, NPo) Tm = mixing time; n = stirrer speed; Tm n =
 (Tmn)   dimensionless mixing time; Re = Reynolds 
   number NPo = dimensionless power number
Modifi ed dimensionless  (7) N′Po = NPo Re3 dF / dI = P dF ρ2 / η3 N′Po = modifi ed dimensionless power number
 power number   T′m n = modifi ed dimensionless mixing time
Modifi ed dimensionless  (8) T′m n = n Tm / [(dF / dI)

2 Re] = Tm η / dF
2 ρ NPo = dimensionless power number; Re = Reynolds

 mixing time   number; dF = inside vessel diameter; dI = impeller
   diameter; P = power input; n = stirrer speed;
   tm = mixing time; ρ = fl uid density; η = dynamic
   viscosity2

3



2
4

Aeration rate (volume per  (9) AR = FG / VR [m3/ m3 min] AR = aeration rate; FG = volumetric gas fl ow rate
 volume per minute, vvm)   VR = fermenter reaction volume
Superfi cial gas velocity (vs) (10) vs = FG / A [m / sec] vs = superfi cial gas velocity
   FG = volumetric gas fl ow rate
   A = fermenter cross section
Gas hold up (τ) (11) τ = VR / FG τ = gas hold up; VR = fermenter reaction volume;
   FG = volumetric gas fl ow rate; ε = fractional gas
Fractional gas hold up (ε) (12) ε = VG / VR  hold up; VG = dispersed gas volume;
Gassing number (NQg) (13) NQg = f (Fr, Re, S, (ρg / ρ0), (ηg / η0)) = qg / n dI

3 NQg = gassing number; Fr = Froude number; 
   Re = Reynolds number; S = fl uid constant
   ρ = density; η = dynamic viscosity
   g = aerated; 0 = not aerated; qg= gas throughput
   n = stirrer speed; dI = impeller diameter
Oxygen transfer rate (OTR) (14) OTR = kLa (CG − CL) = kLa LO2 (pO2G − pO2L) OTR = oxygen transfer rate from gas to liquid
     [kg O2 /m

3 h] with  phase kL = mass transfer coeffi cient; 
 (15) CG = 0,526 pi / 36 + T [mg / l]  a = specifi c interfacial surface area; 
   CG = oxygen saturation concentration in the gas
   phase; CL = measured oxygen saturation
   concentration in the liquid phase; LO2 = oxygen
   solubility in the liquid phase; pO2G = partial
   pressure of oxygen in the gas phase; 
   pO2L = partial pressure of oxygen in the liquid
   phase; pi = vessel back pressure [bar]; 
   T = temperature [°C]
Volumetric oxygen mass (16) kLa = a′ (P / VR)b vs

c [s−1] kLa = oxygen transfer coeffi cient; P = power input; 
 transfer coeffi cient (kLa)   VR = fermenter reaction volume; vs = superfi cial
   gas velocity; a′, b and c as specifi c fl uid constants
   to be determined experimentally

TABLE 1.1-4. Continued

Parameter / coeffi cient Mathematical characterisation Symbol explanation



kLa scale dependent (17) kLa = k′(Pg/VR)a(vs)
b(B/6)0,8(j/dI)

0,3 [s−1] k′, a, b = vessel specifi c coeffi cients; Pg = power input
 according to   in aerated vessel; V = volume of culture broth; 
 Wang-Cooney   Vs =superfi cial gas velocity; B = number of stirrers
   j = baffl e width; dI = impeller diameter
Respiratory quotient (RQ) (18) RQ = CER / OUR = pCO2E − pCO2i / RQ = respiratory quotient; CER = carbon dioxide
    pO2i − pO2E [mol CO2 / mol O2]  emission rate; OUR = oxygen uptake rate; 
   pCO2 = partial pressure of carbon dioxide; 
   pO2 = partial pressure of oxygen; i = air feed;
   E = exhaust air
Energy balance (Qges) (19) Qt = Qmet + Qag + Qaer − Qevap − Qhxch  Qt = total energy; Qmet = energy generated by
     [kWh = kJ] with  metabolic activities; Qag = energy generated by
 (20) Qmet = Yho Ro [kWh = kJ]  agitation; Qaer = energy generated by aeration; 
   Qevap = energy losses through evaporation; 
   Qhxch = energy losses through cooling; 
   Yho = approximate metabolic constant 
   (460 kJ/mol O2); Ro = molar oxygen uptake rate
   (mol O2 / s)
Heat transfer coeffi cient (21) α = (dQ/dt) / A dT α = heat transfer coeffi cient; dQ/dt = heat transfer;
   A = surface area; dT = temperature difference

2
5
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Altered physiology. Changes in respiratory states like the switch from aerobic to 
anaerobic conditions and the imposed stress conditions, increased by induction and 
overproduction of the recombinant protein, lead to shifts in the coupled amino acid 
biosynthesis, an altered composition of the amino acid pools and changes in the 
protein biosynthesis machinery (162, 162a, b, c). Even though translation processes 
are considered to be generally performed precisely [163], the resulting shifts in the 
amino acid pool in turn lead, due to the inherent inaccuracy of the translation 
machinery (unspecifi city of aminoacyl-tRNA-synthases, “wobbling” of tRNA), to 
aminoacid misincorporations in freshly synthesized proteins, particularly in phases 
of high protein production rates, which are characterized by amino acid shortages. 
Muramatsu et al. [164] report the incorporation of β-methylnorleucin instead of 
isoleucin into recombinant E. coli hirudin in positions 29 and 59. A misincorporation 
of norvalin instead of leucin and methionine into human recombinant hemoglobin 
in E. coli has been published by Apostol et al. [165] and Kiick et al. [166]. Amino 
acid misincorporations are thus a cause for an increase of byproducts at the expense 
of the desired main product yields.

Reduced Plasmid Stability. An essential prerequisite for high product yields 
particularly in larger scales, in which cultures pass a higher number of generations 
due to larger culture broth volumes and longer inoculation chains from the cell 
bank to the production stage, is the stable propagation of plasmids to daughter cells. 
Plasmid stability is infl uenced by the plasmid properties, including size and 
nucleotide sequence; by the genetic background of the host [167, 168]; as well as by 
process parameters like temperature, growth rates, and substrate concentrations. 
Lin and Neubauer [169] show that rapid glucose oscillations favor plasmid stability 
and recombinant protein production rate, whereas high glucose concentrations 
diminish plasmid stability [170]. Plasmid stability and plasmid numbers are thus 
negatively infl uenced, more diffi cult to control, and less easy to be maintained in 
larger scales. A concept to render plasmid stability and expression rates more 
independent from such physiological infl uences is the application of runaway-
plasmids, the replication of which can be induced separately from growth in the 
desired fermentation phase [171, 172], enabling copy numbers of up to 1000 in the 
expression phase and, due to the separation of their replication and expression from 
the growth phase, simultaneously a more precise replication and amino acid 
incorporation. Further possible measures to enhance the accuracy of metabolic 
processes are a reduction of the generation time and numbers throughout the 
process and a deceleration of the metabolic speed, e.g., through reduction of 
temperature, and the development of more stress-resistant microbial strains.

A prioritized goal of process optimization and scale-up thus consists of an 
appropriate process design that improves the physiological conditions and the 
metabolic accuracy by minimizing microbial stress exposure.

1.1.5.2 Process Characterization

To identify process-specifi c stress factors and to understand the physiological 
responses to the vessel-specifi c physical conditions, the mutual infl uences and 
interactions of the various physical and physiological parameters have to be ana-
lyzed in detail. An overview on the analytical methods currently applied and yet 
in development is given in the following.



Analytical Methods. Among the physiologically most relevant parameters are, 
besides the pH as discussed, biomass, cell viability, the concentrations of substrates, 
metabolites and products, the partial oxygen and carbon dioxide pressures in 
culture broth, and the composition of the exhaust gas, giving information about 
respiratory states as indicated, e.g., by the respiratory quotient (RQ; Equation 18, 
Table 1.1-2). Established analytical methods and tools are colorimetric procedures, 
chromatography [173], mass spectroscopy [174, 175], enzymatic and electrophoretic 
methods [176–178], hybridizing techniques, biochips [155, 161, 179], or fl ow 
cytometry. Multiparameter fl ow cytometry permits, in addition to the analysis of 
usual metabolites, also the analysis of the cellular DNA-, RNA-, and protein 
content, cell viability, membrane potential, intracellular pH, cell size, and cell 
development stages [180–183]. In general, the data are, if possible, preferably 
captured as real-time values by in situ online measurements as occurring for 
physical parameters [184] to avoid falsifi ed or gappy data due to time differences 
between sampling and analysis. Ex situ methods can be designed as real-time 
procedures in combination with robust automated sampling and sample preparation 
methods like ultra-fi ltration [173, 175, 185] and fl ow injection analysis (FIA) [173, 
186–190]. An online FIA glucose analysis method of the native culture broth 
without prior sampling and fi ltration has been presented by Arndt and Hitzmann 
[191] and Kleist et al. [192]. For their robustness, in situ measurements of biological 
parameters are preferably performed by optical probes (optodes), working either 
on a physical base, e.g., by refractional or spectroscopic measurements, chemically 
as by ion exchange reactions [193] or enzymatically by gel-embedded biocatalysts, 
the activity of which can be measured by means of pH-changes or by fl uorophores 
(chemo- and biosensors) [194, 195]. The hitherto employed enzymes have restricted 
their application mostly to the analysis of sugar compounds [190], whereby the most 
frequent applications are reported for glucose [187]. However, despite intensive 
research, only a few concepts practically applicable for industrial purposes could 
have been developed. Broader applications are physical optodes enabling the 
simultaneous measurement and quantifi cation of several parameters and metabolites 
through continuous scans or excitations and subsequent absorption and scatter-
ing measurements within defi ned wavelength ranges like (1) 2-D-fl uorescence 
spectroscopy [196–198] as shown for the determination of NAD(P)H concentrations 
through excitation at 350 nm and the fl uorescence measurements at 450 nm [190]; 
(2) near-infrared-spectroscopy (NIR) [199–201], which has been employed as a 
700–2500-nm scan in the antibiotic fermentation at Pfi zer [202, 203] for the 
measurement of nutrient and product as well as side product concentrations; or (3) 
measurements in infrared [204], ultraviolet, or visible wavelength spectra [190]. By 
means of capacitance measuring electrodes (Aber Instruments Ltd., U.K.), viable 
cell counts can be performed by seizing the electric capacitance and conductivity 
of cells with intact membranes in a generated electric fi eld. To gain a picture as 
comprehensive as possible by enhancing the amount of analyzable substances, 
multichannel arrays with parallel employment of various analytical procedures 
monitoring several parameters simultaneously have been established and new 
concepts like artifi cial noses [205] and electronic tongues [206] currently being 
integrated into fermentation technology, allowing the analysis of a large number of 
analytes by cross-talking semi-specifi c sensors that act in analogy to the human 
olphactory sensoric system. The realization of this concept will be facilitated by a 
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further miniaturization of the sensors and chips employed [207] as it has been 
achieved with biochips developed for the pharmaceutical natural product screening, 
onto which the needed number of reactants is fi xed in smallest space or is brought 
together in microchannels and the analytes are separated in microcapillars 
(lab-on-a-chip-technology) [208–210].

1.1.5.3 Process Optimization

For analysis, interpretation and correlation of the obtained signals and data through 
chemometric modeling [195, 197], neural network—tools (e.g., Unscrambler 9.0, 
Camo, Norway)—seem to have gained an increasingly important role [211]. Despite 
inherent limitations [212, 213], adequately trained neural networks are capable of 
recognizing and revealing nonlinear, highly complex, and even nonobvious, hidden 
relations among a multitude of various physical, biochemical, and physiological 
process parameters and to design the according process models. Hooked up to 
expert systems, they allow immediate and short-term reactions to process devia-
tions by anticipating physiological drifts and their infl uences on product yield and 
quality and to change the according set points and process profi les. In this way, 
neural network tools help to optimize process control and to facilitate the identifi -
cation of suitable strategies for process optimization and scale-up, e.g., with respect 
to an optimized glucose–oxygen equilibrium.

As the maximum glucose and oxygen uptake rates are not constant but depend 
on growth phases and rates and get reduced by induction of product synthesis [170], 
Lin et al. [214] established an integrative kinetic model combining these parameters 
with the aid of the simulation program SCILAB (Inria, F) enabling the determina-
tion of the maximum glucose and oxygen uptake rates through determination of 
the time that passes between glucose pulses and subsequent changes of partial 
oxygen pressure (pO2) and biomass concentration. Such a model thus allows the 
alignment of the glucose feed meeting the maximum uptake capacity and therefore 
avoiding overfl ow metabolism. The observed pattern of glucose oscillation even 
can serve as a key parameter condition in later scale-up stages [169]. The equilibra-
tion of carbohydrate and oxygen supply thus constitutes a key component of process 
control and optimization. Further strategies aiming at the avoidance of oxygen 
limitation and glucose overfl ow metabolism consist of the employment of alterna-
tive carbon sources like glycerol [215] or galactose [216] and of a drastic glucose 
restriction. Wong et al. [217] report that minimal concentrations of glucose and 
yeast extract yielded the highest concentrations of 0.5 and 1 g/L of a recombinant 
K99 antigen. Yim et al. [218] achieved constant yields of 4.4 g/L of human granu-
locyte colony stimulating factor during scale-up from 2.5 to 30 L by limiting glucose 
feed and keeping the growth rate at the minimum (µ = 0.116 h−1). Besides the above-
mentioned parameters like the maximum uptake capacities, the various different 
physiological or directly measurable physical process parameters like pH, ammo-
nium consumption, pO2, OTR, or the growth parameters can be applied as a refer-
ence parameter for glucose feed in a closed-loop design. Dantigny et al. [219] 
describe a biomass controlling feed depending on the ethanol formation rate and 
RQ for S. cerevisiae. To achieve a more uniform glucose distribution in large-scale 
tanks, Larsson et al. [151] and Bylund et al. [152] suggested a glucose feed at the 
dynamic zones of the fermenter bottom together with the injected air. A step ahead 



in this regard would be a further enhancement of the mixing quality by a reactor 
and process design permitting a multilevel injection of both air and substrates into 
high turbulence zones.

A supportive approach for comprehension of the large-scale hydrodynamic and 
reaction conditions to ensure homogenous reaction conditions and to reduce both 
the size of stress zones and the zonal residence times is the depiction of these zones 
through transfer into small reactors (scale-down) or through high-performance 
computing computational fl uid dynamics (CFD) [220]. Whereas the sort and 
amount of parameters that can be simulated by the scale-down approach appear 
to be restricted, CFD is meanwhile broadly applied, e.g., the fl ow modeling soft-
ware tools of Fluent Inc., Lebanon, NH (Fluent 4,5,6 and MixSim). A simulation 
of the trajectories and distributions of gas bubbles and mass transports enables the 
determination of zonal pO2 values and oxygen transfer rates. The combination with 
parameters like substrate concentrations and gradients, the residence times in the 
respective zones, population dynamics, and metabolic fl uxes (structured metabolic 
models) leads to integrative models (integrated fl uid dynamics, IFD), which permit 
the prediction of physiological effects and reactions. Even though it is emphasized 
that the integration of CFD and structured biokinetics currently requires a deeper 
understanding of the dynamics of metabolic and regulatory networks and cascades 
of signal transduction triggered by microenvironmental fl uctuations and thus 
further research [221], it will most likely contribute long term to a realistic model-
ing of the interplay between physics and physiology and thus will facilitate the 
identifi cation of key parameters infl uencing product yield and quality the most and 
therewith of suitable scale-up parameters and strategies. Problems related to the 
scale-up of physical parameters are illustrated in the next section.

1.1.5.4 Physical Scale-Up Parameters

Suitable for employment as physical scale-up parameters are all known process 
parameters and coeffi cients exerting known physiological effects, particularly those 
affecting oxygen supply; heat transportation and mixing, such as power input 
(Equation 1; Table 1.1-4), aeration, and agitation rate (Equations 3, 9, and 10; 
[222]); mixing time (Equation 5; [223]); pO2; OTR (Equations 14, 15; [224, 225]); 
oxygen mass transfer coeffi cient (kLa, Equations 16, 17); and biocalorimetric vari-
ables like heat fl uxes and heat transfer coeffi cients (Equations 19, 20, and 21). 
Biocalorimetric measurements were found to be in defi nite correlation with meta-
bolic activities and with OTR and are employable as growth phase indicators [226, 
227]; the calculations, however, require a precise measurement and knowledge of 
heat fl uxes and sources, energy inputs, and the temperature distribution in the 
vessel. In most cases, however, it is, depending on the scale-up factor, not, or only 
restrictedly, possible from the physical viewpoint to keep physical parameters con-
stant throughout the scale-up. Constance of even a single specifi c parameter mostly 
leads to an uncontrolled and unpredictable change of other variables into dimen-
sions that are technically not realizable. Classic examples are (1) the mixing time, 
which inevitably increases in larger vessels due to the larger volumes to be stirred 
and that cannot be unlimitedly compensated and kept constant by increasing 
stirrer speeds and energy inputs, and (2) the volumetric energy input P/V. A con-
stant volumetric power input has indeed been successfully applied as a scale-up 
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parameter for the early industrial penicillin fermentations (1 hp per gallon, equiva-
lent to 1.8 kW per 1 m3) and in fermentations with low energy inputs [216], but it is 
limited in fermentations requiring high energy inputs, like recombinant E. coli
cultures.

For this reason, mathematically driven approaches are pursued for both process 
and reactor scale-up by forming dimensionless coeffi cients (e.g., by the Buckingham-
Pi method as cited by Hubbard [228]), which are kept constant by an appropriate 
choice and adjustment of the relevant infl uencing process and fermenter parame-
ters. Well-established examples are, among many others, the dimensionless power 
number (Equation 2), Reynolds number (Equation 4), gassing number (Equation 
13), and the modifi ed dimensionless power number (Equation 7) and the modifi ed 
dimensionless mixing time (Equation 8). The comparison of the latter two coeffi -
cients and of the corresponding curves enables the identifi cation of appropriate 
types of stirrers capable of exerting the desired mixing performance at a given 
stirrer speed with a minimum of energy consumption and therewith to compensate 
the above-mentioned limitations of volumetric energy inputs at larger scales. (A 
quantum leap in stirrer technology in this regard seems to be the Visco-Jet of Inotec, 
which possesses cone-formed short tubes instead of blades and pretends to exhibit 
the best mixing performance with a minimum of power input and shear stress 
without foam generation.) The performance of further various types and designs of 
stirrers is presented and discussed by Junker et al. [229]. Stirrer performance coef-
fi cients and curves are thus crucial scale-up aids.

Furthermore, any of these parameters and coeffi cients can be combined with 
other variables to set up and create new, process-specifi c parameter correlations, 
coeffi cients, terms, groups, and characteristic curves (examples given, e.g., by Wang 
and Cooney [230]).

This relates also to the kLa—value (Equation 16), which currently is the most 
applied physical scale-up variable because it includes the relevant parameters infl u-
encing oxygen supply like agitation (via energy input) and aeration as superfi cial 
gas velocity (Equation 10) and that, as a component of dimensionless terms, is also 
frequently employed for reactor scale-up [231].

Taking into account the limitation of a kLa–oriented scale-up in the form of a 
limited power input, OTR, and tolerable shear stress, Flores et al. integrated the 
backpressure p by maintaining the product of kLa × p constant through a variation 
of pressure, agitation, and aeration for scale-up of Bacillus thuringiensis fermenta-
tions [232]. Although the specifi c growth was reduced and the biomass production 
and sporulation effi ciency remained constant, fermentation time could be shortened 
and toxin yields were increased. Wong et al. successfully scaled-up E. coli fermenta-
tions from 5 L to 200 L by keeping constant the product of kLa and aeration rate 
(vvm) under variation of power input, working volume, and aeration according to 
the Wang–Cooney equation (Equation 17; [230]), which refl ects these parameters 
in dependence of the fermentation scale [217]. Diaz and Acevedo [224] argue that 
the oxygen transfer capacity, indicated by the kLa value, is not the most process-rel-
evant parameter, but the effective oxygen transfer rate as a product of kLa and mass 
transfer potential is, i.e., the difference between the pO2-values in the gas and the 
liquid phase, and suggest an OTR-based scale-up strategy (Equations 14 and 15).

A common, simple and robust method is the maintenance of a constant pO2 in 
the culture broth by variation of stirrer speed and aeration rate. To avoid shear 



stress and to keep the energy input (P) at the lowest possible level, the pO2 is steered 
at the minimum limit. Riesenberg et al. employ a stirrer speed and glucose-feed 
steered pO2 of 20% for interferon α–E. coli-fermentations in 30-L and 450-L scales 
[233]. These examples demonstrate that, for each process, appropriate variables 
and coeffi cients and therewith scale-up strategies have to be identifi ed 
individually.

1.1.5.5 Development of Fermentation Models and Strategies

Despite the central role of the scale-up issue in biotechnology and the comparably 
large body of literature, no common, generally applicable strategy seems to be 
established. For each product, process, and facility, a suitable scale-up strategy has 
to be elaborated.

A wholistic scale-up strategy consists of a comprehensive and detailed process 
characterization to identify key stress factors and key parameters infl uencing 
product yield and quality the most, and of an appropriate process control and 
process design ensuring optimum mixing and reaction conditions, supported by 
appropriate knowledge and data-driven models [234, 235] as well as computational 
tools.

It should be kept in mind, however, that any approach and any model will always 
be approximative and that a compromise in the process-related knowledge will 
always be gappy and that the known mathematical methods and relations cannot 
completely refl ect the highly complex interactions and relationships of the physical 
conditions governing the fermentation process [236].

As a matter of fact, it seems, that, in view of the high complexicity of the fer-
mentation parameters infl uencing each other and the only rudimentary and frag-
mentary refl ection of the reality any model can deliver and fi nally the different 
layouts of vessels and facilities that rarely are designed according to strict scale-up 
criteria, successful scale-up in most cases will not be the result of a conclusive and 
straight-lined experimental strategy but will be the outcome of an independent 
optimization on each scale that highly depends on the experience, skill, and last, 
but not least, intuition of the experimentalist.

To a lesser extent, this also holds true for the design of procedures aimed at the 
isolation and purifi cation of the compounds from the culture broth. As these puri-
fi cation steps follow upon the biosynthetic steps and the upstream processing in the 
bioreactor, they are usually referred as “downstream processing.”

1.1.6 DOWNSTREAM PROCESSING

1.1.6.1 Product Recovery and Purifi cation

Biopharmaceutical products consist of a multitude of compounds and structures 
with most having different physical and chemical properties and derive from a large 
variety of sources like human and animal tissues, body fl uids, plant material [237], 
and as illustrated above, microbial fermentations. Accordingly, purifi cation strate-
gies have to be developed individually and empirically that refl ect the physico-
chemical properties of the product, of the product source, and of potential 
contaminants by fi nding appropriate sorts, sequences, combinations, and operation 
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modes of the respective downstream processing steps to fi nally achieve high puri-
ties and high recovery rates while maintaining the pharmaceutical activity of the 
molecule.

Traditionally, downstream processing steps are roughly subgrouped into opera-
tions related to cell harvest, cell rupture in case of intracellularly occurring pro-
ducts, product capture, product purifi cation, and product polishing to manufacture 
a drug ready for galenic preparation and consist of a sequence of solid–liquid sepa-
ration and solvent and solid-phase extraction steps. Large-scale cell harvest usually 
occurs by preparative centrifugation, e.g., in a decanter or in disk stack separator 
or by fi ltration to simultaneously separate existing suspended particles from the 
surrounding broth. Fragile mammalian cells are usually separated by fi ltration 
methods only.

If the value product occurs intracellularly, the slurry is taken up in washing 
buffers of appropriate ionic strength for preparation of the cell rupture, which 
occurs, e.g., by high-pressure homogenization, sonifi cation, bead milling, or eny-
matic procedures.

Product capture is defi ned as the fi rst product extraction and purifi cation step 
aimed at a product concentration by volume reduction and partial purifi cation, 
whereas polishing constitutes the fi nal purifi cation step, which removes persistent 
residual minor impurities like denatured, aggregated, or nonfunctional isoforms of 
the product, and which follows the preceding (intermediate) purifi cation steps 
aimed at the removal of contaminating solutes like host cell proteins, DNA, and 
media components. Product capture usually starts with precipitation, solvent 
extraction, and/or a cascade of ultra-fi ltration and nano-fi ltration steps before the 
fi rst ion exchange or size exclusion chromatography. Antibodies and antibody 
derivatives, which account for about 20% of the biopharmaceutical products cur-
rently in development, are preferably bound to affi nity matrices [238] by natural 
immunoglobulin-binding ligands such as the Staphylococcus aureus membrane and 
cell wall protein A [239] or the streptococci surface protein G. To broaden the 
availability of specifi c structures with suitable binding properties, synthetic ligands 
with enhanced stability and resistance to chemical and biochemical degradation 
are continuously attempting to be developed, supported, e.g., by computer-aided 
design. The development of synthetic ligands with enhanced selectivity and sta-
bility, tailored to specifi c biotechnological needs and product structures, will lead 
to more effi cient, less expensive, and safer procedures not only for purifi cation of 
antibodies but also for other proteins at manufacturing scales. Also, antibodies can 
be employed as a means for protein purifi cation in the form of immunoaffi nity 
chromatography [240]. A novel emerging technology is the use of synthetic single-
stranded nucleic acid molecules (aptamers) as affi nity ligands [241], which fold up 
into unique three-dimensional structures specifi cally binding to the desired target 
structure as it has been shown for the purifi cation of thyroid transcription factor 
or selectin receptor globulin [242, 243].

The subsequent purifi cation steps including polishing are mostly performed on 
hydrophobic interaction resins and/or on reversed-phase matrices.

1.1.6.2 Downstream Processing Optimization and Economization

Mostly due to the tremendous costs of sometimes several thousand * per liter for 
chromatographic resins and production scales of up to several hundred liters column 



volume and due to the prices for the columns themselves of up to hundreds of 
thousands of U.S. dollars, downstream processing expenses account for the largest 
part (50–90%) of the total production costs and are therewith a focal area for 
process economization attempts. One of the many criteria for the choice of a resin 
is its shelf life. Bearing in mind that every downstream processing step coincides 
with a minimum product loss of 5–10%, the removal of a particular step not only 
helps to save the respective capital investment, but concomittantly to increase the 
fi nal product yields, and thus to render the whole production process more eco-
nomical in several respects. To reduce the number of required steps, a selection 
has to be made for resins exhibiting excellent separation, resolution, and yield with 
respect to a given product and the contaminants, i.e., for resins exhibiting excellent 
product binding selectivity and capacity. Likewise, the operation mode of the 
column has to be optimized with respect to the specifi c product load, adjustment 
of the physico-chemical operational conditions like pressure, temperature, pH(-
shift), ionic strength, and sort of buffers and eluents (e.g., evaluation of continuous 
vs. step gradients).

A further approach is the combination of the solid–liquid separation and product 
recovery into a single step, e.g., by expanded bed adsorption [244, 245], which 
permits the direct initial purifi cation from culture broths without the need of prior 
removal of suspended solids. In contrast to the conventional column operation, the 
mobile phase is pumped upward through the column bed from beneath. The bed 
thus starts to expand at a liquid fl ow rate above a critical value, and the gaps 
between the sorbent beads expand. The controlled distribution of bead size and 
bead weight results in a stable expanded bed in which the beads oscillate around 
a steady position and thus avoid clogging of the column. Whereas preparative liquid 
chromatography methods [246] have become a well-established separation and 
purifi cation method in the pharmaceutical industry, techniques like two-phase 
system partitioning [247] and its variant reverse micellar extraction [248], which 
also potentially offer advantages like the possibility of a direct extraction from the 
culture broth through partitioning of the compounds into two immiscible phases, 
need further developmental activities for economic large-scale applications in the 
production of biopharmaceuticals and are less common.

A further criterion for the choice and design of a downstream processing 
procedure is thus its scalability.

1.1.6.3 Downstream Processing Scale-Up

Comparable with the scale-up of fermenters and fermentation processes, the scale-
up of downstream processes, particularly of column and column operation, is not 
simply a matter of increasing size. Increasing column diameters, reducing the sta-
bilizing wall effects, and increasing resin bed heights may lead to an altered settling 
behavior of the beads, to channel formation through shrinking and swelling of the 
packed matrix, to column clogging with a concomittant reduction of the fl ow rates 
and an increase of the column back pressure, to altered hydrodynamic behavior 
and residence times of the process fl uids, and to an altered pattern for the product/
contaminants adsorption/desorption pattern [249]. To avoid the resulting quality 
impairments and deviations, resins with a suitable scale-up behavior have to be 
selected and the resin bed height is tried to be kept constant as far as possible as 
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is the fl ow rate as key scale-up parameters, which requires an appropriate experi-
mental design in early laboratory development stages. As this, however, is only 
possible to a limited extent, downstream processing scale-up also is the result of 
an optimization of the respective operation conditions (see above) on each scale.

A procedure that has been optimized for decades and scaled-up to dimensions 
of several cubed meters is the commercial β-lactam purifi cation.

(For further general articles dealing with problems and issues of downstream 
processing, the reader is referred to the reviews in Refs. 249–255).

1.1.6.4 Downstream Processing of b-Lactam Compounds

As most of the product is secreted and is thus concentrated in the culture broth, 
the recovery process starts with fi ltration, usually with a rotary vacuum fi lter, fol-
lowed by a cascade of solvent and solid-phase extraction steps.

Common penicillin extraction solvents are amyl- and butyl-acetate or methy-
lisobutylketone. As penicillin is extracted as a free acid at pH 2–2.5 and the mole-
cule is instable at this pH, extraction occurs in a counter-fl ow using Podbielniak- and 
Luwesta-centrifugal extractors to shorten the contact time with the solvent and to 
prevent product decomposition.

Purifi cation is through subsequent and repeated crystallization from an aqueous 
solution after alkalization.

In contrast to penicillin, the hydrophilic cephalosporin is more suitable for solid-
phase extraction. For high yield and purity extraction, a combination of several, 
different chromatographic steps is used.

Hydrophobic interaction chromatography on neutral polyaromatic resins like 
Amberlite XAD 4, 16, 1180, or Diaion HP20 is widely used in combination with 
weak basic anion exchangers like Diaion WA-30 or strong acidic cation exchangers 
like Amberlite XAD 2000 and Diaion SK-1B [256, 257]. The mentioned resins are 
recognized for their high sorption capacity and their long shelf life.

Whereas the improvements on the extraction level are less spectacular, signifi -
cant progress over the last few years can be noticed with respect to side-chain 
cleavage to 6-aminopenicillanic acid (6-APA) and 7-aminocephalosporanic acid 
(7-ACA) in switching from chemical to enzymatic procedures.

1.1.7 POSTSYNTHETIC STRUCTURE MODIFICATION

Most antibiotics in therapeutic use are synthesized or modifi ed exclusively by 
the means of chemistry and are derived from the established compound classes, 
which have been known for decades. Chemical derivatization thus has also been 
applied to substances that are of microbial origin and that therefore are termed 
semi-synthetic.

Among the most recent semi-synthetic antimicrobials are Aventis’ streptogramin 
derivative Synercid and the erythromycin derivatives clarithromycin (Klacid) from 
Abbott (Abbott Park, Illinois) and roxithromycin (Rulid) and the brand new 
ketolide telithromycin (Ketek), both from Aventis (Paris, France) [86].

Despite these recent successes and increasing efforts, the yields of therapeuti-
cally useful entities emerging from such chemical derivation programs are continu-
ously decreasing.



For this reason, large-scale derivation methods (combinatorial chemistry) are 
integrated in the search for innovative antibiotics as are biotechnological approaches 
for structure modifi cation. Biocatalytic procedures, which have been shown to be 
useful for generating novel antibiotic structures like Loracarbef, a novel β-lactam 
compound from Eli Lilly (Indianapolis, Indiana) highly active against various β-
lactamase producing species [258, 259], are also about to replace continuously 
chemical production processes. At several universities and corporations, screening 
studies have been initiated to fi nd appropriate enzymes for compound conversions, 
as it has been successfully established in production processes for penicillin and 
cephalosporin. (A review discussing criteria like resource and energy consumption, 
emissions, health risk potential, area use, and environmental effects for the evalu-
ation of the eco-effi ciency of biotechnological processes is given by Saling [260]).

1.1.7.1 b-Lactam Side-Chain Cleavage

6-APA and 7-ACA as the key intermediates for the production of semisynthetic 
penicillins and cephalosporins (see Section 1.1.3.2) are obtained by removal of the 
acyl side chains.

There is a large body of patents existing for chemical and enzymatic splitting 
procedures, but enzymatic processes have been more successful for economical as 
well as for ecological reasons.

Enzymatic 7-ACA splitting procedures [for general review, see 261] have been 
developed and commercialized by companies like Asahi Chemical, Hoechst, and 
Novartis. The replacement of the hitherto employed chemical deacylation pro-
cesses like the imino ether (Figure 1.1-3) or the nitrosyl chloride method [262] 
resulted in a cost reduction of 80% and a decrease of the waste volume by a factor 
100 from 31 t to 0.3 tons per 1-ton 7-ACA. Chlorinated hydrocarbons like dimethyl 
aniline and methylene cloride as well as heavy metal ions can be completely avoided. 
Instead of zinc salt formation, multiple silylation, formation of the imino chloride, 
imino ether, and fi nally an imino ether hydrolysis, the side chain is removed in two 
enzymatic steps (Figure 1.1-3).

Cephalosporin C is fi rst oxidized and deaminated by a D-amino acid oxidase 
(DAO), which can be obtained from various fungal species, like the yeasts Trigo-
nopsis variabilis and Rhodotorula gracilis or the ascomycete Fusarium solani. The 
resulting α-keto-adipyl-7-ACA, upon decarboxylation, is converted into glutaryl-7-
ACA (G-7-ACA). DAO is a fl avoenzyme containing fl avin adenine dinucleotide 
as the prosthetic group and catalyzes oxidation of D-amino acids to their corre-
sponding keto acids. In a second step, the glutaryl side chain of G-7-ACA is deacyl-
ated by a glutarylamidase from Pseudomonas diminuta [263]. The molecular data 
of other potentially suitable enzymes and genes from various sources are given by 
Isogai [264]. It is noteworthy that the enzymatic splitting process could have only 
been rendered economical and therefore commercially employable through a sig-
nifi cant increase of glutarylamidase yield on the fermentation level by using a 
gene-recombinant E. coli-strain.

A recombinant amidase from E. coli is also the most commonly employed 
enzyme for 6-APA production by deacylation of penicillin G [265], a process that 
has been established now for decades [266]. With an annual turnover of 30 tons, 
the E. coli penicillin amidase is one of the most widely used biocatalysts, despite 
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reasons. An established industrial process is the enzymatic splitting of cephalosporin C to 
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the discovery of further similar acting enzymes from various microbial sources, 
including penicillin V acylases [267] from the basidiomycetes Bovista plumbea
[268, 269] and Pleurotus ostreatus [270]; from the ascomycete Fusarium [271]; or 
from the yeast Cryptococcus.

A signifi cant milestone in economization of enzymatic β-lactam production has 
been reached by enzyme immobilization permitting a preservation and multiple use 
of the cleavage enzymes. The currently most employed resins in industries for this 
purpose are epoxyacrylic acids (Eupergit) and silica gel derivatives (Deloxan). The 
general economic criterion for the preparation of a biocatalyst is production costs 
in relation to yield, turnover rate, storage stability, and operational/mechanical 
stability. Further criteria are outlined in the Guidelines for the Characterization of
Immobilized Biocatalysts by the European Federation of Biotechnology. Applica-
tion criteria are fi lterability, sedimentation velocity, and particle fi rmness. Opera-
tional and storage stability as well as the activity of this biocatalyst and the quality 
of 6-APA with respect to color are improved by sulfur reducing compounds [272]. 
As pointed out, the ensurance of product quality and drug safety is a key issue in 
pharmaceutical production processes.

1.1.8 QUALITY ISSUES

According to regulatory requirements, pharmaceutical production facilities and 
processes have to be proven to function properly across the entire range of process 
critical parameters by a qualifi cation of the facilities and equipment, which consists 
of the steps design qualifi cation (DQ), installation qualifi cation (IQ), operational 
qualifi cation (OQ), and performance qualifi cation (PQ) and which results in a vali-
dation of the production process to substantiate that the complete system is capable 
of manufacturing the respective product reproducibly in a consistent quality as 
expected within preset specifi cations and in compliance with all laws and guidelines, 
like the cGMP (current good manufacturing practice) regulations, among others, 
issued by regulating authorities like the FDA and European Medicines Agency 
(EMEA).

The products have to be sterile and free of any contaminations that might derive 
from process material, residues of preceding production campaigns (cross-
contaminations) in the case of product changes, and of the agents used for facility 
cleaning. To restrict the introduction of such contaminations into the repective 
production steps, the production facilities, equipments, and solutions are usually 
cleaned according to validated cleaning procedures (e.g., with 1 M NaOH) and 
sterilized by heat or fi ltration before their use. Product sterility is achieved by 
aseptical performance of the last manufacturing steps and by micro-fi ltration 
(0.2 µm) or, if possible, by terminal heating of the product before fi lling. Residues 
of chemical cleaning agents are removed according to validated procedures by 
rinsing with purifi ed water.

As biopharmaceuticals are potentially contaminanted with possibly harmful 
viruses and allergenic and pyrogenic acting endotoxins as residual components of 
their host cell, guidelines and directions have been issued by the FDA’s Center for 
Biologics Evaluation and Research (CBER) requesting validated procedures for 
virus and endotoxin removal and inactivation.
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1.1.8.1 Virus and Endotoxin Removal

Endotoxins, which consist of the lipopolysaccharide fraction present in the cell wall 
of gram negative germs and which tend to adhere to equipment surfaces and to 
persist in products and product solutions, as do viral contaminants deriving from 
cell culture processes or from starting plasma or tissue material, can also be effi -
ciently removed by fi nal fi ltration steps. Whereas ultra-fi ltration with a cut-off of 
or below 10 kDa is suffi cient for endotoxin removal, viruses need to be removed by 
nano-fi ltration steps complemented by a variety of inactivation measures like pas-
teurization, pH inactivation, solvent/detergent treatment, or ultraviolet and gamma 
ray irradiation. Usually, endotoxins and viruses are already deconcentrated to a 
signifi cant extent by the chromatographic steps and the solvent exposure in the 
course of the normal purifi cation procedures [251].

1.1.9 CONCLUSION

Marching in step with the technical and methodological progresses, biotechnology 
is gaining in increasing importance in pharmaceutical production processes by 
replacing chemical production procedures for economical and ecological reasons 
and in the development and commercialization of novel therapeutic principles.

To fully exploit the potential of biotechnological production methods, an inte-
grated process design will be necessary considering the downstream processing 
requirement during the design of upstream operations and vice versa (A compre-
hensive overview illustrating the complete biotechnological production chain is 
given in Table 1.1-3.) As the fate of a compound as a pharmaceutical also depends 
on the prospective production costs already estimated in the development phase 
and production processes cannot be signifi cantly changed after approval without 
running the risk of having to perform ad-ditional clinical trials, it is of utmost 
importance to choose and design production organisms, strains, vectors, expression 
cassettes, and fermentation procedures as early as possible in compliance with the 
prospective harvest and purifi cation methods also to be chosen and designed 
according to cost criteria. Integrative biotechnology thus is not only a key prere-
quisite for the development of competitive and economical production processes 
to relieve the downward price pressure applied by generic drug makers after patent 
expiration and for the acceleration of market approval for new drugs in the highly 
competitive environment of the biopharmaceutical industry, but also it is a key 
technology to save and liberate capital for the development of novel drugs for the 
benefi t of mankind.
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