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Abstract

This contribution exemplifies a quality by desigpbD) approach for the characterization of a
high densityE. coli recombinant upstream process, investigating thiévatate interactions
of three critical process parameters (CPPs) ine@dp their impact on product quality using
statistical experimental design and multivariatedeiling. Intracellular production of alkaline
phosphatase by means of the little studied pos$jtiregulated rhaBAD promoter was chosen
as a model system. The multivariate study incluttel induction phase feeding strategy,
expressed as the feed-exponent k (-0.007; 0; +D.@@duction temperature (20°C; 27.5°C;
35°C) as well as induction time (10 to 40 hoursnaoluction) as presumptive critical process
parameters (CPPs) under investigation. Based ayaestial approach for upstream design
space development, the upstream critical qualitiybate (CQA) was defined in respect to
downstream demands (specific activity; kligas). Optimal operating conditions for the
process were found at medium temperatures (27.8A@)at a positive exponential feeding
strategy. The result was the establishment of avliedge space. The physiological impact of
the critical process parameters on the culturefwdler evaluated by multi-linear regression
of yields and specific rates with CPPs. This metihogly revealed the protein release,
expressed as the biomass specific protein relestse to be correlating with the applied
feeding strategy as well as product quality, makingritical for intracellular protein
production. Lower induction temperatures increattezl biomass yield, possibly due to a
down regulation of recombinant protein expressidhe biomass yield declined within
induction time, indicating a rise in maintenanceabelism. This was found to go along with
an increase in the carbon dioxide yield, indepehdétemperature and feeding strategy. The
multivariate study gave evidence that specific\dtotis are starting to decline after ten hours
of induction, although SDS gel electrophoresisaatid that alkaline phosphatase levels were
still increasing. Zinc, essential for folding andn€tion of alkaline phosphatase (Torriani
1968), was monitoredia ICP-OES, which gave evidence for a zinc limitattbat explains

the observed decrease in activities after 10 hofuirsduction.



1. Introduction

Innovation in the pharmaceutical industry is cutierslowed down by rigid regulatory
approaches and post approval regulatory aspectglfalong 2008). The current procedure
for determining manufacturing parameter rangesratgss development for the registration
file is the variation of one parameter at a timenfy all other parameters at constant values.
In surplus to this time consuming exercise, thiy whproceeding does not take into account
possible interdependencies between the parametdrnish may result in quality issues
(Woelbeling 2008). In addition, the process carydrd operated in a narrow parameter range,
limiting the possibilities for process optimizatiaand adaptations to changing supplies.
According to the ICH Q8 definition, “quality shoulg built-in or should bby design” rather
than “tested into products” (ICH 2008a). This cansts a major change in pharmaceutical
development, replacing the very product centrediticaal approaches with the more process
focused and risk-based QbD approach. For the metouéas, this opened new perspectives
regarding the introduction of more flexible andtoefective processes.

Key demand from the side of the regulatory bodgeshe science-based proof of process
understanding (FDA 2004), achieved through souratmphceutical development. Following
this major move towards more science for process product understanding, several
guidelines have been published, presenting a aadirlg strategy (ICH 2009): Based on the
quality target product profile (QTPP), which sumimes the quality characteristics of the
product, all properties of the drug product affegtits quality are to be identified (critical
quality attributes, CQA). Process understandingdsieved, if the multivariate interactions
between process parameters and the critical quatityputes are scientifically analyzed. If the
variation of a parameter has an impact on a cliticality attribute, it is called a critical
process parameter (CPP). If the manufacturer is @bprovide evidence, that the CPPs are
scientifically identified in course of process deygnent and controlled alongside the
manufacturing process, there is the possibility feal-time release, circumventing final
product testing. The methodology of gaining processlerstanding includes process
analytical technology (PAT) and quality by desigpbD), a systematic approach aiming at
analyzing the multivariate interactions between G@Ad CPPs.

A major milestone for putting QbD into pharmaceatipractice was the introduction of
design space (ICH 2008a). The establishment of sigaespace includes the clear
differentiation between critical and non criticaibpess parameters, followed by the scientific
investigation of the multivariate interdependendietween the CPPs and the CQAs. The

design space is composed of three areas: The kdgalspace includes all information
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gained during process development and the lifecgtlihe product. The design space is an
area inside the knowledge space where it has h@enti§ically proven, that the variation of
CPPs in this range does not affect CQAs and thexeffi® QTPP. The normal operating space
covers a small area inside the design space, whereoutine manufacturing takes place. If
CPPs fall- for any not intended or intended reasariside the normal operating range into
the area of the design space or move inside thgrdspace, the production of product quality
is still guaranteed. Besides the possibility ofl4teae release testing, the enhanced process
and product knowledge gained through QbD can p&eeway for more efficient and
economical manufacturing processes, reducing ptodkealls compliance procedures and

post approval modifications of change (Garcia e2@08).

This master thesis focuses on the emerging topatitguy design (QbD), performing a QbD
in pilot scale for the understanding of an upstrgaotess to produce a recombinant protein.
Escherichia Colia well explored cell factory for the productionreEombinant proteins, was
chosen as host for the expression of recombind@iaé phosphataseia the rhamnose
inducible rhaBAD promoter. Since the specific aityiYU/ghiomasy Of the recombinant protein
is possibly critical for a successful and econoigcdnsequent downstreaming, it was defined
as the presumptive critical quality attribute of thvestigated upstream process.

CPPs such as the pH, temperature, dissolved oxggesion and initial biomass concentration
have been under investigation in recent publicatiRathore et al. 2008; Abu-Absi et al.
2010). Focusing on possible interactions with thergy metabolism in the induced culture,
induction temperature as well as the induction phieseding strategy, expressed as the
induction phase exponential feeding exponent k.ewserder investigation in cause of this
contribution. Besides the development of a knowdedgace for the system of interest this
thesis aims at providing a roadmap about how pestkdata such as specific rates and yields

can be used to achieve process understanding.



Figure 1: lllustration of the concept of design space. Movetadrom the normal operating space to the design
space and movements inside the design space areoneidered a change (drawn-through arrows). Any
movement from the design or operating space irgoktftowledge space or beyond is considered a chamgde

leads to a regulatory post approval change prqdested arrows).

1.1 System of interest

1.1.1Escherichiacoali for industrial applications

For several reasons, the relevanc&sgherichia Colfor life-sciencess exceptional. The rod
shaped, gram negative intestinal bacterium sensd anodel organism ever since the
emergence of modern microbiology, gene- and biotelciyy, playing a key role for a variety
of major scientific achievements such as bacteoajugation (Lederberg and Tatum 1946),
topography of gene structure (Benzer 1961) as aeltransformation (Cohen and Chang
1973). Furthermore, the discovery of the endongeldacoRI, an enzyme cleaving DNA on
defined sites producing sticky ends as well as dieenonstration of cloning plasmids
containing recombinant DNA into living organismsreedoth performed involving. coli
These findings were essential for the developmégenetic engineering, providing the basis
for the biotech-industry. The role &. colias an omnipresent companion of biotechnology
and its related sciences made it a well-charag@drarganism. The access to a multitude of
strain-specific information, including fully sequsd genomes, has obvious advantages.
FurthermoreE. coli is outstanding regarding generation times, safege of cultivation
(media demands, possibility for high-density cug)r and the availability of a whole
spectrum of genetic techniques for genome modifinaBaneyx 1999). Nowadays. coli
serves as a host organism for the industrial priigluof a variety of recombinant proteins,

including insulin B-interferon and a vast number of technical enzymes.



Structure

E. coli cultures are typically comprised of rod-shapedisagleasuring 3pm in length and 0.5
um in diameter showing a volume of 0.6 - (rii°. The availability of nutrients was shown to
have an effect on cell size (Kubitschek 1990). Agram negative bacterium, the cell
envelope ofE. coliis composed of two membranes and a peptidoglyager |(Ruiz et al.
2006). The outer membrane (OM) is composed of ghalgpds and lipopolysaccharides and
faces the extra cellular space. The inner membfiie solely composed of phospholipids,
borders to the cytoplasm. The space spanning iwedagt OM and IM is referred to as
periplasmatic space. A layer of peptidoglycan lybmgfween the membranes gives the cell
mechanical stability. Figure 2 gives an illustratiof the cell envelope of gram negative

bacteria.

Environment

Cytoplasm

Inner-membrane protein

Figure 2: The cell envelope dE. coliis composed of two membranes as well as a pepyickng layer. While
the peptidoglycan layer is fully permeable for nooies of various sizes, transport systems are sapefor the

transfer of molecules though the inner- and outemitrane. lllustration is taken from Ruiz et £006).

Fermentation strategies

Industrial processes for recombinant protein prtidancwith inducible promoters are carried
out in a two step procedure: Before the start obmgbinant protein production (induction),
biomass is accumulatedia an exponential fed-batch. Cultivation parametewshsas
temperature, pH, inducer concentration as well tes dpplied feeding strategy have a
significant effect on productivity and product gtyal Understanding of the biology of the
process and the identification of biological kegues as well as their relation to process

parameters is therefore essential for optimal medesign.



State of the art: fed-batch processes for recombimé protein production

The formation of unwanted by-products due to cantaeerflow reduces product- and biomass
yields significantly and is therefore a major isgsuéermentation processes. The control of the
substrate available to the cell and consequendsfiecific growth rate by means of fed-batch
processes has developed to become a standardgeehor biotechnological fermentations
since its first application for the production adker’s yeast in the 1950's. As regards the
production of recombinant proteins, the availapitif inducible promoters paved the way for
the development of two step fed-batch fermentatemmniques for maximal productivity: In
the first step the culture is kept in a non-industate and is exponentially grown under C-
source limitation to achieve maximum high cell dees without the accumulation of
overflow metabolites (Glick 1995). In industrialggesses the maximum cell concentration
achieved in this step is restricted by considenstioegarding cooling of the reactor and
oxygen mass transfer into the culture broth (Samdeh. 2003). The second step is started by
inducing the culture. Since the reactor alreadykeat its limits the maximum feeding rate
feasible in the post-induction phase is equal ®fthal feeding rate at the end of the non-
induced fed-batch. As biomass tends to increaseglinduction phase feeding, the industrial
two step strategy always goes along with a progresgecline of the specific growth rate
(Sanden et al. 2003).

Carbon/energy depletion in post-induction feeding

Following the industrial two-step strategy withdar induction phase feeding, the specific
availability of substrate per cell decreases withighuction time. Carbon depletion results in

the activation of the carbon stress system whicacompanied by the formation of stress
proteins and the possible formation of subpoputatiof respiring and non-respiring cells,

referred to as "cell segregation” (Andersson etl886). Furthermore, the concentration of
RNA polymerase as well as the ribosome contenkiaog/n to be correlated with the specific

growth rate (Sanden et al. 2003) and therefore #tdahto progressive decrease in cause of

induction phase feeding.

Induction-phase limitations

Sanden et atarried out an extensive studies on the post-ingludimitations in recombinant
E. colifor the production of-galactosidase under high and low post exponeiegaling rates
(Sanden et al. 2003). Similar values of spedgifigalactosidase messenger RNA indicated,

that the initial production rate for both the higihd low level feeding strategies is not limited
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by transcription. However, by measurements of rRM#&els representing the ribosome
content, translation was identified as initial oteck. Higher productivities were obtained
applying the higher feeding rate. After 4 respeativl5 hours of induction, a decline of the
production rate was observed at high respectivalyfeed rates. The change in physiological

status during induction resulted in formation oagasine tetraphosphate and acetic acid.

Plasmid loss

Another issue in fermentation processes aiming@mbinant protein production is plasmid
instability. Next to the obvious loss of recombihgmotein production capacity the non-
recombinant cells show a reproduction advantagepeoed to plasmid bearing cells which
can lead to overgrowth of the whole population (Kyst al. 1993; Summers 19915tudies
indicate that plasmid stability is enhanced in miai medium compared to rich medium
(Striedner 2001). Cells carrying a plasmid wereortggl to show reduced growth rates
compared to non-transformed cells (Summers 199l pbisence of selective pressure, the
plasmid can be lost, leading to overgrowth of tba-transformed cells and therefore reduced

productivity.

Acetate production

Although growing under aerobic conditiors, coli is known to produce significant amounts
of acidic by-products under certain conditionsafralogy to the ethanol production of baker’s
yeast under aerobic conditions this is referre@gdqbacterial Crabtree effect” (Rinas et al.
1989). In particular this can account for the digant formation of acetate. Andersen et al.
(1980) suggested that the production of acetic ander aerobic conditions is caused by an
imbalance of glucose metabolism and cell respinatid the glucose flux inside the cell
exceeds a certain critical value, TCA activity iimiting and the organism may change to
uncoupled metabolism (Luli and Strohl 1990). Thet@nated form of acetate, acetic acid,
shows a slight lipophilic character, which enalilesmsport through the membrane from the
extracellular space into the cell (Luli and Strd90). ATP synthase, a transmembrane
protein located in the cell membrane, makes us¢hefH gradient between intra- and
extracellular space. The intracellular dissociatiminthe acetic acid in the cell interior
decreases the intracellular pH and reduces the naldiemt used for ATP synthesis. The
protonation of the acetate in the extracellulafdneid environment has no significant effect
on the overall pH of the medium. Therefore, if atetis present in the medium, a nétfldx

into the cell is assumed, counteracting the pHigrdadontributing to ATP synthesis (Luli &

11



Strohl 1990). Moreover, acetate has a negativectetfie recombinant protein production as
well as on RNA, lipid and protein synthesis (Le®@p with a more detrimental impact on

recombinant than non-recombinant cells (Koh el@82). Several strategies with the goal of
reducing acetate production can be found in litegatDue to the extent duration of fed-batch
processes, acetate production is a key issue witintental effects on cell growth and protein
productivity. Acetate formation can be suppressgdiriting and controlling the specific

growth rate through the fed-batch feeding profileetabolic activity can also be degraded by
lowering the cultivation temperature, resultinganreduced nutrients uptake, cell growth,
cellular oxygen demand, metabolic heat, toxic bydpict production and acetate formation
(Lee 1996). The reduced activity of proteases mogimtribute to higher protein productivity

as well. The decreased oxygen demand at reduceqzktatare (26-30°C) makes high density
cultures feasible without the application of purgygen (Lee 1996). Furthermore the reduced

formation of inclusion bodies for cultures growrl@i temperatures is reported (Kane 1988).

Metabolic load

The production of recombinant proteins interferéasorgly with the physiology and
biochemistry of the host cell. In recombinant pratittn systems a significant fraction of the
cell resources, such as ATP, GTP and amino agddirected towards the conservation and
expression of recombinant DNA, a phenomenon redeiseas "metabolic load" (Glick 1995).
The severity of "metabolic load" or "metabolic beind was shown to increase with plasmid
size and plasmid copy number, resulting in a reduetative specific growth rate and a
reduced relative specific activity per vector (Biaum and Bailey 1991; Seo and Bailey 1985;
Glick 1995). Furthermore the effects of metababad were demonstrated to be more adverse
in minimal medium compared to rich medium (Seo &ailey 1985) and to increase in
oxygen limited conditions (Hopkins et al. 1987).claise the expressed recombinant protein is
translocated from the cytosol, blocking of transmystems by the target protein can cause
cell death (Skare et al. 1989). Another issue mext with metabolic load is the secretion of
vast amounts of carbohydrates, referred to asdealular slime”. This was reported to cause
difficulties in cross-flow microfiltration in recobnantE. coli (Wood 1988). Multiple genetic
approaches for the reduction of the metabolic Wwack reported, e.g. by reducing the number
of plasmids (Seo and Bailey 1985), engineering efamolic pathways (Flores et al. 2004),
the application of non-ampicillin antibiotic resiste genes or the insertion of the
recombinant DNA into the chromosome of the hostnigm (Hong et al. 1995; Glick 1995).

Recently, the coupling of the expression of anmssegene to the presence of a plasmid was
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presented as an alternative for the use of anitbresistance genes (Mairhofer et al. 2008).
Following this strategy, a significant decreasdahia metabolic load can be expected, since
antibiotic resistance gene expression is not requiFermentation technology and bioprocess
development may offer complementary strategieshlereduction of metabolic load, such as
the promoter down regulationa inducer concentration variation, reduction of tempure or
the application of suitable feeding strategieoriter to achieve maximum productivity of the
process and maximum quality of the desired prodihg, fermentation strategy should be

tailored to the production host, the recombinantpct and the applied promoter.

1.1.2 The model protein: alkaline phosphatase (AP)

Alkaline phosphatase (EC 3.1.3.1) is an ubiquitérgdrolase enzyme catalyzing the
nonspecific phosphorylation and dephosphorylatibrplvosphomonoesters under alkaline
conditions (see figure 3). Its biological functibias in the generation of phosphate under
phosphate depletion (Horiuchi 1959). AP frdi coli, a homodimeric metalloenzyme, is
coded chromosomally by thehoAGene and exportedia the general secretory pathway

(GSP) into the periplasm where it develops itsvaatiimeric form.

| Alkaline Phosphatase ﬁ .
_—P—0O" + Hzo -~ R/OH + 7/P\707 + H

Figure 3: Phosphorylation and dephosphorylation of organimponents under alkaline conditions by alkaline
phosphatase. Hydrolization of a phosphomonoestdgione proton. Therefore the forward reactioniireg

alkaline conditions, shifting the equilibrium toethlcohol and the free phosphate.

Dimerization demands translocation into the periplamatic space

Dimerization to the active enzyme requires therpidomation of disulfide bonds within the
monomers (McCracken and Meighen 1980). In the dgtwp of E. coli, to which the
monomer is released from the ribosome, two thioxedo (TrxA and TrxC) and three
glutaredoxins are present which are theoreticaljyable of disulfide bond formation (Rietsch
and Beckwith 1998). However, the presence of thioxen reductase (TrxB) and glutathione
keeps the cytoplasmatic environment in a reducate,stepressing any oxidative activity.
Disulfide bridges can only be formed in the perspiatic space, where a more favourable
redox environment along with the Dsb system leadtidulfide bridge formation (Bardwell et
al. 1991). Consequently, transport through thermembrane to the periplasmatic space is

essential for final folding.
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Translocation is achievedvia the general secretory pathway

Translocation is achieveda the general secretory pathway (GSP), a transpmtabscade
involving a variety of proteins aiming at the sexuransport of the pre-protein into the
periplasmatic space. In the following, the key etais of this pathway are outlined (Sommer
2008). Proteins intended for translocativia the GSP are released from the ribosome
carrying a secretion signal sequence, keeping tii@lded state of the amino acid sequence
(Macintyre et al. 1991). The transport-competeninfes further stabilized by the binding of a
trigger factor (Beck et al. 2000), which also erabthe binding of the pre-protein to the
chaperone SecB. The next protein involved in thd® @&Sthe homodimeric shuttle protein
SecA, located at the inner membrane and providingnaing site for the SecB/protein
complex (Miller et al. 1998; Fekkes et al. 1997ansport through the membrane takes place
across the translocation pore SecYEG (Duong el397), which is coated by the trans-
membrane proteins SecY and SecE, preventing hydphnteractions between the pre-
protein and phospholipids (Joly and Wickner 1993)e active transport is driven by ATP
hydrolysis and the proton motive force causing a¢ge insertion/deinsertion of SecA moving
the target protein gradually through the membraran (der Wolk et al. 1998; Economou
1999; Matsumoto et al. 1997). The secretion sigre@uence is cleaved by a membrane-
attached signal peptidase (Paetzel et al. 1998)efdre the molar mass of the unprocessed
monomer (49 kDa) differs from the molar mass ofgihecessed monomer (46 kDa). Released
into the periplasmatic space alkaline phosphataaessfolding and reaches its +native
guaternary structure after disulfide bridge formatand dimerization, shown by figure 4. In
contrast to the transport through the inner mendra protein transport system for the

export of periplasmatic proteins into the extradall space is reported (Sommer 2008)

Figure 4: Quaternary structure of alkaline phosphatase ffomoli. The two identical subunits are marked in

green and blue, disulfide bridges are highlightéth arrows (www.expasy.org).
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Catalytic mechanism

The reported catalytic mechanism (Coleman 1992plkéline phosphatase involves two
steps. In the first step the active centre of Ateracts with the phosphate group so that a
serine residue (Serl02) finds itself in an apiocasifpon for a nucleophilic attack on the
phosphorus, leading to a phosphate-enzyme inteateedsee figure 5). The preceding
interaction involves the coordination of the phaspglvia two zinc ions creating a phosphate
bridge andvia the formation of H-bonds between the guanidiumugrof Argl66 and the
phosphate group. In the second step the previdiesiyed phosphoseryl intermediate is

hydrolyzed by a zinc coordinated water or hydroxitgecule.

H i8370 HiS41 2 ASp327

Asps1 \ Aspssg / Hisz34
\Zén\.é-/ n2+

64 | 5
O-----1 po---- R
e
Serqg2 O---=0
L
HNW”NH
H
MATG%G

Figure 5: Phosphate-enzyme intermediate according to theitiam-state model (Coleman 1992; Zalatan et al.
2007).

Relevance of metal ions for folding and function

Whereas the release of AP monomers from the ribeseas proven to be independent from
the Zrf* concentration, the subsequent folding in the pasipl is strongly inhibited under
Zn** limitation (Torriani 1968). Although accumulated Afonomers can be re-dimerizied
vivo as well asn vitro under elevated Zficoncentrations and moderate temperatures, their
full activity can not be regained, which was prdlgatue to instability (loss or denaturation)
of free monomers (Torriani 1968). Notewortliy,coli cells are reported to possess the ability
to accumulate intracellular Zhagainst an existing concentration gradient (TofrE@68).
Magnesiumis not essential for the catalytic activity of dlka phosphatase, but decreased
catalytic activities are found in the absence of*Mgrobably due to reduced interaction
between the subunits (Orhan®wdnd Pavela-Vramn¢ 2003). Although zinc and magnesium
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can be substituted by other divalent metal ions, dbes along with a severe loss in catalytic
activity (Wang et al. 2005).

Oligomeric quaternary structures of alkaline phosplatase

Three oligomeric forms of alkaline phosphataseraported. Besides the earlier mentioned
active dimers and inactive monomers, AP also camestrameric form (Thomas et al. 1980),
showing three to four times reduced activity conegaio the dimer (Atyaksheva et al. 2007).
These three oligomeric forms stand in equilibriunthweach other, which is reported to be
dependent on temperature, pH, buffer and enzymeetration (Atyaksheva et al. 2007).
Under elevated enzyme concentrations above 0.5 ntigd equilibrium shifts toward
tetramers; at acidic conditions and elevated teatpsrs monomers are prevailing (Zappa et
al. 2004; Atyaksheva et al. 2007). Since the tlotegmers show different specific activities,

a change of equilibrium results in a change of aNebserved specific activity.

AP, - 2AP, = 4AR

Figure 6: Three oligomeric forms of alkaline phosphatasedstarequilibrium with each other. (APTetramer,
AP,=Dimer, AR,=Monomer)

1.2 Quality by design for upstream process understanding

1.2.1 Positioning of the thesis within the framewdtr of QbD

The first step for implementing QbD in pharmacealtiproduct development should be

initiated after the discovery of a new and pronugnarmaceutical drug (Rathore 2009). The
quality characteristics ensuring a safe and efiozec use of the potential drug candidate
should be thoroughly investigated and summarizexdanality target product profile (QTPP).

Table 1 gives suggestions of quality attributes eimaracteristics that can be included in the
QTPP.

Table 1: Possible quality included in the QTPP (Rathoré®0

general attributes pharmacokinetic characteristics quality attributes
dosage form aerodynamic performance purity
administrative route dissolution sterility

therapeutic dose

active substance release

After the definition of the QTPP all microbial, checal and biological characteristics or
properties of the drug product should be assessedher they have an impact on the QTPP.
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If so, it is named a critical quality attribute (BRand has to be kept within a certain range,
distribution or limit. In order to establish theoguct design space, the clear differentiation
between critical and non critical quality attribsitis necessary. This can be achieved using
risk assessment tools (ICH 2006). Once the CQAsdarified and their acceptable ranges
are determined, a multidimensional space with e@A serving as one coordinate can be
spanned, the so-called product design space. Bogsibractions between the CQAs must be
taken into account. The process design spaceeassential part of the holistic QbD approach
for pharmaceutical product development and showdifzluded in the registration file
(Rathore 2009). Data acquired through clinical awwh clinical studiesii vivo assays,
binding assays, cell-based assays) effect theo$itee product design space (Mire-Sluis et al.
2004; Gupta et al. 2007; Barrett et al. 2007). frenrhore process robustness, applied process
analytical technology (PAT) as well as the level widerstanding of the multivariate
interrelationships between CQAs and the QTPP daterrthe range of the design space
(Rathore 2009). Hence, the more knowledge is gainedause of product- and process
development and the more data on the process iglaleain cause of production (PAT), the
bigger the process design space can be laid outmibee flexibility we gain in the
manufacturing process. Table 2 summarizes the raciffecting the size of the product

design space, subdivided in drug attributes andga®characteristics.

Table 2: Attributes affecting the design space (Rathore 2009

drug attributes process characteristics

stability of the drug substance process robustness

clinical data process capability

non clinical data understanding of the CQA/QTTRiirelationships
PAT

After the identification of the product design spaprocess characterization studies (Rathore
2009; Harms et al. 2008) can be performed invetstigahe multivariate interdependencies
between CQAs and the process parameters. The Qhidoamih demands the clear
differentiation between non critical and criticalopess parameters (CPPs). Tools for the

examination of process parameters are summariziathiie 3.

17



Table 3: Tools for CPP and CQA assessmi@tiirms et al. 2008; Huang et al. 2009).

FMEA (Failure Mode Effect Analysis)
DOE (Design of Experiments)

Risk Filtering

Scale Down Modelling

Fishbone Diagram

According to Huang et a{2009), one way to determine the criticality of bifyaattributes and
process parameters is to pin down a manageabl# jgissible CQAs and CPPs using quality
risk assessment (QRA) tools (FMEA, risk filteridighbone diagram), followed by screening
DOEs. The process design space can then be el&blising process optimization DOES in
combination with multivariate techniques like pipal component analysis or regression
analysis using partial least squares (Huang &0&19).

The next step for the successful implementatiorQbD constitutes in the definition of a
control strategy. Per definition a control strategya “planed set of controls, derived from
current product and process understanding thatresqurocess performance and product
quality” (Nosal and Schultz 2008; Garcia et al. &80 Following QbD principles, a dynamic
control strategy can be applied (Rathore 2009roimtrast to fixed manufacturing controls in
a traditional control strategy, this offers the sbgity to adapt the manufacturing process to
variable input factors as long as the variabilétkds place within the design space. According
to the QbD approach, the product and process degigoe as well as the control strategy
should be part of the regulatory filing. Before sutting the process filings to the regulatory
authorities, it must be demonstrated that a qualityg product is guaranteed when working
within the design space. As the design space iallysdeveloped in bench or pilot scale, the
developed models must be validated in full scalattigre 2009). Typical filing documents
are given in table 4. The right column gives suggas for additional information gathered
within the framework of QbD, opening the possiilior future changes in the manufacturing

process, without the necessity for tedious post@a@b regulatory proceedings.

Table 4: Typical filing documents (Rathore 2009).

general filing documents additional information
description of product design space comparabilibtqrols
characterization of control strategy expanded changtocols

proof of validation
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Settled within the complex framework of QbD, thisesis tries to establish an upstream
process design space with a quality attribute dogHular product activity/biomass) relevant
to the subsequent downstream operations. This itaest a sequential view on QbD,
following the approach that the CQA of one unit gpien is part of the CPPs of the
following unit operation. This way of proceedingntnds prior assessment of downstream
requirements, capabilities and capacities, whighaicts the acceptable ranges of the upstream

CQA(s) and upstream design space.

QTTP IS CQA Product Design ) Process Design ) Control ) Validation N Manufacturing
Space Space Strategy and Filing and Monitoring

v

Upstream Process
Design Space

AN

Downstream Process
Design Space

/ Multivariate \
- Data Analysi
Upstream QRA _} Screening + Upstream ata Analysis Verifying
CQA DOEs CPPs id P| Batches
Optimization
DOEs

Figure 7: The QbD strategy for pharmaceutical product develemt and production.

1.2.2 PAT within the framework of QbD

According to the FDA definition, process analytidachnology (PAT) is a "system for
designing, analyzing, and controlling manufacturithggough timely measurements (i.e.,
during processing) of critical quality and performa attributes of raw and in-process
materials and processes with the goal of ensurrad product quality” (FDA 2004). Hence,
PAT provides the toolset for the identification;grocess measurement and control of CPPs
or CQAs and can therefore be consideredlamitio companion of quality by design. As the
name implies, the PAT strategy aims at ensuringlyoeb quality by testing the process
performance and identifying possible deviationst thaght alter product quality. The
paradigm shifts away from final product testing &mds a more process centered testing

approach is illustrated in figure 8 and figure Qugidain 2001).
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Figure 8: The traditional control- and testing strategy relgaihe processes as black boxes and only testisefor
process outcome, as illustrated with dashed arrows.
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Figure 9: Within the PAT approach the CPPs of the (sub-t@sses are continuously monitored. Since the
multivariate relationships between CPPs and CQAs iavestigated within the QbD process development,
quality can be assured if the CPPs stay withinptteelefined design space. Alternatively CQAs camlibectly

monitored if appropriate analytical techniquesarailable. Dashed arrows hint to possible pointapgflication
for PAT tools.

1.2.3 Design of experiments as a tool for QbD

Since possible memory effects constrain the applitaof pulse- and transient experiments,
process characterization for biotechnological psees demand a high number of
fermentation runs; hence experimental work thaime- and labour intensive. Extracting the
maximum amount of information from a minimum amoohexperiments is therefore a key
issue for biotechnological research and developm2esign of experiments (DOE) provides
a toolset for the statistical layout and the subsag statistical evaluation of experiments in a
predefined experimental range. DOE can be useddmgening-, optimization- as well as
robustness testing objectives (Eriksson 2000).b&sec principle of DOE is the correlation of
factors, hence the experimental conditions that warder investigation, with the target
experimental outcomes, referred to as responsdkwhiag this scheme the experimental

process is regarded as a black box, as illustratégure 10.
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Figure 10: The black box nature of DOE. The mathematical datimn of factors and responses (regressed
process) is called a model.

The mathematical correlation of factors and respsmsreferred to as a model. Linear models
span a plane in the experimental area and take antmunt the linear effects of the
investigated factors on the responses. Interactiodels allow the estimation of factor/factor
interactions; hence their interdependencies. Tlstipning of the experimental runs in the
region under investigation is referred to as expental design. The choice of an appropriate
experimental design is determined by the requirésneh the experimental objective. In
screening tasks the experimenter deals with a ihighhber of factors and needs to determine
whether they have an impact on the responses ohmitiis case the experimenter will readily
make concessions regarding the applicable modethi®rbenefit of a reduced number of
experimental runs. On the other hand, for optinmzabr robustness testing the interactions of

the different factors might play a key role and @enelaborated model might be needed.
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Figure 11: The left picture shows a screening design with fexperimental points spaced equally around a
center point which is performed in triplicate ftwetestimation of the experimental error. If thecoate should

be a more elaborate model, such as in optimizatiomobustness testing objectives, more experimargs
needed. A typical two factor design for optimizatior knowledge space establishment objectivesasvsion

the right.
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Within the framework of QbD, DOE screening desigas be used for the identification of
CPPs. In the subsequent step, the investigatitmeafultivariate relationships between CPPs
and CQAs which lead to the establishment of thewkedge-, design- and operating space,
response surface modelling constitutes the onlg@eble tool since one factor at a time
approaches do not take into account possible féatbor interactions. The regression
between CPPs and CQAs is referred to as knowlepgees a mathematical display of the
design region investigated. The establishment efkhowledge space demands the use of
guadratic models, since the reality modelled cambtinecessarily has to comprise quadratic

relationships which are in need of display (fighi.

Linear model

25, R=1

Response (CQA)

0 1 2 3

4 5 6 7 8 9 10
Factor (CPP)

Figure 12: The linear relationship between a factor and aaesp can be regressed using a linear term.

Quadratic model

y = x? + 4E-15X - 6E-14
2 —

R°=1 120 4

100 4

Response (CQA)
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Figure 13: The display of quadratic relationships demand geeaf quadratic model terms.

The model terms for CPP and CQA regression carhbsen freely by the operator, but the
inclusion of additional model terms does not nemelysresult in a better model. The most

important parameters for the assessment of the Infiodee thegoodness of fiparameter R
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and thegoodness of predictioparameter © (Eriksson 2000). Rgives the fraction of
variation explained by the model and spans fromduariance explained by the model) to 1
(all variance explained by the model). The inclasod additional model terms helps to raise
R?, but this might impair the predictive power of tmedel. An important parameter for the
assessment of the predictive power of the modéfjsvhich also spans from 0 to 12 €an

be used for model tuning, since it decreases ifsignificant terms are included in the model.
Analysis of variance (ANOVA) provides the basis flioe computation of the model validity.

1.2.4 Data exploitation methodology for QbD: calcwtion of yields and rates

Fermentation runs in fully instrumented bioreacimevide the researcher with huge amounts
of offline- and online data. Processing the obtdidata into specific rates and yields allows
the extraction of scale-independent informationtlo& fermentation process. For induction
phase quantification cumulative rates served asb#ses for the calculation of cumulative
yields and balances. Cumulative rates can be usefuéduce the effect of measurement
noise, since the calculation window is always akimam for a given timepoint. Cumulative
rates are sensitive to the starting value, because integer part of all the following

calculations.

1.2.5 Process analysis: multilinear regression opscific rates and yields with
CPPs

The establishment of the knowledge space demamdsntiitilinear regression of pre-defined
CPPs with pre-defined CQAs and provides informatanout their interaction. From this
black box correlation no knowledge about the urnegl biological mechanisms is
accessible. Hence, the understanding of CPP/CQ&aictions provided by the knowledge
space is of a pure statistical nature and its Qiokd interpretation remains speculation.
Generally, only a small fraction of the data ob¢airluring process development is processed
for the establishment of the knowledge space. Ta@mty of data routinely recorded during
process development, such as off-gas analysis alatide signals, is not taken into account.
Processing recorded data into the condensed forspetific rates and yields offers the
possibility to extract scale independent informatioom the huge data set available. This
information, obtained from each individual fermdima run, can be used to gain
understanding of the CPP’s impact on the CQA beytberdstatistical regression provided by
the knowledge space: The suggested methodology smake of the multivariate study
performed for the establishment of the knowledgacepia subsequenmultivariate linear
regression of specific rates and yields with CPP& data processing cascade involves the
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calculation of specific rates and yields out ofimalsignals (off-gas analysis, balances) and
offline data (extracellular protein concentratibmgmass dry weight). The data necessary for
further processing, displayed in table 5, is roelinrecorded in bioprocess development.

Hence, the extraction of information is solely &cakation exercise and does not demand the

conduction of further experiments or the establishhof elaborate analytical procedures.

Table 5: Data necessary for data processing.

Quantified Analyte
Base Addition

Feed Addition

Biomass Dry Cell Weight
Extracellular Protein
CO, Off-gas

0O, Off-gas

Air Flow in Reactor
Oxygen Flow in Reactor
Reactor Volume
Molarity of Base

Feed Concentration

Analytical Procedure
Balance
Balance
Balance
BCA
NDIR
Paramagmetic Sensor
Mass Flow Controller
Mass Flow Controller
Balances
Titration

Density Correlation

Type of Bat
Non Invasive
Non Invasive
Offline
Offline
Non Invasive
Non Invasive
Non Invasi
Nondsive
Non Invasive
Prior to Fermentation
Prior toneamtation

The analytical methods are completely real-timenwite exception of biomass dry weight
and extracellular protein determination. A gensadieme of the methodology is illustrated in
figure 14. The statistical regression between C@Ad CPPs is referred to as knowledge
space. Data exploitation of individual DOE runsutes the calculation of specific rates and
yields. In analogy to the CQA/CPP regression peréat for the establishment of the
knowledge space, CPPs can also be regressed \eitifispates and yields, where the CPPs
serve as factors and specific rates and yieldeg®mnses. This methodology provides insight
in the CPP’s impact on the biological system. Thamed process knowledge can be used
for a future control strategy or the demonstratbrprocess understanding in the regulatory
filing. The suggested methodology can also be ae@pto historical data, granting more

insight in existing processes and opening new etgfes for advanced control strategies.
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Figure 14: Roadmap to process understanding. Data is refétorad raw data obtained preferably online during
the fermentation run. Information is created bygessing of data into scale independent specifiesrand
yields. The correlation of the CPPs with specifites and yields as well as the direct correlatfospecific rates
and yields with the CQA can be considered processvledge, granting insight in the mechanisms of the

biological system.

1.2.6 Bridging the gap between CPPs and CQAs by mesof specific rates and
yields

The presented QbD methodology for process undetisiguis to be regarded complementary
to knowledge space development, offering a commsiie roadmap for data exploitation
and knowledge presentation that allows the undsisig and interpretation of the knowledge
space. From a mechanistic point of view, a critmralcess parameter does not directly affect
the CQA, but triggers or changes multiple biologimachemical mechanisms that lead to a
change in the CQA. What is observed as responsteoknowledge space DOE is the
combined impact of the individual affects impactitige CQA. Statistical exploitation of
specific rates and yields offer a possibility teeopup this hermetically sealed black box: By
correlating CPPs with specific rates and yields, @PP’s impact on specific rates and yields
is analyzed. If appropriate specific rates anddgedre accessible, cumulative effects of CPPs

observed in the knowledge space can be sorted~outexample, temperature might have a
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positive effect on the expression rate of recomttimaotein, SO more protein is expressed at
higher temperatures. On the other hand, the foomatf inclusion bodies at elevated
temperatures can decrease the active protein yimeldce the yield of active recombinant
protein per total recombinant protein formed. I thpecific activity is set CQA, the
regression of the CPP temperature and the CQAfgpacitivity reveals only the cumulative
effect of the two mechanisms involved in the terapge dependence of the CQA, in this
case a quadratic relationship. More insight in Hielogic mechanism is granted if one
investigates the recombinant protein expressioa eatd the active protein yield, which
constitutes the mechanistic link between the @litprocess parameters varied in cause of the

DOE and the observed critical quality attribute.

1.2.7 Use of ICP-OES and SDS-PAGE gel electrophores

Orthogonal analytical methods confirm the knowledgeated within process development.
The use of standard protein analytical techniquesh sas SDS-PAGE gel electrophoresis
provides valuable qualitative information on therastigated process. ICP-OES as multi-
element analytical technique can be used for thectlen of trace-element limitations or

unwanted metal ion accumulations in fermentati@mtesses.

1.2.8 Knowledge space for the subsequent downstreaiperation: homogenizing

High pressure homogenizing constitutes a scaleabi@ reproducible method for cell

disruption. Cell rupture is part of the subsequemivnstreaming of the drug product and
attention should be paid to the parameters of uhis operation that might impact product
quality. Next to the key homogenizing parametermbgenizing pressure and number of
passages (Kuboi et al. 1995), the effect of thenbgs concentration on the activity obtained

after homogenization was in focus of investigation.
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1.3 Key elements of the study at a glance

Statistical process understanding: multivariabelgtfor the establishment of a
knowledge space for a recombinant upstream process

Roadmap to process knowledge: investigation of/CRR interactions by means of
multilinear regression of specific rates/yieldshw@PPs for the understanding of the
CPPs impact on the biological system

Use of ICP-OES and SDS-PAGE gel electrophoresithioinvestigation of further
process related issues

Parameter investigation of cell disruptiaa high pressure homogenizing
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2. Materials and methods

2.1 Strain

A proprietaryEscherichia colistrain containing plasmids encoding for recombirakaline

phosphatase was used. Recombinant protein produictithe applied expression system is
under the control of the rhamnose inducible rhaB#&bmoter. Rhamnose addition was only
necessary once for induction, since the rhamnosaeboksm was genetically impeded in this

strain (Wilms et al. 2001). Master, intermediatd amrking strains were stored at -80°C.

2.2 Media

Media according to Wilms et al. 2001 were used.

2.3 Bioreactor setup

The multiple fed-batch runs were performed on ahlas-S pilot bioreactor (Infors,
Bottmingen). In the following the main attributeEtbe Techfors-S bioreactor are outlined:
The in-situ sterilizable stainless-steel vessetfhasvorking volume of 10 liters and possesses
multiple ports for online, inline and at-line anaty. The SOP for the steam generator used
for in-situ sterilization (Infors, Bottmingen) isiaexed in the appendix. Stirring is realized by
a 50 to 1500 rpm ,disk* type impeller, powered lryengine on top of the vessel, connected
to the sterile interior by an end face mechanieal.g~or sterile and effective gassing into the
medium the inlet air is filtered by a membrane-tjifier and dispensed by a ring sparger. To
minimize water stripping the outlet air is cooledahigh efficiency exit gas cooler. Gas flow
rates are measured by a thermal mass flow contiMtgtlin Instruments, Switzerland). For
temperature control a deep-profile double jackegipfad by an external chiller and an
electrically powered heat exchanger is applied. $anpling and harvesting, the reactor is
equipped with a steam-sterilizable bottom valvegifal peristaltic pumps are used for pH
adjustment. The Techfors-S bioreactor allows dicecttrol of cultivation parameters such as
pH, O inlet flow, air inlet flow, pressure, temperatumggitation speed and Drvia an
adjoining touch screen control panel.
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‘ Control Panel

— 4 Peristaltic Pumps . 2

Figure 15: The Techfors-S Bioreactor. Impeller engine, memésiype inlet air filter, control panel, digital

peristaltic pumps and the steam-sterilizable bottaiae are highlighted

2.4 Bioreactor instrumentation

Quantification of base- and substrate feeding wdmesed gravimetrically. Base- and feed
solutions were placed on balances (Sartorius, Ggy)rend the weight loss was recorded. A
peristaltic analogue pump (Lamda, Switzerland) mbdéed with silicon tubing was used for
feed addition. Base addition was achiewea the Techfors-S integrated digital peristaltic
pump assembled with Marpren and silicon tubing2n{®n diameter; 0.8mm inner wall).
Quick connect couplings (Roth, Germany) were usedterile connections. The ports on the
top plate of the reactor were used for a dissolwedyen sensor (Hamilton, USA), pH probe
(Yokogawa, Japan), pressure sensor (Keller, Svaizd)y, a septum and an overpressure
valve (Infors, Switzerland). C{and Q quantification in the off-gas stream was conducted
via a gas analyzing unit (Mller Systems AG, Switzadla based on NDIR (C£ and
paramagnetic (&) principle. All the signals were recorded by tliegess management system

Lucullus (Biospectra, Switzerland).
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2.5 Fermentation parameters

The fermentation process followed the industriab-step fermentation strategy. Fist, a pre-
culture was grown in a 1000ml baffled Erlenmeyexskl containing 70ml of pre-culture

medium for 8 hours at 35°C. After inoculation (20glycerol) the C-source in the batch
medium was consumed within 12 hours. At the timatfpehen the CQoff-gas signal started

to decrease, an exponential fed-batch for the agtation biomass was started. The feed
density was gravimetrically determined after stesémpling of the feed solution in a laminar
flow working bench and correlated with the concatidn by means of linear regression.
After 9 hours of fed-batch the induction was starte/ sterile addition of rhamnose. In

dependence on the performed experiment, the pdsiciion feed was carried out linear,
exponential or negative exponential. For the ldtterpositive exponential feed was mirrored

to the down side. The applied feeding profilesdisplayed in figure 16.
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Figure 16: The applied feeding profiles.
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— k*t
Fo, =Fo*e

Formula 1: Calculation of the positive exponential inductidmape feed rate. The induction phase feed exponent
was included in the DOE.

Fa Feed Rate as a Function of Induction Time [g/h]
Fo Feed Rate before Induction [a/h]
k Induction Phase Feed Exponent Alh
— k*t
F(t) =2F,*-F,*e

Formula 2: Calculation of the negative exponential feed ratee positive exponential feed was mirrored to the
down side.

Dissolved oxygen levels (DPwere kept over 20% (100% were set before inomulaat
35°C, 0.3 bar gauge, pH 7). The pH was kept cohstamadding 12.5% NkOH, which also
served as nitrogen source. For quantification ef lhse consumption the base was titrated
prior to fermentation using potassium hydrogen alatte as primary standard and

bromotymol-blue as indicator. Fermentation paransedee listed in table 6.

Table 6: Fermentation parameters.

Parameter Batch Non-Induced Fed-Batch  Induced FdhB
Temperature [°C] 35 35 35/27.5/20
Pressure [bar gauge] 0.5 0.7 0.5
Air Flow Rate [L/min] 4 4 4
Oxygen Flow Rate [L/min] 0 0.3 0.3
Stirring Speed [rpm] 1400 1400 1400
DO, >20% >20% >20%
pH 7+0.1 7+0.1 7+0.1
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2.6 Analytical methods

Biomass dry weight concentration

After centrifugation (RZB 5171, 10min, 4°C) of 2o the cell suspension in pre-weighted
glass tubes the supernatant was decanted and fabz28°C for further analysis. The pellets
were washed twice using distilled water and drie®@%C for 72 hours. The biomass dry

weight concentration was determined in duplicate.

Cell rupture via homogenization

2ml of the cell suspension were centrifuged (RZB5J110min), washed twice with distilled
water and frozen at -20°C for further cell ruptuBamples were re-suspended in 20ml of
0.1M Tris buffer pH 8.4 and homogenized (AvestinisiFlex©, Canada) at 700bar for 11
passages. The homogenizer was operated in confinmage. The homogenizing internal
volume was determined to be 20ml, the flow at hoemiation 40ml/min. Plug flow was
assumed and one passage determined to be equit@ldtseconds of homogenizing. The

SOP for the homogenization procedure is annex#ueiappendix.

Product activity

Product activity was determined by monitoring thesaption change (415nm) of the
substrate para-Nitrophenylphosphate (pNPP) at 37& Alkaline Phosphatase Yellow
(PNPP) Liquid Substrate System for ELISA (Sigma,998) was implemented in an
enzymatic analyzer robot (CuBiAn© XC, Innovatis¥tex dilution of the sample the reaction
of the substrate was started by automatic pipeting0O ul of the sample to 120ul of the
substrate system. The absorption change was meditord a reaction rate calculated in the
time window between 20 and 60 seconds after reacdiart. For direct calculation of
activities from the reaction rate with the CuBIANG analytical robot, a calibration row in
the activity range from 0-1.6 U/ml with alkalineqaphatase frork. coli (Sigma, P5931) as

standard was established. Activities are giveregpect to this standard.

Protein and metabolite concentrations

Acetate and glycerol concentrations in the supamtatere determined photometrically using
commercial assay kits (ENZYTEC fluid acetate tastld-N°5226; ENZYTEC fluid glycerol
test kit, 1d-N°5360) which were implemented in BeBiAn© XC analytical robot. Since no
significant amounts were detected the supernatast avoss-checked for metabolites using

HPLC analysis (Supelcogel C-610, Sigma Aldrich)aadng to a method shown in table 7.
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Extracellular as well as intracellular protein centations were measured using the
Bicinchoninic Acid Kit for Protein Determination i@na, BCA1-1KT). The SOP for the total
soluble protein determination is attached in theesglix.

Table 7: HPLC method.

Flow 0.5 ml/min isocratic
Eluent 0.1 HPOJ/NaN;
Temperature 30°C

Injection Volume 10ul

Detector

Refractive Index Detector

SDS-PAGE gel electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electapkis (SDS-PAGE) was used for the
gualitative assessment of intra- and extracellyastein according to Laemmli 1970.

Resolving and stacking gel solutions are giverabie 8 and 9.

Table 8: Resolving Gel Solution.

Component Amount [ml]
dd H20 2.05
30% Acrylamide/Bis 1.65
1.5 M Tris-HCI buffer pH 8.8 1.25
10% SDS 0.05
10% APS 0.025
TEMED 0.0025
Table 9: Stacking Gel Solution. Amount [ml]
dd H20 2.85
30% Acrylamide/Bis 0.85
0.5 M Tris-HCI buffer pH 6.8 1.25
10% SDS 0.05
10% APS 0.025
TEMED 0.005
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ICP-OES analysis

The multi-element emission spectroscopy ICP-OE®wal the quantification of trace
elements of metals and non-metals in solution. iffexted sample is nebulized and injected
into argon plasma (6000-10000 K), where the elemmané atomized and excited for the
emission of element-characteristic radiation. Thadiation is fragmented using a
monochromator and the intensity of the radiationrésorded in dependence of the
wavelength. The quantification of the elementsasda on the radiation intensity measured.
ICP-OES analysis was performed on the supernataciidn obtained after centrifugation of
the samples drawn from the reactor. Samples wéugedi1:50 to 1:200 with HN§(1%).
Blanks were prepared accordingly. Measurements perfermed on an iCAP 6500 (Thermo
Scientific, USA). Optimized parameters accordingable 10 were used. Each sample was

measured 6 times applying an integration time osdébnds.

Table 10: Instrumental parameters the ICP-OES analysis.

Parameter Value Parameter Value
Rf power 1200 W Nebulizer flow 0.65 | min
Sample flow 0.75 ml min Aucxiliary flow 1.0 | min*
Read delay 60 s Coolant flow 12 | fin
Integration time 10s Nwenbf replicates 5
Background correction constant shift fromalgtical line

Table 11: Wavelengths for the ICP-OES analysis.

Element Wavelength [nm] Element Wavelength [nm]

Al* A2 Al A2
Al 308.215 167.079 Mn 257.610 259.373
B 208.959 249.773 Na 589.592 818.326
Ba 455.403 233.527 P 177.495 213.618
Ca 315.887 422.673 S 180.731 182.034
Cu 324.754 224.700 Si 212.412 251.611
Fe 234.349 259.940 Sr 407.771 421.552
K 766.490 769.896 Ti 334.941 308.802
Mg 285.213 202.582 Zn 202.548 213.856
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Multi element calibration standards were used. Ugbeind-corrected signal intensitities of
two wavelengths were used for data exploitatiorprBeucibility of the measurements was
determined as 0.5 to 2% of the relative standawhten. Limits of detection varied for the

detected elements, but were generally determinetbetdbetween 0.5 to 5 pg/l. Under
consideration of the applied dilution and the bkmlncentrations were calculated for the

investigated elements [mg/l].

2.7 Design of experiments

Definition of the CQA and CPPs

In a simplistic view, the upstream process aimshatproduction of a cell broth which is
manageable for the subsequent downstream procleesspEcific activity, hence the fraction
of obtained volumetric activity (U/ml) by the volatnic biomass dry weight concentration
(g/1), was assessed to be possibly critical forsthiesequent downstreaming. Since the specific
activity is solely determined by the prior upstregmocess, it was assessed to be a
presumptive upstream critical quality attribute eTdpecific activity is calculated by dividing
the volumetric activity of the homogenized sampjetlire biomass dry weight, according to
formula 3.

CQA= Y. 1000
X

Formula 3: Calculation of the critical quality attribute (CQA)

CQA Critical quality attribute [Udghmasi
U Volumetric activity [U/ml]
X Biomass concentration [a/]

In cause of this study, three presumptive critmalcess parameters for the induction phase
were in focus of investigation: The induction phéseding strategy as well as the induction
phase temperature and the induction time. In regaanb protein production, the induction
temperature possibly effects recombinant protepression levels, inclusion body formation,
the activity of proteases as well as the metablolad posed on the system (Baneyx and
Mujacic 2004). A broad experimental range from 286@G5°C was investigated. The applied
feeding strategy impacts inclusion body formatiBarfeyx and Mujacic 2004) as well as the
extent of induction phase carbon depletion (Anders$996; Baneyx and Mujacic 2004).
Applying a positive exponential feeding strategumteracts the effects of progressive carbon
depletion, whereas inclusion body formation is gggsenhanced. Hence, next to a positive
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exponential feeding strategy, a linear as well aegative exponential feeding strategy was
applied (see figure 16). Initially, intracellulaeaombinant protein activities are expected to
rise within induction time. On the other hand, efedetrimental for intracellular protein

production such as proteolysis (Baneyx and Muj&f64), protein leakiness through the
outer cell wall (Tong 2000), carbon depletion adlwas plasmid loss are reported to be feed
strategy and time dependent (Andersson 1996). Heheeime point of process shut down

possibly effects product quality and induction timas assessed to be a presumptive CPP.

Fo =F,*e"

)

Formula 4: Calculation of the induction phase feed rate.

Fa Feed rate as a function of induction time  [g/h]
Fo Feed rate before induction [a/h]
k Induction phase feed exponent Ih

Experimental design

The establishment of knowledge space involves tivestigation of CPP interactions and

therefore demands the use of multivariate stasiséigperimental design. For the investigation
of two factors aiming at response surface modellinige independent experiments are
needed. The experimental design (figure 17) seragedthe experimental basis for the

formulation of the knowledge space as well as foe tsubsequent data exploitation

methodology. Each point illustrates one fermentation with fixed parameters. The center

point was performed in triplicate for the estimatiof the experimental error, resulting in a

total number of 11 fermentation runs. Inductiondias third CPP under investigation opens a
third axis to DOE, but demands no additional experits since a time resolution can be
obtained by timely measurements. Considering tlodéodic variation expected and on the

basis of feasibility considerations this samplintgerval was chosen to be five hours and the

induction period monitored over a minimum of 40 rsu
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Figure 17: The orthogonal experimental design involved thaatimn of induction phase temperature (from
T=20°C to T=35°C) as well as the variation of thection phase feeding strategy, expressed asstting

exponent k.Each circle represents one individual fermentation that was monitored over 40 hours of
induction time. The center point at T=27.5°C and0 kwas performed in triplicate, illustrated as three

superimposed circles.

Process analyis DOEs
Next to the DOE for the development of the knowkedgpace (table 12), process analysis
DOEs (table 13) were performed for the investigatd CPP/CQA interactions.

Table 12: Knowledge space development DOE.

Factors (CPPs) Range Response (CQA)

Induction phase temperature 20-35°C Biomass spexifivity [KU/Ghiomasd
Induction phase feed strategy (k) -0.007 to +0.007

Induction time 10to 40 h

Table 13:Process analysis DOEs.

Factors (CPPs) Range Responses

Induction phase temperature 20-35°C Carbon dioyiele [Cmol/Cmol]
Induction phase feed strategy (k) -0.007 to +0.007Biomass yield [Cmol/Cmol]
Induction time 10to 40 h Mean specific protadtease rate

37



3. Results

3.1 An exemplified data set

As an example for the richness of data obtainethgwne experimental run, a complete data
set from one fermentation at 35°C induction temipgeaand a positive exponential induction
phase feed is given in figures 18-21. The combired- and processed data used for
knowledge space and process analysis DOEs is amnexiéhe appendix. After induction,
alkaline phosphatase activities were found to &®eeuntil approximately 10 hours of
induction. In compliance to previously publisheguis (Wilms et al. 2001) the expression
system was found to be very tightly regulated dnbat no activity was detected in the non-
induced culture. Intracellular total soluble proté&vels were found to be 20% to 30% of the
biomass dry weight, independent of induction timed athe performed experiment.
Extracellular total protein concentrations werenfduo rise up to 30 g/l. Within induction,
biomass concentrations were still found to be iasireg. Neither glycerol nor significant
amounts of acetate accumulated in cause of theefeation process (figure 18). The obtained
data (figures 18 and 19) was processed into coedensormation in the form of volumetric-
and specific rates (figure 20) as well as yieldguffe 21). Due to a decrease in the biomass
yields, the specific substrate uptake raieag) well as the specific growth rate p decreases
within induction time, although a positive exporniahteed is applied. This constant decrease
in gsis even stronger pronounced applying a linear aghtive exponential feed (data given
in the appendix). On the basis of the determinddbé® protein concentration given in
percent dry cell weight and the protein release callculated from the extracellular protein
concentrations measured, lysis ratgs énd gs) can be calculated (figure 20). In cause of
induction, the biomass yield dropped sharply coragdo the previous non induced fed batch
that showed a biomass yield of 0.59,Cno. A steep drop in the biomass yield was found at
10 hours of induction, independent of the perforregderiment. The carbon dioxide yield
Y cozswas found to increase in cause of induction (fieke The substrate specific ammonia
yield Ynnas as well as the biomass vyieldyYdecreased within induction time, while the
extracellular protein yield ¥oteinisyWas found to increase (figure 21). DOR, C and Nufee
served as consistency check (figure 21, right). TheN and DOR recovery in the first 20
hours of induction was found to fit well. Indepentleof the performed experiment, a

systematic decrease of the recovery values wastddte
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Acquired data of fermentation 3

Fermentation parameters: induction temperatureC 36=+0.007 (positive exponential feed).
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Processed data of fermentation 3

Fermentation parameters: induction temperatureC362+0.007 (positive exponential feed).

160 -,

Volumetric Rates [Cmmol/I/h]

i
N
]

— 01-
=
120 - g
Q 0.08-
100 - e
9
£ 0.06 -
80 - %
@
o
% DQ .
2
o
0.02 - T
20 -
0 T T T T T T . Y 0 T T T T T T T 1
5 10 15 20 25 30 35 40 45 5 10 15 20 K 30 35 40 45
Induction Time [h] Induction Time [h]
e rx [CMMOl/l/h]  ====rs [CMMOl/l/h] =====rp [CMMOI/l/h] ====rLys [Cmmol/l/h] =1 [Cmol/Cmol/h] ~ ====gs [Cmol/Cmol/h] ====gqProtein [Cmol/Cmol/h] ====gLys [Cmol/Cmol/h]
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3.2 Establishment of an upstream knowledge space

The contemporary perception of quality by design dpstream processes starts with the
definition of CPPs and CQAs, followed by the vadat of CPPs and the subsequent
multivariate regression of CPPs with CQAs. The onte of this approach is the formulation

of a knowledge space, intrinsically the multivagiaegression of CQAs and CPPs. For all
fermentations included in the DOE the biomass deigiv concentration as well as the
intracellular activity was measured in 5 hour iatds, as exemplified in figure 22 for one

DOE run (35°C induction phase temperature; posiéi¥ponential induction phase feeding

strategy). This data served as the basis for tloelledion of the CQA, which was defined to

be the specific activity given in (kKUfgnasy. Evaluation of the time dependence of the
biomass yield (figure 21) revealed a steep drograpproximately 10 hours of induction,

resulting in a decreased productivity of the precdsence, the investigated time window
included in the knowledge space DOE was chosendbasehe productivity of the process

(t=10 hours to t=40 hours of induction)

Biomass [g/1]
Activity [U/ml]

0 5 10 15 20 25 30 35 40

\ Induction Time [h] -
~
Time window included in the knowledge
space DOE
== Biomass [g/l] —¢— Activity [U/ml]

Figure 22: The fraction of biomass dry weight and volumetrativaty (specific activity) was defined as a
presumptive CQA of the investigated process. Bi@rdry weight concentrations as well as the intiatzel
alkaline phosphatase activities were monitored robr intervals over induction time. The inductjgmase time
window stretching from ten to forty hours of indiect was included in the knowledge space DOE. Ru3ba€
and k=+0.007.
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The calculated specific activities (CQAs) betweetOt and t=40 hours of induction were
multilinearly regressed with the CPPs inductiongjnmduction temperature and induction
phase feeding strategy expressed as the feed xptment k. Evaluation of the regression
model revealed induction time, the post-inductiead exponent k as well as temperature as
significant model terms (see figure 25). Considgrihe data from t=10 to t=40 hours of
induction, induction time had a slight negativeeetf on the specific activity obtained.
Induction temperature was considered with a lin@ad a quadratic term in the model,
although only the quadratic term was found to lgnificant. The linear term can not be
dismissed due to the hierarchic structure of thelehoThe induction phase feed strategy,
expressed as the feed exponent k, was found to &asteong influence of the CQA and
included as linear term. The most prominent intisacterm was found to be the interaction
of the quadratic temperature and the induction @l@sding exponent. Figure 23 displays the
knowledge space for a fixed time point. Inducti@mperature is plotted on the right, the
induction phase feeding exponent on the left aedsgecific activity, given in kU/g, is plotted
on the towering axis. The linear time dependencéhefCQA is illustrated in the multiple
contour plots of figure 26. The basic model statgstare given in figure 24: The future
prediction precision (€) was computed as 0.627, the regression coeffidRénas model
validity as 0.63. The multivariate study resultadhe detection of a temperature optimum at
27.5°C, applying a linear and positive exponenfe¢d strategy. Applying a negative
exponential feed, the model response maximum isd@i low induction phase temperatures
(20°C), as illustrated in the front corner of figu3.
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Figure 23: Contour plot of the obtained model at inductionei#i5h. Induction temperature [°C] is plotted on
the right, the induction phase feeding exponeti} &r the left and the specific activity [KUgnasd, IS plotted on

the towering axis.
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Figure 24: Basic model statistics of the regression modegrBssion coefficient &R prediction precision €

model validity and reproducibility of the regressimodel.
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Figure 25: Scaled and centered coefficients of the factorduded in the regression model. Induction
temperature (T), induction time (time) as well hs induction phase feed exponent (k) were incluaketnear
terms. Induction temperature (T) was included adcatic term. The interaction terms of T and k wiectuded

as well. The interaction term of quadratic tempae{T*T) and k shows a high coefficient.
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Figure 26: Contour plots for the knowledge space DOE at twdirs of induction (left), t=30 hours of induction
(center) and t=40 hours of induction. For eachviillial plot the induction phase temperature is igiga the x
axis and the induction phase feed exponent on #indsy The isolines are labelled with the modepoese, the

specific activities given in KULCQA).

3.3 Process analysis using multilinear regression of specific rates and yields
with CPPs

For each fermentation run condensed informatiotménform of specific rates and yields was
calculated, that can be considered a responsesdfitthogical system to the CPPs induction
time, induction phase temperature and inductiorsphaed strategy. This chapter deals with

the identification and quantification of the CPRgpact on specific rates and yields.

3.3.1 Analysis of CPP interactions with the mean sgific protein release rate

Oprotein

Extracellular protein concentrations rising frong/0at time of induction to over 20 g/l were
detected (data given in the appendix). The spegifitein release rate for all 11 fermentations
was calculated in cause of data exploitation. Beisved as the response for a 2 factor CCF
design with the CPPs induction temperature (T) atidn phase feed exponent (k) as factors.
The response was entered as mean values for tieesjpan from t=10 to t=40 hours of
induction. Multivariate modelling identified the gteinduction feeding coefficient k as sole
significant influential factor (figure 27). The basnodel statistics are given in figure 28: A
prediction precision (€) of 0.32, a regression coefficient?jFof 0.52, a model validity of
0.78 and a reproducibility of 0.67 was obtainede Titained linear model is illustrated in

figure 29.
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Figure 27: Scaled and centered coefficient for the mean dpdg#is rate. The induction phase feed exponent k
was identified as the sole influential factor fbe tmean specific lysis rate.
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Figure 28: Basic model statistics of the regression modeigrBssion coefficientRprediction precision &
model validity and reproducibility of the regregsimodel.
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Figure 29: Prediction plot: The mean specific protein rele@ge (triangles) as a function of the inductioagd

feed exponent. The upper (diamonds) and lowerlésyconfidence interval for the model with a cdefice
level of 0.95 are included in the plot.
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3.3.2 Analysis of CPP interactions with the carboulioxide yield Yo

The carbon dioxide yield ¥o2s)Served as a response of a three factor DOE witlCthies
induction time, induction phase temperature andigtidn phase feed profile as factors.
Applying a CCF-design, 1 hour averages at the iidodime points t=20 and t=40 were
calculated from the processed data of all elevemdatation runs used in the knowledge
space DOE. The carbon dioxide yield at t=0 reprsstre carbon dioxide yield of the non-
induced fed-batch. Model evaluation identified iotlon time as sole influential factor. No
interaction with the CPPs induction phase tempegadnd induction phase feeding exponent
was detected. The basic model statistics are givdigure 30: A future prediction precision
(Q) of 0.64, a regression coefficient 3jRof 0.72, a model validity of 0.904 and a
reproducibility of 0.64 was obtained.
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Figure 30: The induction time as model coefficient for thebmm dioxide yield Ycoys)(left). Basic model
statistics are given on the right: Regression dciefit R, prediction precision & model validity and
reproducibility of the regression model (right).
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Figure 31: Prediction plot: The carbon dioxide yiel¢¥ysas a function of induction time (triangles). Thppar
(diamonds) and the lower (circles) confidence wdéfor the model with a confidence level of 0.98 ancluded
in the plot.
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3.3.3 Analysis of the CPP interactions with the bimass yield Yy

In analogy to the carbon dioxide yield the biomgisd Y,swas investigated as a function of
induction time, temperature and post-induction fegaplying a CCF-design, 1 hour averages
at the induction time points t=20 and t=40 wereculated. The biomass yield at t=0
represents the biomass yield in the non-inducedb&dh. Model evaluation revealed
induction time and induction temperature as wellttasr interdependencies as significant
factors. For the regression model, induction timd aduction temperature was included as
linear terms. Furthermore, induction time as quidcitarm as well as the interaction term of
induction time and induction temperature was inetbdn the model (figure 32). The
induction phase feed exponent k was found to besmgmificant. The obtained model showed
a regression coefficient gRof 0.92, a future prediction precision JQof 0.82, a model
validity of 0.94 and reproducibility of 0.84. Figur32 shows the scaled and centered
coefficients for the model; figure 3gves a summary of the basic model statistics. Biedu
the induction phase temperatures had a positivectefbn the obtained induction phase
biomass yield ¥s). Furthermore, ¥s)was found to decrease in cause of induction tinhe. T
contour plot (figure 34) gives a graphical disptdyhe obtained model.
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Figure 32: Scaled and centered coefficients for the biomaelsl ). Induction time (time), induction
temperature (T) and the interaction term of induttime and induction temperature had a negatiee, t

quadratic induction time term (time*time) a positigffect on the biomass yield,Y)
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Figure 33: Basic model statistics for the modelling of thg.yyield: Regression coefficient?Rprediction

precision &, model validity and reproducibility of the regressmodel.
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Figure 34: Contour plot for the ¥smodel obtainedinduction time is given on the x axis, inductiomggerature
on the y axis. Isolines are labelled with thgs¥iven in Cmol/Cmol. The colour code on the rightoges the
Y s Within the plot, reaching from orange (highsYto blue (low Y).

3.4 SDS-PAGE gel electrophoresis

SDS-PAGE gel electrophoresis was used to qualgtimonitor the intra- and extracellular
protein levels. The target recombinant enzyme mikalphosphatase, identified as
progressively increasing band at ~49kDa, is highdidghin figure 35 and 36 (35°C induction
temperature, k=+0.007). At the time point of indoict no alkaline phosphatase was detected
in the homogenized intracellular fraction (figurg, 3nduction time 0) and no extracellular
protein was detected at all in the extracelluladmme (figure 36, induction time 0). Within
induction, intracellular alkaline phosphatase lsweére steadily increasing until an induction
time of 27 hours. After 27 hours of induction nortfier rise in intracellular alkaline
phosphatase levels was detected. A band at ~45kBaalsa found to rise within induction
time. Figure 36 shows a SDS-gel from the extratallprotein fraction. Extracellular protein
levels were found to rise within induction time.rthermore, the most prominent band was
identified as alkaline phosphatase. Similar toithieacellular SDS-gel a band at ~45kDa was
detected that increased within induction time.
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Figure 35: SDS gel electrophoresis of the disrupted cellsaliie phosphatase (~49kDa) as target enzyme is
highlighted. On the basis of a protein standandt(find last column) the atomic mass of the prateinds is
given on the y axis. Dilution: 1:10. Samples weagen from a fermentation run at 35°C induction ghas

temperature and a positive exponential feed expgarfer0.007.
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Figure 36: SDS gel electrophoresis of the extracellular profection. Alkaline phosphatase as target enzyme
is highlighted (~49kDa). Induction time is given tire x axis. On the basis of a protein standardt(@iolumn)
the atomic mass of the protein bands is given anthaxis. Dilution: 1:20. Samples were taken from a

fermentation run at 35°C induction phase tempeeadnd a positive exponential feed exponent of +0.00

3.51CP-OES of the extrace lular medium

Extracellular ion concentrations were monitoredngsiCP-OES. Extracellular zinc and
calcium levels are included in figure 37 (run at@S5nduction temperature, k=+0.007).
Extracellular zinc concentrations were found todeereasing until a time span between ten
and 25 hours of induction. Within this time spare ttrend of zinc depletion in the

extracellular medium is reversed and extracellalac levels were found to be increasing
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again. The change pattern of the calcium conceotravas found to be reversed: After a
steady increase in calcium concentrations untiltiine window between 10 and 25 hours of
induction calcium concentrations were found to becrdasing until the end of the

fermentation.
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Figure 37: Extracellular zinc- and calcium concentrations @displayed for a fermentation run at 35°C induction
phase temperature and a positive exponential irugthase feed strategy. Concentrations are givethe y
axis; induction time is plotted on the x axis.

3.6 DOE for the evaluation homogenizing parameters

The disruption efficiency (figure 38) of the homaogeng step used for cell rupture was
quantified by determination of colony forming un{SFU) before and after homogenization
at different pressures (700 and 1100 bar) and rdiftenumber of passages (11 and 20
passages). As expected, highest disrupting efte@snwvere obtained at high pressures (1100
bar) and high number of passages (20), althougbsil89% of all cells were disrupted even
at low pressures (700 bar) and a few number ofgoess(10.5). Following the evaluation of
the disrupting efficiency, a full factorial DOE weaset up to investigate the effect of
homogenization pressure, number of passages assvelbmass concentration on the protein
activity obtained after homogenization. Evaluatodrihe model revealed that homogenization
pressure, the number of passages as well as theassoconcentration is significant (figure
39). The created model showed a regression camffiqi) of 0.73, a future prediction
precision (@) of 0.50, a model validity of 0.87 and reproduliiipiof 0.65. Figure 39 shows
the scaled and centered coefficients for the mdiglre 40 gives a summary of the basic
model statistics. The obtained activity after hoergation displayed as relative activity in

respect to the center point activity(&dsurelJcenterpoin) iN the contour plots of figure 41.
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Figure 38: The disruption efficiency was quantifieda monitoring the loss in CFUs before and after
homogenization. The disruption efficiency is givamthe y axis. Each column is labeled with the hgemizing

parameters (homogenizing pressure and number sages) of the respective homogenization run.
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Figure 39: Scaled and centered coefficients for the full faelohomogenization DOE. Homogenization
pressure (pre), sample biomass concentration @ach)the quadratic term of the sample biomass coratem
(con*con) had a negative effect, the number of pges (pass) a positive effect on the relative égtin respect
to the center point (klasurefJcenterpoin-
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Figure 40: Basic model statistics: Regression coefficiedt prediction precision & model validity and

reproducibility of the regression model.
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Figure 41: Contour plot of the three parameter homogenizingdeho displayed for the investigated
concentrations of 2.5, 5 and 7.5 g/l biomass (tBl®mogenizing pressures are given on the x axésntimber
of passages on the y axi$he colour code on the right decodes the obtaingdvithin the plot, reaching from
red (high relative activity in respect to the cenp@int (UneasureJcenterpoin 10 blue (low relative activity in
respect to the center point fldsurelMcenerpoin). Highest relative activities were found at medilmomass

concentrations, low pressures and high number desylsolines are labelled with the activity ispect to the

center point (lﬁ\easurewcenterpoir&-
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4. Discussion

4.1 Development of a knowledge space

Knowledge space development in this thesis follotedcontemporary perception of quality
by design for upstream processes: Followed by #fenittlon of CPPs and CQAs, CPPs
served as factors for DOEs. The CQA was monitoretl set as the response of the DOE,
followed by multilinear regression. The outcomettos approach was a mathematical model
that displayed the CQA as a function of the CPPRg. Mathematical model obtained can only
be applied to interpolate within the experimenteatge. The process performed best at an
induction of temperature of 27.5°C and a positixpamential feed exponent of +0.007. The
finding that induction time had a negative effeat the specific activity indicates that the
upstream process should be shut down after 10 ldumsluction. Developing a design space
out of the knowledge space demands the evaluafittimeqoresumptive CQA’s impact on the
subsequent down stream operations, an exerciséndisahot yet been done at this stage of
process development. Nevertheless, the high depepndef the presumptive CQA on
induction phase temperature and induction phase $eategy suggests the formulation of a
rather narrow design space for these CPPs in baspresumptive CQA specific activity is
effectively determined to be critical regarding itgpact on product quality. The induction
time dependency of the CQA is less pronounced; éenfuture design space could be laid
out generously concerning this axis. Following tmstemporary perception of quality by
design, process knowledge is solely demonstratetidopresentation of the knowledge space,
intrinsically the multivariate regression of CQArdaCPPs. It must be outlined, that the
understanding of CPP/CQA interactions provided bg knowledge space is of a pure
statistical nature and its biological interpretati@mains speculation. The amount of data
necessary for the formulation of the design spéigaré 22) is remarkably low and stands in
high contrast to the richness of data routinelyrded during process development (figures
18 and 19).

4.2 Data exploitation methodology for knowledge space understanding

In cause of the presented data exploitation metbggtpthe recorded data was processed into
specific rates and yields. In the next step, kndgéeabout the CPPs impact on the biological
system was gathered by means of multilinear regness specific rates and yields with the
critical process parameters investigated in catifeedDOE. This methodology lays the basis

for the following discussion aiming at a mechagisinderstanding of the knowledge space.
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4.2.1 Impact of the feed strategy on the biologicalystem

The presence of high amounts of extracellular protedicates cell lysis or periplasmatic
protein release, sindeé. coli possesses no secretion pathway for alkaline phtsgghaut of
the periplasmatic space (Sommer 2008). SDS geltrefdwresis identified the total
extracellular protein to be mainly composed of itleaphosphatase, as illustrated in figure
42,
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Figure 42: SDS gel electrophoresis of the supernatant brdta.band highlighted was identified as alkaline
phosphatase (~49kDa). Dilution: 1:1; 1:2; 1:5; 1:Run at T=27.5°C, k=0.007.

From the knowledge space we obtained the informati@t the induction phase feeding
exponent k had a positive effect on the specificasellular activities obtained within the
induction phase (figure 23). Process analysis ifiedtthe feeding exponent k as sole
significant influential factor for specific proteirelease rate: A high induction phase feed
exponent was found to have a negative effect orspleeific protein release rate (figure 29).
This finding underpins the positive effect of anreased feed rate on the specific intracellular
activity: Higher intracellular protein levels arehéeved, since less alkaline phosphatase is
lost from the intracellular space due to proteirase (formula 5). Hence, the feeding strategy
affects the specific protein release rate, whi@nds in direct connection to CQA specific
activity.

Cell lysis is reported for various induced systglvdms et al. 2001). Cell stress as the result
of progressive carbon depletion as well as the boditaload posed on the system in cause of
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induction was assumed to be responsible for protdaase. The reported negative effects of
progressive carbon depletion in the induction phaslkeide the activation of the carbon stress
system, cell segregation (Andersson et al. 1996yedsas a reduction in RNA polymerase
and ribosome content (Sanden et al. 2003). Spak&arms of specific rates, carbon depletion
means a declining specific substrate uptake rateApplying a positive exponential feed rate
counteracts the progressive decrease olugng induction time, while a negative expondntia
feed accelerates the decrease in gs in cause attiod. The relatively low model fit
indicates that the entire variance of the speciiease rate is not fully explained by the
induction phase feed exponent k. Since the remgi@RPs as well as induction time were
assessed to be non-significant for the specifidepmorelease rate, other sources for the
variation remain undetected in cause of this stuidlye obtained data suggests that the
reproducibility of protein release is to query ahdt other factors influencing the specific
protein release rate still remain undetected. likisly, that the relatively high unexplained
variance of the knowledge space is connected tbitfleunexplained variance of the specific
protein release rate. This underlines the needaf®AT strategy for the monitoring of the
extracellular protein, reducing the quality riskigomating from protein release. Online
quantification of extracellular protein would beasthle using infrared spectroscopy, inline
sampling and enzymatic measurements as well aseatafrbalance based soft sensors. The
finding that the specific protein release rateasr@ating with the feeding strategy does not
provide any information on the mechanism of proteilease. Possibilities include full cell

lysis as well as selective protein release from gkdplasmatic space, e.g. through local

) %

dao*x+g§*u=_QWMJU*X*ﬂm
dt dt W,

damages of the outer cell wall.

+q,* X

protein

Formula 5: Activity balance of the intracellular activity; ttilhange of the specific activity u [U/g] is depentde
upon biomass formation (dX/dt), alkaline phosphatémation and the loss of previously formed atial
phosphatase due to protein release. The specifiteipr release ratepgein part of the loss term of the

intracellular activity, is highlighted.

u Specific activity [U/@omasd

X Total biomass [g]

Oprotein Specificprotein release rate [g/g/h]

Qu Specific active alkaline phosphatase productioa fdth/g]
Worotein Weight fraction of protein of dry cell weight [%\dcell weight]
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4.2.2 Can the carbon dioxide yield be exploited fam control strategy?

Since high amounts of protein were found to beasdd to the medium but no other
metabolites could be detected in significant amgutite question arose whether other cell
components such as free amino acids and sugarseased by the remaining viable cell
population. Hypothetically, this should result in ancreased Cgs yield referred to the
substrate added, since the released cell compooenstitute a second substrate. In terms of
PAT, the CQ/s yield represents a robust, online accessiblel wimce CQ off gas analysis
and feed quantification igutinely achieved in industrial fermentation preses. However,
the effect of temperature and post-induction k & as their interdependencies with time
were found to be non-significant. Only the indugstiome as linear term was needed to fit the
model. Except for induction time no correlation beéw CPPs and the G yield was
detected, hence no control strategy can be comsttwpon this readily accessible yield. The
finding that the C@’s yield is neither dependent upon temperaturetimmpost exponential
feeding exponent k, from which the latter was foundinfluence cell lysis, allows the
conclusion that no or just few of the componentsased from the cell are reused from the
viable cell population, possibly due to the simplssence of free amino acids and metabolites
in significant amounts. The rise in the €®yield indicates an increase in the maintenance
metabolism in the induced culture, probably duartancrease in the metabolic load posed on

the system as a consequence of recombinant piasiuction.

4.2.3 Time dependency of the energy metabolism dfe induced system

The obtained knowledge suggests that the energyrkofathe induced culture, hence their
maintenance metabolism, is strongly dependent upduction time. The already discussed
time dependency of the CO2/s yield underpins timdiig, which is also reflected by the
decrease in biomass yield. It seems that the syst@éncreasingly subjected to the effects of
metabolic load; hence the direction of resourcestds the promoter related activities (Glick
1995). This goes along with an increase in strestepr concentrations as well as a decrease
in metabolic enzyme concentrations (Birnbaum andeBd991). The biochemistry of the
cell is possibly also submitted to the consequemndées stringent response triggered by the
induction and subsequent carbon depletion, whi@isig reported to go along with increased

concentrations of intracellular proteases (Voellt880).
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4.2.4 Induction phase temperature as adjustment sew for the expression system

The temperature dependence of the biomass yieldcated a reduced expression of
recombinant protein at reduced temperatures: Pratgithesis capacity of native as well as
recombinant proteins in E. coli is determined byrhenber of functioning ribosomes and the
ribosome translation rate (Farewell and Neidha8®8). For induced systems, the bottleneck
of protein synthesis is reported to be transla{féanden et al. 2003). Within a temperature
range of 25 to 37°C the ribosome concentration inc&i is reported as constant and
ribosomal activity reported to rise linearly witentperature and to correlate with growth
(Farewell and Neidhardt 1998). However, the prowinthesis capacity is equal for native
protein expression necessary for cell growth amdmbinant protein production. In a carbon
limited system the finding that more resources directed towards biomass at reduced
temperatures indicates that a higher fraction efglotein synthesis capacity is used for the
synthesis of native proteins which are necessarycétl growth. The transcription rate of

recombinant DNA seems to be reduced to a high@néxhan the transcription rate of native
proteins, possibly due to a down regulation of t@BAD promoter. Hence, the flux of cell

resources to promoter related activities can beailaggd by means of induction phase

temperature.

4.2.5 Promoter down regulation positively impacts etive protein formation

The evaluation of the specific protein release catgributed to the understanding of the high
CQA achieved at a high induction phase feed exporfemrthermore, the discussion of
temperature dependency of the biomass vyield inglicat possible down regulation of the
recombinant protein transcription rate at redu@dperatures. However, the question why
the knowledge space revealed a temperature optifoumactive protein at 27.5°C and why
activities are tendentially decreasing after 10rbai induction has not been discussed so far.
Figure 43, offline data from a fermentation carrmat at 35°C and a positive exponential
feeding strategy, shows a strongly pronounced dseré intracellular activity starting from
approximately 20 hours of induction. Although imtelular activity is lost due to protein
release, this does not account for all the decreasentracellular activity: SDS gel
electrophoresis (figure 44) of the intracellulanfagenized samples provided evidence for an
almost continuous increase in alkaline phosphataseentrations. Some form of inactivation
must therefore contribute to the decrease of alkghhosphatase activities. In order to reach
its active dimeric conformation, alkaline phospBataneeds to be translocated into the
periplasmatic space for disulfide bridge formatidicCracken and Meighen 1980). This
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system is sensitive to overload: Possible shortagémnsport proteins involved in the Sec-
pathway as well as shortages of folding modulatoesm lead to the cytoplasmatic
accumulation of inactive protein in form of inclasi bodies (Francois Baneyx and Mujacic
2004). The presence of inclusion bodies in this esystwas confirmed by SDS gel
electrophoresis of the insoluble fraction obtairadtr cell rupture (Gruber 2010), but this
finding does not explain the loss of intracellubstivity accompanied by an increase in
soluble alkaline phosphatase concentrations. Thairwat knowledge suggests that this
observation can be traced to the consequenceglofidwel recombinant alkaline phosphatase
expression: Blocking of the sec-pathway (Skared989) is likely, which results in an
accumulation of inactive alkaline phosphatase marsnin the cytosol. Furthermore non-
realized disulfide bridge formation due to a bailek in mediators (Kadokura et al. 2003)
possibly contributes to the presence of inactikalale phosphatase monomers as well. The
investigation of the biomass yield revealed thatitiduction temperature is connected to the
level of recombinant protein expression. For a mmaxn yield of active alkaline phosphatase,
a moderate down regulation of the recombinant esgime system seems favourable,
explaining the temperature dependency of the knigdespace. Apparently the investigated
system reaches its maximum active protein syntleagacity at around 27.5°C, as illustrated
in the knowledge space (figure 23).
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Figure 43: Extracellular protein concentration and intracelfudctivity of the discussed run (induction phase
temperature 35°C; induction phase feeding expof@it07).Run at 35°C induction phase temperature and a

positive exponential feed of +0.007.
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Figure 44: SDS gel electrophoresis of the disrupted cellsaliie phosphatase as target enzyme is highlighted
(~49kDa). Discussion of the plot is given in thett®ilution: 1:10. Run at 35°C induction phase parature

and a positive exponential feed of +0.007.

4.2.6 Detection of a possible zinc limitation usqnICP-OES

The presence of zinc plays a key role in the subdefsiding and function of alkaline
phosphatase in the periplasmatic space (Torrian8)19he possible substitution of zinc by
other divalent metal ions must be prevented bectusgoes along with a strong decrease in
catalytic function (Wang et al. 2005). The extradell zinc and magnesium concentrations
were monitored using ICP-OES. By means of ICP-OEY twthl amount of extracellular
zinc is accessible, hence the sum free zinc and feted in the active site of extracellular
alkaline phosphatase. In the following the fluxégioc are discussed, which are composed of
two terms: The intracellular accumulation of zincdhe export of zinc due to the release of
alkaline phosphatase. The results are includedgurd 45. Until ten hours of induction,
extracellular zinc concentrations were found tordase. This matches the assumption that
zinc is readily taken up by the cell population the formation of recombinant alkaline
phosphatase. If this trend is linearly extrapolatalli zinc in the medium is used up at
approximately 17 hours of induction. This time poautrrelates with the detection of the
highest intracellular alkaline phosphatase ac#sitin the time span between ten and twenty-
four hours of induction the trend of zinc uptakeréversed and a net efflux of zinc is
observed. It is assumed, that from this time pomwards zinc as divalent metal ion in the
active center of newly formed alkaline phosphatasibstituted by other metal ions. Similar
results were reported by (Torriani 1968). The rewktsshaviour of calcium fluxes allow the
assumption that zinc is possibly substituted by ééément. Parallel to the loss of intracellular

zinc, a loss of intracellular activity is observ&DS gel electrophoresis (figure 44) shows that
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the protein synthesis machinery is still workingl@assumingly producing zinc depleted and
therefore inactive alkaline phosphatase. The nkbedif zinc can be explained by the release
of previously formed zinc containing alkaline phbafase. Hence, the loss of intracellular
activity after ten hours of induction was concluded be the result of a net efflux of
previously formed active zinc containing alkalin@opphatase. Zinc depleation is reported to
inhibit dimerization (Torriani 1968); therefore tleEcumulation of inactive monomers is

likely.
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Figure 45: Extracellular zinc concentrations were detected@8CP-OES analysis. In the time span between 11
and 24 hours of induction the net influx of zinaéversed. This finding correlates with the lossntrfacellular
activity (purple). An extrapolation of the decreasezinc levels is indicated with a dashed lingrdoellular
soluble protein levels stay at a constant levelpgdroximately 20% of the total biomass dry weighin at 35°C
induction phase temperature and a positive exp@ideed of +0.007.

4.3 Multivariate study on the homogenizing downstream operation

Simply put, the upstream process aims at the ptamuof a cell broth which is manageable
for the subsequent downstream process. Since ithet garotein is located in the intracellular
space, homogenization constitutes an integralgsdhe following downstreaming needed for
product recovery. The obtained activity after honmoggtion is given as relative activity in
respect to the center point activity ddsurelJcenterpoin)- The obtained model showed a
>0.5 and can therefore be classified as a good In{&di&sson 2000). Model validity was
computed as high. Evaluation of the model revealet homogenization pressure, the
number of passages as well as the biomass conemtis significant. Interestingly, higher
pressures have a detrimental effect on the actfttained, probably due to temperature

degradation of the protein in cause of homogeromatiigher biomass concentration result in
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decreased activities as well, an effect that catvdzeed to possible decreased homogenization
efficiency at higher biomass concentrations. Thetmpoeminent model term was found to be
the number of passages. Compared to referencesveug. coli homogenization (Kuboi et
al. 1995) very high numbers of passages were nefedexptimal product recovery. Possible
explanations like improper functions of the devarelow homogenizing efficiency due to
polysaccharides in the broth (Wood 1988) are nadt @lathis study. The multivariate model

obtained constitutes a knowledge space for the gemining unit operation.

5. Conclusions

Exploitation methodology for quality by design purposes

Quality by design, a buzzword stroking pharmacaliticdustry since its adaptation by the
FDA in 2004 (FDA 2004), is about to lead pharmaicalitdevelopment in a direction where
the display and proof of process understanding kéllconsidered a key element for the
regulatory submission of pharmaceutical procesBkes.question whether the display of the
CPP/CQA regression in form of a design space idicgrit for the proof of process
understanding is still not resolved. Multivariatedies are the only acceptable tool for the
establishment of a knowledge space and demandhanbigber of experiments. Only a small
fraction of the total data recorded is requiredtfe knowledge space, leaving a plethora of
valuable data unprocessed. Specific rates andsyrelgresent condensed process information
which is easily accessible by means of routinetpréed on- and offline data combined with
data processing routines.

The presented work demonstrated that a high dedre®logic insight in the process can be
extracted by means of statistical regression otifiperates and yields with the critical
process parameters. The regression was carried thet form of process analysis DOEs. The
main interactions detected are summarizes in taéleThis additional information obtained
during process development can be used for thepmtation of the knowledge space,
creating a higher level of understanding which barnncluded into the regulatory filing. The
applied methodology involving DOE execution, DOEadptocessing and DOE information
processing is illustrated in figure 46. Given vated analytical methods for the estimation of
extracellular protein and the biomass, the spedifies and yields used in this study are fully
online accessible. This provides interesting opputies as regards a future control strategy,
since specific rates and yields offer insight ia Hiology of the system. The presented work
demonstrated, that a high degree of biologic irsigtihe process can be extracted from the

statistical regression of specific rates and yieWish the critical process parameters
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investigated in cause of knowledge space developmanregards the discussed system, the
obtained data urge for a PAT system for the momgpof the protein release rate, because

the loss of the target protein is unwanted in teofsroduct quality and process productivity.

DOE Execution

DOE Data Processing DOE Information Processing

take
perform measure Specific regress
with
DOE CQA The plethora of data recorded Rates and CPPs
within the DOE is condensed Yields
) into scale independent
. *l\ . information.
establish §pgc|f|c Bales
) o E “E~ obtain Y,,, = f(CPP,,CPP,)
nowledge PR oS process Feonss = S(CPP,)
space o knowledge co4-7(q,.4,)

Understand your Knowledge Space

Figure 46: Schematic display of the applied data and inforomafprocessing methodology aiming at the
understanding of the knowledge space. The estadishof a knowledge space involves performing a DIDE
measurement of the CQA and the statistical regressf fixed CPPs and measured CQAs (DOE Execution).
This yields only statistical information about CBBYA interactions. Processing available data inecHi rates
and yields (DOE Data Processing) yields scale iaddpnt information for each individual fermentatiam.
Subsequent regression of specific rates and ywelilsCPPs provides insight in the mechanistic impdcCPPs

on the biological system (DOE Information Proceggimallowing the interpretation of the knowledgaesg.

Table 14:Process analysis DOEs

Carbon Dioxide  Biomass Mean Specific Protein

Yield Yield Release Rate
Induction Phase Temperature no interaction linedrquadratic no interaction
Induction Phase Feed Strategy (k) no interaction intezaction linear, positive
Induction Time linear, positive linear X

Quality by design for upstream unit operations

The formulation of a critical quality attribute fthis thesis was based on the assumption that
the specific activity (U/gomasy IS critical for the subsequent downstream opensti The
intracellular soluble protein was found to accofomt20% to 30% of the biomass dryweight
and to be independent of CPPs and induction timenckl, the specific activity linearly
correlates with the activity per soluble proteinh&her or not this assumed CPP is critical or
not for the downstream can only be found out witthinvnstream process development. This

underlines the expressed opinion that for succkgsficess development following QbD
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principles attention must be paid to the link betwelifferent unit operations, especially

upstream and downstream.

Process specific conclusions

Zinc, essential for folding and function of alkaiphosphatase, was found to become limiting
after ten hours of induction phase. The recombimpaatein synthesis machinery was still
found to be active, assumingly producing zinc diepleand therefore inactive alkaline
phosphatase. Due to continuous protein releaseeaptotein is washed out of the cells
resulting in a decrease in the observed intra@ellattivity. For the production of alkaline
phosphatase the feed medium should be zinc enriched

Fermentation relevant characteristics of the rhaBADpromoter

Applying the rhaBAD promoter system for the prodorctof alkaline phosphatase resulted in
maximum specific actitities of 1000Ugnass @ value which corresponds to 66 mg of active
protein per gram biomass (specific activity [U/g JAiIom sigma standard). The average
intracellular soluble protein detected was deteedias approximately 20 to 30% of the total
cell mass. Hence, active alkaline phosphatase at€dor one third of the total soluble
intracellular protein. This grade of quality withasubsequent downstreaming is remarkable,
since it almost matches the purity of the sigmanddiad, which is given as 40%. The
host/vector combination was identified as proneptotein release which is unwanted in
respect to product quality and productivity. The haasms of protein release in this system
still remains in the dark. The extracellular protedetected largely contains alkaline
phosphatase which is inactive and contributes ¢oldkv extracellular activities obtained. It
must be outlined, that these findings are produadt ot host/vector specific and therefore a
strategy for extracellular protein production midhe feasible for another product. The
detection of induction temperature as an adjustreergw for the regulation of recombinant
protein expression represents a valuable tool figrpaocess utilizing the rhaBAD promoter
system. The finding that protein release linearlgrespond to the applied feeding exponent
was concluded to be due to progressive carbon ti@pieithin induction time which can be
counteracted applying a positive exponential fegdprofile. This is probably host as
host/vector specific and does not necessarily aotpunt for the target protein produced.
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Conclusions at a glance

The establishment of a knowledge space provideg staltistical understanding of

CPP/CQA interactions and allows no insight in thderlying causes.

Multilinear regression of specific rates and yseldith the CPPs investigated in cause
of the knowledge space DOE can provide insight iRC)A interactions.

The induction phase feed strategy affected theifspecotein release rate, which was

concluded to negatively impact the specific atgiobtained in the induction phase.

The carbon dioxide yield was not found to interadgth the CPPs induction
temperature and induction phase feed strategycehe control strategy can be

created on the basis of this readily accessildklyi

The decline in the biomass yield as well as theeize of the carbon dioxide yield in
cause of induction time indicates a progressiweesse in the culture's maintenance

energy demand.

The flux of cell resources to promoter relatedwdiidis can be regulated by means of
induction phase temperature. The investigated sgmme system performed best at
27.5°C induction temperature, indicating that thetgin synthetic capacities of the

host/vector combination are best exploited atléus| of down regulation.

A zinc limitation was detected using ICP-OES, axgphg the decrease in alkaline

phosphatase activities at late induction times.
Homogenizing pressure, number of passages and ab®ntoncentration were

determined CPPs for the homogenizing operationiawnestigated in cause of a full
factorial DOE.
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6. Outlook

Extension of the investigated experimental area

The investigated region showed a decentered optiaminegards the feed strategy. Hence, it
is possible that the process optimum lies beyomditivestigated experimental area. The
current multivariate study could be extended to ositpyve exponential feed of +0.014,

demanding five more experimental runs.
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Figure 47: An extension of the experimental design to a posigxponential feed of 0.014 demands five
additional fermentation runs (orange). The rundgpmed for the current DOE are illustrated as hdireles.

Induction phase temperature is given on the yirttlection phase feed exponent on the x axis.

Media development using ICP-OES

The application of ICP-OES as multi-element technifmrethe monitoring of ion fluxes
opens new perspectives as regards media developanenbptimization for recombinant
protein production. Once the metal ion uptake raresknown, the fed-batch medium metal
ion concentrations can be tailored to the exactaehof the culture.

Paradigm shift: Possible extracellular production @ alkaline phosphatase?
The investigated process aims at the productiontodicellular alkaline phosphatase. Protein
release due to cell lysis or periplasmatic protesfease was considered a loss term,

detrimental for product quality as well as processductivity. Nevertheless, the high amount
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of extracellular protein detected and the qualidyi high purity observedria SDS-gel
electrophoresis (figure 35) suggest a possibledogra shift towards a targeted extracellular
protein production. For the target protein alkalpteosphatase this was assessed to be non-
rewarding, since the phosphate buffered medium etithgely inhibits extracellular alkaline
phosphatase and a residence time in the periplass@dce is necessary for folding and
function (Torriani 1968). Extracellular activities asired did not exceed values above 0.05
kU/gprotein Removal of saltvia gel-permeation columns increased the active estitdar
activity by the factor 8, assumingly due to the ogal of the competitive inhibitors phosphate
and EDTA. SDS gel electrophoresis indicates thatadtI|50% of the extracellular protein is
alkaline phosphatase (figure 35). Consequentlyy cal small fraction of the alkaline
phosphatase detected in the extracellular spac®éeaacovered as active protein. Although
not feasible for the target enzyme, the processvshpotential for extracellular protein
production in case the target products does notaddmesidence time in the periplasmatic
space and is not irreversibly inhibited by the raecbhmponents or degraded. Following this
strategy, a thorough investigation of the mechagisiprotein release is necessary. Native
gels can be used to distinguish between dimericnaoomeric alkaline phosphatase. Since
dimerization takes place in the periplasmatic spdaeriani 1968) and therefore demands
translocationvia the Sec pathway, native gels can be used to dis@ate between
extracellular protein released from the periplasid extracellular protein released from the

cytosol.

Control strategy

In case the target process aims at intracellulatepr production, the obtained results suggest
that a positive exponential induction phase feedteqy is favourable due to a reduced
protein release rate. As implication, a negativpoeential feeding profile for maximum
protein release seems promising in case the produtetrget shifts from intra- to extracellular
protein production. From an economic perspectiveaerllular production is favourable due
to a simplified downstream, but issues concernimggin stability might arise. Induction
phase temperature was identified as adjustmenwstoe the regulation of recombinant
protein expression. For the investigated procedsven regulation of the rha-BAD promoter
improved quality of the product as well as progasxiuctivity. In industrial as well as pilot
scale, the exponential feeding profile as well fees temperature control is routinely carried
out using PID controllers. A positive exponentiaéd counteracts the progressive decline in

the specific substrate uptake rate @uring induction, which is favourable since tregative
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effects of progressive carbon depletion are avoidée direct control of thesgs a valuable
alternative to the positive exponential inductidrape feed strategy. Following this strategy, a
robust on-line measurement of the biomass condeiras necessary. The biomass
concentration can be correlated to in-line turlgidimeasurement, in-line capacity
measurement or fluorescence measurement (NADHd)h&mwmnore soft-sensors on the basis of
elemental balances can be used for the estimatithre diomass concentration.
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7. Appendix

7.1 Standard Operating Procedures

7.1.1 Operation of Emulsiflex©-C3 Homogenizer

TECHNISCHE

| | UNIVERSITAT
I WIEN

VIENNA

VIENNA UNIVERSITY OF

TECHNOLOGY

Standard Operating

Procedure

Operation of Emulsiflex©-C3
HOMOGENIZER

Research Division SOP Number: SOP027 Date:

Biochemical Engineering 10.11.2010
Status: Effective

Version 1.0

Replaced version None

Author Patrick Sagmeister

Date 20. 03. 2011

Signature

Authorized by

Date of authorization 21. 03. 2011

Signature Ch. Herwig

Summary Homogenization of E.Coli using the EmulsiFlex©-C3 loganizer
Materials

- 20ml 1M Tris Buffer (pH 8.4) per sample

- City Water for rinsing of homogenizer

- Syringe (20ml) and needle

- Ethanol 70%
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Equipment
- EmulsiFlex©-C3 homogenizer
- Cooling Water Supply
- Compressed Air Supply (6 bar)

Procedure

Start-up

- Make sure that the red button is on the positidriddpressed) before plugging in the

instrument.

- Supply compressed air at a pressure of 6 bar.

- Plug in the instrument and switch on the main posugaply on the back of the
instrument.

- Open the cold water tap to provide cooling fluid ttee heat exchanger.

- Check if there is any blockage in the homogeniratialve or heat exchanger by
flushing the system with compressed air. Put orcigeand connect the cap to the
pressure hose.

Sample Preparation

- Frozen samples are suspended in 5ml of 1M Tris bpffe8.5 and kept on ice. Aften
dilution to 20ml with Tris buffer pH 8.5 the samderaised and released three timg
using a 20ml syringe with needle. The sample isriadeo the sample cylinder on tg
of the homogenizer.

Homogenization Procedure

- Put the transparent tubing into the sample cylinsieithat the sample can circulate.

- Twist the red mushroom button clockwise.

- Press the green start button.

- Continue circulating and increase the pre-presssirgy the regulator to 2 bar, then
fine-adjust the pressure so that the homogenizatiessure on the manometer reac

a pressure of approximately 700 bar.

- After the pressure is correctly adjusted, the sangptirculated for 5min 15 secondg.

- Reset the pressure to 0 bar. Remove the samplkeegpdt on ice.

- Rinse the homogenizer with a full cylinder of tapter. Apply pressure to rinse the
instrument.

- For turning off the instrument, press the red STQfoln, shut off the air and gas
supply and shut off the main power on the backsfdbe instrument.

hes

[=N

r

- The device should be cleaned after each run. Riitbevater and use compressed 4
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afterwards.

- After use, ethanol (70%) is put into the sample.lithe sampling cylinder is closed
using the lid.

Troubleshooting

If the pump is not starting (no circulation of liguafter pressing the green button) stop|the

homogenizer, remove the sample and use once aggiimge to process the sample as

described above. Clean the homogenizer as desabmma: and start again. One possihle
reason for the pump not to start is the blockinthefvalve situated under the sample
cylinder by particles. This can be confirmed by vaatg the sample in the sample

cylinder: If bubbles are rising from inside the hmgenizer, this valve is blocked.

If the emergency shut-off is activated due to hoemaging pressure exceeding 2000 bar.
If this is the case, shut off the machine for 3€osels by turning the button for the main

power supply at the backside of the instrument. iart again.

If the homogenizing pressure can not be reachdd&ar pre-pressure, do NOT turn the
pre-pressure adjustment wheel too far, you mightaidge the instrument. Instead check
the seat of the homogenizing valve for wear. If go& not instructed how to do so,

consult technical service.

Additional Information
A DOE was carried out using the EmulsiFlex©-C3 honmizgr. Sample concentration,
homogenizing pressure as well as number of passagesdetermined as critical for

yield of the released product.

Investigation: DOE Homugenizer relative values (MLR) veitive specific activity
4D Contour of relative specific actiity

) o

% :

5 & £ 08
biomass concertration biomass concertration biomass concentration
pressure =700 pressure = 1100 pressure = 1500 i

MODEE 5 - 2011-03-21 05:15:07 (UTCHL}

Since users experienced significant problems pebecgshawed samples and tried
different techniques to overcome the problem ofptineap not starting, here a quick list pf

strategies that did not work:
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- Sonication

- Waiting

- Applying Pressure (risk of sample spill)

Literature

- www.avestin.con(You can find video instruction about how to opertne

instrument)

- Avestin Operating Instructions for the Emulsiflex-C3
- See also: S\BPT\BPT SHARED DATA\Equipment_Document&tiomogenisator

7.1.2 Operation of steam generator “Infors HT*

Vil
le QV Standard Operating ﬁ@
VIENNA | Ui o Procedure
Operation of steam generator Date: 13. 12. 2010
“Infors HT”
Version 1.0
Replaced version none
Date 13. 12. 2010
Author Patrick Sagmeister
Date 13. 12. 2010
Signature

Authorized by

Date of authorization

Signature

Summary

How to operate the steam generator “Infors HT”

Equipment
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- Steam Generator Infors HT

Procedure

1)

v

Reactor
Steam

Generator

Drain

v

X
(2) %

Starting Procedure

- valve 2 (to the drain) should be closed, val\{eolhe reactor) and the valve at the reacto
(not shown) should be opened

- switch on the steam generator by using the goetion, wait until the generator is heated
- close valve 1

- wait until pressure is built up

Shutting down procedure

- switch off steam generator using the green button

- before carefully releasing pressure over valy® 2he sink), make sure that the hose leaq
to the drain is tightly fixed and nobody standssel®o the drain

-carefully release pressure over valve 2

—

up

ling

End
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7.1.3 Protein determination via BCA

le T 07 Standard Operating
VIENNA -Lr\?nEu':I/':anv OF Procedure

Use of the Bicinchoninic Acid Kit for
Protein Determination
(Sigma product number BCA1-1KT)

Research Division Date: 13.10.2010
Biochemical Engineering

Version 1.0

Replaced version none

Author Patrick Sagmeister

Date 13. 10. 2010

Summary Use of the Bicinchoninic Acid Kit for Protein Detemination

(Sigma product number: BCA1-1KT)

Materials
- BCA reagent A (Bichionic Acid Solution)
- BCA reagent B (Copper Il Solution)

- Disposable plastic cuvettes

Equipment
- Spectrometer
- Water bath

Procedure

1) Working reagent preparation: 1ml of reagent w#él used per sample and standards.
Reagent is prepared by mixing 50 partfkefgent Avith one part oReagent BFor
example, for 51 tests 50ml Beagent Aand 1ml ofReagent Bare mixed. The solution

should appear light green in colour.

i) Prepare a standard curve using 1ml BSA standafisng BSA/ml. Use a 200u L piston
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pipette. As diluent, use the same buffer as usgduin sample. Alternatively, BSA

lyophilized standard can be used.

conc [ug/ml]  Standard [ul] Diluent [uL]

200 40 160
400 80 120
600 120 80
800 160 40
1000 200 0

iii) Your samples should show concentrations ind¢akbration range. Otherwise dilute.
For measurement of standards and samples, mixdd@uétein sample with 1ml of the
prepared BCA working reagent in an eppendorf tuizkvertex. Choose one of the three

possible incubation procedures:

a) 60°C using the water bath for 15 minutes.
b) at 37°C using the water bath for 30 minutes

c) at room temperature for a minimum of 2 hours\a@rnight

iv) After incubation, blank with working reagentcameasure the absorbance of standards
samples at 562 nm.
v) Use your standard curve to determine concentratof the unknown samples.

Literature
- Sigma BCA Protein Assay Kit Technical Bulletin
- (Sigma product number: BCA1-1KT)

End
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7.2. Applied formulas

Calculation of

reactor volume [l]

Extracellular
concentration

correction [/]

Water content in

off gas [/]

Inert gas ratio [/]

Volumetric growth
rate [Cmmol/I/h]

Volumetric
substrate uptake
rate [Cmmol/I/h]

Volumetric protein
release rate
[Cmmol/l/h]

Oxygen uptake rate

(OUR) [mmol/n]

Carbon dioxide
evolution rate
[Cmmol/l/h]

Ammonia uptake

rate [mmaol/I/h]

Biomass yield
[Cmol/Cmol]

+ rnBasqlzo) - r‘nBa\sg[) + rnFeed(‘ZO) - rnFeedm

R(&) :VR (t=0) pBase pFeEd - fstripping * (t _tO) - fsampling* (t - tO)
C_aWew, 1

c.corr. DCW pmo
w = Yoz T Xozwet

H20 —

Xo2,IN
—_ 1-Xo2n ~ Xcoz,n
et 1-Xo2,j =Xco2,j ~XH20
[ = X * VRm ~X=0" VR(‘:O) ,1000, 1
VR(U My (t—t)
r = rnFeedm _rnFeed(t:O) * XF d* 1 * 1000* 1
IOFeed VR(O M X (t - to)

, _ Cproteinm *VR(‘) - Cprotein(‘zo) *VR(IZO) N 1000 N 1

protem VR(U M Protein (t - to)

1 1000
r02 = OUR: _I— *60* M * (XOZ,In - rinert * XOZ,j) * V
\Y R
1 1000
lco2 = CER=T *60* —* (XCOZ,j * linert — XCOZ,IN) e
Mv VR
- rnBasqr) - rnBasqrzo) £ M % 1 % 1000

NHa Pgase pase VR(t) (t _to)
VA



Extracellular r

Y - _ protein
protein yield Proteing r
S
[Cmol/Cmol]
Carbon dioxide CER
. Yco2 ="
yield A r,
[Cmol/Cmol]
Ammonia yield Mo
Y e —&
[mol/mol] NHI/ r
S S
C — balance [/] Y

% + YProtei% + YCO% =1

Degree of reduction  r *y +r %y oo

balance [/] (foa* Voo T 1* V) * (1)
Nitrogen balance r.* x, + I protein * X5
0 _ =1

M\H




Symbols
CER
fc. corr
Mi

MV
MBase
mFeed
mBase
OUR
qi

r

rinert
RI

RQ

t

VR

wi

Xi

XN, X
Ym/i

Indices
Base

i

j

n

N

Out

Protein

S

Greek Symbols:
r

.
u
p

carbon dioxide evolution rate
concentration correction factor
molar weight
molar volume, gas

molarity base

mass of feed flask

mass of base flask

oxygen uptake rate

specific conversion rate per gram of biomass

conversion rate

inert gas ratio

recovery of species |
respiratory quotient

expired time

reactor volume

weight from balance at time j
molar fraction

moles of N per mol biomass X

yield C-mol m per C-mole of i

base addition for pH control
component ID

current time instant
component

nitrogen

Exit envelope

extracellular protein

substrate

gas flow

degree of reduction coefficient of component |

specific growth rate

density

[mol/I/h]
(/]
[a/mol]
[I/mol]
[mol/l]
[q]

]
[mol/I/h]

[Cmmol/g/h]

[Cmol/i/h]
[]
[]
[]
[h
1l

[I/min]

[1/h]
[9/1]
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7.3 QbD Glossary

Definitions coined by the International ConferenceHarmonisatiorf Technical Reference

Requirements for Registration of Pharmaceuticaldfoman UsgICH)

Control

Strategy

Critical Process
Parameter
(CPP):

Critical Quality
Attribute
(CQA):

Design Space:

Quality:

Quality by
Design (QbD):

Quality Target
Product Profile
(QTPP):

Real Time
Release

Testing:

“A planned set of controls, derived from curremgict and process understanding thatICH
ensures process performance and product qualigycdhtrols can include parameters 2008b
and attributes related to drug substance and cadupt materials and components,

facility and equipment operating conditions, ingges controls, finished product

specifications, and the associated methods anddrexy of monitoring and control.”
“A process parameter whose variability has an ihpaa critical quality attribute and ICH
therefore should be monitored or controlled to emshie process produces the desired 2008a

quality.”

“A physical, chemical, biological or microbiologigaroperty or characteristic that shouldCH

be within an appropriate limit, range, or distribatto ensure the desired product 2008a
quality.”
“The multidimensional combination and interactidrirput variables (e.g., material ICH

attributes) and process parameters that have leartstrated to provide assurance of 2008a
quality. Working within the design space is notsidered as a change. Movement out of

the design space is considered to be a change @ud wormally initiate a regulatory

post approval change process. Design space is ggdpay the applicant and is subject to

regulatory assessment and approval.”

“The suitability of either a drug substance or agdproduct for its intended use. This  ICH
term includes such attributes as the identityngfite, and purity (ICH Q6A) 1999

“A systematic approach to development that begiitis predefined objectives and ICH
emphasizes product and process understanding andgsrcontrol, based on sound 2008a

science and quality risk management.”

“A prospective summary of the quality charactecsof a drug product that ideally will ICH
be achieved to ensure the desired quality, takitgaccount safety and efficacy of the 2008a

drug product.”

“The ability to evaluate and ensure the qualityneprocess and/or final product based ofCH
process data, which typically include a valid conalbion of measured material attributes2008a
and process controls.”
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7.4 Statistical notes

Definition Reference

DOE Design of experiments. Statistical experimentalgtefor the Eriksson
investigation of a predefined experimental objextiv 2000

MLR Multiple linear regression. Linear regression farltiple factors. The Eriksson
equationY = X * B+ E is solved using singular value decomposition2000
Y...Response matrix, n*m matrix where m is the nundfeesponses
X...Design matrix, n*p matrix where p is the numbéteyms of the
model
B...Regression coefficients matrix
E...Residual matrix

PRESS Predictive residual sum of squares. A measurehfofuture prediction  Eriksson
capacity of the model and included in the calcatatf . 2000

n VY
PRESS: 3 o = ¥0)
iz @-h)
h: The hat matrix’ ¥ diagonal element.

SS Sum of squares. The sum of the squared differeateden the observed Eriksson
values and the predicted values. The residual disguares can be 2000
spitted into regression sum of squaresd3&nd residual sum of
squares (SSi9-

SSesid The residual sum of squares (S9 is composed of the pure error (§S Eriksson
and the lack of fit (S§) 2000

R? Goodness of fit parameter. Stretching from zerorte, Rindicates the  Eriksson
fraction of variance explained by the model. 2000

RZ = SS_ SSesid
S¢
Q? Goodness of prediction parameter. Stretching framuminfinity to one, Eriksson

Q?is a benchmark for the predictive power of the node 2000
Q? = SS-PRESS
S¢
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Model Validity  The “model validity” parameter estimates diversedelgroblems. Its

calculation is based on the lack of fit test.
Reproducibility Measure for the replicate error. Two experimenéscamsidered
replicates if their factor values do not differ mdhan 5%.

Eriksson
2000

Eriksson
2000

7.5. Acquired raw- and processed data

In the following raw- and processed data used lierknowledge space DOE as well as the

process analysis DOEs is displayed. For a bettentation in the appendix each fermentation

run was given a number, as illustrated in figure Bi8is number neither reflects the timely

experimental run order nor any other information.

2 4 (1) (2 (3)
e
|_
| (@ @ ()
Ln
N~
N
1
|_

9 /?0 11
S N
N >
|_

k=-0.007 k=0 k=+0.007

Figure 48: The experiments used for the establishment of tlmwvledge space as well as the process analysis

DOEs. The induction phase feed exponent (k) isrgime the x-axis, the induction phase temperatuye(ilthe

y-axis. Each circle illustrates one fermentatiom.rdror a better orientation within the appendix heac

fermentation run was given a number (numbers 1-11).
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Acquired data of fermentation 1

Fermentation parameters: induction temperatureC 36=-0.007 (negative exponential feed).
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Figure 49: Fermentation at 35°C applying a negative exponergiad (k=-0.007). Leftintracellular protein concentrations (orange), icetlular activity (purple) and biomass
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Figure 50: Fermentation at 35°C applying a negative expoakfaged (k=-0.007). Left: off-gas measurements 0f reen), oxygen (blue) as well as gas inlet flofvexygen
(purple) and air (orange). Right: signals recorfitecth the feed balance (orange) and base balancglépuTime point of induction is indicated by artigal bar. X-axis: process
time.
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Processed data of fermentation 1

Fermentation parameters: induction temperatureC36=-0.007 (negative exponential feed).
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Figure 51 Fermentation at 35°C applying a negative exponkfaged (k=-0.007). Leftvolumetric growth rate rx (blue), volumetric substraptake rate (rs), protein release rate

I'erotein (PUrPlE) and volumetric cell lysis rate (red). Rigdpecific growth rate p (blue), specific substratéaldp rate gs (orange), specific protein releaseadein(purple) and

specific cell lysis rate ys (red). X-axis: induction time.
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Figure 52: Fermentation at 35°C applying a negative exponkietial (k=-0.007). Left: biomass- (blue), ¢Qorange), extracellular protein- (green) as \w@slammonia

(purple) yield. Right: carbon- (blue), degree afuetion- (orange) as well as nitrogen (green) l@dan
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Acquired data of fermentation 2
Fermentation parameters: induction temperatureC36=0 (linear feed).
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Figure 53: Fermentatiorat 35°C applying a linear feed (k=0). Left: intracédluactivity (purple) and biomass concentratiomeén). Right: extracellular protein (orange)

concentrations and biomass concentrations (greais: induction time.

Process Time [h]
25 1 4 6000 - + 3000
3.5

_. 201 — 5500 | + 2500
s -3 & —_—
s ——‘*\— § é _ e — 2000 _

i ~ 2.5 ) =2
é 15 8 & = ; 5000 - = 8
o == 58 5§
© -2 <5 S 11500 8
g % A 2R v @
S 101 _1523 2 ¢ 4500 28
e} [ + 1000 3

-1
51 4000 4
0.5 -+ 500
0 ‘ ‘ ‘ ‘ ‘ -0 3500 : : : : : 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Process Time [h]
= Glycerol Feed Balance [g] = Base (NH40H) Balance [g]
02 [Vol.%] === Flow Air [I/min] = Flow Oxygen [I/min] = CO2 [Vol.%]

Figure 54: Fermentation at 35°C applying a linear feed (k39@). Left: off-gas measurements of O@reen), oxygen (blue) as well as gas inlet flefvexygen (purple) and

air (orange). Right: signals recorded from the fealhnce (orange) and base balance (purple). Taime f induction is indicated by a vertical baraXis: process time.
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Processed data of fermentation 2

Fermentation parameters: induction temperatureC3k=0 (linear feed).
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Figure 55: Fermentation at 35°C applying a linear feed (k+@Jt: volumetric growth rate rx (blue), volumetric substraptake rate (rs), protein release raig.t (purple) and

volumetric cell lysis rate (red). Righgpecific growth rate p (blue), specific substratéalqp rate gs (orange), specific protein releasegalein (purple) and specific cell lysis
rate [y (red). X-axis: induction time.

1 r02
18
0.9 to.18
16
_ 08 to.16
5 14
5 07 r014 3
3 Eo 12
£ | Ok .
5 06 W 012 £ 6
7 Eg = 1
2 05 W Lor CE R e i p———r T T A 0 B St T SE——
o ==
38 2@ s — ~ B _
¢ 0.4 Loos £ 3 08 S
w 52
2 o3 toos §5 06
4
02 t0.04 04
0.1 t0.02 0.2
0 0 0 T T T T T T ,
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40
Induction Time [h] Induction Time [h]
Y(x/s) [Cmol/Cmol] Y(CO2/s) [Cmol/Cmol] Y(protein/s) [Cmol/Cmol] Y(NH4/s) [mol/Cmol] DOR Balance [/] C-Balance [/] s N-Balance [/]

Figure 56: Fermentation at 35°C applying a linear feed (k+@Jt: biomass- (blue), C© (orange), extracellular protein- (green) as \aslammonia (purple) yield. Right:
carbon- (blue), degree of reduction- (orange) dbagenitrogen (green) balance.
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Acquired data of fermentation 3

Fermentation parameters: induction temperatureC36=+0.007 (positive exponential feed).
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Processed data of fermentation 3
Fermentation parameters: induction temperatureC362+0.007 (positive exponential feed).
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Figure 59 Fermentation at 35°C applying a positive exporeffigied (k=+0.007). Leftvolumetric growth rate rx (blue), volumetric substraptake rate (rs), protein release rate
Ierotein(PUrple) and volumetric cell lysis rate (red). Rigdpecific growth rate p (blue), specific substratéaip rate gs (orange), specific protein releasegakein (purple) and

specific cell lysis rate ys (red). X-axis: induction time.
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Figure 60: Fermentation at 35°C applying a positive exponéfeiad (k=+0.007). Left: biomass- (blue), &Qorange), extracellular protein- (green) as wslbmmonia

(purple) yield. Right: carbon- (blue), degree afuetion- (orange) as well as nitrogen (green) ldan
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Acquired data of fermentation 4

Fermentation parameters: induction temperatur&°27 k=-0.007 (negative exponential feed).
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Figure 62: Fermentation at 27.5°C applying a negative expbaldieed (k=-0.007). Left: off-gas measurement£a% (green), oxygen (blue) as well as gas inlet flofvs
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Processed data of fermentation 4

Fermentation parameters: induction temperatur&°27 k=-0.007 (negative exponential feed).
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Figure 63: Fermentation at 27.5°C applying a negative expbaldieed (k=-0.007). Leftvolumetric growth rate rx (blue), volumetric subtgraptake rate (rs), protein release

rate  (purple) and volumetric cell lysis rate (red). Rigdpecific growth rate p (blue), specific substratéalp rate gs (orange), specific protein releasegas.i» (purple) and
specific cell lysis rate §s (red). X-axis: induction time.
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Figure 64: Fermentation at 27.5°C applying a negative expoakfieed (k=-0.007). Left: Biomass- (blue), €@orange), extracellular protein- (green) as \asllmmonia
(purple) yield. Right: carbon- (blue), degree afuetion- (orange) as well as nitrogen balance (gree
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Acquired data of fermentation 5
Fermentation parameters: Induction temperatur&°27.k=0 (linear feed).
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Figure 65: Fermentation at 27.5°C applying a linear feed (k+@t: intracellular protein concentrations (orange cingledgracellular activity (purple diamonds) and imass

concentrations (green triangles). Right: extratailprotein (orange circles) concentrations andnaiss concentrations (green triangles). X-axis:dtido time.
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Figure 66: Fermentation at 27.5°C applying a linear feed jkt@ft: off-gas measurements of g@reen), oxygen (blue) as well as gas inlet fl@vexygen (purple) and air

(orange). Right: signals recorded from the feedia (orange) and base balance (purple). Time pbintuction is indicated by a vertical bar. X-sxprocess time.
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Processed data of fermentation 5

Fermentation parameters: induction temperatur&°27 k=0 (linear feed).
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Figure 67: Fermentation at 35°C applying a linear feed (k+®jt: volumetric growth rate rx (blue), volumetric substraiptake rate (rs), volumetric protein release rat
(purple) and volumetric cell lysis rate (red). Rigbpecific growth rate u (blue), specific substraptake rate gs (orange), specific protein releasee, i, (purple) and specific
cell lysis rate s (red). X-axis: induction time.
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Figure 68: Fermentation at 27.5°C applying a linear feed (k£@)t: biomass- (blue), CO (orange), extracellular protein- (green) as vasllammonia (purple) yield. Right:
carbon- (blue), degree of reduction- (orange) dbagenitrogen balance (green).
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Acquired data of fermentation 6
Fermentation parameters: induction temperatur&°27 k=0 (linear feed).
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Figure 69: Fermentation at 27.5°C applying a linear feed (k+@Jt: intracellular protein concentrations (orange csgléntracellular activity (purple diamonds) andiniass

concentrations (green triangles). Right: extratailprotein (orange circles) concentrations andnaiss concentrations (green triangles). X-axis:dtido time.
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Figure 70: Fermentation at 27.5°C applying a linear feed jkteft: off-gas measurements of €@reen), oxygen (blue) as well as gas inlet flofvexygen (purple) and air

(orange). Right: signals recorded from the feedia (orange) and base balance (purple). Time pbintuction is indicated by a vertical bar. X-sxprocess time.

91



Processed data of fermentation 6

Fermentation parameters: induction temperatur&°27 k=0 (linear feed).
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Figure 71: Fermentation at 35°C applying a linear feed (k+@ft: volumetric growth rate rx (blue), volumetric subgtraptake rate (rs), protein release rafpurple) and

volumetric cell lysis rate (red). Righgpecific growth rate p (blue), specific substrgitake rate gs (orange), specific protein releasegayein (Purple) and specific cell lysis

rate [y (red). X-axis: induction time.
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Figure 72: Fermentation at 27.5°C applying a linear feed (k+@jt: biomass- (blue), CQ(orange), extracellular protein- (green) as wslammonia (purple) yield. Right:

carbon- (blue), degree of reduction- (orange) dbagenitrogen (green) balance.
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Acquired data of fermentation 7
Fermentation parameters: induction temperatur&°Z7 k=0 (linear feed).
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Figure 73: Fermentation at 27.5°C applying a linear feed (k+@Jt: intracellular protein concentrations (orange csgléntracellular activity (purple diamonds) andiniass

concentrations (green triangles). Right: extratailprotein (orange circles) concentrations andnaiss concentrations (green triangles). X-axis:dtido time.
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Figure 74: Fermentation at 27.5°C applying a linear feed jkteft: off-gas measurements of g@reen), oxygen (blue) as well as gas inlet flofvexygen (purple) and air

(orange). Right: signals recorded from the feedia (orange) and base balance (purple). Time pbintuction is indicated by a vertical bar. X-sxprocess time.
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Processed data of fermentation 7

Fermentation parameters: induction temperatur&°27 k=0 (linear feed).
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Figure 75: Fermentation at 35°C applying a linear feed (k£@ft: volumetric growth rate rx (blue), volumetric sulasér uptake rate (rs), protein release rate (purple) and

volumetric cell lysis rate (red). Rigrgpecific growth rate p (blue), specific substratéalp rate gs (orange), specific protein releaseqgdpurple) and specific cell lysis rate
fys (red). X-axis: induction time.
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Figure 76: Fermentation at 27.5°C applying a linear feed (k£@ft: biomass- (blue), C@(orange), extracellular protein- (green) as \aslammonia (purple) yield. Right:
carbon- (blue), degree of reduction- (orange) dbagenitrogen (green) balance.
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Acquired data of fermentation 8

Fermentation parameters: induction temperatur&°Z7 k=+0.007 (positive exponential feed).
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Figure 77: Fermentation at 27.5°C applying a positive expaaéfeed (k=+0.007). Left: intracellular proteinraentrations (orange), intracellular activity (pejpand biomass
concentrations (green). Right: extracellular pro{@irange) concentrations and biomass concentgafgreen). X-axis: induction time.
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Figure 78: Fermentation at 27.5°C applying a positive exptinéfeed (k=+0.007) Left: off-gas measurement€ek (green), oxygen (blue) as well as gas inlet flofvs
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Processed data of fermentation 8

Fermentation Parameters: Induction Temperatur&°€7 k=+0.007 (positive exponential feed).
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Figure 79: Fermentation at 27.5°C applying a positive expaaéfeged (k=+0.007). Leftvolumetric growth rate rx (blue), volumetric sulasér uptake rate (rs), protein release

rate rp (purple) and volumetric cell lysis ratedjreRight:specific growth rate p (blue), specific substrgitalse rate gs (orange), specific protein relea®ea,.in (purple) and

specific cell lysis rate §s (red). X-axis: induction time.
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Figure 80: Fermentation at 27.5°C applying a positive expaaéfged (k=+0.007). Left: biomass- (blue), €Qorange), extracellular protein- (green) as \aslammonia
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Acquired data of fermentation 9
Fermentation parameters: induction temperatureC2k=-0.007 (negative exponential feed).
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Figure 81: Fermentation at 20°C applying a negative exponkfetal (k=-0.007). Left: intracellular protein camtrations (orange), intracellular activity (puiplacetate

concentrations (blue) and biomass concentratiore®e(g. Right: extracellular protein- (orange) amehiass (green) concentrations. X-axis: inductiometi
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time.
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Processed data of fermentation 9

Fermentation parameters: induction temperatureC2k=-0.007 (negative exponential feed).
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Acquired data of fermentation 10

Fermentation parameters: induction temperatureC2k=0 (linear feed).
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Processed Data of Fermentation 10

Fermentation parameters: induction temperatureC2k=0 (linear feed).
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rate gy (red). X-axis: induction time.
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Figure 88: Fermentation at 20°C applying a linear feed (kt@}t: biomass- (blue), C© (orange), extracellular protein- (green) as waslmmonia (purple) yield. Right:
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Acquired data of fermentation 11

Fermentation parameters: induction temperatureC2k=+0.007 (positive exponential feed).
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Figure 90: Fermentation at 20°C applying a positive exponéfeiad (k=+0.007). Left: off-gas measurements o, (§deen), oxygen (blue) as well as gas inlet flafvexygen

(purple) and air (orange). Right: signals recorfiteth the feed balance (orange) and base balancglépuTime point of induction is indicated by artieal bar. X-axis: process
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Processed data of fermentation 11

Fermentation parameters: induction temperatureC2k2+0.007 (linear feed).
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Figure 91: Fermentation at 20°C applying a positive exponéfeiad (k=+0.007). LeftvVolumetric growth rate rx (blue), volumetric sulsdtr uptake rate (rs), protein release

rate protein (PUrple) and volumetric cell lysis rate (red). RigBpecific growth rate p (blue), specific substrgitalde rate gs (orange), specific protein releatseggpurple) and
specific cell lysis rate §s (red). X-axis: induction time.
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Figure 92: Fermentation at 20°C applying a linear feed (k£@ft: Biomass- (blue), C® (orange), extracellular protein- (green) as \aslammonia (purple) yield. Right:
carbon- (blue), degree of reduction- (orange) dbagenitrogen (green) balance.
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