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Abstract (en) 

E. coli is the host of choice for about 30% of the worldwide production of recombinant 

pharmaceuticals. In a multitude of processes, recombinant proteins are expressed as inclusion 

bodies (IB) in E. coli - an (in)active aggregate of misfolded produced protein. Respective IB 

Quality attributes (QA) should ideally be modified by the cultivation conditions in the upstream 

process as they have severe impact on the performance of the subsequent process chain, like the 

centrifugation or refolding unit operations. However, only a very few studies deal with the general 

quality attributes of IBs. 

The goal of this work was to create a process development platform for an industrial relevant 

recombinant produced protein, produced as IB in E. coli. The work followed a three-step 

approach according to the generally known and accepted process development cycle: 

 

In the first step we aimed for understanding the impact of process parameters on different IB 

quality attributes. We performed a quantitative process development based on the interaction of 

different IB QAs like size, titer and purity and their interactions on critical process parameters 

temperature, pH and specific growth rate (qs). These were altered using design of experiment 

(DoE) approaches and analyzed with different analytical techniques, like SEM, Bioanalyzer based 

chip technology and HPLC. QAs were monitored as a function of induction time and analyzed in 
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a time resolved manner. It was shown, that different QAs already showed a strong time 

dependence within a single cultivation run and were highly correlated to each other.  

In the second step the knowledge on the interactions onto IB quality attributes was used to 

develop physiological control strategies to obtain optimized titer and size during the process. With 

trigger indicators like the cumulative sugar uptake, we were able to receive custom made IBs with 

optimized performance for further process steps.  

In the third step we established a process analytical tool for stable processing. As product 

degradation in the investigated process was also accompanied or caused by decrease in viable cell 

concentration, we aimed for direct determination of the viable cell concentration during the 

cultivations. The developed sensor is based on electrochemical impedance spectroscopy in the 

low frequency regime and tested on different model microorganism like E. coli and S. cerevisiae.  

The different parts - starting with analytical techniques for IB quality attribute determination, 

control of the IB production process and advances in process analytical tools - sum up to an 

overall closing of the process development cycle for the given product and could be seen as 

overall achievement of this work. The given platform knowledge of IB based cultivations may 

help to facilitate further process developments for new IB based products in E. coli and result in a 

robust downstream processing. 

  



vi 

Abstract (de) 

Das gram-negative Bakterium E. coli wird als Expressionssystem für ungefähr 30 % der 

weltweiten Produktion an biopharmazeutischen Wertstoffen genutzt. In einer Vielzahl an 

benutzen Prozessen wird das Protein in Form von Einschlusskörpern (Inclusion Bodies - IBs) 

exprimiert. IBs sind ungefaltete hydrophobe Aggregate an produziertem Protein. Eigenschaften 

von IBs können über Prozesssteuerung während der Kultivierung verändert werden und haben 

dementsprechend einen hohen Einfluss auf nachfolgende Prozessschritte in der Proteinreinigung 

und Veredelung. Bis dato wurden diese Einflüsse der Kultivierung auf die Eigenschaften der IBs 

nur rudimentär untersucht. 

In dieser Arbeit wird eine Produktentwicklung für ein rekombinant produziertes Protein 

vorgestellt, welches in E. coli ausschließlich als IB exprimiert wird. Die Arbeit wurde in drei 

Arbeitspaketen durchgeführt, welche sich am allgemein bekannten Prozessentwicklungskreislauf 

orientieren. 

 

Im ersten Teil wurde der Einfluss von klassischen und physiologischen Prozessparametern auf IB 

Qualitätsattribute (QA) behandelt. Größe, Menge und Reinheit wurden abhängig von pH und 

Temperatur und Substratfütterungsrate in einem Experimentaldesign (design of experiments -

DoE) während der Produktionsphase adaptiert und mittels verschiedener analytischer Methoden 

(z.B REM, Bioanalyzer basierende Chip Technologien) gemessen. Es wird gezeigt das IB-QAs 

sich schon während der Kultivierungsdauer zeitabhängig stark verändern und eine hohe 

Korrelation aufweisen.  

Diese Resultate wurden im zweiten Teil benutzt um eine physiologische Kontrollstrategie zu 

etablieren, vor allem um IB Größe und Titer zu optimieren. Mit abgeleitetem Parameter wie der 

kumulative Zuckeraufnahmewert war es möglich „maßgeschneiderte“ IBs zu produzieren. 
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Der dritte Teil basiert auf Etablierung Prozessanalytischer Werkzeuge (PAT) um stabile 

Prozessführung zu garantieren. Da Produktdegradation hauptsächlich auf die Reduktion der 

viablen Zellen zurückzuführen ist, wurde ein Sensor zu dessen Abschätzung entwickelt. Dieser 

funktioniert auf Basis elektrochemischer Impedanzspektroskopie im niederfrequenten Bereich 

und wurde für verschiedene Modellorganismen, E. coli und S. cerevisiae, getestet. 

Die verschiedenen Teile – beginnend mit der Etablierung analytischer Techniken um IB 

Qualitätsattribute zu bestimmen, Kontrollstrategien um diese zu steuern und Neuerungen für 

Prozessanalytische Werkzeuge – schließen im Großen und Ganzen die verschieden Teile des 

Prozessentwicklungskreislaufs und können daher als grundlegende Leistung dieser Arbeit 

gesehen werden. Das so generierte Plattformwissen für IB basierende Prozesse hilft für neue 

Prozessentwicklungen in diesem Bereich maßgeblich zu vereinfachen und garantiert stabile 

Bedingungen für weiterführende Prozessschritte im Downstream. 
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1. Introduction 

 

This chapter is based on a minireview in Applied Microbiology and Biotechnology Journal. The 

chapter gives an overview to Inclusion Body based processes, the appropriate analytics and the 

impact on process design and should serve as introduction chapter to this thesis. It is submitted to 

AMB journal as Mini-Review: 

The first steps for recombinant protein expression have been made back in 1973, where Stanley 

Cohen and Herbert Boyer invented the possibility of in vitro DNA-cloning (Cohen, et al., 1973, 

Baeshen, et al., 2014). This opened the door for the expression of multiple diverse molecules. The 

first recombinant pharmaceutical product was insulin, licensed back in 1982 (Baeshen, et al., 

2014). Today the main focus of pharmaceutical market remains on the production of monoclonal 

antibodies, diverse hormones as well as growth factors, which turn out to be the majority of the 

pharmaceutical income (Walsh, 2004, Baeshen, et al., 2014, Baeshen, et al., 2015). 

Although complex recombinant proteins are mainly produced in mammalian cells, a good number 

of proteins is still expressed in E. coli (Walsh, 2014). Production of proteins in eukaryotic cells 

such as mammalian cells and yeasts has the big advantage of enabling diverse proper post 

translational glycosylation patterns, while there is no glycosylation machinery in active E. coli 

cells (Gupta and Shukla, 2016). Recently published papers referred that the production of 

biopharmaceutical proteins in E. coli moved up to a number as high as 40 % (Walsh, 2010, Gupta 

and Shukla, 2016). Protein production in E. coli gained importance again as the demand in single 

chain antibody-fragments, which can be successfully expressed in E. coli, increased (Spadiut, et 

al., 2013). E. coli is most likely the cheapest organism to cultivate, though its products lack in 

quality and therefore take long durations and efforts when it comes to product purification (Berlec 

and Strukelj, 2013). However, the genome of E. coli is known very well (Huang, et al., 2012) and 

E. coli shows very fast replication rates, resulting in high cell densities (Murarka, et al., 2007, 

Sahdev, et al., 2007). Also cultivations can be carried out on comparatively cheap media, coupled 
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with little risk of contamination compared to other cultivation hosts (DeLisa, et al., 1999). In 

addition, scale-up can be quite easily performed in recombinant protein production, using E. coli, 

when compared to other organisms (Gupta and Shukla, 2016). Even secretion of a complete 

immune globulin G in E. coli has already been reported, though the antibody was lacking any 

glycosylation (Gupta and Shukla, 2016). Summing up, protein production using E. coli as a host, 

provides a very useful alternative to mammalian cell cultivations (Baeshen, et al., 2015), as yields 

up to 4 g/L of soluble antibody fragments have been referred already (Gupta and Shukla, 2016).  

The vast majority of recombinant proteins in E. coli are expressed in Inclusion Bodies (IBs). 

Despite general benefits are given in the USP IB-processing, the DSP and especially the refolding 

unit operation is still creating the bottleneck in an IB - process. It suffers in robustness and 

relatively low product yields (Singh and Panda, 2005). The refolding operation is the most time-

consuming step in gaining the correctly folded product from E. coli cultivations (García-Fruitós, 

et al., 2012, Palmer and Wingfield, 2012, Ramón, et al., 2014, Villaverde, et al., 2015). A high 

number of studies today deal with the refolding process and to improve performance using 

different methodological approaches (Altamirano, et al., 1997, Liu, et al., 2005, Yamamoto, et al., 

2010, Palmer and Wingfield, 2012, Mollania, et al., 2013, Wingfield, 2014, Wingfield, et al., 

2014, Yamaguchi and Miyazaki, 2014, Singh, et al., 2015, Eggenreich, et al., 2016, Gabrielczyk, 

et al., 2017).  

Beside the classical aim to produce high amount of protein or even toxic intermediates, recent 

development showed that the application range of IBs is far wider than to be expected at first 

glance. New approaches towards usage as biocatalysts and as nanoparticulate matter are 

emerging. These developments make the production of active IBs and their physical properties 

even more important compared to the classical usage. In the last decade the term of non-classical 

IBs (ncIBs) – IBs with residual protein activity– was widely used in literature (García-Fruitós, 

2010). However, many studies in the recent years show that there is no distinct borderline 

between classical and non-classical IBs anymore, especially visible during solubilization 

experiments. Different approaches during strain development and especially cultivation makes it 
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possible to adapt protein activity and other quality attributes in the respective IB to a certain 

extend. In this review we want to address the impact of process parameters on different quality 

attributes (QAs) of IBs. Different IB producing concepts are presented in the beginning and 

subsequently the used analytics is compared. Following topics are therefore addressed: i) An 

overview of the range of Inclusion Body applications; ii) analytical methods to determine quality 

attributes and iii) screws in process engineering to achieve the desired quality attributes for 

different Inclusion Body based applications. 

 

1.1. Applications of Inclusion Body based Technologies 

 

Inclusion bodies have originally been believed to be waste products by bacteria (García-Fruitós, et 

al., 2012), until it was realized that they are formed as a stress reaction by the cells resulting in a 

biologically inactive precipitated protein (Palmer and Wingfield, 2012, Ramón, et al., 2014, 

Villaverde, et al., 2015). Protein aggregation is a complex reaction, as aggregates are only formed 

within the same kind of proteins or highly similar proteins (Singh, et al., 2015). Figure 1 presents 

the general route of IB production with link to the downstream, respectively. 

 

Inactive vs active IBs for high value products 

 

Generally, approaches to express active soluble protein in E. coli yield a high amount of IBs as 

‘by-product’. In the last years the notion of IBs as unwanted by-product changed fundamentally in 

case of high value pharmaceutical products. E. coli attracted again notice as fragmented 

antibodies (fABs) could be successfully expressed in the periplasm or produced in high 

concentration as IBs (Spadiut, et al., 2014). IB based processes enable not only a high production 

of the desired pharmaceutical ingredient, but also makes it possible to express toxic proteins 

within the cell as no enzyme activity is given in classical IBs. Combined with the fact that IBs can 
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be produced in that high excess (so that the amount of generated product often outweighs the DSP 

efforts), IB based processes are believed to fundamentally boost time/space yields for 

recombinant protein production (García-Fruitós, et al., 2012, Berlec and Strukelj, 2013, Baeshen, 

et al., 2015, Gupta and Shukla, 2017). Many recent studies show that IBs consist of up to 50% 

correctly folded protein in contrast to the general perception of IBs as inactive structures 

(Jevševar, et al., 2005, Peternel, et al., 2008). Already in studies in the late 80ies IBs were already 

recognised to inherit residual activity when expressed at certain conditions (Worrall and Goss, 

1989, Tokatlidis, et al., 1991). The mind-set in producing IBs changed, as it was shown in a 

multitude of studies that IBs have a high amount of active protein being highly functional 

(Hrabárová, et al., 2015). Enzyme tests within this study revealed, that IB-fraction provides high 

activity in classical enzyme assays when being compared to soluble (correctly folded) fractions. 

Trying to achieve high enzyme activity it was proposed to create highly dense and pure IB-

fractions (García-Fruitós, 2010). Ling et al (Ling, et al., 2015) present approaches towards 

expression of papain-like cysteine proteases. Different protocols are compared in order to achieve 

high amounts of active protein. However, no satisfactory process could be established yet. 

Kischnick et al. (Kischnick, et al., 2006) produced major wasp allergen antigen 5 in an IB process 

for an industrial based application. Gundinger and Spadiut (Gundinger and Spadiut, 2017) 

produced recombinant HRP in E. coli with optimized conditions for soluble protein (pET39b+ 

using SRP translocation pathway) and for IBs (pET21d+). Yield and activity of the refolded IB 

product were outstanding better than the active translocated product (20 times in yield, 5 times in 

activity). A similar approach was performed by Jong et. al (Jong, et al., 2017) aiming for 

expression of a human epidermal growth factor (hEGF) into the periplasmic space. No 

translocation was observed but the construct of ssTorA/hEGF (including multiple repeats of 

TorA) boosts IB formation in the cytoplasmic space and resulted in high yields of the desired 

product in the cells. Fusion tags linked to the protein of interest often favour the expression of the 

desired protein as IB. The NPro fusion tag (N-terminal autoprotease derived from classical swine 

fever virus) by Achmüller et al. (Achmüller, et al., 2007) not only pulls the protein to IBs, put also 
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makes capture of the protein very easy. Furthermore, the fusion tag guarantees an authentic N-

terminus of the protein after cleavage.  

 

IB treatment by homogenisation and solubilization: Differences based on expression 

 

The challenge of IBs in E. coli lies in cell disruption and inherent capture of the product IB and 

also effects QAs, respectively. High content of impurities (especially endotoxins of E. coli) make 

the DSP challenging and cost/time consuming. The key unit operations before the downstream 

processing lies in homogenization and solubilization (Figure 1). In general, a trade-off between 

purity, homogenization efficiency and loss of IB product titer has to be considered.  

 

Figure 1: Workflow of IB production with link to different further used process steps during upstream and 

downstream. 

The solubilization of the IB after cell disruption and washing is a key parameter for the refolding 

step. Cell disruption tends to be the main cause for impurities in recombinant protein, especially 

in IBs, since hydrophobic substances, especially membrane proteins, of the host cell tend to 

accumulate at the surface of these structures. A general overview of outer membrane proteins in 
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E. coli including mass, isoelectric point and hydrophobicity was measured with 2-D gel 

electrophoresis and subsequent MALDI-ToF SIMS (Molloy, et al., 2000). Rodriguez-Carmona et. 

al (Rodríguez-Carmona, et al., 2010) compared a multitude of different homogenization protocols 

for IB recovery, focused on the recovery of pure cell-free IBs. No single homogenization 

procedure was accordingly successful to disrupt all living bacterial cells. In this study a novel 

combination of sonication-lysozyme treatment with DNase and detergent washing steps was 

developed in order for direct use for IBs for biomaterials or biomedical applications. Effects of 

different cell disruption techniques on protein solubility were also studied by Peternel and Komel 

(Peternel and Komel, 2010). Enzymatic release using lysozyme (2.5 mg/mL) resulted in highly 

impure samples as lysozyme could not be removed from the surface of the IBs subsequently. 

Mechanical cell disruption using sonification and high-pressure homogenization yields better 

results than enzymatic release. However, a higher loss of protein is visible during sonication 

compared to high-pressure homogenization. Therefore, in industrial applications high pressure 

homogenization, with low loss of protein and lower amount of impurities, is the method of choice. 

In contrast to classical disruption technique alternative phage ϕX174-derived lysis system using 

protein E was investigated by Ehrgartner et. al. (Ehgartner, et al., 2017) producing the 

recombinant human bone morphogenetic protein 2 as IB. Best results could be obtained using low 

specific growth rate in the induction phase, yielding lysis values higher than 90 %. Purity is about 

10 % lower compared to high pressure homogenization. 

Active structures of IBs could be extracted by mild solubilization techniques recently presented in 

literature. While state of the art solubilization techniques generally use a high concentrated 

amount of chaotropic substances, like urea of guanidium hydrochloride to completely dissolve all 

protein structures for further processing steps, mild solubilization relies on different chemicals 

(Singh, et al., 2015). These mild solubilization techniques are able to extract this active amount 

and increase the recovery during the downstream process for highly pure protein. Jevševar et. al 

(Jevševar, et al., 2005) produced an human granulocyte-colony stimulating factor (hG-CSF) and 

isolated active fraction of the IBs by applying non-denaturating agents like 0.2% N-lauroyl-



11 

sarcosine. Also, low concentrations of polar substances like DMSO are able to extract up to 45 % 

of the active inclusion body fraction. Qi et. al. (Qi, et al., 2015) combined mild solubilization at 

using a solubilization buffer containing 2 M urea at alkalic pH after freeze-thawing at -20°C. 

Activity of the mild solubilized protein was increased by a factor of 2 compared to the classical 

solubilization method. Wang et al. (Wang, et al., 2015) used a different method for receiving 

active protein out of IBs. The amino acid sequence consisted of a mutated intein performing self-

cleavage on the N terminus upon addition of DTT. Two tested proteins lipA and AMA had a 

recovery of 58.6 % and 20.6 %. For AMA the majority of the protein stayed within the aggregate 

despite cleavage efficiency of about 60%. Since all QAs of IBs are affected by these steps’ 

optimization is of utmost importance to guarantee product quality. 

 

Direct application of IBs 

 

Beside the pharmaceutical applications, IBs recently came into focus upon establishment of bio-

scaffolds for mammalian cell orientation. Not only an improved adhesion of the cells is desired 

but also delivering active proteins to the cells is possible (Rodríguez-Carmona and Villaverde, 

2010). Seras-Franzoso et al. (Seras-Franzoso, et al., 2013) used IBs based on human growth 

hormone or human chaperons for growth stimulation. These nano-active materials are supposed to 

release active substances in the cytoplasm and the nuclear compartments of the cells, referred as 

nanopills. After expression and washing steps catalytic active IBs could be directly used as 

catalysator for different synthesis steps often in combination with entrapment of the produced IBs. 

Sans et al. (Sans, et al., 2012) expressed fuculose-1-phosphate aldolase in E. coli. The produced 

IBs showed activity (in the best-case cultivation with optimized media and strain) similar to the 

soluble fraction. Entrapped IBs (Lentikat particles) could be successfully used as active 

immobilized biocatalysts. Nahálka et al. (Nahálka, et al., 2008) produced IBs fused to a cellulose 

binding domain of Clostridium cellulovorans for sialic acid synthesis. The fusion with CBM 

effectively promoted the aggregation of inclusion bodies in the place of soluble protein. A stable 
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catalytic activity over 20 circles was given using the immobilized encapsulated IB. Han et. al. 

(Han, et al., 2017) presented that IBs could be used as active centres for metabolic engineering in 

E. coli. Heterologous enzymes for production of 1-butanol in combination with carbon binding 

domain interacting through a leucine zipper motive (prey-bait system) yielded in active IB for 1-

butanol production even in vivo. The yield of 1-butanol production in E. coli could be increased 

by 1.5-fold using batch fermentation approaches. Infrared measurements showed, that these IBs 

are consisted of a β-sheet region and generally show “amyloid-like structures” (García‐Fruitós, et 

al., 2011, Villaverde, et al., 2015). 

 

1.2. Analytics of IB quality attributes (IB-QAs)  

 

Different industrial aims and applications impose very variable needs of the quality of the 

produced inclusion bodies. The quality of a pharmaceutical product has to be very high and the 

effects of the upstream on the downstream are an important factor. In contrast, IB for biocatalyst 

need to have a high activity combined with mechanical stability during the given process. We 

want to address differences in the quality attributes and their measurement based on the 

technological application. 

 

Size and Purity as QAs for the downstream processing 

 

Physiological parameters like size and morphology are of high importance for further processing 

steps in the downstream process (DSP) especially for the classical IB manufacturing chain. 

Quality attributes for IBs have already been defined in several studies (García-Fruitós, et al., 

2012, Reichelt, et al., 2017, Reichelt, et al., 2017, Wurm, et al., 2017). First approaches towards 

IB sizing during the induction phase were already made by Reichelt et al. (Reichelt, et al., 2017) 

using transmission electron microscopy in combination with nanoparticle tracking analysis and 
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revealed general trends of IB growth during cultivation. Expression of GFP as IB by (Wurm, et 

al., 2017) showed a strong correlation between induction strength (specific lactose feeding rate) 

and IB size and IB titer. Increase in lactose amount drastically increased the IB size during 

cultivation. Generally, saturation in IB size is observed around 700 nm depicting the limit of IB 

growth inside E. coli. A maximum size of 600 nm was found for the GFP-model protein. Others 

report IB sizes between 502 nm for DnaK, IBs and 580 nm for ClpA-IBs (Díez-Gil, et al., 2010) 

and approximately 600 nm for G-CSF IBs (Peternel, et al., 2008). As inclusion body formation is 

a highly time-dependent process, IB-size can be triggered via harvest time point alteration (Rinas, 

et al., 2017). New results of our work show a strong dependence of quality attributes on pH, T and 

process time (Slouka Christoph, 2018).  

High purity is generally found at large IB size, which indicates that the surface to volume ratio is 

very important in receiving purer products. It is believed that major concentration impurities are a 

result of host cell fragments upon cell disruption. As IB-formation is very specific process for 

each target protein, the purity patterns for IBs might be highly different. As aggregated proteins 

might contain different host cell proteins, as wells as RNA fragments, it is extremely important to 

purify theses contents of the desired protein (Singh, et al., 2015). As IBs show very bad solubility 

in water, polar washing procedures may help to increase purity patterns (Fahnert, et al., 2004). 

Addition of diverse detergence (such as Triton X-100) in low concentrations might additionally 

solubilize outer membrane proteins therefore increasing the IB-fraction (Clark, 2001). Such 

differentiation can generally made using attenuated total reflectance Fourier-transformed infrared 

spectroscopy (ATR-FTIR) measurements, SDS-PAGE gels or even using MALDI-ToF analysis 

(Molloy, et al., 2000). 
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Protein Activity as QA 

 

Knowledge on the amount of active protein or enzymatic activity of the IB is of high interest for 

the cultivation and further processing steps. In general, GFP model proteins, known to inherit 

protein activity, are tested using fluorescence-based methods. These could be used as integral 

techniques measuring the entire fluorescence of an IB sample, e.g. on a plate reader-based 

technique, or using fluorescence microscopy-based techniques for detailed description of the IB 

inside the cell (García-Fruitós, et al., 2007, Govers, et al., 2014). García-Fruitós et al. (García-

Fruitós, et al., 2007) showed based on confocal microscopy that protein activity is not 

homogenously distributed within the structure of an IB. Peternel et al. (Peternel, et al., 2009) used 

a multitude of different techniques for description of the overall IB quality and the activity. Purity 

of the soluble fraction as well as of the IB samples were measured using classical SDS-Page 

techniques. Folding quality was determined using circular dichroism (CD). Peternel et al. 

(Peternel, et al., 2008) used similar extraction buffers for mild homogenisation with 0.2% N-

lauroyl-sarcosine for four different products and subsequently measured biological activity of all 

fractions with infrared spectroscopy (IR) in the amid I and amid II region. Jevševar et. al 

(Jevševar, et al., 2005) also used IR for determination of structural activity in their produced 

protein. Biological activity could be found in all IB samples but differed greatly depending on the 

protein. However, very low solubility of the active part of these proteins was observed using the 

described mild solubilization method (shortly presented in the previous chapter), indicating that 

solubilization and protein activity in ncIBs was highly dependent onto the product. 

 

Catalytic Activity as QA 

 

Enzymatic conversion activity can be used to show the activity of the IB as biocatalysts. 

Photometric analysis of IB activity was used by Sans et. al (Sans, et al., 2012) measuring the 
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dihydroxyacetone phosphate salt using an UV/VIS photometer. Other metabolites during the 

reaction were determined using online HPLC methods. Nahálka et al. (Nahálka, et al., 2008) 

measured conversion kinetics by means of flow calorimeter techniques. After calibration using 

HPLC the conversion efficiency could be directly detected via a voltage signal of the thermistor. 

 

1.3. Impact of the Upstream processing on IB QAs 

 

A very broad range of proteins is produced as IB for high concentrations of the desired product or 

due to the use of IBs as biomaterials or biocatalysts as also presented in the first part (Villaverde, 

et al., 2015, Rinas, et al., 2017). Generally, stress due to strong overexpression of foreign DNA 

(Fahnert, et al., 2004) in combination with a slow folding machinery is believed to lead to protein 

aggregation (Thomas and Baneyx, 1996) during the cultivation. Stress as high temperatures, pH-

shifts or high feeding rates also favour IB-formation (Fahnert, et al., 2004). These factors tend to 

result in higher yields of product (Gupta and Shukla, 2017), which of course is advantageous 

combined with the possibility of expressing toxic proteins (Berlec and Strukelj, 2013). There are 

different screws for altering QAs of IBs starting with choice of the strain and the induction 

mechanism, classical process parameters like T and pH and finally physiological feeding control 

of the cultivation. We want to address different screws in cultivation technology to modify the 

most important IB QAs. 

 

Impact of induction system on IB QAs 

 

There are a multitude of promotor systems, which are regularly used in E. coli. The most 

important for therapeutic protein production are lac, lac-trc or T7 promotors, which are commenly 

induced by isopropyl β-D-1 thiogalactopyranoside (IPTG) (Neubauer and Hofmann, 1994, Wurm, 

et al., 2016). However, induction with IPTG stresses the cells, as in higher concentrations it is 
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known to be toxic at elevated induction times (Neubauer and Hofmann, 1994, Viitanen, et al., 

2003, Marbach and Bettenbrock, 2012, Dvorak, et al., 2015). Alternative induction mechanisms 

are temperature shifts ( -phage), phosphate depletion (phoA) (Huang, et al., 2012) and induction 

with L-rhamnose (rhaT). In contrast to most other promotor systems rhaT is tightly regulated and 

renders turnability of recombinant protein production possible (Giacalone, et al., 2006). This is 

most likely due to a positive-coupled feedback system, when compared to the commonly used T7-

expression system (Wegerer, et al., 2008) and may be a powerful tool to modify IB QAs based on 

the induction strenth. Similar to the rham-BAD-system is induction performed with arabinose 

using an ara-BAD-System, hence suffering from the same drawbacks as the rhamnose induction 

system, (Khlebnikov, et al., 2002) being the usually high cost of L-rhamnose nad L-arabinose. 

Comparision of protein expression of eGFP based on induction with IPTG and lactose have been 

performed by Wurm et al. (Wurm, et al., 2017). Induction with lactose (using a pET vector 

system) gives the possibility to adapt the QAs size and purity for the given inclusion body based 

on the inducer concentration. Akbari et al. (Akbari, et al., 2015) studied effects on the inducer 

concentration using IPTG in a pTZ57R/T cloning vector. Changing the inducer concentration 

showed significant impact analysed in combination with temperature and induction time. 

Kischnick et. al. (Kischnick, et al., 2006) observed that a component of papain digested soy 

peptone mimics the effects of IPTG and may therefore be used as cheap alternative in complex 

media systems. 

 

QAs affected by Classical and Physiological Process parameters 

 

Classical process parameters like temperature and pH have a severe influence on the expression of 

IBs and/or soluble protein. However, many studies are only based on shake flasks experiments or 

only batch approaches, being far away from realistic biomass concentrations in industrial 

applications. Effects on quality attributes of IBs based on alterations in the culture pH was 

investigated by Castellanos-Mendoza et. al. (Castellanos-Mendoza, et al., 2014) producing 
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recombinant sphingomyelinase-D. The cells were cultivated in shake flask and batch approaches. 

Differences in size were detectable during the 24 h run based on the pH variances during the 

cultivation. Variance in temperature, induction time and IPTG inducer concentration was 

performed by Akbari et al. (Akbari, et al., 2015) producing a single chain antibody fragment. 

Optimized cultivation conditions were found at 37 °C, post-induction time of 10.45 h, and 0.75 

mM IPTG producing up to 236 mg/L of product as IB. However, experiments were exclusively 

performed in shake flasks exhibiting cell densities below 2 g/L. Performed fed -batch based 

cultivations using an industrial protein fused to NPro exclusively expressing IBs (Slouka 

Christoph, 2018) showed high impact on IB QA based on classical process parameters tested in a 

DoE approach. Low pH of 6.7 and low temperature of 31.5°C during favour IB productivity in an 

exclusively IB producing strain. Beside specific titer, also QAs of size and purity were analysed 

and optimized within this study. Limited oxygen growth conditions yielded increased productivity 

and purity for an IB based process by Kischnik et al. (Kischnick, et al., 2006). 

Beside the classical parameters, physiological control of the cultivation process is important for 

optimization of the performance. Physiological feeding strategies are based on the specific 

substrate feeding rate (qs,C) of the respective C-source. Cell stress and reduction of cell viability 

during the induction lead to a reduced uptake of C-source and therefore to a possible overfeeding 

during induction (Reichelt, et al., 2016, Slouka Christoph, 2018). Adapting of qs;C based on the 

physiological state of the cell is essential for preventing cell death and IB degradation during 

cultivation. Furthermore, IPTG as inducer often imposes high cell stress during induction. 

Application of lactose as inducer is a method to prevent this high imposed stress, since lactose can 

be metabolized during induction. Further benefits of lactose is the possibility to adapt induction 

strength in a mixed feed approach varying qs,C of the C-source and lactose, respectively. Wurm et 

al. (Wurm, et al., 2017) tested different recombinant proteins for concomitant uptake of glucose 

and lactose. Results show that IBs are strongly dependent on the amount of the specific lactose 

uptake rate in the mixed feed and on the specific uptake rate of the primary carbon source. 

Furthermore, these cultivation techniques help to overcome the problem of cell stress caused by 
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harsh induction using IPTG and renders the possibility for tuning between soluble and IB 

production. Mixed feed could be applied for a multitude of products including antibody fragments 

(Looser, et al.) (Wurm, et al., 2017) and can be used to increase the production of soluble protein 

compared to the IB fraction (Wurm, et al., 2016), also valid for a GFP model protein, expressing 

IBs as well as soluble protein (Wurm, et al., 2017). Also, effects on activity of the produced GFP 

were visible within this study. Changing the primary carbon source from glucose to glycerol in 

mixed feed systems with lactose was performed by Kopp et. al (Kopp, et al., 2017). Though no 

major differences between glucose and glycerol uptake regarding the specific inducer uptake rate 

rates could be detected. However, the specific IB productivity is highly increased using glycerol 

as primary carbon source, which makes the cheap carbon source an ideal alternative for 

cultivation (Martínez-Gómez, et al., 2012).  

 

Effects of process parameters on QA activity  

 

Different process parameters were recently identified to increase the expression of active 

structures within the produced IBs. Castellanos-Mendoza et. al. (Castellanos-Mendoza, et al., 

2014) showed that changes in the culture pH changed the IB characteristics of sphingomyelinase-

D between the classical and active form. Uncontrolled pH results in a higher amount of active IBs 

analysed by means of solubilization and enzyme kinetic tests. To increase the amount of 

biological active inclusion bodies Wang et. al. (Wang, et al., 2015) tested for different 

hydrophobic self-assembling polypeptides fused to the C- terminus of two model proteins – 

Bacillus subtilis lipase A (LipA) or Aspergillus fumigatus amadoriase II (AMA). Results indicate 

that these protein-tags increase the amount of the insoluble fraction drastically, with remaining 

activity. Jevševar et. al (Jevševar, et al., 2005) increased the fraction of active IB in human 

granulocyte-colony stimulating factor (hG-CSF) by decreasing temperature to 25°C during 

induction. This yielded in an increased titer (higher than 2-fold) and an increase of biological 

activity up to 30%. Peternel et al. (Peternel, et al., 2009) produced GFP as model protein and 
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altered induction strategy and induction temperature. Higher titer could be found under conditions 

of delayed induction. As already shown in different studies lower temperature also increased the 

amount of active protein within in IB structure. 

IBs for direct applications or catalytic purposes are up to now only produced in shake flask 

experiments or in small scale batch cultivations using only few controls. Process engineering 

approaches may be highly beneficial in production of distinct bead sizes for scaffolds and in 

boosting activity of catalytic active IB materials. 

 

1.4. Discussion 

 

The IB based applicational range widened remarkedly during the last decade, mainly based on the 

findings of enzymatic activity. Product design and expression are only one important part in the 

product development chain. Figure 2 presents the general approaches for optimization of IB 

based production processes based on the presented chapters in this review. After 

conceptualization of the product and the expression system given in chapter 1, development of 

respective analytics for measurement of the critical QAs is of utmost importance. For 

pharmaceutical applied products titer and purity measurements during the downstream 

(chromatographic steps) are already implemented. However, without direct analysis - especially 

in a time dependent manner – in the upstream, control during the process is challenging. Several 

analytical methods presented in the literature were therefore summarized in chapter 2 and 

represent the most important pillar for process understanding.  
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Figure 2: Product development chain for (IB) products and it’s iterative optimization process. 

 

Based on that, important QAs and KPIs for the upstream could be analysed yet. Important QAs 

for different IB based applications are summarized in Table 1. QAs like size and purity and KPIs 

like titer can be already well measured in the upstream process based on time dependent 

sampling. Enzyme/catalytic activity measurements of the product is also extensively researched. 

Model proteins like GFP enables us to get inside on effects of critical process parameters (CPP) 

on IB protein activity and its modification during the upstream. This would help to increase the 

number of direct applications of IB for enzymatic reactions in vitro, but also is believed to 

increase downstream recovery of the product. However, in several applications process 

engineering methods are not applied to a satisfying content, also seen in empty spaces in Table 1. 

The already used methods were presented in chapter 3, but are restricted primary to 

pharmaceutical products, leading the way to robust downstream. Despite knowledge of important 

QAs for new applications, upstream technological approaches are not engineered sufficiently in 

order to control KPIs and QAs.  

  

2. Development of 
analytics to 

measure desired 
KPI and QAs

3. CPPs in the 
Upstream to 

trigger KPI and 
QAs 

1. Define 
product QAs 

and KPI
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Table 1: Differences in QA, and performance indicators for different IB based products. QAs can be 

influenced by process parameters in the USP. 

product Quality attributes (QA) Key performance 

Indicator (KPI) 

Screws in Critical Process Parameters 

(CPP) 

IBs without 

protein activity 

• Size (Peternel, et al., 

2008, Díez-Gil, et al., 

2010, Slouka 

Christoph, 2018) 

(Rinas, et al., 2017) 

• Purity (Kischnick, et 

al., 2006, Slouka 

Christoph, 2018) 

• Time space 

yield/Titer 

• DSP 

performance 

 

• Classical (pH,T,pO2) 

(Castellanos-Mendoza, et al., 

2014, Slouka Christoph, 2018) 

• Physiologcal (qs,C) (Slouka 

Christoph, 2018) 

• Cell viability(Reichelt, et al., 

2016, Slouka Christoph, 2018) 

• Inducer (e.g. IPTG vs lactose) 

(Neubauer and Hofmann, 1994, 

Akbari, et al., 2015, Wurm, et 

al., 2016, Wurm, et al., 2017) 

• C-source (Kopp, et al., 2017) 

• Induction time (Rinas, et al., 

2017). 

IBs with protein 

activity 

• Size  

• Purity 

• Activity (García-

Fruitós, et al., 2007, 

Govers, et al., 2014) 

(Peternel, et al., 2009) 

• Recovery of mild 

solubilitzation 

performance 

• DSP 

performance 

 

• Classical (pH,T) (Castellanos-

Mendoza, et al., 2014) 

(Jevševar, et al., 2005) 

(Peternel, et al., 2009) 

• Fusion tags (Wang, et al., 

2015) 

• Induction time 

IBs as 

nonoparticulate 

matter 

• Size 

• Cell penetration 

(Seras-Franzoso, et al., 

2013) 

• Drug delivery 

(Rodríguez-Carmona 

and Villaverde, 2010). 

• Mammalian cell 

growth 

 

IBs as 

biocatalysts 

• Catalytic activity 

(Nahálka, et al., 2008, 

Sans, et al., 2012) 

• Recircilation number 

(Nahálka, et al., 2008) 

• Purity 

• Turnover number • Fusion tags (Nahálka, et al., 

2008) 

 

IBs for 

multienzyme 

cascades 

• Catalytic activity (Han, 

et al., 2017) 

• Metabolon 

activity 

 

 

One reason may be that diverse products are in the very early stage of development for several 

application. Optimization of the process is therefore not under investigation yet and desired at the 

current point as the efforts are too high. In case of industrial need for these IB based products, 
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based on competitive prices and quality, an emerging need for upstream screws will be given in 

the near future. A second reason may be investigations of IB properties intending a rather basic 

science claim. Industrial relevance may be not given and may not be seen to the current time and 

therefore no need is given to optimize production and properties of the product. Summing up, bio-

engineering is a powerful tool not only to broaden the application range of IB based products in 

industry, but also improve product quality and magnitude. This further process understanding for 

a high variety of products with different applications also may pave the way for new benchmarks 

in the industry, e.g. continuous manufacturing in microbial processes. 

 

1.5. Conclusions 

 

IB processes experienced a new renaissance in the recent years, as the range of application of IBs 

increased considerably. Classical process parameter like temperature, pH and physiological 

feeding in combination with very different induction mechanism are powerful tools to trigger the 

properties of IBs in order to fit the desired quality. IBs are still widely exploited for production of 

pharmaceutical processes for high product titer and expression of toxic proteins, where no 

posttranslational modifications are required, e.g. fABs.  

The differentiation between classical and non-classical IBs is not a distinct boarder anymore. 

Different process parameters in the upstream does highly affect the amount of active protein 

within the IB.  

Process understanding during cultivation for different purpose in IB applications is still highly 

underestimated. Different screws are already identified for individual products to enhance or 

repress activity in the IB product. Desired QAs for different applications are already triggered by 

process technological based tools. While the analytical toolbox for determination is already 

developed to a high extend and applicable, quality by design criteria are not yet applied for 

multitude of products as no need for high production is given yet. Furthermore, we think that, if 
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further basic research is done for a number of products, distinct process understanding during 

production will help to improve product quality (and quality attributes) for these IB based 

products in the future. 
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1.6. Industrial need and scientific questions of this thesis  

 

Control of the quality attributes of the IB product in the Upstream Process is of utmost importance 

to guarantee a stable Downstream Processing for pharmaceutical active products. As many factors 

affect these Quality Attributes – classical process parameters, physiological parameters and 

especially harvest timepoint – we wanted to create a knowledge platform for triggering these 

attributes during cultivation. This knowledge platform is formed using process engineering 

methods in a product development for an industrial relevant biopharmaceutical. Following 

workflow (Figure 3) was chosen to fulfil this task. 

 

Figure 3: Workflow of this thesis to acquire process understanding during the given product development. Part I and II 

are presented in the following chapters. For part III first approaches will be presented for viable cell concentration as an 

important factor for PAT analytics. 

The first part describes the impact of different critical process parameters (CPP) on the defined 

Inclusion Body quality attributes (QAs). This process knowledge is subsequently applied to 
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develop physiological feeding control for the developed process in the second part. In the third 

part process analytical tools for raising control strategies to the next level are approached. 

Based on the workflow in Figure 3 following scientific questions and aims were addressed during 

this thesis, with questions 1 and 2 governing the understanding of the impact on QAs, question 3 

dealing with physiological control and question 4 trying to approach PAT based technologies: 

 

I. Are we able to detect variances in inclusion body quality attributes (size, purity) by 

means of analytical techniques? Can these quality attributes be changed based on 

the two classical process parameters pH and temperature in the induction phase? 

 

II. Can product formation be boosted by usage of glycerol instead of glucose, 

overcoming the limitation of carbon catabolite repression when using lactose as 

inducer? Can cell stress be reduced by usage of lactose as inducer instead of IPTG? 

 

III. As cell stress leads to reduction of viable cell concentration and subsequent product 

degradation, control strategies need to be applied to overcome these issues. Are 

there trigger parameters for determination of cell stress, and can control strategies 

be applied based on these? 

 

IV. Viable cell concentration is the most important parameter during cultivations with 

microorganism as they are the catalysator or producer of the value product? Is it 

possible to determine viable cell concentration and/or the physiological state of the 

cell using hard sensor methods? 

  



26 

2. Custom Made Inclusion Bodies: Impact of classical process 

parameters and physiological parameters on Inclusion Body 

quality attributes 

 

Inclusion Body quality attributes were analyzed based on the process parameters triggered in the 

induction phase of fed-batch based cultivations using E. coli BL21(DE)3. This part deals with the 

understanding of the impact of CPP on IB-QAs. The results of this part  were published in 

Microbial Cell Factories Journal (Slouka Christoph, 2018). 

 

2.1. Background 

 

The gram-negative bacterium E. coli is the expression host of choice for the production of 30% to 

40% of recombinant drugs in industry (Walsh, 2010, Gupta and Shukla, 2017). As E. coli shows 

very fast replication rates (Meuris, et al., 2014, Wurm, et al., 2016) on comparatively inexpensive 

media (DeLisa, et al., 1999), the benefits often outweigh the numerous purification steps (Berlec 

and Strukelj, 2013, Gupta and Shukla, 2017) and the missing glycosylation pattern (Spadiut, et al., 

2014, Baeshen, et al., 2015, Gupta and Shukla, 2017). Recombinant protein production in E. coli 

regained more interest as the demand in single chain antibody-fragments increased, which can be 

properly expressed in E. coli (Spadiut, et al., 2014, Gupta and Shukla, 2017). The strain 

BL21(DE3) created by F. Studier and B. Moffatt back in 1986 (Studier and Moffatt, 1986) is 

often used in an industrial scale, because of very low acetate formation, high replication rates 

(Steen, et al., 1986, Studier and Moffatt, 1986, Studier, et al., 1990, Dubendorff and Studier, 

1991, Neubauer and Hofmann, 1994, Lyakhov, et al., 1998), as well as the possibility of protein 

secretion into the fermentation broth due to a type 2 secretion protein (Jeong, et al., 2009, Tseng, 

et al., 2009, Jeong, et al., 2015). For expression of the recombinant protein, the lac operon is still 
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one of the most favored promotors in pET-expression-systems using integrated T7-polymerase for 

high transcriptional rates (Dubendorff and Studier, 1991, Marbach and Bettenbrock, 2012, Wurm, 

et al., 2016). The repressor protein can only be blocked by allolactose or a structural analogue 

(Keiler, 2008), e.g. the well-known expensive inducer isopropyl β-D-1 thiogalactopyranoside 

(IPTG) (Neubauer and Hofmann, 1994, Wurm, et al., 2016). However, induction with IPTG 

stresses the cells, as IPTG in higher concentrations is known to be toxic (Neubauer and Hofmann, 

1994, Viitanen, et al., 2003, Marbach and Bettenbrock, 2012).  

Recombinant proteins are often expressed as Inclusion Bodies (Inada, et al.). IBs have originally 

been believed to be waste products by bacteria (García-Fruitós, et al., 2012), until it was realized 

that they are formed as a stress reaction by the cells resulting in a biologically inactive 

precipitated protein (Palmer and Wingfield, 2012, Ramón, et al., 2014, Villaverde, et al., 2015). 

Such stress reactions can be caused by high temperatures, pH-shifts or occur due to high feeding 

rates. These factors tend to result in higher yields of product (Gupta and Shukla, 2017), which of 

course is advantageous combined with the possibility of expressing toxic proteins (Berlec and 

Strukelj, 2013). Still, the DSP and especially the refolding unit operation suffers in robustness and 

is the most time-consuming step in gaining the correctly folded product from E. coli cultivations 

(García-Fruitós, et al., 2012, Palmer and Wingfield, 2012, Ramón, et al., 2014, Villaverde, et al., 

2015), which requires significantly more technology and time, when purifying IBs (Palmer and 

Wingfield, 2012, Wingfield, 2014, Wingfield, et al., 2014). 

Quality attributes (or key performance indicator) of IBs, such as titer and morphology changes 

during extraction procedures have already been studied and show that IBs are dynamic structures 

depending on the cultivation and extraction conditions (Peternel, et al., 2008, Peternel, et al., 

2008, Díez-Gil, et al., 2010). First approaches towards IB sizing in the upstream process have 

already been made within our group by Reichelt et al. (Reichelt, et al., 2017) using transmission 

electron microscopy (Schwaighofer, et al.) in combination with nanoparticle tracking analysis 

(García-Fruitós, et al.) revealing general trends of IB growth during cultivation. Further studies 

show that IBs consist of up to 50% correctly folded protein in contrast to the general perception of 
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IBs as inactive structures (Jevševar, et al., 2005, Peternel, et al., 2008). Combined with the fact 

that IBs can be produced in high concentration (so that the amount of generated product often 

outweighs the additional downstream steps), IB based processes are believed to fundamentally 

boost time/space yields for recombinant protein production (García-Fruitós, et al., 2012, Berlec 

and Strukelj, 2013, Baeshen, et al., 2015, Gupta and Shukla, 2017). Knowledge about the state of 

IB QAs during a cultivation process is therefore of utmost importance. Three IB QAs are 

generally of importance: bead size, titer and purity, as those three quality attributes were already 

defined elsewhere (García-Fruitós, et al., 2012, Reichelt, et al., 2017, Reichelt, et al., 2017, 

Wurm, et al., 2017). It has been reported that inclusion body sizes can be measured with different 

methods, e.g. AFM (atomic force microscopy), TEM and NTA (García-Fruitós, et al., 2012, 

Reichelt, et al., 2017, Wurm, et al., 2017). SDS-pages and ELISA-methods have been often 

reported as tool to determine impurities and titer in the IB product samples (Kischnick, et al., 

2006). The impact of single process parameters like pH on IB QAs has already been investigated 

in literature (Strandberg and Enfors, 1991, Castellanos-Mendoza, et al., 2014). Reichelt et al. 

(Reichelt, et al., 2017) showed that alterations of (qs,glu) influence the behavior of common IB-

processes, using IPTG as an inducer. The impact of the feeding rate onto product formation in E. 

coli BL21(DE3) has been investigated recently, though lactose was used as inducer instead of 

IPTG (Kopp, et al., 2017). However, no monitoring of all IB-QAs over induction time has been 

performed in any of the previous studies. 

 

In this study we performed cultivations with a BL21(DE3) strain, producing a recombinant 

protein coupled to a N-pro-fusion protein (Achmüller, et al., 2007) – strain 1 – and a non N-Pro 

fused protein – strain 2 -, both exclusively expressing IBs, as the products are highly toxic for the 

cell. Classical process parameters were monitored as a function of induction time. The impact of 

process parameters on IB bead size in combination with purity and titer as a function of time has 

not been investigated in depth. Secondary structure of different IB sizes were analyzed using IR 

and showed no differences for IB beads of different size compared to the standard. Based on these 
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results, the physiological parameter of the specific substrate uptake rate (qs,glu) is altered at 

constant pH and T for strain 1 and QAs are analyzed time-dependently. In this current study we 

collected time resolved results, which are used to optimize the USP. In conclusion, it is 

demonstrated that low T and low pH in combination with high qs,glu are beneficial for increasing 

the productivity and robustness of IB based processes for the two tested proteins. 

 

2.2. Methods 

 

Strains 

 

Strain 1 was an E. coli BL21(DE3) with the pET[30a] plasmid system (kanamycin resistance) for 

recombinant protein production. The target protein was linked to a N-pro fusion protein used for 

purification (Achmüller, et al., 2007). Strain 2, E. coli BL21(DE3), (kanamycin resistance) was 

used for testing the results obtained with strain 1. Expression of the protein occurs only as IB 

since the product is toxic to the cell. No N-Pro taq is fused to this product. 

 

Bioreactor cultivations 

 

Strain 1: 

All bioreactor and preculture cultivations for strain 1 were carried out using a defined 

minimal medium referred to DeLisa et al. (1999) (DeLisa, et al., 1999). Batch media and 

the preculture media had the same composition with different amounts of glucose 

respectively. The glucose concentrations for the phases were: 8 g/L for the preculture, 20 
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g/L for the batch phase. The feed for fed-batch and induction had a concentration of 300 

g/L glucose. 

Antibiotic was added throughout all fermentations, resulting in a final concentration of 0.02 g/L 

of kanamycin. All precultures were performed using 500 mL high yield flasks. They were 

inoculated with 1.5 mL of bacteria solution stored in cryos at -80°C and subsequently cultivated 

for 20 h at 230 rpm in an Infors HR Multitron shaker (Infors, Bottmingen Switzerland) at 37 °C. 

All cultivations were either performed in a stainless-steel Sartorius Biostat Cplus bioreactor 

(Sartorius, Göttingen, Germany) with 10 L working volume or in a DASGIP Mini bioreactor-4-

parallel fermenter system (max. working volume: 2.5 L; Eppendorf, Hamburg, Germany). 

Cultivation offgas was analyzed by gas sensors - IR for CO2 and ZrO2 based for O2 (Blue Sens 

Gas analytics, Herten, Germany). 

Process control was established using the PIMS Lucullus and the DAS-GIP-control system, 

DASware-control, which logged the process parameters. During batch-phase and fedbatch phase 

pH was kept constant at 7.2 and controlled with base only (12.5% NH4OH), while acid (5 % 

H3PO4) was added manually, when necessary. The pH was monitored using an EasyFerm Plus 

pH-sensor (Hamilton, Reno, NV, USA). The reactors were continuously stirred at 1400 rpm and 

aerated using a mixture of pressurized air and pure oxygen at 2 vvm. Dissolved oxygen (dO2) was 

always kept higher than 30 % by increasing the ratio of oxygen in the ingas. The dissolved 

oxygen was monitored using a fluorescence dissolved oxygen electrode Visiferm DO (Hamilton, 

Reno, NV, USA) The fed-batch phase for biomass generation was followed by an induction phase 

using a feed medium with glucose as primary carbon source.  

0.5 mM IPTG was added as an inducer once to start the induction of the cells. pH and 

temperature in the induction phase was adapted according to the design of experiments 

(DoE) given in Figure 4 a). pH was altered between 6.7 and 7.7 and temperature between 

30 °C and 40 °C. The center point at 35 °C and pH = 7.2 was cultivated in triplicate in 

order to assess statistical experimental error.  
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Figure 4: DoE for determination of the influence of classical process parameters on IB QAs. Starpoints (8,9,10,11) were 

performed in a DasGip parallel system, while the others were cultivated in a stainless-steel Sartorius Stedim reactor; b) 

reduced design space for strain 2 based on optimal cultivation parameters. 

 

Strain 2: 

Strain 2 was cultivated at our industrial partner. The cultivation was similar to strain 1 using 

chemically defined medium containing 15 g/L glucose in seed and 10 g/L glucose in main stage 

fermentations, respectively. Inoculum preparation and respective antibiotic selection were similar 

to strain 1, though during the main culture stage kanamycin was added. Seed and main culture 

cultivations were carried out in custom built 50 L stainless steel vessels with custom made 

fermentation software for process control. Throughout the seed and main fermentation stages the 

pH was adjusted to fit the parameters of the second DoE (Figure 4 b) using 150 g/l sulphuric acid 

or 25 % ammonia. Temperature was adjusted to the corresponding values in main culture. 

Dissolved oxygen was adjusted to 30% using aeration with up to 2 vvm, 2 bar backpressure and 

stirring up to 500 rpm. Optical DO probes Visipro DO (Hamilton, Reno, NV, USA) and 

EasyFerm Plus pH probes (Mettler Toledo, Columbus, Ohio; USA) were used for monitoring and 

control. Off-gas analysis was conducted using a custom-built mass spectrometer facility. At OD600 

> 8.5 in seed culture, main culture was inoculated using 8.6% (v/v). Upon glucose depletion a 
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glucose feed was initiated using a µ of 0.3 h-1 for 6 h and was kept constant at a final rate of 

exponential feed pattern until process termination. Expression was induced 2 hours after the end 

of exponential feeding for biomass production using 1 mM IPTG for 12 h in a reduced design 

space given in Figure 4 b). As high temperatures and alkaline pH (fermentation conditions 2 in 

Figure 4 a) showed pronounced lysis during the study, the design space for strain 2 was reduced 

to a more reasonable pH and temperature window which is commonly used for multiple E. coli 

cultivations. Absolute values for pH and T cannot be given due to confidential reasons by our 

industrial partner. 

 

Cultivation Analytics 

 

Biomass 

For dry cell weight (DCW) measurements 1 mL of the cultivation broth was centrifuged at 9000 

g, subsequently washed with 0.9 % NaCl solution and centrifuged again under the same 

conditions. After drying the cells at 105 °C for 48 h the pellet was evaluated gravimetrically. 

DCW measurements were performed in five replicates and the mean error for DCW was about 3 

%. Offline OD600 measurements were performed in duplicates in a UV/VIS photometer Genisys 

20 (Thermo Scientific, Waltham, MA, US).  

 

Flow Cytometry 

Flow cytometry (FCM) was carried out according to Langemann et al. [38]. We used a CyFlow® 

Cube 6 flow cytometer (Partec, Münster, Germany) with 488-nm blue solid-state lasers. Three 

fluorescence channels were available (FL1, 536/40 nm bandpass; FL2, 570/50 nm bandpass; FL3, 

675 nm longpass) alongside forward scatter (trigger parameter) and side scatter detection. This 

device featured true absolute volumetric counting with a sample size of 50 to 100 L. Data were 

collected using the software CyView 13 (Cube 6; Partec) and analyzed with the software FCS 
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Express V.4.07.0001 (DeNovo Software, Los Angeles, CA, USA). Membrane potential-sensitive 

dye DiBAC4(3) (abs./em. 493/516 nm) was used for the assessment of viability. Fluorescent dye 

RH414 (abs./em. 532/760 nm) was used for staining of plasma membranes yielding strong red 

fluorescent enhancement for the analysis of total cell number. Combining those two dyes it was 

possible to quantify the viable cell concentration. Stocks of 0.5 mM (DiBAC4(3)) and 2 mM 

RH414 were prepared in dimethyl sulfoxide and stored at -20°C. Both dyes were purchased from 

AnaSpec (Fremont CA, USA). 1.5 L of both stocks were added to 1 mL diluted sample resulting 

in final concentrations of 0.5 M DiBAC4(3) and 2.0 M RH414, respectively. Samples were 

measured directly after addition of the dyes, without further incubation. 

 

Sugar analytics 

Sugar concentrations in the filtered fermentation broth were determined using a Supelco 

C-610H HPLC column (Supelco, Bellefonte, PA, USA) on an Ultimate 300 HPLC 

system (Thermo Scientific, Waltham, MA, US) using 0.1 % H3PO4 as running buffer at 

0.5 mL/min or an Aminex HPLC column (Biorad, Hercules; CA, USA) on an Agilent 

1100 System (Agilent Systems, Santa Clara, CA, USA) with 4 mM H2SO4 as running 

buffer at 0.6 mL/min. 

 

Product Analytics 

 

IB Preparation 

5 mL fermentation broth samples were centrifuged at 4800 rpm at 4 °C. The supernatant is 

discarded and the pellet is resuspended to a DCW of about 4 g/L in lysis buffer (100 mM Tris, 10 

mM EDTA at pH = 7.4). Afterwards the sample was homogenized using a high-pressure 

homogenizer at 1500 bar for 10 passages (EmulsiflexC3; Avestin, Ottawa, Canada). After 
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centrifugation at 10000 rpm and 4 °C the supernatant was discarded and the resulting IB pellet 

was washed twice with ultrapure water and aliquoted into pellets à 2 mL broth, centrifuged 

(14000 rpm, 10 min 4 °C) and stored at -20 °C. 

 

IB Size 

Washed and aliquoted IB samples were resuspended in ultrapure water. 100 µL of appropriate 

dilution of the suspension were pipetted on a gold-sputtered (10 - 50 nm) polycarbonate filter 

(Millipore-Merck, Darmstadt, Germany) using reusable syringe filter holders with a diameter of 

13 mm (Sartorius, Göttingen, Germany). 100 µL of ultrapure water were added and pressurized 

air was used for subsequent filtration. Additional 200 µL of ultrapure water were used for 

washing. The wet filters were fixed on a SEM sample holder using graphite adhesive tape and 

subsequently sputtered with gold to increase the contrast of the sample. SEM was performed 

using a QUANTA FEI SEM (Thermo Fisher, Waltham, MA, US) with a secondary electron 

detector (Dvorak, et al.). The acceleration voltage of the electron beam was set between 3 to 5 kV. 

To determine the diameter of the IBs, 50 IBs on SEM pictures were measured using the ImageJ 

plugin Fiji (Laboratory for Optical and Computational Instrumentation (LOCI), University of 

Wisconsin-Madison, US). SEM analytics of two different time points for both strains are given in 

Figure 5. 

 

IB Titer for MPS1 

For titer measurements IB pellets were solubilized using solubilization buffer (7.5 M guanidine 

hydrochloride, 62 mM Tris at pH = 8). The filtered samples are quantified by HPLC analysis 

(UltiMate 3000; Thermo Fisher, Waltham, MA, USA) using a reversed phase column (EC 

150/4.6 Nucleosil 300-5 C8; Macherey-Nagel, Düren, Germany). The product was quantified 

with an UV detector (Thermo Fisher, Waltham, MA, USA) at 280 nm using Novartis BVS Ref. 

02 as standard. Mobile phase was composed of acetonitrile and water both supplemented with 
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0.1% (v/v) trifluoride acetic acid. A linear gradient from 30% (v/v) acetonitrile to 100 % 

acetonitrile (ACN) was applied. A steep linear gradient from 10% ACN to 30 % ACN in 60 s was 

followed by a long linear gradient from 30 % to 55 % and by 3 regeneration steps. 

 

Figure 5: Extracted IBs filtered onto Au coated polycarbonate filter and analyzed using SEM for 4 h induction time and 

12 h induction time. Strong difference in size can be spotted for the two-time points. 

 

IB Titer for MPS2 

IB titer was also determined by reversed phase HPLC at Sandoz GmbH (Process Analytics, 

Kundl, Tyrol, Austria). Pellets were defrosted at room temperature and solubilized by addition of 

dilution buffer (Strandberg and Enfors) (6 M guanidine hydrochloride, 50 mM Tris, pH 7.5) and 

sonication (Branson Ultrasonics, Danbury, Connecticut, USA). The filtered samples were 

analyzed by HPLC with a reversed phase column (Acquity UPLC BEH 300, C4, 1.7µm, 2.1 x 50 

mm). Quantification was performed by UV detection at 214 nm wavelength and calibration with a 
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purified product standard. Mobile phases were composed of (A) water and (B) 

acetonitrile/pentanol (95/5, v/v) both supplemented with 0.1% (v/v) tetrafluoride acetic acid. The 

elution of the product was achieved with a linear gradient of both solvents. 

 

IB Purity 

Purity measurements were performed using chip-based protein assays with 2100 Bioanalyzer 

(Agilent Technologies, Santa Clara, CA, USA. The chip-based assay is based on SDS-PAGE and 

therefore separates molecules according to their size. Washed and homogenized IBs were 

dissolved in 3 M urea, 25 mM Tris at pH 7 and measured subsequently. The electropherogram 

was afterwards analyzed using OriginPro 2016 (Northampton, MA, USA) integrating the peak 

area of the protein of interest and normalizing the area in respect to the total area of the 

electropherogram. 

 

IB conformational analysis by IR spectroscopy 

Infrared (IR) spectra were recorded by an external-cavity quantum cascade laser-based IR 

transmission setup described in detail by Schwaighofer et al. (Schwaighofer, et al., 2018). A 

water-cooled external-cavity quantum cascade laser (Hedgehog, Daylight Solutions Inc., San 

Diego, USA) was used operating at a repetition rate of 100 kHz and a pulse width of 5000 ns. All 

spectra were recorded in the spectral tuning range between 1730–1470 cm-1, covering the amide I 

and amide II region of proteins, at a scan speed of 1200 cm-1s-1. The MIR light was focused on the 

detector element by a gold plated off-axis parabolic mirror with a focal length of 43 mm. A 

thermoelectrically-cooled MCT detector operating at -78 °C (PCI-10.6, Vigo Systems S.A., 

Poland) was used as IR detector. To reduce the influence of water vapor, the setup was placed in a 

housing of polyethylene foil and constantly flushed with dry air. The measured signal was 

processed by a lock-in amplifier (Stanford Research Systems, CA, USA) and digitized by a NI 

DAQ 9239 24-bit ADC (National Instruments Corp., Austin, USA). Each single beam spectrum 
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consisting of 6000 data points was recorded during the tuning time for one scan of approx. 250 

µs. A total of 100 scans were recorded for background and sample single beam spectra at a total 

acquisition time of 53 s. All measurements were carried out using a custom-built, temperature-

controlled flow cell equipped with two MIR transparent CaF2 windows and 31 µm-thick spacer, at 

20 °C. 

The laser was controlled by Daylight Solution driver software; data acquisition and temperature 

control were performed using a custom-made LabView-based GUI (National Instruments Corp., 

Austin, USA). Two IB samples with distinct size of 400 nm and 600 nm were compared with the 

finished formulated protein standard of strain 1 (without N-Pro Taq). 

 

2.3.Results and Discussion 

 

The goal of this study was to investigate and to understand if and how IB attributes can be 

changed and tuned by upstream bioprocess (USP) technological methods. We tested the classical 

process parameters pH and temperature and the physiological parameter specific substrate uptake 

rate. The impact of specific USP parameters can be investigated using IB QAs as response for 

data evaluation. With knowledge about the tunability of IB QAs in the upstream, it is possible to 

simplify the subsequent downstream steps. Therefore, we tested two different proteins, with 

completely different structure including N-Pro fusion taq for strain 1 and no fusion taq for strain 

2. Both products have a high toxicity for the cell in common and are only expressed as IBs. The 

results constitute the key to custom made IBs and may be used as platform technology for the 

development of the USP for new products. 
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Impact of classical process parameters on IB QAs using strain 1 (N-Pro fused protein) 

 

As IPTG based induction imposes a metabolic stress to the host organism, time dependent 

analysis of IB QAs is of utmost importance to identify critical process time points (e.g. cell death, 

product degradation) within individual cultivation runs. Therefore, IB QAs were analyzed every 

two hours within a maximum of 12 hours induction time. pH and T were altered based on the 

experimental plan, while specific substrate uptake rate (qs,Glu) and inducer concentration were kept 

constant in all experiments. In Table 2 the applied parameters for T, pH and qs,Glu for all 

performed cultivations in the DoE are displayed. Figure 6 exemplarily shows IB QAs of one 

single cultivation run as a function of time. The received QAs purity, titer and size are used to 

build a data driven model using MODDE 10 (Umetrics, Sweden).  

Table 2: Analysis of applied process parameters compared to set points in all DoE runs during induction phase. 

DoE pHset [-] Tset[°C] pHreal [-] Treal [°C] qs,Glu set [g/g/h] qs,Glu real [g/g/h] 

1 6.7 30.00 6.69 30.00 0.25 0.24 

10 7.2 30.00 7.16 30.02 0.25 0.26 

3 7.7 30.00 7,69 30.00 0.25 0.26 

11 6.7 35.00 6.64 35.02 0.25 0.29 

5 7.2 35.00 7.18 35.00 0.25 0.24 

6 7.2 35.00 7.18 35.00 0.25 0.32 

9 7.7 35.00 7.64 35.03 0.25 0.27 

4 6.7 40.00 6.68 40.00 0.25 0.29 

8 7.2 40.00 7.15 40.01 0.25 0.29 

2  7.7 40.00 7.69 40.00 0.25 0.24 

7   7.2 35.00 7.17 35.00 0.25 0.25 

 

A partial least square fit was used for all models. Model terms (linear, quadratic and interaction 

terms) were evaluated according to their validity (p-values) and to the overall model quality. A 

clear dependence for the applied variations in pH and T were found and visualized against 
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induction time giving a time dependent analysis of the QAs. The evaluation of the specific titer 

(based on titer (g/L) divided by the biomass at the given timepoint (gX/L, resulting in g/g)) 

against the induction time and pH and T showed a clear dependence.  

 

Figure 6: IB QAs as a function of induction time for the third centerpoint cultivation. Size is given with standard 

deviation (spline). Drop of titer/size and purity after 8 h is generally a result of increased cell lysis at elevated times. 

The specific titer was used in order to compensate for deviations in the biomass after the non-

induced fed batch, which yielded 25-30 g/L DCW. The maximum of spec. titer (not necessarily 

the spec. productivity at certain time point) was found at low T and low pH, shown in Figure 4 a). 

pH dependence got significant after 6 h of induction time and impacted (Figure 7 b) the spec. 

titer. The maximum of recombinant protein was produced between 8 and 10 hours. This fact is 

well reflected by the const. parameter in Figure 7 b). After 10 hours cell death leads to a 

degradation and reduction of the produced protein, also clearly deducible from the constant term, 

visible in FCM measurements and in pronounced glucose accumulation (data not shown). Within 

single cultivation runs titer and IB bead size showed a very linear relationship in the mean 

diameter and the standard deviation until the onset of cell death. Process parameters pH and T 

affected the growth of IB beads significantly. Generally, the largest IB bead size could be found 

close to the center point of the DoE in the beginning of induction. The shift to lower T and pH can 

be spotted after 6 h of induction time (compare to Figure 7 c). Effects of cell death and product 
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degradation in titer could also be spotted in the IB bead size especially at 12 h. General trends of 

the fitting parameters are visualized in Figure 7 d). The constant model parameter is increased 

over time which also indicates the growth of IB beads over induction time. Linear terms pH and T 

and quadratic pH term showed increased impact on the model with elevated time, while 

interaction term and quadratic T-term stayed rather constant. 

 

Figure 7: a) data driven model for time dependent analysis of IB specific titer; b) model fit parameter for titer. While in 

the beginning only temperature dependence is visible, a strong pH correlation can be found at t = 8 h; c) data driven 

model for time dependent analysis of IB bead size; d) model fit parameter for IB bead size. Due to standard deviation of 

10 % in the analysis model parameters are rather complex.; e) Data driven model for time dependent analysis of IB 

purity; f) model fit parameter for purity. A sole temperature dependence is found beyond 4 h of induction 

A Similar behavior for IB bead growth had already been obtained for a recombinant produced 

green fluorescent protein (GFP) in our group by Wurm et. al. (Wurm, et al., 2017). Instead of 
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altering pH and T like in this study, the induction strength using mixed feed systems with lactose 

as inducer was varied. Induction time and strength had a high impact on the IB bead size during 

these cultivations. In our model a certain deregulation of size compared to titer could be dedicated 

from the given data driven models. This fact is beneficial for regulation of individual parameters 

to increase the performance in the DSP process chain in a further aspect since size and titer can be 

varied separately to a certain extend. As third QA IB purity, as important factor for quality in the 

DSP, was analyzed. 

The three-dimensional plot for purity determination is presented in Figure 7 e). At times, up to 

four hours of induction pH influenced the purity of the IB samples. After four hours, a sole 

dependence on temperature was found indicating that low temperatures (30 °C in the design) 

favor cleaner IBs. Since titer and size maximum could be found at low temperatures and pH, 

purity after homogenization may be highly correlated to the degree of lysis during the 

fermentation run. Lower temperatures did not lead to significant cell death (when regarding up to 

10 h of induction), impurities may be reduced by applying low temperatures compared to 

temperatures with increased cell death yields. So, Figure 7 f) summarizes the model fit 

parameters as a function of time. pH did not contribute to the model fit beyond 4 h (only one point 

given). Temperature has a major influence on the duration of the induction time, which can 

already be detected in early stages of induction time. As purity is affected by the washing steps 

after homogenization different washing procedures may impact the value of absolute purity and 

the kind of impurity. Generally, porin structures and phospholipids from the outer membrane are 

the major part of impurities in the IB after homogenization (Rinas and Bailey, 1992, Rinas, et al., 

1993). In literature IB beads had already been analyzed by SEM and AFM in order to get insight 

into morphology (García‐Fruitós, et al., 200λ) and into washing procedures and dependence of pH 

and T within (Rodríguez-Carmona, et al., 2010). Different washing procedure had also been 

analyzed in this work. Buffer based washing tends to show little influence in shape and 

morphology of IBs but has an effect on the analyzed purity value (Supplementary 1). This may 

be attributed to phospholipid content, resulting from homogenization of the cells, as buffer 
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treatment successfully increases purity. Effects of washing on phospholipid content is also 

reported in (Valax and Georgiou, 1993). Generally, SDS-PAGE techniques are used to separate 

different protein sizes. A few impurity peaks are found near the respective fusion protein size of 

28.8 kDa and about 60 kDa (Supplementary 3 an IB purity for 4 h and 12 h of the validation 

run)). These impurities correlating well to the size-range of a magnitude of outer membrane (e.g. 

ompA with 35.1 kDA (Molloy, et al., 2000)). To determine the extent of DNA in IB as impurities, 

we treated solubilized IB samples prior to an SDS-PAGE with DNAse 30 min at 37°C (DNAse 1, 

Thermo Scientific, Waltham, MA, US). No differences in the gel could be spotted between 

untreated and treated samples (Supplementary 3 b). Therefore, we suppose little content of 

residual DNA within the IB samples, which was also described in (Valax and Georgiou, 1993). A 

higher IB purity is based on our model generally attributed to larger IB sizes. Since 

volume/surface ratio differs drastically compared to small beads less host cell structures can 

attach to the surface after homogenization. Buffer washing successfully removes a higher content 

of theses impurities.  

 

To evaluate the three data driven model approaches, we performed a verification run was, aiming 

to achieve a maximum in titer of the recombinant protein including prediction of the respective 

attributes size and purity. Since the maximum of the titer could be found after 10 h of induction 

time, optimization is performed for this time stage. The process parameters received from the 

optimization algorithm for the induction phase were pH = 6.7, T = 31.5 °C. Table 3 shows the 

comparison of the model prediction vs. the real measured values received after 10 h of induction. 

Standard cultivation reproducibility based on center point cultivations of strain 1 are strongly 

time dependent, especially for titer and purity assessment.  
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Table 3: Prediction vs. measured QA of IBs for model validation run. 

Val. run model measured assessment 

purity 0.34522 0.397 Correct within 20% error for purity at 10 h 

Spez. titer (optimized) 0.1131 0.140 higher than predicted 

size 570.536 571.63 prediction correct 

 

Differences in the real qs,Glu during these three runs may affect the reproducibility, especially in 

the beginning of the cultivations as will be shown in the forthcoming chapter. Mean values and 

deviations for the center point runs of strain 1 are given in Supplementary 3.The standard 

deviation for size is below 10% until 10 h of induction, heading to about 15 % at 12 h. Purity 

shows an error of about 30 % for until 8 hours reducing to values below 20 % afterwards. Low 

titer values are generally highly defective at early time stages of the induction phase as a result of 

the onset of production. These high errors of about 30% reduce to about 10 % after 8 h of 

induction. Using these assumptions for evaluation of the model clearly shown that model 

assumptions for size and purity QAs are correct within the given standard deviations. The IB bead 

size range after 10 h is predicted correctly, despite the general uncertainty of about 10 % in the 

measurement statistics. Purity was correct within the 20 % deviation at this time stage. Even 

slightly better results could be obtained for titer but are off the 10 % deviation. This may be based 

on the slightly higher qs, Glu of 0.3 g/g/h applied in this cultivation (overestimation of biomass after 

the fed-batch phase). Production of the protein of interest and the expression rate seems to be 

strongly correlated to the induction stress level of the cell. Lower temperatures seem to be 

favorable for the survival of the E. coli cells and positively influenced all three analyzed quality 

attributes. pH shifts to low pH increased the titer to a high degree at later induction stages and 

may be a result of a higher transmembrane potential, boosting the TCA and the energy 

metabolism (Stancik, et al., 2002). As E. coli can grow on a pH between 6.0 to 8.0, with an 

internal pH of 7.6 (Padan, et al., 1981), the rather acid pH-optimum is surprising at a first glance, 
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but when investigated it is likely that the pH of 6.7 could be causing less precipitate of diverse 

trace elements, which are added in the DeLisa media (DeLisa, et al., 1999). Having access to 

more co-factors could positively influence the IB-formation. pH shifts from 7.2 to 6.7 may also 

effect different enzymes in the cell, e.g. phosphofructokinase in glycolysis (Padan, et al., 1981). 

 

Secondary structure analysis of IBs exhibiting different size 

 

In order to understand the impact of different IB size produced in USP on the secondary structure, 

IR measurements in the MIR range were performed and compared to the correctly folded protein 

standard of strain 1 for two distinct sizes exemplarily. Figure 8 shows the IR spectra of the 

reference sample and IB beads with 400 and 600 nm in size from the same cultivation run.  

 

Figure 8: IR spectra of the two distinct bead sizes of 400 and 600 nm, compared to the correctly folded reference 

sample. SEM analytics of both samples are given above. 

 

The IB samples were resuspended in MQ water and subsequently measured. The reference 

standard was measured in the formulated buffer. The IR spectrum of the reference shows a band 
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maximum at 1645 cm-1 in the amide I region as well as a narrow band at 1545 cm-1 in the amide II 

region that are characteristic for α-helical structures. In the reference sample, the native secondary 

structure of the protein is fully formed. Throughout the fermentation process, 400 nm size sample 

was taken after 4 h and the 600 nm sample was taken after 8 h. These samples also predominately 

feature α-helical secondary structure indicated by the amide I band maximum close to 1650 cm-1 

(Barth, 2007). However, these samples also contain different, non-native secondary structure as 

denoted by the band shoulders at approx. 1625 and 1680 cm-1 that suggest β-sheet secondary 

structures. The IR spectra show that the extent of these non-native secondary structure 

components is different for the two samples taken from the cultivation and that the amount is 

lower in the sample that was taken at a later point in time. This is in accordance with the purity 

measurements and indicates that later cultivation times and larger IB sizes do not affect the 

secondary structure of the IBs negatively. These results can be compared to the work of Wurm et. 

al. (Wurm, et al., 2017) and corresponds to the data, that impurity content drastically decreases 

with IB size in solubilization and refolding. 

 

Validation of the impact of classical process parameters on IB QAs using strain 2 

 

For application of the proposed QA dependence used for strain 1, a reduced design space 

(compare to Figure 4 b) for strain 2 was applied and quality attributes were analyzed as described 

for strain 1. Strain 2 also produces a toxic protein for the cells and is consequently expressed only 

as IBs but lacking the N-Pro fusion taq. As only four cultivations were performed, no statistical 

evaluation is used and fits were performed in order to have a reasonable model description and to 

reveal general trends during those cultivations. Estimation on standard deviations for the given 

QAs are already given in the previous section. In comparison to strain 1 higher titers could be 

achieved during the cultivation. (Figure 9 a) – normalized to the highest achieved titer in these 

cultivations, given in 1 [-]). Time dependent analysis of the IB bead size is shown in Figure 9 b) 

and reveals the same trend as already valid for titer and purity. Low pH and low temperatures lead 
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to increased IB bead size in those cultivations (Figure 9 c). However, IB bead size is generally 

smaller in strain 2, when compared to strain 1 respectively (N-Pro based protein, clearly visible 

by comparing Figures 2 b and 2 d). The dimensionless value of purity is generally very high as 

well, exceeding values of 0.5 even after 4 h of induction, compare to Figure 6 c). In accordance to 

strain 1 the highest titers and purities are found at a low pH and low temperatures.  

 

Figure 9: Data driven model for time dependent analysis of IB a) titer, b) size and c) purity of strain 2 using a reduced 

DoE design (Figure 4 b). Trends are given with differences of the lowest process value. Very similar behavior to strain 

1 can be found, showing highest purity, size and titer at values for low T and pH. Higher titers are produced using this 

strain resulting in boosted purities compared to strain 1. The analyzed size similar to strain 1. 

Different IB bead size for a broad number of proteins was already presented in literature: A GFP 

model protein, expressing IBs as well as soluble protein (Wurm, et al., 2017) showed IB bead size 

of a maximum of 600 nm at extended induction times using mixed feed systems with glucose and 

lactose. Since, GFP also is expressed as soluble protein, only the ratio between IB and soluble 

protein is altered based on the feeding strategies. Producing a maximum size of 600 nm, the GFP-

model protein forms an intermediate between the measured maximum of strain 1 (N-Pro) and 

strain 2 in this work. Other works report IB sizes between 502 nm for DnaK_ IBs and 580 nm for 
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ClpA-IBs (Díez-Gil, et al., 2010) and approximately 600 nm for G-CSF IBs (Peternel, et al., 

2008) and are in a reasonable range compared with our products in this work. IB bead size is 

strongly dependent on the produced product, on the polypeptide sequence and on hydrophobicity 

of the protein structure. IB QAs can accordingly be altered with the used classical process 

parameter T and pH, but morphological considerations have generally to be taken into account 

and can be product-based very different. Since IPTG concentration of 0.5 mM is high enough to 

induce all present cells, the secondary structure of the expressed proteins of strain 2 has to inhere 

in higher density in their structure regarding the titers. Denser structures are much easier to be 

separated in centrifugation processes in the downstream, since the difference of the density 

compared to the host cell debris is far higher. This fact may also affect the purity and results in 

those high purity values for strain 2. Computer tomographic analysis of transmission electron 

microscopy (not shown) of strain 1 reveal cavities within single inclusion bodies in the cell and 

may be the result for density variations of different IB products. Based on the findings for both 

strains in this study, time-resolved analytics of the IB QAs can be used to optimize the USP. 

Knowledge of titer as key performance indicator is important for determination of the harvest 

time point. The resulting IB bead size (and purity) is beneficial for planning of further necessary 

steps in the downstream for a given product. 
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Impact of the physiological process parameter qs,Glu on IB quality attributes of strain 1 

(N-Pro fused protein) 

 

Classical process parameters showed a high impact on IB properties during induction phase. The 

knowledge for optimized parameters for strain 1 –was used for altering the physiological 

parameter qs,Glu. Temperature was decreased to 31.5 °C and pH was adapted to 6.7, while different 

setpoints for qs,Glu were established during induction phase. Setpoints and real values for the qs,Glu 

are given in Table 4.  

Table 4: Applied qs,Glu vs. real qs,Glu values after reverse analysis of the cultivation data. Sugar accumulation and cell 

death at higher applied values result in higher standard deviations. 

Run qs,Glu set [g/g/h] qs,Glu real [g/g/h] 

1 0.1 0.1 +/- 0.01 

2 0.25 0.3 +/- 0.02 

3 0.4 0.39 +/- 0.05 

4 0.5 0.41 +/- 0.063 

 

The induction characteristic of the four performed runs are given in Figure 10 a) showing glucose 

accumulation and percentage of dead cells for the four performed cultivations. It was already 

investigated in literature that the correlation of growth rate and the production of recombinant 

protein resulted in a decrease in µ  the more recombinant protein is produced (Scott, et al., 2010). 

This correlation could be clearly monitored in our study during induction phase when high titers 

of recombinant protein were produced. As consequence the growth rate (not shown) decreased, 

leading to sugar accumulations as the feed-rate over the whole induction phase was applied 

constantly (Scott, et al., 2010). Higher applied qs,Glu resulted in early sugar accumulation and in 

increased number of dead cells in the cultivation and decreased the real qs,Glu extensively even 
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after some hours. After 12 hours of induction 50 % of the culture died at applied qs,Glu of 0.4 and 

0.5 g/g/h, while very low qs,Glu showed neither cell death nor sugar accumulation.  

 

Figure 10: a) Sugar-accumulation and cell death measured by FCM for three cultivations at different qs,Glu. Lowest qs,Glu 

shows no cell lysis and accumulation; b) specific titer of the recombinant protein fused to N-pro. Very high expression 

can be seen for the high qs,Glu until 6 h with decreasing qs,Glu also decreases product titer; c) size of the IB beads. qs,Glu = 

0.41 g/g/h and qs,Glu = 0.39 g/g/h are very similar. A very steep increase is followed by a steady state; qs,Glu = 0.30 g/g/h 

shows increase over time, while size for qs,Glu = 0.10 g/g/h is only detectable at 10 and 12 h of induction; d) purity 

depicts clear dependence of all different qs,Glu setpoints, increasing the IB purity with higher qs,Glu. 

 

The time resolved titer measurements are given in Figure 10 b). Very high specific titers could be 

found at qs,Glu-set = 0.5 g/g/h at 6 h of induction with highest volumetric productivities exceeding 1 

g/L/h. However, the increased cell stress resulted in cell death and degradation of the product as 

could be seen in the decease of the titers at later time stages, respectively. After 12 h titers were 

almost identical irrespective of applied qs,Glu for high setpoints (0.3 – 0.5 g/g/h). That indicated, 

time dependent analysis of QAs is therefore of utmost importance, especially at physiological 
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process control. The peak value of the volumetric productivities (before degradation) showed a 

rising trend based on the mean qs,Glu values which were applied (Supplementary 4) and clearly 

indicated that the increased feeding rate is really beneficial for high productivity. The IB bead size 

given in Figure 10 c) was generally very similar at qs,Glu = 0.3 – 0.5 g/g/h applied values, with 

qs,Glu = 0.3 g/g/h showing smaller diameters at later time stages. IB beads at qs,Glu = 0.1 g/g/h were 

not detectable with SEM until 10 h of induction time. Low qs,Glu yielded very small IB sizes and 

low titers in Figure 10 b) as only low energy is available for production of the recombinant 

protein. A steep increase in the beginning of the induction time was generally accompanied by 

leveling off in diameter at later stages. Trends for IB purity are given in Figure 10 d). Higher 

qs,Glu values were beneficial for protein purity, which were in reasonable accordance with trends 

for titer and size already seen in the previous chapter. 

Based on these findings improved control strategies for IB production could be established in 

further development steps using the optimized process parameters for the two used strains in 

combination with physiological process control (time dependent adaption of the specific substrate 

uptake rate) during the induction phase.  

 

2.4. Conclusions 

 

IB quality attributes were analyzed in respect of changes in classical process parameters pH and T 

in the induction phase. Pronounced changes in QAs could be found in the analysis of IB titer, IB 

bead size and IB purity. Optimized process conditions for strain 1 were found to be at pH = 6.7 

and 31.5 °C during induction in respect of the produced maximum IB titer. These findings were 

checked using a second industrial relevant strain, revealing that low temperatures and low pH is 

highly beneficial for production of IBs. Therefore, we would like to hypothesize that yields of 

exclusively IB based products can be improved by applying low temperatures and a relatively low 

pH value during the induction phase as analyzed in this study for two very different products. 
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Despite of this platform knowledge, absolute values for size, titer and purity were strongly 

product dependent and exhibit very different values for every produced product.  

The sweet spot conditions (pH = 6.7, T = 31.5 °C) for strain 1 were used to show the impact of 

physiological control onto IB quality attributes. The four performed cultivations exhibited 

different specific substrate uptake rates (qs,Glu) and revealed high impact on analyzed IB QAs. 

High constantly applied qs,Glu boosted titer, bead size and purity very early in the induction phase, 

but resulted generally in high glucose accumulation and cell death, while low qs,Glu did not stress 

the cells, but lead to very low production of IBs. Physiological control based on these findings 

may be highly industrially relevant in order to find IB parameters with high productivity, but also 

low contamination of host cell proteins and DNA.  

We would also like to highlight that time dependent monitoring of the here defined IB-QAs can 

be used as a tool to optimize process parameters such as pH, temperature and (qs,Glu). By 

improving the upstream conditions, we aim to trigger robust downstream procedures, increasing 

the overall time/space yield of IB-processes. 
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2. Impact of glycerol as carbon source onto specific sugar and inducer 

uptake rates and inclusion body productivity in E. coli BL21(DE3) 

 

Based on the work in chapter 2 and recent studies by Wurm et al. (Wurm, et al., 2016, Wurm, et 

al., 2017) we analyzed the concomitant uptake of lactose as inducer based on applied substrate 

uptake rate of glycerol and glucose. Furthermore, a comparison of a product lacking plasmid is 

performed in comparison to the production strain. This work was performed with Julian Kopp and 

is published in Bioengineering Journal (Kopp, et al., 2017). 

 

3.1. Introduction 

 

The Gram-negative bacterium E. coli is the expression host of choice for the production of 30% to 

40% of recombinant drugs in industry (Walsh, 2010, Gupta and Shukla, 2017). As E. coli shows 

very fast replication rates (Meuris, et al., 2014, Wurm, et al., 2016) on comparatively cheap media 

(DeLisa, et al., 1999), the benefits often outweigh the numerous purification steps (Berlec and 

Strukelj, 2013, Gupta and Shukla, 2017) and the missing glycosylation pattern (Spadiut, et al., 

2014, Baeshen, et al., 2015, Gupta and Shukla, 2017). Recombinant protein production in E. coli 

gained more interest again as the demand in single chain antibody-fragments increased, which can 

be properly expressed in E. coli (Spadiut, et al., 2014, Gupta and Shukla, 2017). The strain 

BL21(DE3) created by F. Studier and B. Moffatt back in 1986 (Studier and Moffatt, 1986) is 

often used in an industrial scale, because of very low acetate formation, high replication rates as 

an effect of the integrated T7-polymerase (Steen, et al., 1986, Studier and Moffatt, 1986, Studier, 

et al., 1990, Dubendorff and Studier, 1991, Neubauer and Hofmann, 1994, Lyakhov, et al., 1998), 

as well as the possibility of protein secretion into the fermentation broth due to a type 2 secretion 

protein (Jeong, et al., 2009, Tseng, et al., 2009, Jeong, et al., 2015). As the lac operon is still one 

of the most favored promotors in pET-expression-systems (Dubendorff and Studier, 1991, 
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Marbach and Bettenbrock, 2012, Wurm, et al., 2016), it is generally used for insertion of the gene 

of interest. The repressor protein can only be blocked by allolactose or a structural analogue 

(Keiler, 2008), e.g.. the well-known inducer isopropyl β-D-1 thiogalactopyranoside (IPTG) 

(Neubauer and Hofmann, 1994, Wurm, et al., 2016). However, induction with IPTG stresses the 

cells, as IPTG in higher concentrations is referred to be toxic at elevated induction times 

(Neubauer and Hofmann, 1994, Viitanen, et al., 2003, Marbach and Bettenbrock, 2012). As 

tunable protein production is commonly applied in industry nowadays, mixed feed systems using 

either IPTG (Marisch, et al., 2013) or lactose (Neubauer, et al., 1992, Neubauer and Hofmann, 

1994, Ukkonen, et al., 2013) as inducer did result in higher product yields, when compared to 

other inducer supplies (Marschall, et al., 2016). Soft Induction performed with lactose shows 

promising results (Neubauer, et al., 1992, Neubauer and Hofmann, 1994, Blommel, et al., 2007). 

As lactose can be metabolized in E. coli, it does not stress the cells as much as IPTG (Dvorak, et 

al., 2015). For the production of soluble proteins, induction with lactose usually is preferred 

(Wurm, et al., 2016), but it has also been shown that lactose shows promising results for Inclusion 

Bodies (IBs) and products located in the periplasm (Wurm, et al., 2016, Wurm, et al., 2017).  

IBs have originally been believed to be waste products by bacteria (García-Fruitós, et al., 2012), 

until it was realized that IBs tend to form as a stress reaction by the cells resulting in a 

biologically inactive protein (Palmer and Wingfield, 2012, Ramón, et al., 2014, Villaverde, et al., 

2015). Stress reactions of the cells can be caused by high temperatures, pH-shifts or due to high 

feeding rates. Higher feeding rates result in higher yields of product (Gupta and Shukla, 2017), 

which of course is advantageous combined with the possibility of expressing toxic proteins 

(Berlec and Strukelj, 2013). Still the downstream process (DSP) and especially the refolding unit 

operation is the time-consuming step in gaining the correctly folded product from E. coli 

cultivations (García-Fruitós, et al., 2012, Palmer and Wingfield, 2012, Ramón, et al., 2014, 

Villaverde, et al., 2015), which requires significantly more technology and time in purifying IBs 

(Palmer and Wingfield, 2012, Wingfield, 2014, Wingfield, et al., 2014). Though IBs can be 

produced in such excess, the amount of generated product often outweighs the DSP efforts and 
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makes the time/space yield more preferable for IBs (García-Fruitós, et al., 2012, Berlec and 

Strukelj, 2013, Baeshen, et al., 2015, Gupta and Shukla, 2017). 

One of the most favored carbon sources in E. coli cultivations has always been glucose, as 

glucose has a very high affinity to the phosphotransferase system (Postma, et al., 1993, Deutscher, 

et al., 2006). Glucose provides a lot of energy for the cells, as it is directly induced into glycolysis 

as glucose 6-phosphate and consumed through the tricarboxylic acid cycle (TCA) (Ronimus and 

Morgan, 2003, Deutscher, et al., 2006). Usage of such, in combination with lactose may result in 

diauxic growth and catabolite repression, which are caused by the regulatory network that is 

induced by glucose (Stülke and Hillen, 1999, Kremling, et al., 2001, Bettenbrock, et al., 2006). 

Catabolite repression results in decreased lactose uptake rates when glucose is present in excess 

(Stülke and Hillen, 1999, Wurm, et al., 2017, Wurm, et al., 2017). Glycerol, first noticed in 

biotechnology as a by-product in the biodiesel production (Martínez-Gómez, et al., 2012), has 

shown quite promising results in terms of biomass/substrate yield in E. coli cultivations 

(Blommel, et al., 2007, Ukkonen, et al., 2013). To our knowledge, up to this point no catabolic 

repression has been reported, when glycerol was used as main carbon source (C-source) in 

combination with lactose (Lin, 1976). In addition, mixtures of glucose, glycerol and lactose have 

shown promising results for diverse products gained via autoinduction systems (Viitanen, et al., 

2003, Blommel, et al., 2007). Recent studies (Wurm, et al., 2016, Wurm, et al., 2017) showed that 

the dependence of the inducer lactose influences the maximum IB production even on a quite low 

level of the specific glucose uptake rate. Low feeding rates of glucose would therefore result in 

the maximum inducer uptake rate, as cyclic adenosine monophosphate (cAMP)-levels increase at 

higher glucose addition and therefore decrease the affinity for the RNA-polymerase, decreasing 

the expression of the genes coding for the lac operon (Deutscher, et al., 2006). It is believed that 

cultivations with glycerol are able to overcome the problem of carbon catabolite repression and 

pave the way for usage of much higher specific C-source uptake rates, in order to increase time-

space yields. 
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In this study, we performed cultivations with a BL21(DE3) strain, producing a recombinant 

protein coupled to a N-pro-fusion protein (Achmüller, et al., 2007), expressed as IB with the goal 

to yield in maximum recombinant protein production. It is believed that glycerol causes positive 

results for the mixed feed optimization when using lactose as an inducer, as glycerol - introduced 

into glycolysis but also into gluconeogenesis – yields high amount of energy supplied to the 

cultivation system (Zwaig, et al., 1970, Lin, 1976, Voegele, et al., 1993). Couple that with 

increased cAMP levels throughout the whole cultivation, (Deutscher, et al., 2006) glycerol is 

believed to be beneficial over a glucose cultivation system. It is shown, that the recombinant 

protein production is increased compared to glucose, as a result of more available energy. 

 

3.2. Material and Methods 

 

Bioreactor cultivations 

All cultivations were carried out with the strain E. coli BL21(DE3) consisting of the pet[30a] 

plasmid system. The eukaryotic target protein was linked to a N-pro fusion tag (size of 28.8 kDA 

for the fusion protein) (Achmüller, et al., 2007). As the given protein is currently under patenting 

procedure at the industrial partner no detailed information can be given on the used protein. 

All bioreactor and preculture cultivations were carried out using a defined minimal medium 

referred to DeLisa et al. (2015) (DeLisa, et al., 1999). Batch media and the preculture media had 

the same composition with different amounts of sugars respectively. The sugar concentrations for 

the phases were: 

Table 5: respective sugar concentrations in media composition 

 Amount of glucose Amount of glycerol 

Preculture 8.0 g/L 8.0 g/L 

Batch-Media 20 g/L 20 g/L 

Feed either 250g/L or 300 g/L 



56 

As pet 30a has a Kanamycin resistance gene, antibiotic was added throughout all fermentations, 

resulting in a final concentration of 0.02 g/L. All precultures were performed using 500 mL high 

yield flasks (containing the sugar concentrations given in Table 5. They were inoculated with 1.5 

mL of bacteria solution stored in cryos at -80°C and subsequently cultivated for 20 h at 230 rpm 

in an Infors HR Multitron shaker (Infors, Bottmingen Switzerland) at 37°C. 

All cultivations were either performed in a DASGIP Mini bioreactor-4-parallel fermenter system 

(max. working volume: 2.5 L; Eppendorf, Hamburg, Germany) or in a DASbox Mini Bioreactor 

4-parallel fermenter system (max. working V.: 250 mL; Eppendorf, Hamburg, Germany). For 

measuring the CO2 and O2 flows a DASGIP-GA gas analyser was used (Eppendorf, Hamburg, 

Germany). The cultivations were controlled using the provided DAS-GIP-control system, 

DASware-control, which logged the process parameters. During cultivation pH was kept constant 

at 7.2 and controlled with base only (12.5% NH4OH), while acid (10% H3PO4) was added 

manually, if necessary. The pH was monitored using a pH-sensor EasyFerm Plus (Hamilton, 

Reno, NV, USA). Base addition was monitored observing the flowrates of a DASbox MP8 

Multipumpmodul. The reactors were continuously stirred at 1400 rpm. 

Aeration was absolved using mixture of pressurized air and pure oxygen at 2 vvm, mixing the 

ratios of the airflow, that the dissolved oxygen (dO2) was always higher than 40 %. The dissolved 

oxygen was monitored using a fluorescence dissolved oxygen electrode Visiferm DO 120 

(Hamilton, Reno, NV, USA). 

 

Cultivation scheme and qs screening procedure 

 

The batch media in the DASGIP reactors always contained 1 L DeLisa medium, while the 

DASbox Mini bioreactors contained a volume of 100 mL. 
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Only static qs-controls were performed for these experiments, as the qs,C was not altered during 

induction phase (Wurm, et al., 2016, Wurm, et al., 2017). The procedure was always as follows: 

Preculture, Batch, non-induced fed-batch and induced fed batch with an adapted qs,C. 

Inoculation was always done with one tenth of the batch media volume, resulting in 100 mL of 

preculture. Preculture showed an OD600 of approximately 7 after cultivation (described above). 

The batch process, performed at 37 °C took around 6-7 hours, depending on the C-source used, 

and was finished, visible by a drop in the CO2-signal. The 22 g/L of either glucose or glycerol 

usually resulted in a biomass of 9-10 g/L. After the batch was finished a non-induced fed-batch 

was started over night, at 35 °C and adapting the qs,C value to gain a biomass of approximately 30 

g/L. After the non-induced fed-batch the volume was always decreased to 1 L, in order to keep 

induction conditions, the same. Afterwards qs,C was adapted to a certain point of interest, 

temperature was decreased to 30 °C and stabilized for 30 min before the inducer was added. 

Induction was always performed with a lactose pulse of 100 mL of a 300 g/L sterile lactose 

solution - resulting in a lactose concentration in the fermentation broth of approximately 30 g/L. 

Induction period always lasted 7 hours. The qs control used here was performed using equation 1 

according to an exponential feed forward approach to keep qs constant (Slouka, et al., 2016, 

Wurm, et al., 2016, Wurm, et al., 2017, Wurm, et al., 2017):  

= ,�∗� ∗�
         Equation 2 

With F being the feedrate [g/h], qs,C the specific Glucose or Glycerol uptake rate [g/g/h], X the 

absolute biomass [g], �f the feed density [g/L] and cf the feed concentration [g/L] respectively. 

 

Process analytics 

 

Samples are always taken after inoculation, upon end of the batch-phase and after the non-

induced-fed batch was finished. During the induction period samples were either taken in 20- or 
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30-min intervals. Generally, biomass was measured using OD600 and dry cell weight (DCW), 

while flow cytometry analysis (=FCM) was used for determination of cell-death, especially in the 

induction phase. Optical density (OD600) was measured using a Genesys 20 photometer (Thermo 

Scientific, Waltham, MA, USA). Since the linear range of the used photometer is between 0.2 and 

0.8 [AU], samples were diluted with dH2O to stay within that range. The dry cell weight was 

determined by vortexing the sample, pipetting 1 mL of sample solution in a pre-tared 2 mL 

Eppendorf-Safe-Lock Tube (Eppendorf, Hamburg, Germany) and centrifuged for 10 min at 11000 

rpm at 4 °C. After centrifugation, the supernatant was used immediately for at-line high-pressure 

liquid chromatography (HPLC) measurement (see beneath), while the pellet was re-suspended 

with 1 mL of 0.9% NaCl solution and centrifuged at the same conditions. Afterwards the pellet 

was dried for at least 72 hours at 105 °C. Samples for FCM were diluted 1:100 with 0.9% NaCl 

solution, stored at 4 °C and measured after the process was finished. The measurement was 

performed using the software Cube 8 (Sysmex, Partec, Görlitz, Germany) according to 

Langemann et al. (Langemann, et al., 2016) using DiBAC4 (bis-(1,3-dibutylbarbituricacid) 

trimethineoxonol) and Rh414 dye. Rh414 binds to the plasma membrane and visualizes all cells, 

while DiBAC is sensitive to plasma membrane potential and therefore distinction between viable 

and non-viable cells can be achieved. 

Product samples were taken for [P]-strain, after 2, 5 and 7 hours of induction phase. They were 

always treated as follows: 5 mL pipetted in a 50 mL Falcon tube, centrifuged for 10 min at 4800 

rpm at 4 °C. The supernatant was discarded while the pellet was frozen at -20°C. Samples for 

homogenisation were disrupted as follows: The pellets were re-suspended in a Lysis buffer (0.1 M 

TRIS, 10 mM EDTA, pH = 7.4) according to its dry cell weight:  

olume Lysis Puffer = DCW ∗       Equation 3 

After suspending the cells, they were treated with an EmusiflexC3 Homogenizer (Avestin, 

Ottowa, ON, USA) at 1500 bar. The duration of homogenisation was always calculated to achieve 

ten passages through the homogenizer. After washing the pellets twice with dH2O, the samples 
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were measured using a HPLC method. The N-pro-fusion protein IB was measured via RP-HPLC 

(Thermo Scientific, Waltham, MA, USA) using a Nucleosil-column after solving in 7.5 M 

Guanidine Hydrochloride based buffer. The eluent was a gradient mixture of water with 0.1% 

TFA (tri-fluoric-acid) and Acetonitrile mixed with 0.1% TFA with a flow of 3 mL/min. Standard 

concentrations were 50, 140, 225, 320 and 500 mg/mL of an industrial supplied reference. 

Sugar and glycerol concentrations were measured via HPLC-method (Thermo Scientific, 

Waltham, MA, USA) using a Supelcogel-column; Eluent: 0.1% H3PO4; Flow: 0.5 mL/min. Using 

this method glucose or glycerol accumulation as well as the lactose decrease and the galactose 

accumulation could be detected. Standards had a concentration of 0.5, 1, 5, 10 and 20 g/L of every 

sugar used throughout all fermentations. The HPLC run lasted always for 25 mins and 

chromatograms were analyzed using a Chromeleon Software (Dionex, Sunnyvale, CA, USA). 
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3.3. Results and Discussion 

 

Mechanistic correlations of glycerol onto specific lactose uptake rate 

 

The basic feeding rate for the induction phase for production of the recombined protein is a 

constant qs,C – given by a fed-batch carried out on glucose or glycerol depending on the 

experiment – and by a pulse of 10 vol% high concentrated lactose feed.  

In order to get comparable datasets for all experiments a mechanistic model approach is 

performed. As shown in previous studies, the maximum possible specific lactose uptake rates 

depend on the specific glucose uptake rates which can be described by a mechanistic equation 

(see Eq. 3) (Wurm, et al., 2016, Wurm, et al., 2017). The maximum qs,lac rates depend Monod-like 

on qs,glu until a certain maximum is reached at a respectively low feeding rate of glucose, before 

qs,lac decreases at high qs,glu which performs analogue to substrate inhibition (Wurm, et al., 2016). 

Values for y = 0 correspond to the uptake rates on sole glucose/glycerol, respectively. 

, �  =  , � , �  ⋅ max (( − ,  , , �  ) , )  ⋅ ( ,  ,  +�� + , � ,  , � , �� ) Equation 4 

 

with qs,lac being the specific lactose uptake rate [g/g/h], qs,lac,max the maximum specific lactose 

uptake rate [g/g/h], qs,glu the specific glucose uptake rate [g/g/h], qs,glu,crit the critical specific 

glucose uptake rate up to which lactose is consumed [g/g/h], qs,lac,noglu the specific lactose uptake 

rate at qs,glu = 0 [g/g/h] and KA the affinity constant for the specific lactose uptake rate [g/g/h]. n 

describes the type of inhibition (non-competitive, uncompetitive, competitive). 
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Figure 11: Extracted datapoints for qs values including standard deviations for cultivations with glucose and glycerol in 

the production strain (glycerol product, glucose product). Solid lines represent the model-based approach for inducer 

uptake rates vs feeding rates models of glucose and glycerol. 

As the model has already been established for four different products in glucose-lactose systems 

(Wurm, et al., 2017), it had to be shown if the same function fits for the given product. We fitted 

the model parameters as described in Wurm et al., where also detailed description of the model 

derivation can be found (Wurm, et al., 2016). As shown in Figure 11 and Table 6, parameters can 

be found to describe the experimental data for glucose and glycerol as C-source. In absence of 

glucose, lactose cannot be taken up, since there is not enough adenosine triphosphate (ATP) 

produced. Once a certain threshold of glucose is passed, enough ATP is created to metabolize the 

inducer (Wurm, et al., 2016, Wurm, et al., 2017). The trend seen in the cultivations performed on 

glucose are explained by the well-known phenomenon of catabolite repression (CCR) (Stülke and 

Hillen, 1999, Bettenbrock, et al., 2006), as the lactose uptake rates decrease significantly with 

increasing the feeding rate. As E. coli BL21(DE3) is not able to metabolize galactose due to 

absence of a [gal] gene, which can be referred to a deletion of the genes gal M, K ,T ,E (Studier, 

et al., 2009, Xu, et al., 2012), galactose should accumulate in the fermentation broth (Bettenbrock, 

et al., 2006, Daegelen, et al., 2009). Hence, the galactose accumulation rate in the fermentation 

broth could generally be correlated to the lactose depletion rate during the cultivation (not 

shown). 
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However, the curves for glucose and glycerol are almost identical. Generally, a higher affinity for 

glucose is reported in literature (Deutscher, et al., 2006), resulting in a higher µ for those 

cultivations, as glycerol has less affinity to the phosphotransferase-system (=PTS), respectively 

(Bettenbrock, et al., 2006). This trend is in accordance with our data given in the value qs,C,crit in 

Tab. 2. Furthermore, biomass to substrate yields (YX/S) for glucose decrease in the induction 

phase from about 0.5 in the batch phase to about 0.336 +/- 0.05 after the one-point lactose 

addition. On the contrast YX/S of glycerol are generally about 0.44 +/- 0.1 during the induction 

phase (Korz, et al., 1995). 

Table 6: Model parameters and normalized-root-mean-square-error (NRMSE) for the different analysed cultivation  

Cultivation System qs,lac,max* KA qs,C,crit n qs,lac,noglu NRMSE 

 [g/g/h] [g/g/h] [g/g/h] [-] [g/g/h] [%] 

Glucose 0.23 0.032 0.94 1.14 0.039 6.5 

Glycerol 0.23 0.053 0.74 0.74 0.051 2.6 

 

This does not explain the very similar lactose uptake values at high qs,C, since it is believed that 

carbon catabolite repression should not be present using glycerol as primary carbon source (Inada, 

et al., 1996). The production of the recombinant protein seems to induce stress resulting in the 

maximum possible activity inside the cell, which is represented by the similarity of the two 

curves. Therefore, the decrease of the qs,lac rate in the model based approach, actually referred to 

the CCR for glucose based systems so far (( − ,  , , �  ) , may have to be reconsidered when 

glycerol is fed. In turn, our results would indicate that the decline cannot be attributed to carbon 

catabolite repression, also not for glucose. Glycerol does not interfere with the PTS transport 

system and no resulting change of the cAMP levels during uptake of lactose are to be believed on 

a first glance. Glycerol enters glycolysis as di-hydroxy-acetone-phosphate and is processed in 

glycolysis producing pyruvate, but also there are gluconeogenetic genes active providing the 

formation of glucose-6-phosphate (Larson, et al., 1987, Iuchi, et al., 1990, Martínez-Gómez, et al., 

2012). As glycolysis seems to be running at maximum capacity, a bottleneck in trycarboxylic acid 
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cycle (TCA) may also be likely. Overload of the TCA-cycle has already been described by 

Heyland et al. (2011) (Heyland, et al., 2011), saying that TCA-cycle cannot metabolize all the 

pyruvate produced in glycolysis. It has also been referred that the cells try to gain energy in 

alternative ways such as using acetate as a terminal electron acceptor, or the usage of oxidative 

phosphorylation (Glick, 1995, Heyland, et al., 2011). However, as E. coli BL21(DE3) produces 

relatively low levels of acetate in general, the acetate formation is always beneath the threshold of 

the HPLC and may therefore not the predominant electron acceptor in this strain. 

To test the observed effects, we tried a process technological method approach, rather than 

performing expensive and time consuming “omics” analysis. The pet[30a] plasmid was 

transformed into the used strain E. coli BL21(DE3) without the sequence for the recombinant 

protein, further referred as non-producer (Chan, et al.) strain. The strain was tested in the same 

analytical way as the used strain for recombinant protein production. HPLC raw data for lactose 

decrease are compared with an almost identical qs,C (~0,1 g/g/h) in Figure 12. 

 

Figure 12: HPLC based data for decrease of lactose in fermentation broth exhibiting very similar qs,C values in [g/L]. A 

significant decrease over the time of induction is visible in producing [P] strains, while the decrease is way slower in 

non-producing [NP]-strain-cultivations. 
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Hereby three phases can be seen for the product producing strain in the induction phase, while 

only two phases can be seen in the [NP]-strain: 

• Adaption phase: lactose gets transferred to alloactose and loads the induction (0 h - 2 h in 

induction phase). 

• linear decrease of lactose as the system needs inducer for recombinant protein expression 

(2 h - 5 h). 

• limitation of lactose in [P]-strain-> not sufficient inducer present, need for mixed feed 

system (5 h - 7 h), no inducer limitation seen in [NP]-strain, further decrease of inducer 

analogue to phase 2. 

Results on the model-based approach for the glucose system are given in Figure 13. 

 

Figure 13: Extracted datapoints for qs,C values including standard deviations for cultivations with glucose using the 

product producing (glucose product) and the NP strain (glucose, no product). Solid lines represent the model-based 

approach for inducer uptake rates vs. feeding rates models of glucose. A clearly visible difference can be observed 

during these cultivations 

The fermentations performed with the NP-strain showed lactose uptake rates resemble the 

expected carbon catabolite repression for glucose including high affinity of the PTS system at low 

qs,glu which can also be seen in Table 6. Despite the identical behavior of protein producing and 

NP strain, a clear difference in maximum qs,lac is obviously present. Higher consumption of 

glucose has impact on the cAMP level and decreases the specific uptake of lactose in the product 

producing strain. YX/S stays very similar in both cases 0.37 +/- 0.05 for the protein producing 

strain vs. 0.383 +/- 0.053 for the NP strain. Given yields are a mean value over all qs,C values 

except for [lac] = 0 and [glu] = 0. So these general deviations in qs,lac,max can be attributed to the 
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increased energy demand during recombinant product production, as also the biomass yields stay 

the same. Lactose uptake rates on glycerol for the product producing and the NP strain are given 

in Fig. 3. Despite the quite straight forwards mechanistic explanation for glucose, glycerol 

biomass to substrate yields differ fundamentally for both experiments: YX/S = 0.55 +/- 0.11 for the 

NP strain, while the producing strain has a YX/S of 0.44 +/- 0.1. This fact may explain the much 

shallower uptake at low qs,C for the NP strain, but cannot explain the difference in the CCR term. 

 

Figure 14: Extracted datapoints for qs,C values including standard deviations for cultivations with glycerol using the 

product producing (glycerol, product) and the NP strain (glycerol, no product). Solid lines represent the model-based 

approach for inducer uptake rates vs feeding rates models of glucose. 

As a far higher biomass yield is present in the NP strain, only a reduced amount of lactose is taken 

up, which explains the decreased qs,lac,max. However, the NP strain shows no pronounced substrate 

inhibition. The carbon catabolite repression term of the model on glycerol has only low impact 

(see Table 6, as the upregulation of cAMP using glycerol would also be beneficial for the lactose 

uptake mechanism in the PTS system (Deutscher, et al., 2006). Since the lactose facilitator is not 

considered to be the rate determining step in the glycerol metabolism, glycerol kinase closely 

regulated to the PTS system may cause the CCR-like effects (Zwaig, et al., 1970, Voegele, et al., 

1993). As the feeding rate increases, the possibility of short-term local glucose and glycerol 

accumulation increases, eventually leading to diauxic growth and therefore decreased lactose rates 
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as glucose and glycerol have higher affinity than disaccharides for E. coli (Weissenborn, et al., 

1992, Inada, et al., 1996, Hogema, et al., 1999, Deutscher, et al., 2006). The product producing 

strain shows a high regulated lactose uptake at low qs,C values, as a result of lower biomass yield 

and higher energy demand in production of the recombinant protein. Higher lactose uptake results 

in high intracellular glucose level, which show the similar feedback mechanism like in the 

glucose fed cultivations. 

Table 7: Model parameters and normalized-root-mean-square-error (NRMSE) for the analyzed cultivation without 

recombinant product production 

Cultivation System qs,lac,max* KA qs,glu,crit n qs,lac,noglu NRMSE 

 [g/g/h] [g/g/h] [g/g/h] [-] [g/g/h] [%] 

Glucose [NP] 0.14 0.016 0.96 2.92 0.032 12.7 

Glycerol [NP] 0.10 0.13 0.78 0.90 0.029 9.7 

As a result, both curves given in Figure 11 have a very similar appearance, but are expected to 

have a very different regulation within. To get insight into respiratory activity, qCO2 values are 

compared for all four fermentations, respectively. Evaluation is given in Table 8 based on the 

applied qs,C values. 

Table 8: specific substrate uptake rate vs. specific carbon evolution rate. Product producing strains have in general 

increased respiratory activity. NP strains show reduced respiratory activity. Standard deviation of qCO2 increases at 

higher feeding rates 

glucose   glucose NP   glycerol  glycerol NP   

qs,C  

[g/g/h] 

qCO2 [g/g/h] 

qs,C  

[g/g/h] 

qCO2 [g/g/h] 

qs,C  

[g/g/h] 

qCO2 [g/g/h] 

qs,C  

[g/g/h] 

qCO2 [g/g/h] 

0.036 2.15+/-0.33 0.066 1.69+/-0.25 0.022 2.91+/- 0.46 0.064 0.82+/-0.09 

0.116 3.12+/-0.46 0.196 3.75+/-0.44 0.054 4.41+/- 0.78 0.136 1.85+/-0.21 

0.197 3.98+/-0.55 0.224 3.35+/-0.42 0.093 3.88+/- 0.64 0.225 2.86+/-0.31 

0.286 5.72+/-0.41 0.36 5.96+/-0.26 0.159 3.12+/-0.43 0.331 3.31+/-0.22 

0.403 6.42+/-1.48 0.448 5.64+/-0.47 0.199 4.14+/-0.64 0.428 4.07+/-0.51 

0.544 7.30+/-1.64   0.323 5.13+/-0.48 0.603 1.75+/-1.58 

        0.559 7.18+/-2.10     
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Highly similar respiratory activity is received for the product producing strain, almost linear 

increasing with qs,C. For the NP strain, a general lower respiratory activity is seen for the glycerol 

fed strain. These results support the fact that lower energy demand is needed in this strain based 

on the general higher biomass yield and the fact that no recombinant protein is produced. In TCA 

first steps of amino acid synthesis are performed, therefore the production of non-essential AA 

would result in the accumulation of NADH (Jeremy M Berg 2002). As approximately two NADH 

molecules can be formed to one molecule of CO2 the enhanced respiratory activity in the product 

producing strain is most likely coding for the enhanced production of non-essential AA, which are 

essential for the recombinant product. However, further analysis on stress induced changes in the 

gene expression may give valuable new insights into regulation mechanism in E. coli.  

 

Productivity and physiology using glycerol as primary carbon source 

 

As the overall goal is an increased production rate of recombinant protein, we compare titers of 

the produced IBs as a function of carbon source and uptake rate. In Figure 15 a) the increase in 

IB titer over time is presented for two cultivations. The loading of the induction, which takes 

about 2 hours, can be clearly dedicated in these results, with no titer of the recombinant protein to 

be found within the first 2 hours (also compare to Figure 12). Figure 15 b) shows product IB 

titers after 7 h induction time, which are plotted against the corresponding qs,C. Only the feed-rate 

of glucose/glycerol which adapted for the static experiment in the induced fed-batch phase is used 

in this plot -as cultivations are induced with one lactose pulse, the qs,C is non-cumulative. 

Generally, an increase in the feeding rate is beneficial for product formation. Cultivations carried 

out on glycerol tend to produce more recombinant protein with a product optimum at a qs,-

glycerol-level seen around 0.3-0.35 g/g/h. It may be possible that even higher product titers can be 

found within the range of 0.3 to 0.55 g/g/h. Cultivations carried out on glucose also tend to 

produce more product when the feeding rate is shifted to rather high rates, as well. Very similar 

IB titers can be obtained at high qs,C levels, but are far away from the observed maximum.  
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Figure 15: a) Time dependence for two IB titers starting from lactose addition to 7 h of induction; b) Titers of the 

recombinant produced protein, after homogenization of the inclusion bodies and a two-time washing plotted vs. the qs 

of glucose and glycerol; a trend can be seen in gaining more product when cultivations are carried out on glycerol 

compared to glucose, respectively 

The high increase in titer as a function of qs,C in glycerol may be a result of the higher biomass 

(higher YX/S during induction) usually present in glycerol fed induction phases. The phenomenon 

of high product formation rates at high feeding levels, was much to our surprise, as we expected 

to see enhanced stress reactions by the cells due to overfeeding – especially at later time stages - 

usually present in IPTG induced cultures. Though we see only very little levels of glucose or 

glycerol accumulation in our HPLC-measurements (data not shown). This could be, as the 

fermentation conditions in the induction phase are respectively mild. Temperature is decreased to 

30 °C and induction with lactose is regarded to be a softer induction, than IPTG, as lactose can be 

metabolized by E. coli (Neubauer, et al., 1992, Ukkonen, et al., 2013). In literature it has been 

reported that the catabolic repression increases with higher temperatures (Marr, et al., 1964). 

Altering the temperature in the induction phase, would have probably led to very different results 

in lactose uptake rates as well as different product data. Also, we want to highlight that every 

induction here was only performed with a one-time lactose pulse, which is most likely an 

insufficient induction, as there may be too little inducer in the media, which can be seen in Figure 

12. In the following development steps, mixed feeds using glycerol in combination with lactose 
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must be established and measured as this would lead to a constant and complete induction of the 

system. However, the product data supports the results, that most probably very different 

regulation mechanism in E. coli lead to the same visible uptake rates in Figure 11, but have 

severe effects on the productivity on the different carbon sources. 

Physiological analysis using flow cytometry (FCM) is presented in Figure 16 a) and b). The NP 

strain given in Figure 16 a) has very similar appearance for glucose and glycerol, respectively, 

increasing number of dead cells by increasing the feeding rate beyond a certain threshold, 

imposing stress to the cell. Throughout the whole experimental design, producing cells grown on 

glycerol exhibit a smaller cell size compared to cells grown on glucose (not shown). Since cell 

debris and residual particles are seen at similar cell sizes like glycerol grown cells a general 

higher abundance is present during those cultivations. To cope with this problem, FCM data after 

the non-induced fed-batch is subtracted from the subsequent measurements. 

 

Figure 16: a) FCM analysis of NP strain 5 h after lactose pulse. As no protein data are received from these cultivations, 

the induction time was limited to 5 hours; b) FCM analysis of the product producing strain. Glycerol imposes stress at 

low feeding rates, while glucose shows increase in cell stress beginning at about 0.25 g/g/h. 

The viability of both cultivation strategies for an induction time of 6 hours – often used for IB 

production at industrial scale - is given in Figure 16 b), with a strong contrast between glucose 

and glycerol. While cells fed with glucose show no cell lysis at low qs,C levels and are very similar 

to NP strain in 5 a), glycerol shows certain stress reaction resulting in about 5 % dead cells until a 
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0.2 g/g/h. Afterwards stable conditions for glycerol can be found, while stress is induced at 

glucose fed systems starting at about 0.25 g/g/h. As the overnight fed-batch phase generally 

exhibited a qs of 0.25 g/g/h, the switch to very low qs,C in the induction phase, combined with the 

lactose pulse, may impose the cell stress seen in 5% dead cells in Figure 16 b). This corresponds 

well to the product data in Fig. 5 with similar or even higher productivity of glucose at low qs,C 

levels, but higher productivity for glycerol at moderate to high levels. Including the fact that 

glycerol shows higher biomass yields during induction with lactose, glycerol may be well used as 

an alternative main carbon source in E. coli cultivations, even though glucose has high affinity to 

the phosphotransferase system (PTS). It has already been reported that addition of glycerol to a 

glucose-lactose induction system increases product formation (Viitanen, et al., 2003, Mayer, et 

al., 2014). As glycerol needs increased cAMP-levels, which are also needed for lactose uptake 

(Bettenbrock, et al., 2006), this might be a key function in regulating higher lactose uptake and 

subsequently increasing productivity and product titer.  

Furthermore, as glycerol is a cheap media compared to glucose, an application of glycerol in 

mixed-feed system with lactose may be highly beneficial for recombinant protein production 

performed in industry. 

 

3.4. Conclusions 

 

In this work, it was investigated, the effects of glycerol or glucose on lactose uptake rates for an 

IB based process using E. coli BL21(DE3). Feeding and uptake rates are compared and evaluated 

in terms of productivity and physiology using FCM.  

It is shown that both C-sources show identical lactose uptake rates as a function of qs,C. The used 

model based approach already performed for different products in Wurm et al (Wurm, et al., 

2017) can be used for description of both curves. It has been detected that glycerol is beneficial 
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over the usage of glucose for maximizing the recombinant protein production of a lactose induced 

system.  

Glycerol and glucose most probably exhibit different regulation of the carbon catabolite 

repression - the reduction of lactose uptake at higher qs,C levels. This hypothesis is supported by 

cultivation and evaluation of a non-producer strain exhibiting the expected behavior for both C 

sources, respectively. As this behavior was not seen in the producing strain, it seems like the 

expression hosts are performing at maximum capacity in recombinant protein production. 

Additionally, glycerol is referred to different metabolic pathways (Lin, 1976), eventually 

increasing the metabolic flux (Heyland, et al., 2011) towards recombinant protein production. 

Physiology and productivity support the hypothesis that glycerol is promising C-source for 

cultivations using mixed feed systems with moderate to high qs,C values in order to boost time-

space yields. As scale-up in E. coli systems can be performed relatively easily (Gupta and Shukla, 

2017), the much lower costs of glycerol, when compared to glucose respectively, might provide 

interesting options for industrial and other large scale applications. 
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4. Control Strategies for Production of Recombinant Proteins based on 

the Cumulative Sugar Uptake and the Oxygen Uptake rate 

 

In the previous chapters the impact of CPPs on the product QAs was analyzed and quantified. It 

was shown that long induction times and high specific substrate feeding rates result in high cell 

stress and degradation of the IB during cultivation since the viable cell concentration decreases 

when using IPTG as inducer However, high specific substrate feeding rates are very beneficial for 

early product formation. In this chapter, several control approaches are described to increase 

product formation without loss of viability during the cultivation. These two papers are submitted 

to Microorganisms (Special Issue: Recombinant Protein Production) and Applied 

Microbiology and Biotechnology.  

 

4.1. Introduction for Titer as Key Performance Indicator 

 

The gram-negative bacterium E. coli is the expression host of choice for the production of 30% to 

40% of recombinant drugs in industry (Walsh, 2010, Gupta and Shukla, 2017). As E. coli shows 

very fast replication rates (Meuris, et al., 2014, Wurm, et al., 2016) on comparatively cheap media 

(DeLisa, et al., 1999), the benefits often outweigh the numerous purification steps (Berlec and 

Strukelj, 2013, Gupta and Shukla, 2017) and the missing glycosylation pattern on the recombinant 

product (Spadiut, et al., 2014, Baeshen, et al., 2015, Gupta and Shukla, 2017). Recombinant 

protein production in E. coli gained more interest again as the demand in single chain antibody-

fragments increased, which can be properly expressed in E. coli (Spadiut, et al., 2014, Gupta and 

Shukla, 2017). The strain BL21(DE3) created by F. Studier and B. Moffatt back in 1986 (Studier 

and Moffatt, 1986) is often used in industrial scale, because of very low acetate formation, high 

replication rates as an effect of the integrated T7-polymerase (Steen, et al., 1986, Studier and 

Moffatt, 1986, Studier, et al., 1990, Dubendorff and Studier, 1991, Neubauer and Hofmann, 1994, 
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Lyakhov, et al., 1998), as well as the possibility of protein secretion into the fermentation broth 

due to a type 2 secretion protein (Jeong, et al., 2009, Tseng, et al., 2009, Jeong, et al., 2015). As 

the lac operon is still one of the most favoured promotors in pET-expression-systems (Dubendorff 

and Studier, 1991, Marbach and Bettenbrock, 2012, Wurm, et al., 2016), it is generally used for 

insertion of the gene of interest. The repressor protein can only be blocked by allolactose or a 

structural analogue (Keiler, 2008), e.g. the well-known inducer isopropyl β-D-1 

thiogalactopyranoside (IPTG) (Neubauer and Hofmann, 1994, Wurm, et al., 2016).  

Inclusion bodies (IBs) have been believed to be waste products by bacteria originally (García-

Fruitós, et al., 2012), until it was realized that IBs tend to form as a stress reaction by the cells 

resulting in a biologically inactive protein (Palmer and Wingfield, 2012, Ramón, et al., 2014, 

Villaverde, et al., 2015). Stress reactions of the cells can be caused by high temperatures, pH-

shifts or due to high feeding rates (Dvorak, et al., 2015). Exacerbation of substrate toxicity by 

IPTG in Escherichia coli BL21(DE3) carrying a synthetic metabolic pathway. These factors tend 

to result in higher yields of product (Gupta and Shukla, 2017), which of course is advantageous 

combined with the possibility of expressing toxic proteins (Berlec and Strukelj, 2013). Still the 

DSP and especially the refolding unit operation is the time-consuming step in gaining the 

correctly folded product from E. coli cultivations (García-Fruitós, et al., 2012, Palmer and 

Wingfield, 2012, Ramón, et al., 2014, Villaverde, et al., 2015), which requires significantly more 

technology and time, when purifying IBs (Palmer and Wingfield, 2012, Wingfield, 2014, 

Wingfield, et al., 2014). However, IBs can be produced in such excess, that the amount of 

generated product often outweighs the DSP efforts and makes the time/space yield more 

preferable for IBs (García-Fruitós, et al., 2012, Berlec and Strukelj, 2013, Baeshen, et al., 2015, 

Gupta and Shukla, 2017). 

One of the most favoured carbon sources in E. coli cultivations has always been glucose, as it has 

a very high affinity to the phosphotransferase system (Postma, et al., 1993, Deutscher, et al., 

2006). Glucose provides a lot of energy for the cells, as it is directly induced into glycolysis as 

glucose 6-phosphate and consumed through the TCA-cycle (Ronimus and Morgan, 2003, 
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Deutscher, et al., 2006). However, as glucose is quite expensive compared to other C-sources, 

cultivation is preferable performed with waste products, like glycerol, which was first noticed in 

biotechnology as a by-product in the biodiesel production (Martínez-Gómez, et al., 2012). It has 

shown quite promising results in terms of biomass/substrate yield in E. coli cultivations 

(Blommel, et al., 2007, Ukkonen, et al., 2013). In addition, mixtures of glucose, glycerol and 

lactose have shown good results for diverse products gained via autoinduction systems (Viitanen, 

et al., 2003, Blommel, et al., 2007). In a previous study, we presented that glycerol used as 

primary C-source for E. coli cultivations shows the same performance during biomass production 

as glucose, but even increased the specific titer of the product (Kopp, et al., 2017). 

 

In this study, we performed cultivations with an E. coli BL21(DE3) strain, producing a 

recombinant model protein coupled to a N-pro-fusion protein (Achmüller, et al., 2007), thus 

expressed as an IB, with the goal to yield maximum recombinant protein production with 

volumetric IB titer as key performance indicator (KPI). Optimized process parameters for 

temperature and pH were used throughout the whole work and the controlled specific substrate 

feeding rate (qs,C) was adapted and responses for the IB product were analysed. High feeding 

rates yielded high productivity in the beginning of induction but also a high number of dead cells 

in later process state. Therefore, we developed different strategies and a model-based approach 

for determination of the optimal expression of the recombinant model protein using a new process 

value, which is based on cumulated glycerol uptake per dry cell weight of the cells (dSn). 
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4.2. Material and Methods for Titer Determination 

 

Bioreactor cultivations 

 

All cultivations were carried out with the strain E. coli BL21(DE3) carrying a pet30a plasmid 

system with a proprietary industrial relevant model protein. The target protein strain was linked to 

a N-pro fusion protein (Achmüller, et al., 2007). All bioreactor and preculture cultivations were 

carried out using a defined minimal medium referred to DeLisa et al. (DeLisa, et al., 1999). Batch 

media and the preculture media had the same composition with different amounts of glycerol, 

respectively. The glycerol concentrations for the phases were: 

Table 9: respective sugar concentrations in media composition 

Phase Amount of Glycerol 

Preculture 8 g/L 

Batch-Media 20 g/L 

Feed either 300 g/L or 600 g/L 

 

As pet 30a has a Kanamycin resistance gene, antibiotic was added throughout all fermentations in 

a final concentration of 0.02 g/L. Precultures were performed using 500 mL high yield flasks 

(containing the glycerol concentrations given in Tab. 1) or 100 ml Erlenmeyer shake flasks for 

DasGIP systems. They were inoculated with 1.5 mL of bacteria solution stored in cryo stocks at -

80°C and subsequently cultivated for 20 h at 230 rpm in an Infors HR Multitron shaker (Infors, 

Bottmingen Switzerland) at 37°C.  

 

All cultivations were either performed in a Sartorius Biostat Cplus bioreactor (Sartorius, 

Göttingen, Germany) with 10 L working volume or in a DASGIP Bioreactor 4-parallel fermenter 

system (max. working V.: 1.7 L; Eppendorf, Hamburg, Germany). Cultivation offgas was 
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analyzed by gas sensors -IR for CO2 and ZrO2 based for O2 (Blue Sens Gas analytics, Herten, 

Germany). The cultivations were controlled using Lucullus process control system (SecureCell, 

Schlieren, Switzerland) or the provided DAS-GIP-control system, DASware-control, which 

logged process parameters. The reactors were continuously stirred at 1400 rpm. 

During cultivation pH was kept constant at 6.7 and temperature at 31.5°C and controlled with 

base only (12.5% NH4OH), while acid (10% H3PO4) was added manually, if necessary. The pH 

was monitored using a pH-sensor EasyFerm Plus (Hamilton, Reno, NV, USA). Aeration was 

carried out using mixture of pressurized air and pure oxygen at 2 vvm. Oxygen was added 

accordingly to keep dissolved oxygen (dO2) was always higher than 30 %. The dissolved oxygen 

was monitored using a fluorescence dissolved oxygen electrode Visiferm DO (Hamilton, Reno, 

NV, USA). 

 

Cultivation scheme and qs adaption 

 

Inoculation was always done with one tenth of the batch media volume. Preculture showed an 

OD600 of approximately 7 after cultivation for approximately 20h. The batch process, performed 

at 37°C took around 6-7 hours and was finished, visible by a drop in the CO2-signal. The 20 g/L 

of glycerol usually resulted in a biomass of 9-10 g/L. After the batch was finished a non-induced 

fed-batch was started over night, at 35°C and adapting the qs,C value to gain a biomass of 

approximately 30 g/L. Afterwards qs,C was adapted to a certain point of interest, temperature was 

decreased to 31.5 °C and pH 6.7 and stabilized for 30 min before the inducer was added. 

Induction was always performed with a 0.5 mM IPTG and lasted for highest of 12 hours. 

 

For screening of glycerol accumulation and cell death, only static feed forward qs-controls were 

performed during induction phase (Wurm, et al., 2016, Wurm, et al., 2017). Exponential feed was 

established according to equation 5, an exponential feed forward approach to keep qs,C constant 

(Slouka, et al., 2016, Wurm, et al., 2016, Wurm, et al., 2017, Wurm, et al., 2017):  
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= ,�∗� ∗�
         Equation 5 

 

With F being the feedrate [g/h], qs,C the specific glycerol uptake rate [g/g/h], X(t) the absolute 

biomass [g], ρF the feed density [g/L] and cF the feed concentration [g/L] respectively. For applied 

control strategies adaption of the qs,C during the induction time is performed based on equation 5. 

 

Process analytics 

 

Samples were always taken after inoculation, upon end of the batch-phase and after the non-

induced-fed batch was finished. During the induction period samples were either taken in 60 or 

120 min intervals. Generally, biomass was measured using OD600 and DCW (dry cell weight), 

while flow cytometry analysis (FCM) was used for determination of cell-death, especially in the 

induction phase. Optical density (OD600) was measured using a Genesys 20 photometer (Thermo 

Scientific, Waltham, MA, USA). Since the linear range of the used photometer is between 0.1 and 

0.8, samples were diluted with dH2O to stay within that range. The dry cell weight was 

determined by vortexing the sample, pipetting 1 mL of sample solution in a pre-tared 2 mL 

Eppendorf-Safe-Lock Tube (Eppendorf, Hamburg, Germany) and centrifuged for 10 min at 10000 

rpm at 4°C. After centrifugation, the supernatant was used immediately for at-line HPLC 

measurement (see beneath), while the pellet was re-suspended with 1 mL of 0.9% NaCl solution 

and centrifuged at the same conditions. Afterwards the pellet was dried for at least 72 hours at 105 

°C. Samples for viable cell concentration (VCC) were measured using flow cytometry (FCM). 

Samples were diluted 1:100 with 0.9% NaCl solution, stored at 4°C and measured after the 

process was finished. The measurement was performed using the software Cube 8 (Sysmex, 

Partec, Görlitz, Germany) according to Langemann et al. (2016) (Langemann, et al., 2016) using 

DiBAC4 (bis-(1,3-dibutylbarbituricacid) trimethineoxonol) and Rh414 dye. Rh414 binds to the 
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plasma membrane and visualizes all cells, while DiBAC is sensitive to plasma membrane 

potential and therefore distinction between viable and non-viable cells can be achieved. 

 

Glycerol concentrations were measured via HPLC-method (Thermo Scientific, Waltham, MA, 

USA) using a Supelcogel-column; Eluent: 0.1% H3PO4; Flow: 0.5 mL/min or an Aminex HPLC 

column (Biorad, Hercules; CA, USA) on an Agilent 1100 System (Agilent Systems, Santa Clara, 

CA, USA) with 4 mM H2SO4 as running buffer at 0.6 mL/min. Using this method glycerol 

accumulation could be detected. Prepared standards had concentrations covering the range from 1 

to 50 g/L of glycerol. The HPLC run lasted always for 30 mins and Chromatograms were 

analyzed using a Chromeleon Software (Dionex, Sunnyvale, CA, USA). 

 

Product Analytics 

 

IB Preparation 

5 mL fermentation broth samples were centrifuged at 4800 rpm at 4 °C. The supernatant is 

discarded and the pellet was resuspended to a DCW of about 4 g/L in lysis buffer (100 mM Tris, 

10 mM EDTA at pH = 7.4). Afterwards the sample was homogenized using a high-pressure 

homogenizer at 1500 bar for 10 passages (EmulsiflexC3; Avestin, Ottawa, Canada). After 

centrifugation at 10000 rpm and 4 °C the supernatant was discarded and the resulting IB pellet 

was washed twice with ultrapure water and aliquoted into pellets à 2 mL broth, centrifuged 

(14000 rpm, 10 min 4 °C) and stored at -20 °C. 

 

IB Titer 

For titer measurements IB pellets were solubilized using solubilization buffer (7.5 M Guanidine 

Hydrochloride, 62 mM Tris at pH = 8). The filtered samples are quantified by HPLC analysis 
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(UltiMate 3000; Thermo Fisher, Waltham, MA, USA) using a reversed phase column (EC 

150/4.6 Nucleosil 300-5 C8; Macherey-Nagel, Düren, Germany). The product was quantified 

with an UV detector (Thermo Fisher, Waltham, MA, USA) at 214 nm using Novartis BVS Ref. 

02 as standard. Mobile phase was composed of acetonitrile and water both supplemented with 

0.1% (v/v) tetrafluoride acetic acid. A linear gradient from 30% (v/v) acetonitrile to 100 % 

acetonitrile (ACN) was applied. A steep linear gradient from 10% ACN to 30 % ACN in 60 s was 

followed by a long linear gradient from 30 % to 55 % and by 3 regeneration steps. 

 

Modelling of process parameters and KPIs 

 

For the development of our model, mechanistic links were established using the software Matlab 

2017. Within this model only time of the induced fed batch was simulated, as no alteration of 

viable cell concentration nor product formation occurred within batch & non-induced-fed batch 

(FB)-cultivation. Static inputs for the model consisted of volume [L], substrate in fermentation 

broth [g/L] and biomass [g/L] at timepoint tinduction = 0 h. Further feed concentration [g/L], YX/S 

[g/L] and qS,max [g/g/h] were needed for modelling the behavior of the induction phase. Defining 

basic mass equations on FB process behavior, prediction of classic process parameters like 

volume, substrate metabolization, biomass formation was established via differential terms given 

beneath. Due to simplification, volume increase during fermentation was calculated via feed 

addition only: 

 

. .  =  ′ �. �  /  ∗   . � .  −    −  �.  ∗  ′ 

. .  =  ′ ∗ ( �.  −  �. � ∗  ) 

. .  =  ′ ′ 
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. .  =  ′ ′ 
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. .  =  ′ ′ 

. . �  =′ �/�′ 
With S being the substrate [g], Fin the feed [mL/h], cGlu the feed concentration [g/L], CDW the dry 

cell weight [g/L], qs the specific substrate feeding rate [g/g/h] – simulated in the model - and qx 

the specific biomass generation rate [g/g/h] based on qs. Several additional functions were 

established as so called “helper equations” in the model to predict further mechanistic 

correlations.  

 

4.3. Results and Discussion for Titer as KPI 

 

IB Titer as key performance indicator (KPI) is of utmost importance for determination of the 

harvest time point - generally based on empirical knowledge of the process - to receive optimal 

conditions in the downstream. We present a methodology for not only optimizing the process 

performance irrespective of strain and C-source, but also give a blueprint for establishing a 

model-based approach for estimation of viable cell concentration and titer with the need of only 

performing a few experiments for a specific product. 

 

Static qs,C feeding strategies 

 

The aim of this screening approach was to find optimal feeding parameter for IB production in E. 

coli processes, altering IB titer as KPI using different setpoints for the specific glycerol uptake 

rate qs,C. Classical and physiological process parameters using glucose as carbon source have 

already been analyzed in recent work (Slouka Christoph, 2018). These findings resulted in the pH 

and temperature parameters used in this study (T = 31.5 °C, pH = 6.7 for the induction phase). 
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Glycerol based cultivations exhibit different benefits: the media is comparably cheap as glycerol 

is regarded as waste product; the degree of reduction is slightly higher compared to glucose; 

productivity seems to be positively influenced using glycerol as primary carbon source (Kopp, et 

al., 2017). We tested four different setpoints for qs,C during the induction phase and analyzed 

general performance and IB productivity (Figure 17). At high qs,C early glycerol accumulation 

was observed, exceeding 100 g/L at a qs,C – set of 0.5 g/g/h. Additionally, product degradation 

was present (Figure 17 b after reaching a threshold of about 10 g/L glycerol in the fermentation 

broth). However, high qs,C favored product formation especially in the beginning compared to 

mediate/low qs,c (Figure 17 b). 

 

Figure 17: (a) Sugar accumulation measured in the supernatant during the course of induction with different static qs,C 

set-values.;(b) Specific titers of the recombinantly produced protein. High qs;C values are beneficial for the production 

– especially in the beginning of the induction phase -, but lead to pronounced protein degradation over time. 

 

Glycerol accumulation in the broth can be a result of overfeeding in the exponential feed forward, 

overestimating the active biomass X(t) at the given timepoint. Hence, it was also shown that cells 

producing high amount of recombinant protein suffer from a so called “µ-decrease” over time of 

induction, eventually leading to non-C-limited feeding. Interdependence of cell growth and gene 

expression: origins and consequences. Offline biomass measurement methods, like OD600 and 

CDW, just reflect the total biomass inside the reactor and give no information on metabolic 

activity nor on the physiological state. To overcome this limitation, flow cytometry measurements 

are routinely performed during cultivations (using dyes as markers for all cells and dead intact 
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cells). Detection of onset of cell death can also be checked using HPLC fingerprinting methods in 

addition to FCM measurements (Rajamanickam, et al., 2017). At qs,C values above 0.4 g/g/h a 

strong increase in dead cells after 5 hours of induction was visible (Figure 18 a). This time point 

was in good correlation to the onset of sugar accumulation (Figure 17 a). As high production of a 

recombinant protein affects the protein synthesis chain of the cell a decrease in growth rate leads 

to cell death at later induction time (Scott, et al., 2010). The reduction of viable biomass in 

comparison to the total biomass is exemplarily given for the highest applied qs,C. Regarding these 

results, the host cells require a high feeding rate at the beginning of induction in order to produce 

high levels of IBs. Hence, after 5 hours after induction, drops in viable cell concentration (VCC) 

correlating with higher glycerol accumulation indicate that the metabolism of cells shifts to a 

different state, most likely caused by the stress in producing the recombinant protein. 

Physiological feeding rate should therefore be adapted to the different metabolism of the cells in 

order to still provide high levels of viability and prevent cell death. 

 

Figure 18: (a) Cell death during induction time affected by the applied qs,C; b) Exemplarily reduction of the active 

biomass (circles) in the reactor compared to the absolute biomass in the reactor (rectangles = dry cell weight). 

For easy comparison between different physiological feeding strategies, the cumulated specific 

sugar uptake rate dSn [g/g] value (equation 6) was established in our group, which can be used 

for making a normalization on the fed C-source in respect to the total biomass at the induction 

time (Reichelt, et al., 2016): 
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= ∫ �0� =          Equation 6 

with mC [g] being the fed mass of carbon source, dt [h] the respective time interval and X(t) [g] 

the non-corrected biomass at the sampling timepoint t in dry cell weight. The induction time scale 

can now be exchanged for the dSn value during the induction phase. Low qs,C values result in a 

low dSn value, while high qs,C increases the values since a high amount of glycerol is fed based on 

the biomass. The interaction between the IB titer and dSn is presented in Figure 19. The titer 

maximum of all fermentations (except for qs,C = 0.1 g/g/h, which only resulted in a low dSn after 

12 hours of induction) was found in a range from 3.5 to 6 g/g. The highest specific titer was found 

irrespective of dSn at the highest qs,C value of 0.5 g/g/h. However, feeding beyond a dSn value of 

6 g/g did not show any beneficial effect, but did decrease the product titer leading to high 

exceptional glycerol accumulation and triggered the release of host cell proteins, since cell death 

set in (Rajamanickam, et al., 2017). 

 

Figure 19: dSn-based analysis for specific titers. The amount of fed glycerol results in highest titers between a dSn of 

about 3.5 to 6 g/g. 

Summarizing, titer is strongly affected by the fed glycerol during the cultivation. In order to 

reduce product degradation, cell death has to be prevented during the induction phase.  
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Offline dSn controlled feeding strategies 

 

We demonstrated that physiological feeding has to be adapted in order to prevent a drop in the 

viable cell concentration at later induction times. However, high applied qs,C boosts the product 

formation, especially in the first hours of induction and should therefore be applied for high space 

time yields. As dSn analysis in Figure 3 a revealed, values between 3.5 and 6 g/g resulted in the 

highest specific IB titers. Therefore, an adaption of the applied qs,C after this stage was necessary 

to prevent cell death and inefficient sugar feeding. We adapted equation 6 for online calculation 

in the process control system of the dSn value given in equation 7: 

= ��ℎ − ��ℎ� = ∗ ��      Equation 7 

with weightfeed for actual timepoint and in the beginning of the induction phase (t=0), the total 

biomass in the beginning of the induction X(t=0) and the feed density ρfeed. Based on this control, 

two different cultivation strategies were examined: The first had an instant drop of the qs,C to 0.1 

g/g/h after reaching a dSn value of 3.5 g/g (blue squares in Figure 4); in the second one qs,C was 

subsequently reduced to 0.4 and 0.3 g/g/h after dSn of 3.5 g/g was reached (green diamonds in 

Figure 4). Reduction of the qs,C was performed using equation 5, estimating the total biomass X(t) 

by the measured OD600 value at this timepoint. 

The feeding strategy is shown in Figure 20 a Red circles show the constant qs,C feeding control 

with very pronounced sugar accumulation as already seen in Figure 17 a. The lowest sugar was 

consumed when dropping the qs,C instantly to 0.1 g/g/h.  
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Figure 20: (a) Feeding strategy of three representative cultivations. The change in exponential feeding was triggered at 

a dSn of 3.5 g/g; (b) Specific titer for constant qs,C, instant drop and stepwise drop. Highest titers could be found at 

instant drop strategy. 

This strategy was also very beneficial regarding the IB specific titer given in Figure 20 b. The 

instant drop allowed high specific titer compared to the constant qs,C control but without high 

degradation of the product. This fact gets clear in visualization of the specific productivity qp 

(Table 10). 
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Table 10: Comparison of the measured qp and the measured cell viability.  

Ind. time [h] Static qs,C = 0.5 g/g/h 

(Baeshen, et al.) 

Drop to 0.1 g/g/h (blue) Stepwise drop (green) 

 qp [mg/g/h] / dead cells [%] 

1 7 / <1 % 0 / <1 % 0 / <1 % 

2 27 / <1 % 4 / <1 % 4 / <1 % 

4 38 / <1 % 34 / <1 % 26 / <1 % 

6 23 / 1.1 % 19 / <1 % 23 / 10.5 % 

8 10 / 4.7 % 35 / <1 % 23 / 24.8 % 

10 -14 / 5.8 % -9 / <1 % -5 / 39 % 

 

Peak productivity can be found at the instant drop cultivation without pronounced degradation. 

Decrease in specific productivity and negative productivity reflect degradation of the product, 

based on the reduction of the VCC. The offline dSn control is therefore highly favorable for fed-

batch based cultivations. Only a quarter of the C-source is needed compared to the static qs,C 

experiment, reducing the costs of the media drastically (even with glycerol regarded as waste 

resource). Furthermore, the highest specific productivity is found with this strategy combined 

with a long-time stability of the produced product - for about 5 hours in the fermentation broth – 

prolonging the harvest time range. The reduction to 0.1 g/g/h was chosen empirically based on the 

stability of the cells at low feeding rates and resulted in well-chosen process performance, 

eventually achieving high VCC. However, the absolute optimum for reduction of the feed cannot 

be dedicated by the offline dSn control strategies. According to our results, fed-batch based 

cultivations induced with IPTG producing a recombinant protein exclusively in IB, seem to be 

limited in productivity based on the product (Slouka Christoph, 2018) but process performance 

and stability can be optimized using this improved control strategy. 
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Oxygen Uptake Rate as online trigger for determination of transition for dSn controlled 

cultures 

 

dSn based screening and control can be easily adapted for a known, reproducible process, but are 

nevertheless dependent of knowledge on biomass after the fed-batch and on the transition to cell 

death to start the control strategy. Generally, process control is performed by applying 

mechanistics of empirical models for prediction of the performed process or for several key 

performance indicators (KPI) (Sagmeister, et al., 2013, Ehgartner, et al., 2015, Kroll, et al., 2017). 

Regularly, the prediction of biomass and inhibiting metabolites are the quantities of interest and 

are tried to be simulated for predictive control of the bioprocess. Prediction of product attributes 

or KPIs within the cultivation is – especially in high dynamic microbial processes – challenging. 

No direct control is given over the process, allowing to react upon unexpected perturbations using 

the dSn based control strategy. Therefore, we adapted strategies for determination of oxidative 

metabolism in E. coli by Schaepe et. al. (Schaepe, et al., 2014). The authors reported high acetate 

production after limitation on the oxidative metabolism, visible by leveling of the oxygen uptake 

rate (Seras-Franzoso, et al.). This limitation in the metabolism is also visible in linear increasing 

the qs,C given in Figure 21 a. However, we did not see acetate production with our strain (at least 

below the limit of detection of the HPLC method during fed batch cultivations), but strong sugar 

accumulation starting at this timepoint. A leveling off in the OUR indicated that no more glycerol 

was consumed by the cell and feeding should be stopped or decreased at this timepoint. Upon this 

point the feeding was stopped and the cells were able to consume glycerol present in the broth. 

Total consumption of glycerol was again visible as drop in the OUR.  
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Figure 21: (a) Non volumetric OUR as a function of linear increasing qs,C values during induction phase (exponential 

increase in mass feed – red). Sugar accumulation in the broth leads to flattening of the OUR signal; (b) OUR 

normalized to fed mass of glycerol. A drop in the signal indicates sugar accumulation and can be used as trigger for the 

dSn based control. Sugar digestion capacity is constantly decreasing over time. 

Upon drop, the feed was started again and glycerol was consumed by the cells until a plateau was 

reached again. This procedure was repeated several times during the experimental run. The 

capacity of sugar metabolism was decreasing over induction time as already reported before 

(Scott, et al., 2010, Schaepe, et al., 2014, Reichelt, et al., 2016). This fact may be used for 

determination of cell death during induction but was not performed within this study. Using the 

OUR directly leaves with three distinct states of metabolism: complete oxidative while the OUR 

rises, overwhelming of the metabolism visible in the plateau and complete glycerol consumption 

triggered by the OUR drop. In order to make detection of the trigger point between complete 

oxidative metabolism and overwhelming easier to control we established a derived value, with 

normalization of the non-volumetric OUR to the glycerol feed (Figure 21 b). A steady increase of 

the derived quantity reflects oxidative metabolism, while a drop after a maximum indicates 

overwhelming of the oxidative metabolism at the given qs,C value. State of the art measurements 

use photometric assays or HPLC methods for measurement of the C-source but have the 

disadvantage that sampling is necessary and analysis might take up to 30 min. However, this 

signal can be used to detect glycerol accumulation directly online during the process and adapt the 

feeding rate accordingly to prevent cell lysis during the induction period even if no knowledge 
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about the produced protein is given. However, it has to be kept in mind, that the limiting factor of 

the OUR-signal is the gas analyzer device, which has to cope with all occurring O2 concentrations 

in the given induction phase to calculate reasonable OUR values. Hence, addition of pure oxygen 

to the aeration gas-flow could be causing deviation in the measurement signals of the gas 

analyzer, affecting the OUR. Using this method, feeding strategies could be adapted to receive the 

optimized process conditions, which could not be dedicated by the dSn offline control given in the 

previous chapter.  

 

Model based approach for prediction of IB titer as KPI 

 

Model based controls with the aim to optimize the titer of the recombinantly produced protein are 

often based on soft-sensor approaches combining offgas and metabolite measurements (metabolic 

flux analysis) (Gustavsson and Mandenius, 2013). The presented offgas based OUR 

determination is limited in use for trigging the feeding rate to levels suitable in the current 

metabolism of the cells. However, no direct observability of VCC and IB titer as KPI is given 

within this method. Currently there is a high need for process understanding and quality by design 

(QbD) criteria for pharmaceutical products, which also demanded by regulatory instructions like 

the FDA (Food and Administration, 2004). New physiological and model-based control strategies 

for production of recombinant proteins in microbials are presented in different works (Looser, et 

al., 2015, Luchner, et al., 2015, Wurm, et al., 2017, Chan, et al., 2018). Based on that, we applied 

a model-based approach to directly predict our product’s IB titer and the VCC concentration 

during the induction phase. Based on the static qs,C experiments, we deviated empirical relations 

for specific titer and death rate during our cultivation (compare to Figure 18) These relations are 

the basis for the model workflow given in Figure 6.  

The model workflow established by the static qs,C experiments was taken to predict VCC and IB 

titer of the dSn run with the best performance (Figure 22). VCC was approximated using a linear 
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relationship of dSn to percentage dead cells. The data set for qs,C = 0.4 g/g/h was not used for this 

fit since dead yields were unexpectedly high in this cultivation run (Figure 17 a). Using empiric 

fits from several fermentation runs made it possible to predict the viable cell concentration. 

Therefore a “death rate” was simulated, being highly dependent on feeding rate and process time. 

 

 

Figure 22:Empirical relations derived from static qs,C experiments. Induction phase variables are the applied qs,C during 

for the cultivation and the biomass before induction phase. Calculation of absolute titers are performed using the VCC 

approximation during induction. 

Titer approximation during the cultivation was challenging based on incorporation of the titer 

degradation at high dSn values into a mechanistic description, given in Figure 23. a. We 

logarithmized the specific titer and applied the bilinear fit to the region of titer increase and the 

region of titer degradation. Red regions reflect the 95% confidence interval of the fitting routine. 

Specific titer, calculated from cell dry weight showed a dependence onto feeding rate. For dSn 

values lower than 2.90181 g/g EQ1 was used for fitting and once feeding rates exceeded dSn= 

2.90181 g/g, EQ2 was used (Equations 8 and 9): 

 

� : �  =  − .  + . ∗    Equation 8 
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� : �  =   + − .  ∗ − .    Equation 9 

� ℎ =  − .  +  . ∗ .     Equation 10 

 

Results showed that product titer was highly coupled to the viable cell concentration. Any 

decrease monitored in VCC, was always observed in a product decrease. A correlation between 

specific titer and VCC was established, calculating overall titer. The calculated dSn of transition 

was calculated with 2.9 g/g, which is in reasonable accordance to our experimental data. VCC is 

accepted with an error of 5% of the given model value, since biomass values are beyond 25 to 30 

g/L after the biomass generation phase (Figure 23 b). VCC was well described by the model, and 

no cell lysis could be monitored during this specific run (which is in accordance with the FCM 

derived data). The simulated VCC data was used to calculate the titer for the given process 

(compare to Figure 22). The titer (given in Figure 23 c) was the most difficult quantity to 

capture. We based a 20 % error on titer-based model as the overall error estimation to specially 

access the variations in the beginning. During early stages of induction time, titer measurements 

were below limit of quantification (LoQ) and further HPLC based titer measurement regularly 

showed a rather small error of about 7 % in the measurement. Estimation of early titer up to 4 

hours of induction time reflected an approximation rather than an absolute value. 

However, product titer is used often as KPI for harvesting time point an accurate approximation 

of late titer values is of high importance. Values after six hours of induction were already within 

the 20 % accuracy and late values are well described by the model approximation and were very 

close to the mean modelled value (straight line in Figure 23 c. During the cultivation almost, no 

degradation of titer was observed in the later phase, which is in accordance with the model. 
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Figure 23: (a) Data driven model for specific titer of the N-Pro fused model protein, including 95% confidence interval. 

A bilinear fit is used for description of the log(specific titer); (b) VCC model with 5% error estimation including data 

from FCM measurement, (c) titer calculated via VCC. Late model values fit well to offline measured titers. 

Model based approaches for estimation of different feeding strategies can be easily used for 

adaption of control for new IB producing products. Using two to three fed-batch cultivations with 

different static qs,C values are necessary for establishing a model for the optimized feeding 

strategy in combination with overfeeding monitoring using the derived OUR/feed presented in the 

previous chapter. As cell lysis is notorious for protease release into fermentation broth, high VCC 

at harvest time point should provide positive effects on further ongoing downstream applications. 

We are currently investigating our model with further additional strains, but we already want to 

highlight the straight forward methodology given by this model-based approach as a beneficial 

tool for process development in the pharmaceutical industry. 

 

4.4. Conclusion 

 

In this work, we aimed for optimization of the key performance indicator IB titer of a given 

process by varying the specific substrate feeding rate for the analyzed strain and identifying clear 

indicators for process harvest / substrate accumulation to avoid product degradation. Different 

cultivations could be easily compared using the dSn value, which has a production maximum of 

about 3 g/g. The relations for VCC and titer based on this dSn approach could be used for process 

design but also for modelling of given product dependences. These approaches can afterwards be 



93 

easily adapted for direct process control using the OUR value as online signal for onset of 

glycerol accumulation during the process. With a direct control over the IB titer during the 

measurements, batch to batch variations could be minimized increasing the performance during 

the subsequent down streaming steps.  
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4.5. Introduction Size as QA 

 

The gram-negative bacterium E. coli might be one of the best characterized organisms and has 

found its place in many different industrial applications (Walsh, 2010, Gupta and Shukla, 2017), 

because E. coli shows very fast replication rates (Meuris, et al., 2014, Wurm, et al., 2016) on 

comparatively cheap media (DeLisa, et al., 1999). However, the missing glycosylation pattern 

(Spadiut, et al., 2014, Baeshen, et al., 2015, Gupta and Shukla, 2017) as well as intracellular 

protein production implies major drawbacks when compared to mammalian cells and yeasts as 

hosts (Cass, et al., 2005). Still, proteins which do not need major posttranslational modifications 

can be produced in bacteria at low costs in short process times (Spadiut, et al., 2013). The strain 

BL21(DE3) created by F. Studier and B. Moffatt back in 1986 (Studier and Moffatt, 1986) is 

often used in an industrial scale, because of very low acetate formation, high replication rates as 

an effect of the integrated T7-polymerase (Steen, et al., 1986, Studier and Moffatt, 1986, Studier, 

et al., 1990, Dubendorff and Studier, 1991, Neubauer and Hofmann, 1994, Lyakhov, et al., 1998). 

Repressing the lac operon with isopropyl β-D-1 thiogalactopyranoside (IPTG) is still state of the 

art in most industrial applications (Marbach and Bettenbrock, 2012, Dvorak, et al., 2015), as the 

pET-expression-system is known of high replication rates, leading to high amounts of the desired 

protein (Dubendorff and Studier, 1991, Marbach and Bettenbrock, 2012, Wurm, et al., 2016). 

 

Inclusion bodies (Inada, et al.) have emerged from their role as waste products (García-Fruitós, et 

al., 2012) and even are purposely produced in many processes nowadays (Ramón, et al., 2014). 

IBs have been believed to be a result of diverse stress reactions, resulting in biologically inactive 

protein (Palmer and Wingfield, 2012, Ramón, et al., 2014, Villaverde, et al., 2015). Their 

formation is hard to prevent but on the other hand side IBs open up the door for the production of 

toxic proteins (Berlec and Strukelj, 2013). Intracellular stress can be caused by high temperatures, 

pH-shifts or due to high feeding rates (Slouka Christoph, 2018). However, some of these stress 

reactions tend to impact in higher yields of product (Gupta and Shukla, 2017). Still down-stream 
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processing (DSP) and especially the refolding unit operation is the most time-consuming step in 

gaining the correctly folded product from E. coli cultivations (García-Fruitós, et al., 2012, Palmer 

and Wingfield, 2012, Ramón, et al., 2014, Villaverde, et al., 2015), which requires significantly 

more technology and time, when purifying protein aggregates (Palmer and Wingfield, 2012, 

Wingfield, 2014, Wingfield, et al., 2014). In recent years IBs were found to exhibit not only 

inactive protein structures, but also parts which show enzyme activity (Hrabárová, et al., 2015). 

These IBs are nowadays called non-classical Inclusion Bodies (ncIBs) and show highly active 

protein, directly without time consuming refolding steps (García-Fruitós, et al., 2005, Jevševar, et 

al., 2005, Peternel and Komel, 2010). Active parts of the IB may also be directly used as 

biocatalysts in different reactions, combining the well mechanical properties with enzymatic 

reactivity. It has also been shown, that the size has an influence onto the biological activity of the 

protein (García-Fruitós, et al., 2007, García‐Fruitós, et al., 2009). Beside their enzymatic usage 

IBs may also be used based on their mechanical properties as they generally inhibit a distinct bead 

size combined with high mechanical stability. Therefore, application as nanoparticulate material 

and as material for tissue engineering is considered (Díez-Gil, et al., 2010, García-Fruitós, et al., 

2012). IB bead size is known to be based on the harvest time during the cultivation. In a recent 

study, we analyzed detailed effects of classical process parameters pH and temperature on the IB 

bead size as a function of the induction time (Slouka Christoph, 2018). Therefore, control of IB 

size during the cultivation is an important issue as size is a critical quality attribute (CQA) during 

these processes. Process performance needs to be directed towards optimal size needed in DSP for 

pharmaceutical relevant components. For IBs used as biocatalysts or nanomaterials knowledge 

about the distinct bead size during cultivation is required to have improved performance 

(García‐Fruitós, et al., 200λ). 

Effects of feeding strategies onto product have been already investigated by Spadiut et al. 

(Spadiut, et al., 2014) as alterations of the specific growth rate are known to have major 

influences onto product formation. As high recombinant protein production does implement 

changes in cell physiology, it is known that there is decrease of growth rate over the duration of 
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induction time (Scott, et al., 2010). Also biomass formation does suffer from protein induction as 

it has been referred that biomass yields decrease over induction time, especially when compared 

to mock strains (Rozkov, et al., 2004). Helping to optimize feeding strategies, the term qs has been 

introduced, determining specific sugar uptake rates, per gram biomass in certain time intervals 

(Spadiut, et al., 2014). Quantitative comparison of dynamic physiological feeding profiles for 

recombinant protein production with Pichia pastoris}. Within this study it was also shown that a 

stepwise increase, such as a qs-ramp, is superior to a constant feeding profile in Pichia pastoris 

protein production. The influence of qs ramps onto inclusion body formation was performed by 

Reichelt et al. (Reichelt, et al., 2016). Within this study also the term “qs,crit” was determined, 

describing the maximum physiological substrate uptake rate. It was shown within this study, that 

the physiological feeding rate in E. coli is highly dependent onto process parameters and consists 

of a rather “dynamic nature” Reichelt, 2017, Physiological capacities decline during induced 

bioprocesses leading to substrate accumulation (Reichelt, et al., 2017). 

 

In this study, we followed that hypothesis that the specific substrate uptake rate may be a suitable 

process parameter to steer IB CQA, such as IB size. We performed cultivations with a E. coli 

BL21(DE3) strain, producing a recombinant protein coupled to a N-pro-fusion protein 

(Achmüller, et al., 2007), expressed exclusively as an IB with the goal to control inclusion body 

size within the cells based on physiological feeding. Optimized process parameters for T and pH 

were used throughout the whole work, derived in from a different previous study. The specific 

substrate feeding rate (qs,C) was adapted using glycerol and glucose and responses onto IB bead 

size were analyzed. Usage of glycerol as media is comparable cheap and since glycerol is 

regarded as a waste product (Martínez-Gómez, et al., 2012) it might find further applications in 

future manufacturing. The degree of reduction on glycerol is slightly higher when compared to 

glucose and titer based productivity seemed to be positively influenced using glycerol as primary 

carbon source (Kopp, et al., 2017). We show that IB bead size can be adjusted via the amount of 

fed carbon source, when keeping T and pH during induction constant. Size variations could be 
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detected throughout the cultivations using scanning electron microscopy. The knowledge 

generated by these cultivations is used to model IB size based on the glycerol consumption and 

predict IB size of a cultivation in real time. Using this model-based approach, a defined IB-size at 

the time point of harvest can be simulated, which should enhance performance as biomaterials or 

lead to optimized DSP for pharmaceutical products. 

 

4.6. Material and Methods Size as QA 

 

For cultivation process and analytics see chapter 4.2.  

 

IB Bead Size 

Washed and aliquoted IB samples were resuspended in ultrapure water. 100 µL of appropriate 

dilution of the suspension were pipetted on a gold-sputtered (10 - 50 nm) polycarbonate filter 

(Millipore-Merck, Darmstadt, Germany) using reusable syringe filter holders with a diameter of 

13 mm (Sartorius, Göttingen, Germany). 100 µL of ultrapure water were added and pressurized 

air was used for subsequent filtration. Additional 200 µL of ultrapure water were used for 

washing. The wet filters were fixed on a SEM sample holder using graphite adhesive tape and 

subsequently sputtered with gold to increase the contrast of the sample. SEM was performed 

using a QUANTA FEI SEM (Thermo Fisher, Waltham, MA, US) with a secondary electron 

detector (Dvorak, et al.). The acceleration voltage of the electron beam was set between 3 to 5 kV. 

To determine the diameter of the IBs, 50 IBs on SEM pictures were measured using the ImageJ 

plugin Fiji (Laboratory for Optical and Computational Instrumentation (LOCI), University of 

Wisconsin-Madison, US).  
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4.7. Results and Discussion for Size as QA 

 

Within this study, we investigated size dependence based on physiological feeding in E. coli. The 

harvested and washed IBs were analyzed via SEM and diameter was measured subsequently. A 

correlation of the IB size based on the fed substrate could clearly be indicated. A hyperbolic 

relation of the size could be used to establish model-based approach to predict IB size for our 

model protein during cultivation. 

 

Static qs,C feed forwards feeding for size determination 

 

Within a screening approach we tried to trigger the optimal feeding parameter for IB production 

in E. coli processes. Set-point alteration for the specific glycerol or glucose uptake rate qs,C, did 

influence the IB bead size respectively. Classical and physiological process parameters using 

glucose as carbon source had already been analyzed in recent work (Slouka Christoph, 2018). 

These findings resulted in the optimized pH and temperature parameters used in this study (T = 

31.5 °C, pH = 6.7 for the induction phase). In Figure 24 an exemplary SEM picture of IBs 

including measurement of the size is given. These pictures were used to define IB size 

dependence of an individual cultivation  Figure 24 b). At later induction times, decrease in size 

and increase in standard deviation indicated ongoing cell death measured via flow cytometry and 

sugar accumulation (not shown). 
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Figure 24: a) IB beads at time point of harvest (12h of induction) after homogenization and subsequent washing with 

ultrapure water; b) IB bead size at qs,C of 0.4 g/g/h using glycerol as C-source. Late degradation is based on reduction 

in the viable cell concentration. 

We tested four different setpoints for qs,C during the induction phase for both carbon sources and 

analyzed the resulting IB sizes. At high qs,C early C-source accumulation could be observed with 

present product degradation. For easy comparison between different physiological feeding 

strategies and different used C-sources, the cumulative sugar uptake value, dSn [g/g], (equation 

6) could be used making a normalization on the fed mass C-source in respect to the total biomass 

at the induction time (Reichelt, et al., 2016): 

 

The induction time scale can now be exchanged for the dSn value during the induction phase. 

Low qs,C values result in a low dSn value, while high qs,C increases the values, as a high amount of 

C-source is fed throughout the process. The interaction between the IB bead size and dSn is 

presented in Figure 2 a, comparing four runs with glycerol as C-source. Single bead size was 

strongly affected by the fed substrate starting with about 350 nm (threshold of the measurement 

principle) to a size over 600 nm in mean. A modified hyperbolic kinetic term could be used to 

describe this behavior of the mean diameters of the IBs in equation 11: 

� �� = � �� , � ∗ �� + �        Equation 11 
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replacing the maximum reaction speed term with the maximum IB size (IBsize,max) and the 

substrate dependence through the respective dSn value. Km defines the trigger point where half of 

the possible size is reached and may therefore be used as transition value for change of low sizes 

towards large IB-size interesting for further downstream applications. High feeding rates might 

help to reach this trigger point earlier, hence physiological limitations such as µ-decrease over 

induction time have to be considered, in order to prevent cell death (Scott, et al., 2010). The 

results of the fit are given in Figure 25 b for both C-sources.  

 

Figure 25: (a) IB-bead size dependencies on the amount of fed glycerol shown calculated as dSn value b) dependence 

of the IB bead diameter when compared between glucose and glycerol.  

The previously mentioned hyperbolic fit can be seen by observing Figure 25 b as IB-size is 

highly dependent on the amount of fed C-source. The performed fit yielded following constants 

for all cultivations at the constant parameters T and pH are given in Table 11. KM represents the 

mass glycerol needed for 1 g of biomass to reach IBsize,max/2.  

Table 11: Fitting results for hyperbolic-fit Eq. 3 for IB bead size dependence 

 glucose glycerol 

Km [g/g] 0.33 +/- 0.14 0.42 +/- 0.06 

IBsize,max [nm] 605.4 +/- 37 638 +/- 17  
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Both C-sources showed very similar results using the fit given in Eq. 3. Very small sizes were not 

easily accessible using SEM based techniques. Therefore, the highest error was to be expected in 

the approximation of the early induction times, as filter porosity was above the threshold. 

Maximum IB size was observed at approximately 620 nm for our model protein. IB bead size 

could not be influenced by the C-source, as differences seen here were within the standard 

deviation, but only by the respective amount of fed C-source (provided that T and pH are not 

altered during the induction phase). Km and IBsize, max are highly product and induction dependent. 

For receiving IBs with defined size, low qs,C values can be recommended, as protein aggregation 

is a very fast process, and therefore size alterations might be difficult to trigger. Very small 

defined sizes could be produced in the beginning and sizes are longer stable at these feeding rates. 

Altering induction strength with lactose showed similar dependence by using green fluorescent 

protein as model protein for mixed feed development (Wurm, et al., 2018). Within this study it 

was shown that IB-size is tunable by adjusting the lactose concentration as inducer. It was shown 

that low levels of lactose resulted in sizes only as big as 400 nm but using higher concentrations 

of lactose for induction, IB-bead sizes move up to 600 nm. However, this variation in size seems 

to be a result from insufficient induction, resulting from eventually given low lactose feeding 

rates. Within this study we want to highlight that inclusion body size is highly dependent onto the 

amount of the fed C-source, given that the system is fully induced with IPTG. Based on these 

results, glycerol-fed cultivations resulted in identical size for IB beads compared to glucose, 

although glycerol does open up major advantages on a cultivation side (Slouka Christoph, 2018). 

The derived straight forward dependence of the IB bead size based on hyperbolic saturation 

kinetics could be easily used in a model-based approach. Online application of the model during 

the process would help to reduce or even replace complex offline analytics.  
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Model based approach for prediction of IB bead size  

 

Based on the qs,C experiments with feed forward approach, we derived empirical relation for IB 

size during our cultivation (compare to Figure 25 b). These relations were the basis for the model 

workflow used for determination of size in real time during a process based on the applied feeding 

strategy. We applied the dSn principle for a cultivation in order to keep viable cell concentration 

high and receive a high product titer. The exact feeding strategy using the dSn value over 

induction time is given in Figure 26 a (blue rectangles). A high qs,C of glycerol was varied from 

0.5 g/g/h to 0.1 g/g/h at a dSn value of 4 g/g. Corresponding size measurements are given in 

Figure 26 a (red circles). As size and titer do show a linear correlation, the shift from a high to a 

qs,C should result in optimal size at the time-point of harvest.  

 

Figure 26: (a) Model cultivation with change in the qs,C from 0.5 g/g/h to 0.1 g/g/h at a dSn value of about 4 g/g. The 

lower qs,C value results in a high viable cell concentration at late induction times; (b) probability density plot of 

cultivations as a function of induction time  

Exchanging a static feeding strategy with the feeding control shown in Figure 26 a, does 

implement a size growth even at late induction times and is triggering maximum size towards the 

time-point of harvest. Optimized feeding strategies, varying µ over induction time, seem to boost 

the overall product titer (Reichelt, et al., 2016). As size and titer show a linear correlation 

(compare to Figure 27 b) overall product formation can be increased, applying the qs,C shift from 
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0.5 to 0.1 g/g/h. Standard deviation of IB-bead size (plotted in Figure 26 a also increases over 

time, which is in correlation with literature (Wurm, et al., 2018). The probability density plot 

(shown in Figure 26 b) as a function of induction time based on a normal distribution of our IBs 

confirmed, that IB-bead size distribution increased over induction time. Within this cultivation 

only little deviation could be monitored towards end of induction time as qs,C was adapted to 20% 

of the previous feeding rate.  

 

Process control can generally be performed by applying mechanistic of empirical models for 

prediction of the performed process or for at least several key performance indicators (KPI) 

(Sagmeister, et al., 2013, Ehgartner, et al., 2015, Kroll, et al., 2017). Regularly, the prediction of 

biomass and inhibiting metabolites are the quantities of interest and are tried to be simulated for 

predictive control of the bioprocess. Prediction of product attributes within the cultivation is 

challenging – especially in high dynamic microbial processes.  

 

Figure 27: (a) Size modeling including real measured data with standard deviations. Especially early sizes could only 

be described using the model-based approach; (b) Size-titer correlation for fermentation with feeding strategy implied 

in Figure 3 a. 
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For the development of our model, mechanistic links were established using the software Matlab 

2017. Within this model only time of the induced fed batch was simulated, as no inclusion bodies 

were formed within batch and non-induced-fed batch (FB)-cultivation. Static inputs for the model 

consisted of volume [L], substrate in fermentation broth [g/L] and biomass [g/L] at timepoint 

tinduction = 0 h. Further feed concentration [g/L], YX/S [g/L] and qs,max [g/g/h] were needed for 

modelling the behavior of the induction phase. Defining basic mass equations on fed-batch 

process behavior, prediction of classic process parameters like volume, substrate metabolization, 

biomass formation was established via the differential terms given beneath. Due to simplification, 

volume increase during fermentation was calculated via feed addition only: 

 . .  =  ′ �. �  /  ∗   . � .  −    −  �.  ∗  ′ 
. .  =  ′ ∗  ( �.  −  �. � ∗  ) 

: = [�]  
: = [�] 

: = [��] 
With S being the substrate [g], Fin the feed [mL/h], cGlu the feed concentration [g/L], CDW the dry 

cell weight [g/L], qs the specific substrate feeding rate [g/g/h] – simulated in the model - and qx 

the specific biomass generation rate [g/g/h] based on qs. This enabled us to simulate the process 

based on the inputs received from the static qs,C experiments. Size could be easily modeled using 

the already presented hyperbolic saturation terms as helper equation in the model. Figure 27 a 

shows the modeled size estimation based on the previously established kinetics in equation 11. 

As acceptance criteria for product-based attributes we used 10 % error of the model for size. Size 

was well described by the model, resulting in only small variations, still lying within the standard 

deviation. Using the given model size estimation up to the beginning of the induction phase can 

be made, even if no analytical method is available for direct determination (e.g. SEM threshold). 
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If the product is used for a biocatalyst or nano-biomaterial with defined size, harvesting time point 

can easily be determined within the cultivation (García-Fruitós, et al., 2012). 

Model based approaches for estimation of different feeding strategies can be easily used for 

adaption of control for new IB producing products. Deriving data from two to three fed-batch 

cultivations with different static qs,C values is necessary to establish this very model. Afterwards 

the optimized feeding strategy for the desired protein can be simulated and experimentally 

confirmed. These straight forward methodology triggers this model-based approach a high 

beneficial tool for process development in the pharmaceutical industry. 
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4.8. Conclusions 

 

In this work we aimed for analyzing the effect of varying the specific substrate feeding rate on IB 

CQA, such as IB size. Different cultivations could be easily compared using the previously 

established dSn value, as cumulated sugar uptake rate can be presented neatly arranged. 

Performing cultivations with altered feeding rates, showed that maximum size was achieved at a 

dSn value of approximately 4 g/g. Feeding beneath a dSn value of 4 g/g resulted in highly time 

resolved results, which might be useful for model development. As low feeding rates did not 

reach exceed the trigger-point in IB-formation (defined here as Km-value) these feeding strategies 

may not find an application in production scale, as IB titer is too low for further ongoing DSP 

applications. Applying a qs-shift during induction phase boosted IB-formation even after dSn = 4 

g /g was exceeded. Application of this feeding strategy kept cells in a viable state and further will 

help to achieve maximum size within shorter induction times. The relations for size based dSn 

approach could be used for process design but also for modelling of given product dependences.  

We are currently investigating our model with other additional strains, trying to establish product-

independent robust Upstream Processing. Triggering optimal IB-bead-size at the time-point of 

harvest will help to improve the cost-and time-intensive downstream processing.  
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5. Determination of Viable Cell Concentrations (VCC) using 

Electrochemical Sensors in the Low Frequency Regime 

 

For development of suitable process analytical tools, knowledge about key quantities in the 

performed cultivations is very important. We analyzed different cultivations with constant 

classical process parameters (pH, T) using principal component analysis in order to see coupled 

quantities for development of PAT tools. We introduced different time independent values of ten 

cultivations given in Table 12. Several of those values are clarified in Figure 28 a), especially 

mean slopes for product increase and degradation.  

 

Figure 28: a) sketch of the important time dependent parameters of the KPI spec. titer. All other values are maxima 

(like size) or at induction time of 12 hours; b) Desired fed-batch behavior, with no visible degradation of spec. titer and 

high VCC concentration during the whole induction time. 

 

The desired fed-batch based on the specific titer is given in Figure 28 b). The final aim is to 

receive a time stable KPI with no product degradation in order to have a large harvest interval 

instead of a given time point including a high product quality.  
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Table 12: Feature matrix of ten cultivations (presented in the previous chapters) with characteristic time independent 

quantities 

process Size 

max 

spec. 

titer 

max 

Incease in spec 

titer mean  

degradation 

titer mean 

dSn at 

titer max 

dead cell at 

t= 12 h 

sugar t 

= 12 h 

 
[nm] [g/g] [g/g/h] [g/g/h] [g/g] [%] [g/L] 

static glycerol 

qs_mid 

695.0

3 

0.10131 0.01361 -0.00461 5.57 3 15.8 

static glycerol 

qs_low 

456.6

4 

0.04307 0.00448 0 1.16 0 0 

static glycerol 

qs_high 

578.8

3 

0.18221 0.03742 -0.00639 3.59 20.4 55.7 

static glycerol 

qs_high 

615.1

9 

0.1968 0.02778 -0.02451 6.44 11.9 108.7 

qs ramp down 

glycerol qs_mid 

678.1

8 

0.1602 0.02336 -0.01834 4.69 69.6 8.50 

qs drop to 0.1 

glycerol qs_mid 

639.2

9 

0.17386 0.0038 -0.0041 3.65 4.8 5.78 

static glucose 

qs_mid 

578.0

1 

0.14008 0.01725 -0.0059 3.56 35.6 19.4 

static glucose 

qs_low 

394.0

5 

0.03959 0.00483 0 1.54 0 0 

static glucose 

qs_high 

532.0

3 

0.15672 0.01736 -0.00308 12.13 45.4 166.0 

static glucose 

qs_high 

639.2

9 

0.15847 0.02779 -0.01066 2.74 50.9 60 

 

The PCA revealed that three components already cover 83 % of the difference in all cultivations. 

The biplot for the performed PCA is given in Figure 29. PCA analysis biplot for component three 

is given in the supplementary material (Supplementary 6). For better comparison of the given 

cultivations, information about physiological feeding and C-source were not included into the 

feature matrix. Three distinct groupings are visible for: The green grouping represents cultivations 

with low qs,C where low titer, size is visible. No degradation effects can be seen in these 

cultivations which is reasonable, since the 12 h induction time is not enough for full production. 

The blue grouping shows cultivations with qs,mean of about 0.3 g/g/h (static and dSn controlled). 

Mean specific titer are reasonable in those cultivations and only a few dead cells are present in 

those runs. These cultivations are stable concerning degradation of the product and only use a 

decent amount of sugar (dSn max value). Switching the physiological feeding to high qs,C rates – 

red group – very high spec. titer and high IB bead sizes can be observed including high 

productivities. However, also a high amount of dead cell (reduction in VCC) and increased 
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product degradation is found within these cultivations. Furthermore, high sugar need 

(accumulation) increases the costs of these cultivations drastically.  

 

Figure 29: PC 1 and 2 in a biplot with the analyzed quantities and the respective grouping of the cultivations. 

 

As VCC and product dependent quantities are highly correlated in principal component 1 – 

compare to Table 13 – measurement of the VCC during the process is a very promising tool for 

process analytics especially at high feeding rates (qs,C of 0.4 to 0.5 g/g/h) during induction phase. 

Furthermore, a high VCC during induction time is expected to lead to a high product quality with 

large harvest interval as given in Figure 28 b). Based on these considerations, VCC 

measurements as PAT tool during induction time (or even the whole process) would lead to a 

stable reproducible process for E. coli-based cultivations. 
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Table 13: Extracted Eigenvectors for the three analyzed principal components. 

 
Coefficients of PC1 Coefficients of 

PC2 

Coefficients of PC3 

Size max 0.34505 -0.4067 0.57693 

spez. titer max 0.46473 -0.09641 0.21808 

dspeztiter/dtime 0.41119 -0.15148 -0.44287 

degradation titer 0.38959 -0.30922 0.00246 

dSN at titer max 0.3232 0.58482 0.30803 

max dead cell 0.34887 -0.07691 -0.57027 

sugar max 0.34342 0.59901 -0.05787 

 

As state-of-the-art determination of VCC is based on offline methods, we tried a different 

approach during this thesis. Chapter 3 and 4 already indicated the importance for knowledge of 

the cell physiology during cultivation and especially during protein production. Keeping the 

viable cell concentration (VVC) high is therefore of utmost importance and direct measurement of 

VCC is a perfect tool to react upon process perturbations. We already presented a novel sensor 

development for E. coli cultivations in Sensor Journal (Slouka, et al., 2016). This sensor was 

further developed and applied for a different usage in food producing industry. We tested the 

setup with bakers’ yeast with the final goal for establishment in the brewing industry. This work 

was published in Chemosensors Journal (Slouka, et al., 2017) with the title “Low Frequency 

Electrochemical Impedance Spectroscopy as Monitoring Tool for Yeast Growth in 

Industrial Brewing Processes”. 

 

5.1. Introduction 

 

Microbial cultivations play a key role in many different fields like food, drug and bulk chemical 

production as well as in waste to value concepts (Gavrilescu and Chisti, 2005). Process 

monitoring like pH, dO2 and offgas analysis are state of the art in today’s industrial cultivations to 

guarantee product quality and safety. However, the most important parameter in bioprocesses, the 

biomass, can be only determined using offline methods or complex soft sensor applications 
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(Sagmeister, et al., 2013). These control systems are often dependent on inline/online/atline 

detection systems like e.g. high-performance liquid chromatography for metabolites, offgas 

balance and/or dielectric spectroscopy measurements. The use of accurate and reliable biomass 

measurement systems (Clarke, et al., 1986, Kiviharju, et al., 2008), especially of viable cell 

concentrations (VCC) enable proper process control tools, which lead subsequently to more 

robust and reliable bioprocesses. VCC is measured using offline measurement principles 

including marker proteins or fluorescence probes, like flow cytometry or confocal microscopy 

(Davey and Kell, 1996, Veal, et al., 2000). Since those control and analytical tools are cost 

intensive, classical bulk food products – like yeast and beer – are produced in rather uncontrolled 

environment. Not only the complex raw material, but especially growth conditions of the yeast 

(propagation and fermentation) are of high importance for the quality of the final product. The 

implementation of online vitality measurements in brewing industry has historically be hindered 

by affordable, simple, robust and reproducible test (Lodolo, et al., 2008). 

In general, online and inline biomass measurement approaches are rather scarce and are based on 

physical measurement principles. One principle generally applied is high frequency alternating 

current (AC) impedance spectroscopy with high field amplitudes used on the basis of the so called 

ß-dispersion (Schwan and Foster, 1980, Schwan, 1984). Cells with an integer cell membrane 

affect the relative permittivity between two electrodes and therefore this signal is used for 

estimation of VCC. Detailed description on the measurement principles can be found in Refs. 

(Yardley, et al., 2000, Soley, et al., 2005, Carvell and Dowd, 2006, Dabros, et al., 2009). 

The model organism for application of AC measurements in the ß-dispersion range are yeasts 

being a very important expression host for recombinant proteins (Buckholz and Gleeson, 1991, 

Cereghino and Cregg, 1999, Gerngross, 2004). Also, approaches towards more complex 

expression systems, like filamentous fungi and CHO cells are already performed (Ferreira, et al., 

2005, Ehgartner, et al., 2015, Konakovsky, et al., 2015). These measurements show a strong 

dependence upon physical process parameters (like aeration and stirring – causing gas bubbles, 
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temperature shifts and pH gradients) and are furthermore highly affected by changes in the media 

composition during cultivation. 

However, not only high frequency impedance spectroscopy in the ß-range can be used for 

determination of biomass, but also changes of the electrical double layer by adsorption/desorption 

of cells at the electrode surface (detectable at low frequencies in the mHz range, α-dispersion) 

provide valuable information. Beside the cell type itself (cell wall/membrane compositions, size 

and shape), many physical parameters especially in the media (pH, ion concentrations) can 

influence the potential distribution in the double layer (Poortinga, et al., 2002, Bot and Prodan, 

2009). Furthermore, the given method via α-dispersion detection is capable of detecting even very 

small numbers of bacteria in soil, food and feces polluted water using interdigitated 

microelectrode designs (Gonzalez, et al., 1998, Yang, et al., 2003, Radke and Alocilja, 2004, 

Yang, et al., 2004, Liu, et al., 2011, Lei, 2014). These studies were only performed in very small 

scale with a low cell concentration. In general, a threshold in the measurement is present at low 

cell concentration. Exceeding this limitation, very stable signals over time were achieved in these 

measurements. Beside direct measurements in the broth, a modified electrode system in an 

interdigitated design can be used (K'Owino and Sadik, 2005, Wu, et al., 2005, Bayoudh, et al., 

2008). First approaches towards process monitoring were shown by Kim et al. (Kim, et al., 2009), 

who worked with an inline sensor used in the lower frequency range between 40 Hz and 10 kHz 

for real time monitoring of biomass. Kim et al. showed the feasibility for measuring changes in 

the double layer capacitance, but no analysis of the double layer capacitance (CDL) itself was 

performed, only discrete extracted values for distinct frequency values were used. Recent studies 

on E. coli showed reasonable results for VCC determination not only in batch phase, but also in 

fedbatch approaches leading to far higher cell densities (Slouka, et al., 2016). 

In this study impedance measurements in the α-dispersion range are performed during batch-

based cultivation of S. cerevisiae aimed for usage in brewing applications. Different state-of-the-

art methods are applied for determination of the corresponding total biomass – dry cell weight 

(DCW), and OD610 offline. Flow cytometry (FCM) in combination with fluorescence dye DiBAC 
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is used for cell physiology evaluation to account for changes in the viability during cultivation. 

With this knowledge, we are able to correlate total biomass to the extracted double layer 

capacitance. 

A prototype inline probe was designed and built for easy plug in measurement of the biomass. 

Online and new inline probes are tested using defined media with glucose and maltose in different 

concentrations and malt extract as complex base material in brewing. 

 

5.2. Materials and Methods 

 

Expression host and Cultivation 

 

All cultivations were performed using S. Cerevisiae strain supplied by Brauerei GUSSWERK 

(Salzburg, Austria). For the preculture 500 mL sterile Delft medium was inoculated from frozen 

stocks (1.5 mL, -80°C) and incubated in a 2500 mL High-Yield shake flask for 20 h (230 rpm, 

28°C). Batch and cultivations were performed in a stainless-steel Sartorius Biostat Cplus 

bioreactor (Sartorius, Göttingen, Germany) with 10 L working volume and Infors Techfors-S 

bioreactor (Infors HT; Bottmingen, Switzerland) with 20 L working volume. Aerobic batches 

were performed using 1000 to 1400 rpm stirrer speed with aeration of 2 vvm. Anaerobic batches 

were performed using 600 rpm and 2 to 4 l/min N2 – flow. Composition of the used defined Delft 

medium was: 7.5 g/L (NH4)2SO4, 14.4 g/L KH2PO4, 0.5 g/L MgSO4 ·  7 H2O; 2 mL of Trace metal 

stock, 1 mL of vitamins, 50 µL PPG as Antifoam and maltose and glucose in different 

concentration as carbon source. For malt extract-based fermentation, a preculture with Delft 

media was performed and afterwards inoculated into malt extract solution (150 g/L malt extract in 

deionized water) (Weyermann, Bavarian Pilsner, Bamberg, Germany). 
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Analytical procedures 

 

For DCW measurements 1 mL of the cultivation broth was centrifuged at about 9000 g, 

subsequently washed with 0.9 % NaCl solution and centrifuged again. After drying the cells at 

105 °C for 48 h the pellet was evaluated gravimetrically. DCW measurements were performed in 

five replicates and the mean error for DCW was about 3 %. Offline OD610 measurements were 

performed in duplicates in a UV/VIS photometer Genisys 20 (Thermo Scientific, Waltham, MA, 

US).  

Verification of cell viability in defined media samples was done by flow cytometric (FCM) 

measurements. After addition of DiBAC (bis-(1,3-dibutylbarbituricacid)trimethineoxonol) diluted 

cultivation broth was measured using a CyFlow Cube 8 flow cytometer (Sysmex-Partec, 

Bornbach, Germany). DiBAC is sensitive to plasma membrane potential and therefore distinction 

between viable and non-viable cells can be achieved. Detailed information on the viability assay 

can be found elsewhere. Overall errors with this method were in the range of 0.5 to 1 %.  

Sugar concentrations in the fermentation broth were determined using a Supelco C-610H HPLC 

column (Supelco, Bellefonte, PA, USA) on an Ultimate 300 HPLC system (Thermo Scientific, 

Waltham, MA, US) using 0.1 % H3PO4 as running buffer at 0.5 mL/min. Ethanol concentrations 

were determined using an Aminex HPLC column (Biorad, Hercules; CA, USA) on an Agilent 

1100 System (Agilent Systems, Santa Clara, CA, USA) with 40 mM H2SO4 as running buffer at 

0.6 mL/min. Cultivation offgas was analyzed by gas sensors -IR for CO2 and ZrO2 based for O2 

(Blue Sens Gas analytics, Herten, Germany). 

 

Impedance Measurements 

 

Physical analysis of VCC in state-of-the-art capacitance probes, which rely on β-dispersion (107 

Hz- 104 Hz), show high dependence on process parameters (e.g. stirring, temperature, pH, salt and 
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substrate concentration etc.) and cultivation phase (exponential growth phase, starvation phase, 

etc.) (Mishima, et al., 1991, Soley, et al., 2005). We focused the measurement on a different 

physical phenomenon (α-dispersion), which yields valuable information mainly about biomass 

concentration. The so called α-dispersion effect, at frequencies below 10 kHz, which is most 

probably a result of deformation of ionic species around the cell membranes, is used for these 

measurements. Dielectric response is therefore proportional to the ionic charge gathered around 

the membrane of adsorbed cells on the electrode (Poortinga, et al., 2002, Bot and Prodan, 2009). 

Impedance measurements were recorded in the range of 106 to 10-1 Hz with amplitudes of 100 to 

250 mV using an Alpha-A High Resolution Dielectric Analyzer (Novocontrol, Montabaur, 

Germany). Since measurements in this frequency range are largely determined by the double layer 

region between electrode and media, rather minor interferences with process parameters (aeration, 

stirring) were to be expected. Online flow cells show the benefit of laminar flow through the cell 

and minor turbulence, but have generally the problem of differences in the process state (side 

stream) and performing sterilization procedures. Inline probes should overcome these problems 

but may be strongly affected by the process parameters. Details on the fitting procedure and data 

evaluation are given in (Slouka, et al., 2016). 

 

Inline probe construction 

 

As online probes are not directly situated inside the reactor, but often supplied by a side stream of 

the fermentation broth, changes in the metabolism in this time interval may be highly possible, 

but also less disruption of the signal is observed by stirrer and aeration of the system. 

Furthermore, online probes always impose the danger of contamination to the process, since the 

sterile barrier is not kept inside the fermenter. Therefore, for sterile processes without constant 

streams of broth, the assembly of an inline probe prototype using a commonly used 25 mm B. 

Braun safety port with O – ring (Ingold connector) is done. Materials have been chosen to be 
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permanent stable at 130 °C, and can easily sustain in situ autoclavation procedures. Physical 

analysis of VCC is monitored and investigated by the inline probe sketched in Figure 30. 

 

Figure 30: Sketch of the inline probe prototype indicating used materials and wiring. Connection to the impedance 

analyzer was performed using 4-point BNC “Bayonet Neill Concelman” connection. 

The body as well as the electrodes of the inline probe consist of high-grade steel, i.e. austenitic 

stainless steel, which is approx. 140 mm in length and at least 12 mm in diameter. Each electrode 

has a diameter of 10 mm. The gap between the electrodes is approx. 2 mm.  

 

5.3. Results and Discussion 

 

Aerobic and anaerobic batch cultivations in defined media monitored in online mode 

 

Cultivation of yeast, as a well-known host for diauxic growth, is cultivated aerobically and 

anaerobically using different carbon sources, preliminary present in malted barley and wheat 

grain. A batch-based design is used in both cultivations. Growth rates of corresponding 

cultivations in Figure 30. are given in Table 14. The specific growth rate describes the increase 
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of biomass in a given time interval normalized to the biomass inside the reactor (dx/dt*1/x(t), 

with x being the biomass). 

 

Table 14: Specific growth rate µ of batch phases determined by offline DCW measurements (given in Fig 1 a). 

Cultivation µ [1/h] 

Aerobically 0.345 +/- 0.04 

Anaerobically 0.150 +/- 0.02 

 

Raw data and general considerations 

 

The measured impedance raw data were analyzed by a resistance RDL in parallel to a non-ideal 

capacitance CPEDL (parameter Q, n). These elements most probably originate from the double 

layer region close to the electrode and can be expressed by Equation 12: 

 

ZDL = 1/(RDL
-1+(iω)n*QDL)        Equation 13 

 

ω is the arc frequency and i is the imaginary number. n and Q are obtained from a fit to 

experimental data. In principle, these parameters can be used to calculate the double layer 

capacitance (CDL) according to CDL = (RDL
1-n*QDL)1/n.  
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Figure 31: a) Time courses of the DCW [g/L] and OD [AU] for the aerobically and anaerobically cultivated S. 

cerevisiae. Corresponding µ values are given in Tab. 1; b) Impedance signal – CPE-Q – and maltose/ethanol 

concentrations over time during the aerobic cultivation. A drop in the impedance signal is visible after depletion of 

maltose (change in metabolism). A further small increase upon ethanol uptake can be observed, until the second carbon 

source is depleted; c) Impedance Signal – here CPE-Q – and glucose/ethanol concentrations during the anaerobic 

cultivation. No sudden decrease of impedance signal is spotted after depletion of glucose in the media. Rather a 

constant decrease in the signal can be observed. 

Aerobic growth of yeast results in partial aerobic metabolism and partial fermentation, well 

known as Crabtree effect. During anaerobic growth sugars are solely fermented to ethanol. 

Corresponding DCW and OD of two cultivations are given in Figure 31 a. During growth on high 

concentration on glucose the respiratory capacity is generally too low and ethanol is produced 

simultaneously. Sugar decreases and ethanol production are given in Figure 31 b including the Q 

value of the online impedance probe. Upon sugar depletion in the fermentation broth at t = 12 h, a 

strong decrease in the impedance signal is observed, which corresponds to the growth on ethanol. 

Anaerobic growth on glucose yields much higher ethanol concentrations (about 1.5 vol% in this 

run), Figure 31 c. The impedance signal increases over time with maximum upon complete 

glucose depletion. Since ethanol cannot be metabolized anaerobically and accumulates in the 
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supernatant, no change in cell metabolism is expected, but rather a shift from exponential growth 

into stationary phase. Therefore, no steep drop in the impedance signal is observed, but a smooth 

decrease over several hours.  

 

Aerobic cultivations  

 

However, the double layer resistance (Yardley, et al.) cannot be fitted accurately [32] (especially 

for the inline probe) as a result of the high overall fitting error, as already observed for 

cultivations with E. coli. Furthermore, n values, received from fittings with CPE elements, show 

deviations dependent on the cultivation state (aerobically/anaerobically) and especially on the 

type of probe (inline/online). These changes in n value make a comparison of runs difficult. For 

better description of the different metabolic states the fitting procedure is modified. For easier 

comparability of the performed runs, n is fixed to 1 in the following data analysis, reflecting the 

idealized capacitance (Cideal) of the sample. 

 

Figure 32: a) OD610 vs. extracted capacitance of impedance signal in aerobic cultivations with glucose and maltose.; b) 

DCW vs. extracted capacitance of impedance signal in aerobic cultivation. Very similar responses are obtained for both 

cultivations irrespective of the used C-source. 

Measured values for biomass determination (OD610 and DCW) are correlated to the received 

idealized impedance signal referred as Cideal. The corresponding data for aerobic cultivations on 
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glucose as well as on maltose are given in Figure 32 a for OD and Figure 32 b for DCW 

measurement. 

The late time during end of batch shows deviations in the impedance signal, as a result of 

metabolic changes in the system (compare to Figure 31 b). Deviations between glucose and 

maltose may be a result of different sugar transport through the membrane. Since maltose uptake 

is mediated by a proton mediated symporter, a change in the counterion-cloud and therefore 

changes in the overall impedance are very likely (Weusthuis, et al., 1994). Furthermore, changes 

in the overall membrane structure, producing maltose transporting proteins (maltose permease), 

not present in only glucose grown cells, may change the magnitude of the impedance signal in 

those cultivations. However, the impedance signal especially in the end of the aerobic batch phase 

hold valuable information on the present metabolism of S. cerevisiae. 

 

Anaerobic cultivations  

 

Ethanol production may have further effect on the impedance signal holding information about 

the physiological state of the system. Sugar concentrations up to 200 g/L showed no effect on the 

magnitude of the impedance signal (Slouka, et al., 2016). However, growth conditions of S. 

cerevisiae may have impact on the impedance signal. To test the impact of growth conditions, 

different anaerobic cultivations were performed, according to Table 15. Oxygen from air was 

eliminated with a flow of 4 L/min nitrogen through the fermenter. Gas analysis of the off gas 

confirmed the absence of oxygen throughout the entire batch.  
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Table 15: Starting sugar concentrations in different anaerobic batch runs extracted by HPLC measurement. 

Cultivation Maltose [g/L] Glucose [g/L] 

ANA1 - 32.7 

ANA2 44.4 54.2 

ANA3 - 22.5 

 

Raw data of a cultivation with different sugar concentration (compare to Fig. 2 c) including 

maltose and glucose grown anaerobically showed high ethanol concentrations, which reached a 

maximum of about 3 vol% in these cultivation (ANA2). 

 

Figure 33: a) Idealized capacitances of anaerobic runs exhibiting up to 100 g/L sugar in the fermentation broth (mixture 

of maltose and glucose). Ethanol concentrations reached 3 vol%. Different absolute values can be found in these 

cultivations, but the increase of the impedance signal with DCW is very similar; b) DCW vs. delta of impedance signal 

(ideal capacity) in the anaerobic runs. Normalization to the threshold value of about 0.3 g/L result in very reproducible 

signals for very different fermentation runs. 

Anaerobic growth can be well described, except for very early time points, where cell densities 

are below the thresholds of about 0.3 g/L. For inline OD measurements, very similar results can 

be obtained (not shown). Generally, the fits for aerobic and anaerobic cultivations are used to 

estimate biomass in real-time for the aerobic and anaerobic runs. As a very good linear 

description can be obtained in anaerobic runs, real time estimation of biomass is straight forward, 
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as shown in Figure 33 a and Figure 33 b after normalization to the threshold of the impedance 

signal.  

Using these results, DCW (half-filled circles) values are well described by the impedance signal 

over process time (Figure 34 a). A general quality of the fit is given in Figure 34 b. The 

calculated DCW vs. the measured DCW is situated close to the 1st median. Values not situated 

along the first median indicate for the overall error in the fitting routine, compared to a residual 

analysis. As cell densities are very low during these cultivations, errors during the DCW 

measurement are about 10 % of the actual mean value (highlighted for ANA2 in Figure 34 b. 

When comparing accuracy and threshold to E. coli cultivations, S. cerevisiae cultivations have a 

very good reproducibility in aerobic and anaerobic growth using the online impedance probe even 

in the low biomass concentration regime. A threshold of about 0.3 g/L DCW is also a strong 

benefit for monitoring high dynamic systems. 

 

Figure 34: a) biomass calculated of the impedance signal fit extracted in Fig. 4 a) including offline measured DCW 

values as circles. Flow cytometric measurements confirmed that no dead population is visible, so DCW can be 

compared to the viable cell concentration in these runs; b) residual analysis of the three anaerobic runs. Despite the low 

cell densities, a very accurate correlation can be found in all cultivations. Error bars are exemplarily plotted for ANA2 

cultivation. 
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Aerobic and anaerobic cultivations in defined media using the new inline probe 

Impedance signal in the online mode could be used to estimate the viable cell concentrations in 

aerobic and anaerobic cultivations. The newly built inline probe prototype is measured alternating 

to the online probe in two cultivation runs (one aerobic and one anaerobic). Impedance raw data 

of the aerobic run are given in Figure 35 a. Two very distinct features are visible. At higher 

frequencies, a shift to negative differential resistances is visible. Similar phenomena have already 

been observed in E. coli fermentations even before inoculation of the system (Slouka, et al., 

2016). Further, a reduction of the capacity by an order of magnitude is observed between online 

probe and inline probe, compare to Figure 35 a. 

The capacitance of our almost ideal plate capacitor design as built in the inline and online probe is 

proportional to  

C = ε*d/A         Equation 14 

with C being the capacity [F], d the distance between the plates; ε is the dielectric constant (εR*ε0) 

and A is the area of the electrode. For an electrode with half the diameter, the capacitance signal 

should decrease by a factor of four. Stirring and aeration of the system may have effects on the 

used electrode area and reduce the measured capacitance even more.  

The extracted idealized capacitance of an aerobic run measured using the inline probe is given in 

Figure 35 b, including process values of glucose consumption and ethanol production. Gaps in 

the time scale are caused by alternating measurement of inline and online probe during the 

cultivation. After one hour, an increasing signal in capacitance is found in accordance with 

measurements using the online probe. However, higher fluctuations in the signal are visible, 

making a smoothing of the raw capacitance signal beneficial. Smoothing was done in the aerobic 

fermentation using OriginPro 9 [Northampton, MA, USA] 5-point FFT smoothing procedure. 
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Figure 35: a) Impedance raw-data in Nyquist plot for an aerobic cultivation. Black squares represent signal from the 

online probe – enlarged in the inlay -, red triangles the inline probe at similar time stages. Capacitance of the inline 

probe is one order of magnitude lower (as a result of smaller electrode areas).; b) the dependence of impedance signal 

(not smoothed), glucose consumption and ethanol production in an aerobic cultivation using the inline probe.  

The smoothed signals – especially for the aerobic run - are now used for fitting the biomass data. 

The corresponding results are given in Figure 36 a. Obviously, a higher threshold for accurate 

data acquisition is found in the inline probe having the lower limit of 1 g/L DCW biomass 

(compared to about 0.3 g/L for the inline probe). Exceeding the threshold, a good linear trend can 

generally be seen in aerobic and anaerobic fermentation in both samples. 
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Figure 36: a) Impedance signal vs. offline DCW for aerobic (circles) and anaerobic (squares) cultivation with linear fits 

beyond a threshold of 1 g/l DCW; b) Impedance signal of aerobic run (smoothed) and calculated via linear fit into a 

viable biomass. This is correlated to the offline DCW; c) impedance signal vs. DCW of the anaerobic run 

The correlations of calculated biomass compared to offline biomass are given in Figure 36 b and 

c). Early stages without pronounced growth cannot be monitored during the cultivation. The 

exponential growth can be described accurately with the inline probe despite high aeration and 

stirring rates. Promising results are also obtained for the anaerobic cultivation, despite higher 

fluctuations in the signal. For defined minimal media the measurement with the inline probe show 

reproducible, stable results in the used systems (Sartorius and Techfors with 10 to 20 L maximum 

volume of the fermenter).  

 

Larger systems in brewing industry, including longer residual times in the side stream may affect 

the online signal and change absolute impedance signal and slopes of the DCW vs. capacitance 

curves. Furthermore, larger tank reactors may include inhomogeneities within the system, which 

have effects on the signal and have to be taken into account. As residual times in the different 
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bypasses may result in high variations, online probes therefore should be calibrated within the 

measurement system. Signals of the assembled inline probe are affected by process conditions 

like stirring and aeration, which result in higher fluctuations of the signal in general. Increase in 

electrode area may have beneficial impact on the stability of the signal, since absolute capacitance 

values are one order of magnitude lower compared to the online probe. 

 

Aerobic growth of yeast on complex malt extract medium 

 

Defined media have the advantage of good reproducibility and easy analytics like OD for biomass 

determination and HPLC for sugar/ethanol analytics, and are therefore perfectly suited for the first 

development steps. However, since defined media are scarce used in industrial process for yeast 

production, malt extract for production of pilsner beer was used for this cultivation run. Complex 

media like malt extract and molasses often have the drawback that OD measurement generally 

show a very high blank adsorption (especially in the IR range) and cannot easily be used online in 

those cultivations for determination of the total biomass.  

The performed cultivation was analyzed by HPLC and offgas analytics to determine the end of 

the batch phase. HPLC data for sugar and ethanol are given in Supplementary 5. A mixture of 

different mono- and polysaccharides is consumed during fermentation. This leads to 10.6 g/L 

DCW and 3.2 vol% ethanol after the batch phase at about t = 16 h. Online and inline impedance 

measurements were performed in alternating mode in one cultivation. Raw data for the online 

impedance signal is given in Figure 37 a including information on the ethanol concentration 

during the cultivation. A steep increase is followed by a shoulder at about 13 hours of cultivation 

time, which may indicate a change in sugar metabolism at the end of the batch phase. At process 

time t = 16 h, a decrease of the impedance signal is visible, generally observed at growth on 

ethanol. However, the decrease in the signal is rather smooth, compared to the distinct drop in 

defined media (compare to Figure 31 b). Interpolation of the signal and 5 point FFT smoothing 
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was performed to reduce the noise in the signal. The same procedure was done for the inline 

impedance signal, given in Figure 37 b. In the inline signal a distinct decrease of capacitance can 

be spotted after the end of the batch phase, accompanied by an increase on ethanol growth at later 

process time. 

The obtained smoothed and interpolated data are compared to the DCW taken and plotted in 

Figure 37 c for the online probe and in d for the inline probe. The slopes of the signals are very 

similar to extracted values for defined media samples (red/blue dots). However, an obvious shift 

in the signal intensity can be observed for both probes.  

 

Figure 37: a) Impedance signal over cultivation time for the online probe using only malt extract as growth media. The 

line (orange) shows the interpolation procedure. As in related aerobic cultivation a drop in the impedance is observed 

after consumption of sugars; b) Impedance signal raw data and interpolated and smoothed of the inline probe; c) 

normalized impedance signal vs. DCW for the online probe using malt extract compared to defined media; d) 

normalized impedance signal vs. DCW for the inline probe using malt extract and defined media with glucose. 

A linear fitting is applied to the impedance vs DCW plot in Figure 37 c and DCW is calculated 

through the impedance signal and compared to the offline measured signal in Figure 38. Beyond 



128 

the given threshold of 1 g/L a good description of the process can be achieved in usage of the 

inline probe. 

 

Figure 38: impedance signal vs. DCW of the inline probe in complex media malt extract. A good description is found 

beyond 1 g/L DCW in this experiment.  

Based on these first measurements in complex media, impedance spectroscopy at frequencies in 

the kHz to mHz range seems to be a promising tool for online process monitoring in yeast 

production processes and maybe even in anaerobic refining processes in brewing applications. 

The present decrease in signal upon complete sugar consumption is a powerful feature as a stop 

criterion in those cultivations. An optimization in the signal to noise ratio, especially for the inline 

probe, would be beneficial for increasing accuracy of the biomass estimation. However, tower 

type reactors are generally used in brewing application, rather than stirred tank reactors due to 

aroma compound reasons (Okabe, et al., 1992). Hence, the used stirring and aeration rates for the 

development are much harsher compared to industry, and therefore a much more stable signal is 

to be expected. Calibration of the probe may be done once within the used system and used 

growth media and can should be stable for forthcoming measurements. 

  



129 

5.4.Conclusions 

 

New online and inline probes based on electrochemical impedance spectroscopy at low 

frequencies for measurement of viable cell concentration for S. cerevisiae were tested. First 

cultivations were monitored using a former developed online probe for pharmaceutical E. coli fed 

batch cultivations. Batch cultivations on defined media for aerobic and anaerobic growth showed 

stable results irrespective of carbon source and concentrations. A newly assembled inline probe 

was tested in aerobic and anaerobic cultivations in defined media and compared to the online 

probe. A good description of the biomass growth during the process is achieved. Beside the 

determination of the biomass during the cultivation, physiological states could be determined 

depending on the respire condition of the cells. This measurement setup for biomass is high 

beneficial especially in complex media like malt extract or molasses, since optical online methods 

cannot be used in this optical dense media. The developed system shows therefore high potential 

for monitoring cell growth and harvest time points for yeast and beer producing industry. 
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6. Conclusion and Outlook 

6.1. Scientific questions 

 

Following scientific questions and aims were addressed during this thesis: 

I. Are we able to detect variances in inclusion body quality attributes (size, purity) by 

means of analytical techniques? Can these quality attributes be changed based on 

the two classical process parameters pH and temperature in the induction phase? 

We tested the dependence for pH, temperature and physiological feeding control for two 

industrial relevant proteins. We successfully established analytical techniques for determination 

of the quality attribute size (scanning electron microscopy, atomic force microscopy and high 

fluorescence microscopy) and purity (Bioanalyzer based assays). A clear dependence for titer as 

key performance indicator and the given quality attributes could be dedicated generally dependent 

on the physiological state of the cells. Low pH and temperature are favorable during production of 

IB based products. 

 

II. Can product formation be boosted by usage of glycerol instead of glucose, 

overcoming the limitation of carbon catabolite repression (CCR) when using lactose 

as inducer? Can cell stress be reduced by usage of lactose as inducer instead of 

IPTG? 

As glucose is rather expensive as raw material for industry, we used the waste product glycerol 

for the entire cultivation. Glycerol based runs generally performed equally good to glucose in 

terms of biomass growth in batch and fed-batch and productivity during induction. Lactose as 

inducer can reduce cell stress during cultivation and gives additional energy in terms of cleaved 

glucose usage. However, CCR cannot be overcome by usage of glycerol with lactose as inducer 

as cell intern glucose concentrations show the same effect during cultivation. 
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III. As cell stress leads to reduction of viable cell concentration and subsequent product 

degradation, control strategies need to be applied to overcome these issues. Are 

there trigger parameters for determination of cell stress, and can control strategies 

be applied based on these? 

As IPTG based induction imposes a high cell stress, physiological feeding has to be adapted to 

keep viable cell concentration high. We established different control strategies based on the 

cumulative sugar uptake value (dSn) and tested first approaches using the Oxygen Uptake Rate 

(Seras-Franzoso, et al.) as online trigger parameter. With according design of dSn cultivation we 

could established high titers without cell lysis. Furthermore, the C-source usage could be reduced 

drastically compared to feed-forward strategies. First model-based approaches for titer as KPI and 

size as QA make prediction in real time possible. 

 

IV. Viable cell concentration is the most important parameter during cultivations with 

microorganism as they are the catalysator or producer of the value product? Is it 

possible to determine viable cell concentration and/or the physiological state of the 

cell using hard sensor methods? 

Viable cell concentration (VCC) can generally be measured using different methods, e.g. as 

colony forming units, with usage of counting cells, with usage of flow cytometry or with soft 

sensor approaches. However, no direct measurement in the reactor is possible using these 

methods. We tried to develop an electrochemical measurement principle based on low frequency 

impedance spectroscopy to determine VCC and physiological state of the cells inside the reactor. 

Proof of principle for E. coli were already established in an earlier project (Slouka, et al., 2016). 

The work was continued for S. cerevisiae used in food industry and showed the high feasibility of 

the method. It can be used to monitor VCC in real-time and distinguish between different 

physiological state of the cells. 
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6.2. Outlook: Triggers to enable continuous upstream processing 

 

Today’s state of the art of microbial processes in the pharmaceutical industry are fed-batch based 

cultivations, which generally consist of a biomass production phase followed by an induction 

phase for producing the desired recombinant product. It was shown in this thesis, that these 

approaches lead to highly time-dependent changes in productivity and product quality, which are 

expressed in product QA like IB size and purity and as KPI like titer. Consequently, this approach 

requests a very large amount of empirical knowledge for every single product in the upstream 

processing. Gaining detailed knowledge of critical process parameters (CPP) like pH and 

temperature, viable cell concentration, physiological feeding and limiting media components 

and/or precursors helped us to get out of the ‘empirical’ black box and to gain a fundamental 

process understanding, which can be used as a platform knowledge. This enables prediction of 

product quality attributes for given process parameters and to control the process in real time, 

combined with a high variety of process analytical tools (PAT), like the recent developed 

impedance probe. 

The given platform knowledge presented in this thesis is tested on an industrial based E. coli 

inclusion body process in continuous mode. The aim is to increase performance in production of a 

pharmaceutical relevant high value product to eliminate time-dependency of product quality 

attributes. The CPPs for the product were identified based on a DoE design altering pH, T and 

physiological feeding control in this thesis. Furthermore, knowledge created in our group on a 

mild induction approach, using lactose instead of IPTG improved the process performance in 

terms of high viable cell concentrations during the cultivation, as viability of cells is especially 

important in long-term cultivations. These optimized process conditions are used for enabling 

continuous cultivations for the given product. Further developing steps including splitting of 

biomass production and induction in a two-compartment system are ongoing and show high 

potential for further increased process performance. 
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Supplementary Material 

 

Supplementary 1: Analysis of the first center point run representing IB purity. Buffer washed samples showed generally 

higher purity. Differences in size and titer are within the given standard deviation. 

 

Supplementary 2: a) Electropherogram for two different timepoints during a cultivation (4 h and 12 h). A clear visibility 

of impurity pattern near the protein of interest (high peak after 28 kDa) is given; b) SDS-Page for visualization of DNA 

related impurities. No distinct differentiation can be made between DNase treatment and virgin sample. 
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Supplementary 3: a) Mean value for size and deviations of the three individual center point runs. Error stays constant; 

b) purity-based analysis, with decreasing error over time; c) titer-based analysis. Error decreases drastically in later time 

stages (range of constant titer or even proteolytic degradation). 
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Supplementary 4: qs,real with standard deviation based on the reverse analysis. The higher the qs the higher is the error, 

due to onset of degradation and sugar accumulation in the broth. A rising trend can be dedicated from these 

measurements. 

 

Supplementary 5: HPLC data for malt extract analysis used in sensor development. 
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Supplementary 6: Biplot of PCA analysis for component 2 and component 3. 
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Abbreviations 

AC alternating current 

ACN Acetonitrile 

AFM Atomic Force Microscopy 

BNC Bayonet Neill Concelman 

CDL double layer capacitance 

CHO Chinese hamster ovary (cells) 

CPE constant phase element 

DCW dry cell weight 

DiBAC (bis-(1,3-dibutylbarbituricacid)trimethineoxonol) 

dO2 dissolved oxygen 

DoE Design of Experiments 

DSP Downstream Processing 

EIS electrochemical impedance spectroscopy 

FCM Flow cytometry 

GFP green fluorescent protein 

HPLC high-pressure liquid chromatography 

IB Inclusion body 

IPTG isopropyl β-D-1 thiogalactopyranoside 

IR Infrared 

MQ Ultrapure water 

OD optical density 

QA Quality attribute 

qs,Glu [g/g/h] specific substrate uptake rate (glucose) 

R resistance 

rp [g/L/h] volumetric productivity 

SEM Scanning electron microscopy 

TCA Tricarboxylic acid (cycle) 

TEM Transmission Electron Microscopy 

USP Upstream Processing 

UV Ultraviolet 

VCC viable cell concentration 

Z general impedance 

ε dielectric constant 

ω arc frequency 
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Custom made inclusion bodies: 
impact of classical process parameters 
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Abstract 

Background: The bacterium E. coli is a major host for recombinant protein production of non-glycosylated prod-
ucts. Depending on the expression strategy, the recombinant protein can be located intracellularly. In many cases 
the formation of inclusion bodies (IBs), protein aggregates inside of the cytoplasm of the cell, is favored in order to 
achieve high productivities and to cope with toxic products. However, subsequent downstream processing, including 
homogenization of the cells, centrifugation or solubilization of the IBs, is prone to variable process performance or 
can be characterized by low extraction yields as published elsewhere. It is hypothesized that variations in IB qual-
ity attributes (QA) are responsible for those effects and that such attributes can be controlled by upstream process 
conditions. This contribution is aimed at analyzing how standard process parameters, such as pH and temperature (T) 
as well as different controlled levels of physiological parameters, such as specific substrate uptake rates, can vary IB 
quality attributes.

Results: Classical process parameters like pH and T influence the expression of analyzed IB. The effect on the three 
QAs titer, size and purity could be successfully revealed. The developed data driven model showed that low tem-
peratures and low pH are favorable for the expression of the two tested industrially relevant proteins. Based on this 
knowledge, physiological control using specific substrate feeding rate (of glucose)  qs,Glu is altered and the impact is 
tested for one protein.

Conclusions: Time dependent monitoring of IB QA—titer, purity, IB bead size—showed a dependence on classical 
process parameters pH and temperature. These findings are confirmed using a second industrially relevant strain. 
Optimized process conditions for pH and temperature were used to determine dependence on the physiological 
parameters, the specific substrate uptake rate  (qs,Glu). Higher  qs,Glu were shown to have a strong influence on the ana-
lyzed IB QAs and drastically increase the titer and purity in early time stages. We therefore present a novel approach to 
modulate—time dependently—quality attributes in upstream processing to enable robust downstream processing.
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development
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Background
he gram-negative bacterium E. coli is the expression 

host of choice for the production of 30–40% of recom-

binant drugs in industry [1, 2]. As E. coli shows very fast 

replication rates [3, 4] on comparatively inexpensive 

media [5], the beneits often outweigh the numerous 

puriication steps [1, 6] and the missing glycosylation 

pattern [1, 7, 8]. Recombinant protein production in E. 

coli regained more interest as the demand in single chain 

antibody-fragments increased, which can be properly 

expressed in E. coli [1, 8]. he strain BL21(DE3) created 

by F. Studier and B. Mofatt back in 1986 [9] is often used 

in an industrial scale, because of very low acetate forma-

tion, high replication rates [9–14], as well as the possibil-

ity of protein secretion into the fermentation broth due 

to a type 2 secretion protein [15–17]. For expression of 

the recombinant protein, the lac operon is still one of 

the most favored promotors in pET-expression-systems 

using integrated T7-polymerase for high transcrip-

tional rates [3, 12, 18]. he repressor protein can only be 

blocked by allolactose or a structural analogue [19], e.g. 

the well-known expensive inducer isopropyl β-d-1 thi-

ogalactopyranoside (IPTG) [3, 13]. However, induction 

with IPTG stresses the cells, as IPTG in higher concen-

trations is known to be toxic [13, 18, 20].

Recombinant proteins are often expressed as inclusion 

bodies (IB). IBs have originally been believed to be waste 

products by bacteria [21], until it was realized that they 

are formed as a stress reaction by the cells resulting in a 

biologically inactive precipitated protein [22–24]. Such 

stress reactions can be caused by high temperatures, pH-

shifts or occur due to high feeding rates. hese factors 

tend to result in higher yields of product [1], which of 

course are advantageous combined with the possibility of 

expressing toxic proteins [6]. Still, the DSP and especially 

the refolding unit operation sufers in robustness and is 

the most time-consuming step in gaining the correctly 

folded product from E. coli cultivations [21–24], which 

requires signiicantly more technology and time, when 

purifying IBs [22, 25, 26].

Quality attributes (or key performance indicator) of 

IBs, such as titer and morphology changes during extrac-

tion procedures have already been studied and show that 

IBs are dynamic structures depending on the cultiva-

tion and extraction conditions [27–29]. First approaches 

towards IB sizing in the upstream process have already 

been made within our group by Reichelt et al. [30] using 

transmission electron microscopy [31] in combination 

with nanoparticle tracking analysis (NTA) revealing gen-

eral trends of IB growth during cultivation. Further stud-

ies show that IBs consist of up to 50% correctly folded 

protein in contrast to the general perception of IBs as 

inactive structures [29, 32]. Combined with the fact 

that IBs can be produced in high concentration (so that 

the amount of generated product often outweighs the 

additional downstream steps), IB based processes are 

believed to fundamentally boost time/space yields for 

recombinant protein production [1, 6, 7, 21]. Knowledge 

about the state of IB QAs during a cultivation process is 

therefore of utmost importance. hree IB QAs are gen-

erally of importance: bead size, titer and purity, as those 

three quality attributes were already deined elsewhere 

[21, 30, 33, 34]. It has been reported that inclusion body 

sizes can be measured with diferent methods, e.g. AFM 

(atomic force microscopy), TEM and NTA [21, 30, 33]. 

SDS-pages and ELISA-methods have been often reported 

as tool to determine impurities and titer in the IB prod-

uct samples [35]. he impact of single process parameters 

like pH on IB QAs has already been investigated in litera-

ture [36, 37]. Reichelt et al. [34] showed that alterations 

of  (qs,glu) inluence the behavior of common IB-processes, 

using IPTG as an inducer. he impact of the feeding rate 

onto product formation in E. coli BL21(DE3) has been 

investigated recently, though lactose was used as inducer 

instead of IPTG [38]. However, no monitoring of all IB-

QAs over induction time has been performed in any of 

the previous studies.

In this study we performed cultivations with a 

BL21(DE3) strain, producing a recombinant protein cou-

pled to a N-pro-fusion protein [39]—strain 1—and a non 

N-Pro fused protein—strain 2-, both exclusively express-

ing IBs, as the products are highly toxic for the cell. Clas-

sical process parameters were monitored as a function of 

induction time. he impact of process parameters on IB 

bead size in combination with purity and titer as a func-

tion of time has not been investigated in depth. Second-

ary structure of diferent IB sizes were analyzed using IR 

and showed no diferences for IB beads of diferent size 

compared to the standard. Based on these results, the 

physiological parameter of the speciic substrate uptake 

rate  (qs,glu) is altered at constant pH and T for strain 1 

and QAs are analyzed time-dependently. In this current 

study we collected time resolved results, which are used 

to optimize the USP. In conclusion, it is demonstrated 

that low T and low pH in combination with high  qs,glu are 

beneicial for increasing the productivity and robustness 

of IB based processes for the two tested proteins.

Methods
Strains

Strain 1 was an E. coli BL21(DE3) with the pET[30a] plas-

mid system (kanamycin resistance) for recombinant pro-

tein production. he target protein was linked to a N-pro 

fusion protein used for puriication [39]. Strain 2, E. coli 

BL21(DE3), (kanamycin resistance) was used for test-

ing the results obtained with strain 1. Expression of the 
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protein occurs only as IB since the product is toxic to the 

cell. No N-Pro tag is fused to this product.

Bioreactor cultivations

Strain 1

All bioreactor and preculture cultivations for strain 

1 were carried out using a deined minimal medium 

referred to DeLisa et  al. [5]. Batch media and the pre-

culture media had the same composition with diferent 

amounts of glucose respectively. he glucose concentra-

tions for the phases were: 8 g/L for the preculture, 20 g/L 

for the batch phase. he feed for fed-batch and induction 

had a concentration of 300 g/L glucose.

Antibiotic was added throughout all fermentations, 

resulting in a inal concentration of 0.02 g/L of kanamy-

cin. All precultures were performed using 500  mL high 

yield lasks. hey were inoculated with 1.5 mL of bacte-

ria solution stored in cryos at − 80  °C and subsequently 

cultivated for 20 h at 230 rpm in an Infors HR Multitron 

shaker (Infors, Bottmingen Switzerland) at 37 °C.

All cultivations were either performed in a stainless-

steel Sartorius Biostat Cplus bioreactor (Sartorius, 

Göttingen, Germany) with 10  L working volume or in 

a DASGIP Mini bioreactor-4-parallel fermenter sys-

tem (max. working volume: 2.5  L; Eppendorf, Ham-

burg, Germany). Cultivation of gas was analyzed by gas 

sensors—IR for  CO2 and  ZrO2 based for  O2 (Blue Sens 

Gas analytics, Herten, Germany).

Process control was established using the PIMS Lucul-

lus and the DAS-GIP-control system, DASware-control, 

which logged the process parameters. During batch-

phase and fedbatch phase pH was kept constant at 7.2 

and controlled with base only (12.5%  NH4OH), while acid 

(5%  H3PO4) was added manually, when necessary. he 

pH was monitored using an EasyFerm Plus pH-sensor 

(Hamilton, Reno, NV, USA). he reactors were continu-

ously stirred at 1400 rpm and aerated using a mixture of 

pressurized air and pure oxygen at 2 vvm. Dissolved oxy-

gen  (dO2) was always kept higher than 30% by increas-

ing the ratio of oxygen in the ingas. he dissolved oxygen 

was monitored using a luorescence dissolved oxygen 

electrode Visiferm DO (Hamilton, Reno, NV, USA). he 

fed-batch phase for biomass generation was followed by 

an induction phase using a feed medium with glucose as 

primary carbon source.

0.5 mM IPTG was added as an inducer once to start the 

induction of the cells. pH and temperature in the induc-

tion phase was adapted according to the design of experi-

ments (DoE) given in Fig.  1a. pH was altered between 

6.7 and 7.7 and temperature between 30 and 40 °C. he 

center point at 35 °C and pH 7.2 was cultivated in tripli-

cate in order to assess statistical experimental error.

Fig. 1 a DoE for determination of the influence of classical process parameters on IB QAs for strain 1. Starpoints (8, 9, 10, 11) were performed in a 
DasGip parallel system, while the others were cultivated in a stainless-steel Sartorius Stedim reactor; b reduced design space for strain 2 based on 
optimal cultivation parameters
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Strain 2

Strain 2 was cultivated at our industrial partner. he cul-

tivation was similar to strain 1 using chemically deined 

medium containing 15  g/L glucose in seed and 10  g/L 

glucose in main stage fermentations, respectively. Inocu-

lum preparation and respective antibiotic selection were 

similar to strain 1, though during the main culture stage 

kanamycin was added. Seed and main culture cultiva-

tions were carried out in custom built 50 L stainless steel 

vessels with custom made fermentation software for pro-

cess control. hroughout the seed and main fermentation 

stages the pH was adjusted to it the parameters of the 

second DoE (Fig. 1b) using 150 g/L sulphuric acid or 25% 

ammonia. Temperature was adjusted to the correspond-

ing values in main culture. Dissolved oxygen was adjusted 

to 30% using aeration with up to 2 vvm, 2 bar backpres-

sure and stirring up to 500  rpm. Optical DO probes 

Visipro DO (Hamilton, Reno, NV, USA) and EasyFerm 

Plus pH probes (Mettler Toledo, Columbus, Ohio; USA) 

were used for monitoring and control. Of-gas analysis 

was conducted using a custom-built mass spectrometer 

facility. At  OD600 > 8.5 in seed culture, main culture was 

inoculated using 8.6% (v/v). Upon glucose depletion a 

glucose feed was initiated using a µ of 0.3 h−1 for 6 h and 

was kept constant at a inal rate of exponential feed pat-

tern until process termination. Expression was induced 

2 h after the end of exponential feeding for biomass pro-

duction using 1 mM IPTG for 12 h in a reduced design 

space given in Fig. 1b. As high temperatures and alkaline 

pH (fermentation conditions  2 in Fig.  1a) showed pro-

nounced lysis during the study, the design space for strain 

2 was reduced to a more reasonable pH and temperature 

window which is commonly used for multiple E. coli cul-

tivations. Absolute values for pH and T cannot be given 

due to conidential reasons by our industrial partner.

Cultivation analytics

Biomass

For dry cell weight (DCW) measurements 1  mL of the 

cultivation broth was centrifuged at 9000  rpm, subse-

quently washed with 0.9% NaCl solution and centrifuged 

again under the same conditions. After drying the cells 

at 105  °C for 48  h the pellet was evaluated gravimetri-

cally. DCW measurements were performed in ive repli-

cates and the mean error for DCW was about 3%. Oline 

 OD600 measurements were performed in duplicates in 

a UV/VIS photometer Genisys 20 (hermo Scientiic, 

Waltham, MA, US).

Flow cytometry

Flow cytometry (FCM) was carried out according to 

Langemann et al. [36]. We used a  CyFlow® Cube 6 low 

cytometer (Partec, Münster, Germany) with 488-nm 

blue solid-state lasers. hree luorescence channels were 

available (FL1, 536/40  nm bandpass; FL2, 570/50  nm 

bandpass; FL3, 675 nm longpass) alongside forward scat-

ter (trigger parameter) and side scatter detection. his 

device featured true absolute volumetric counting with a 

sample size of 50–100 μL. Data were collected using the 

software CyView 13 (Cube 6; Partec) and analyzed with 

the software FCS Express V.4.07.0001 (DeNovo Software, 

Los Angeles, CA, USA). Membrane potential-sensitive 

dye  DiBAC4(3) (abs./em. 493/516  nm) was used for the 

assessment of viability. Fluorescent dye RH414 (abs./em. 

532/760 nm) was used for staining of plasma membranes 

yielding strong red luorescent enhancement for the anal-

ysis of total cell number. Combining those two dyes it was 

possible to quantify the viable cell concentration. Stocks 

of 0.5  mM  (DiBAC4(3)) and 2  mM RH414 were pre-

pared in dimethyl sulfoxide and stored at − 20  °C. Both 

dyes were purchased from AnaSpec (Fremont CA, USA). 

1.5 μL of both stocks were added to 1 mL diluted sam-

ple resulting in inal concentrations of 0.5 μM  DiBAC4(3) 

and 2.0  μM RH414, respectively. Samples were meas-

ured directly after addition of the dyes, without further 

incubation.

Sugar analytics

Sugar concentrations in the iltered fermentation broth 

were determined using a Supelco C-610H HPLC col-

umn (Supelco, Bellefonte, PA, USA) on an Ultimate 300 

HPLC system (hermo Scientiic, Waltham, MA, US) 

using 0.1%  H3PO4 as running bufer at 0.5 mL/min or an 

Aminex HPLC column (Biorad, Hercules; CA, USA) on 

an Agilent 1100 System (Agilent Systems, Santa Clara, 

CA, USA) with 4 mM  H2SO4 as running bufer at 0.6 mL/

min.

Product analytics

IB preparation

5  mL fermentation broth samples were centrifuged at 

4800 rpm at 4  °C. he supernatant is discarded and the 

pellet is resuspended to a DCW of about 4  g/L in lysis 

bufer (100  mM Tris, 10  mM EDTA at pH 7.4). After-

wards the sample was homogenized using a high-pres-

sure homogenizer at 1500 bar for 10 passages (Emulsilex 

C3; Avestin, Ottawa, Canada). After centrifugation at 

10,000 rpm and 4 °C the supernatant was discarded and 

the resulting IB pellet was washed twice with ultrapure 

water and aliquoted into pellets à 2 mL broth, centrifuged 

(14,000 rpm, 10 min 4 °C) and stored at − 20 °C.

IB size

Washed and aliquoted IB samples were resuspended in 

ultrapure water. 100 µL of appropriate dilution of the sus-

pension were pipetted on a gold-sputtered (10–50  nm) 
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polycarbonate ilter (Millipore-Merck, Darmstadt, Ger-

many) using reusable syringe ilter holders with a diame-

ter of 13 mm (Sartorius, Göttingen, Germany). 100 µL of 

ultrapure water were added and pressurized air was used 

for subsequent iltration. Additional 200 µL of ultrapure 

water were used for washing. he wet ilters were ixed 

on a SEM sample holder using graphite adhesive tape and 

subsequently sputtered with gold to increase the contrast 

of the sample. SEM was performed using a QUANTA FEI 

SEM (hermo Fisher, Waltham, MA, US) with a second-

ary electron detector [40]. he acceleration voltage of 

the electron beam was set between 3 and 5 kV. To deter-

mine the diameter of the IBs, 50 IBs on SEM pictures 

were measured using the ImageJ plugin Fiji [Laboratory 

for Optical and Computational Instrumentation (LOCI), 

University of Wisconsin-Madison, US]. SEM analytics 

of two diferent time points for both strains are given in 

Fig. 2.

IB titer for strain 1

For titer measurements IB pellets were solubilized 

using solubilization bufer (7.5  M guanidine hydro-

chloride, 62 mM Tris at pH 8). he iltered samples are 

quantiied by HPLC analysis (UltiMate 3000; hermo 

Fisher, Waltham, MA, USA) using a reversed phase col-

umn (EC 150/4.6 Nucleosil 300-5 C8; Macherey–Nagel, 

Düren, Germany). he product was quantiied with an 

UV detector (hermo Fisher, Waltham, MA, USA) at 

214 nm using Novartis BVS Ref. 02 as standard. Mobile 

phase was composed of acetonitrile and water both 

supplemented with 0.1% (v/v) triluoride acetic acid. 

A linear gradient from 30% (v/v) acetonitrile to 100% 

acetonitrile (ACN) was applied. A steep linear gradient 

from 10% ACN to 30% ACN in 60 s was followed by a 

long linear gradient from 30 to 55% and by three regen-

eration steps.

Fig. 2 Extracted IBs filtered onto Au coated polycarbonate filter and analyzed using SEM for 4 h induction time and 12 h induction time. Strong 
difference in size can be spotted for the two-time points
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IB titer for  strain 2

IB titer was also determined by reversed phase HPLC at 

Sandoz GmbH (Process Analytics, Kundl, Tirol, Austria). 

Pellets were defrosted at room temperature and solubi-

lized by addition of dilution bufer [36] (6  M guanidine 

hydrochloride, 50  mM Tris, pH 7.5) and sonication 

(Branson Ultrasonics, Danbury, Connecticut, USA). he 

iltered samples were analyzed by HPLC with a reversed 

phase column (Acquity UPLC BEH 300, C4, 1.7  µm, 

2.1 × 50  mm). Quantiication was performed by UV 

detection at 214  nm wavelength and calibration with a 

puriied product standard. Mobile phases were com-

posed of (A) water and (B) acetonitrile/pentanol (95/5, 

v/v) both supplemented with 0.1% (v/v) tetraluoride ace-

tic acid. he elution of the product was achieved with a 

linear gradient of both solvents.

IB purity

Purity measurements were performed using chip-based 

protein assays with 2100 Bioanalyzer (Agilent Technolo-

gies, Santa Clara, CA, USA. he chip-based assay is based 

on SDS-PAGE and therefore separates molecules accord-

ing to their size. Washed and homogenized IBs were dis-

solved in 3 M urea, 25 mM Tris at pH 7 and measured 

subsequently. he electropherogram was afterwards ana-

lyzed using OriginPro 2016 (Northampton, MA, USA) 

integrating the peak area of the protein of interest and 

normalizing the area in respect to the total area of the 

electropherogram.

IB conformational analysis by IR spectroscopy

Infrared (IR) spectra were recorded by an external-cav-

ity quantum cascade laser-based IR transmission setup 

described in detail by Schwaighofer et al. [31]. A water-

cooled external-cavity quantum cascade laser (Hedgehog, 

Daylight Solutions Inc., San Diego, USA) was used oper-

ating at a repetition rate of 100 kHz and a pulse width of 

5000  ns. All spectra were recorded in the spectral tun-

ing range between 1730 and 1470  cm−1, covering the 

amide I and amide II region of proteins, at a scan speed 

of 1200  cm−1  s−1. he MIR light was focused on the 

detector element by a gold plated of-axis parabolic mir-

ror with a focal length of 43 mm. A thermoelectrically-

cooled MCT detector operating at − 78  °C (PCI-10.6, 

Vigo Systems S.A., Poland) was used as IR detector. To 

reduce the inluence of water vapor, the setup was placed 

in a housing of polyethylene foil and constantly lushed 

with dry air. he measured signal was processed by a 

lock-in ampliier (Stanford Research Systems, CA, USA) 

and digitized by a NI DAQ 9239 24-bit ADC (National 

Instruments Corp., Austin, USA). Each single beam spec-

trum consisting of 6000 data points was recorded during 

the tuning time for one scan of approx. 250  µs. A total 

of 100 scans were recorded for background and sample 

single beam spectra at a total acquisition time of 53 s. All 

measurements were carried out using a custom-built, 

temperature-controlled low cell equipped with two MIR 

transparent  CaF2 windows and 31  µm-thick spacer, at 

20 °C.

he laser was controlled by Daylight Solution driver 

software; data acquisition and temperature control were 

performed using a custom-made LabView-based GUI 

(National Instruments Corp., Austin, USA). Two IB sam-

ples with distinct size of 400 nm and 600 nm were com-

pared with the inished formulated protein standard of 

strain 1 (without N-Pro Taq).

Results and discussion
he goal of this study was to investigate and to under-

stand if and how IB attributes can be changed and tuned 

by upstream bioprocess (USP) technological methods. 

We tested the classical process parameters pH and tem-

perature and the physiological parameter speciic sub-

strate uptake rate. he impact of speciic USP parameters 

can be investigated using IB QAs as response for data 

evaluation. With knowledge about the tunability of IB 

QAs in the upstream, it is possible to simplify the sub-

sequent downstream steps. herefore, we tested two 

diferent proteins, with completely diferent structure 

including N-Pro fusion tag for strain 1 and no fusion tag 

for strain 2. Both products have a high toxicity for the 

cell in common and are only expressed as IBs. he results 

constitute the key to custom made IBs and may be used 

as platform technology for the development of the USP 

for new products.

Impact of classical process parameters on IB QAs using 

strain 1 (N‑Pro fused protein)

As IPTG based induction imposes a metabolic stress to 

the host organism, time dependent analysis of IB QAs 

is of utmost importance to identify critical process time 

points (e.g. cell death, product degradation) within 

individual cultivation runs. herefore, IB QAs were 

analyzed every 2 h within a maximum of 12 h induction 

time. pH and T were altered based on the experimen-

tal plan, while speciic substrate uptake rate  (qs,Glu) and 

inducer concentration were kept constant in all experi-

ments. In Table 1 the applied parameters for T, pH and 

 qs,Glu for all performed cultivations in the DoE are dis-

played. Figure 3 exemplarily shows IB QAs of one sin-

gle cultivation run as a function of time. he received 

QAs purity, titer and size are used to build a data driven 

model using MODDE 10 (Umetrics, Sweden). A partial 

least square it was used for all models. Model terms 

(linear, quadratic and interaction terms) were evaluated 

according to their validity (p-values) and to the overall 
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model quality. A clear dependence for the applied vari-

ations in pH and T were found and visualized against 

induction time giving a time dependent analysis of the 

QAs. he evaluation of the speciic titer [based on titer 

(g/L) divided by the biomass at the given timepoint 

(gX/L, resulting in g/g)] against the induction time and 

pH and T showed a clear dependence. he speciic titer 

was used in order to compensate for deviations in the 

biomass after the non-induced fed batch, which yielded 

25–30 g/L DCW. he maximum of spec. titer (not nec-

essarily the spec. productivity at certain time point) 

was found at low T and low pH, shown in Fig. 4a. pH 

dependence got signiicant after 6  h of induction time 

and impacted (Fig. 4b) the spec. titer. he maximum of 

recombinant protein was produced between 8 and 10 h. 

his fact is well relected by the const. parameter in 

Fig. 4b. After 10 h cell death leads to a degradation and 

reduction of the produced protein, also clearly deduc-

ible from the constant term, visible in FCM measure-

ments and in pronounced glucose accumulation (data 

not shown).

Within single cultivation runs titer and IB bead size 

showed a very linear relationship in the mean diameter 

and the standard deviation until the onset of cell death. 

Process parameters pH and T afected the growth of IB 

beads signiicantly. Generally, the largest IB bead size 

could be found close to the center point of the DoE in 

the beginning of induction. he shift to lower T and pH 

can be spotted after 6  h of induction time (compare to 

Fig.  4c). Efects of cell death and product degradation 

in titer could also be spotted in the IB bead size espe-

cially at 12  h. General trends of the itting parameters 

are visualized in Fig. 4d. he constant model parameter 

is increased over time which also indicates the growth 

of IB beads over induction time. Linear terms pH and 

T and quadratic pH term showed increased impact on 

the model with elevated time, while interaction term 

and quadratic T-term stayed rather constant. A similar 

behavior for IB bead growth had already been obtained 

for a recombinant produced green luorescent protein 

(GFP) in our group by Wurm et al. [33]. Instead of alter-

ing pH and T like in this study, the induction strength 

using mixed feed systems with lactose as inducer was 

varied. Induction time and strength had a high impact on 

the IB bead size during these cultivations. In our model 

a certain deregulation of size compared to titer could be 

dedicated from the given data driven models. his fact 

is beneicial for regulation of individual parameters to 

increase the performance in the DSP process chain in a 

further aspect since size and titer can be varied separately 

to a certain extend. As third QA IB purity, as important 

factor for quality in the DSP, was analyzed.

Table 1 Analysis of applied process parameters compared to set points in all DoE runs during induction phase

DoE pHset (−) Tset (°C) pHreal (−) Treal (°C) qs,Glu set (g/g/h) qs,Glu real (g/g/h)

1 6.7 30.00 6.69 30.00 0.25 0.24

10 7.2 30.00 7.16 30.02 0.25 0.26

3 7.7 30.00 7.69 30.00 0.25 0.26

11 6.7 35.00 6.64 35.02 0.25 0.29

5 7.2 35.00 7.18 35.00 0.25 0.24

6 7.2 35.00 7.18 35.00 0.25 0.32

9 7.7 35.00 7.64 35.03 0.25 0.27

4 6.7 40.00 6.68 40.00 0.25 0.29

8 7.2 40.00 7.15 40.01 0.25 0.29

2 7.7 40.00 7.69 40.00 0.25 0.24

7 7.2 35.00 7.17 35.00 0.25 0.25

Fig. 3 IB QAs as a function of induction time for the third center 
point cultivation. Size is given with standard deviation (spline). Drop 
of titer/size and purity after 8 h is generally a result of increased cell 
lysis at elevated times



Page 8 of 15Slouka et al. Microb Cell Fact  (2018) 17:148 

he three-dimensional plot for purity determination is 

presented in Fig. 4e. At times, up to 4 h of induction pH 

inluenced the purity of the IB samples. After 4 h, a sole 

dependence on temperature was found indicating that 

low temperatures (30 °C in the design) favor cleaner IBs. 

Since titer and size maximum could be found at low tem-

peratures and pH, purity after homogenization may be 

highly correlated to the degree of lysis during the fermen-

tation run. Lower temperatures did not lead to signii-

cant cell death (when regarding up to 10 h of induction), 

impurities may be reduced by applying low temperatures 

compared to temperatures with increased cell death 

yields. So, Fig.  4f summarizes the model it parame-

ters as a function of time. pH did not contribute to the 

Fig. 4 a Data driven model for time dependent analysis of IB specific titer; b model fit parameter for titer. While in the beginning only temperature 
dependence is visible, a strong pH correlation can be found at t = 8 h; c data driven model for time dependent analysis of IB bead size; d model fit 
parameter for IB bead size. Due to standard deviation of 10% in the analysis model parameters are rather complex; e data driven model for time 
dependent analysis of IB purity; f model fit parameter for purity. A sole temperature dependence is found beyond 4 h of induction
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model it beyond 4  h (only one point given). Tempera-

ture has a major inluence on the duration of the induc-

tion time, which can already be detected in early stages 

of induction time. As purity is afected by the washing 

steps after homogenization diferent washing procedures 

may impact the value of absolute purity and the kind of 

impurity. Generally, porin structures and phospholipids 

from the outer membrane are the major part of impuri-

ties in the IB after homogenization [41, 42]. In literature 

IB beads had already been analyzed by SEM and AFM in 

order to get insight into morphology [43] and into wash-

ing procedures and dependence of pH and T within [44]. 

Diferent washing procedure had also been analyzed in 

this work. Bufer based washing tends to show little inlu-

ence in shape and morphology of IBs but has an efect on 

the analyzed purity value (Additional ile  1: Figure S1). 

his may be attributed to phospholipid content, result-

ing from homogenization of the cells, as bufer treatment 

successfully increases purity. Efects of washing on phos-

pholipid content is also reported in [45]. Generally, SDS-

PAGE techniques are used to separate diferent protein 

sizes. A few impurity peaks are found near the respective 

fusion protein size of 28.8 kDa and about 60 kDa (Addi-

tional ile 2: Figure S2 an IB purity for 4 h and 12 h of the 

validation run). hese impurities correlating well to the 

size-range of a magnitude of outer membrane (e.g. ompA 

with 35.1 kDA [46]). To determine the extent of DNA in 

IB as impurities, we treated solubilized IB samples prior 

to an SDS-PAGE with DNAse 30 min at 37 °C (DNAse 1, 

hermo Scientiic, Waltham, MA, US). No diferences in 

the gel could be spotted between untreated and treated 

samples (Additional ile  2: Figure S2b). herefore, we 

suppose little content of residual DNA within the IB sam-

ples, which was also described in [45]. A higher IB purity 

is based on our model generally attributed to larger IB 

sizes. Since volume/surface ratio difers drastically com-

pared to small beads less host cell structures can attach 

to the surface after homogenization. Bufer washing suc-

cessfully removes a higher content of these impurities.

To evaluate the three data driven model approaches, 

we performed a veriication run, aiming to achieve a 

maximum in titer of the recombinant protein including 

prediction of the respective attributes size and purity. 

Since the maximum of the titer could be found after 

10  h of induction time, optimization is performed for 

this time stage. he process parameters received from 

the optimization algorithm for the induction phase were 

pH 6.7, T = 31.5 °C. Table 2 shows the comparison of the 

model prediction vs. the real measured values received 

after 10  h of induction. Standard cultivation reproduc-

ibility based on center point cultivations of strain 1 are 

strongly time dependent, especially for titer and purity 

assessment. Diferences in the real  qs,Glu during these 

three runs may afect the reproducibility, especially in 

the beginning of the cultivations as will be shown in the 

forthcoming chapter. Mean values and deviations for the 

center point runs of strain 1 are given in Additional ile 3: 

Figure S3. he standard deviation for size is below 10% 

until 10  h of induction, heading to about 15% at 12  h. 

Purity shows an error of about 30% for until 8 h reducing 

to values below 20% afterwards. Low titer values are gen-

erally highly defective at early time stages of the induc-

tion phase as a result of the onset of production. hese 

high errors of about 30% reduce to about 10% after 8 h 

of induction. Using these assumptions for evaluation 

of the model clearly shown that model assumptions for 

size and purity QAs are correct within the given stand-

ard deviations. he IB bead size range after 10 h is pre-

dicted correctly, despite the general uncertainty of about 

10% in the measurement statistics. Purity was correct 

within the 20% deviation at this time stage. Even slightly 

better results could be obtained for titer but are of the 

10% deviation. his may be based on the slight higher  qs, 

Glu of 0.3 g/g/h applied in this cultivation (overestimation 

of biomass after the fed-batch phase). Production of the 

protein of interest and the expression rate seems to be 

strongly correlated to the induction stress level of the cell. 

Lower temperatures seem to be favorable for the survival 

of the E. coli cells and positively inluenced all three ana-

lyzed quality attributes. pH shifts to low pH increased the 

titer to a high degree at later induction stages and may 

be a result of a higher transmembrane potential, boost-

ing the TCA and the energy metabolism [47]. As E. coli 

can grow on a pH between 6.0 and 8.0, with an internal 

pH of 7.6 [48], the rather acid pH-optimum is surpris-

ing at a irst glance, but when investigated it is likely that 

the pH of 6.7 could be causing less precipitate of diverse 

trace elements, which are added in the DeLisa media [5]. 

Having access to more co-factors could positively inlu-

ence the IB-formation. pH shifts from 7.2 to 6.7 may also 

efect diferent enzymes in the cell, e.g. phosphofructoki-

nase in glycolysis [48].

Table 2 Prediction vs. measured QA of  IBs for  model 

validation run

Val. run Model Measured Assessment

Purity 0.345 0.397 Correct within 20% 
error for purity at 
10 h

Spez. titer 
(optimized)

0.113 0.140 Higher than predicted

Size 570.53 571.63 Prediction correct
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Secondary structure analysis of IBs exhibiting diferent size

In order to understand the impact of diferent IB size 

(produced in USP) on the secondary structure, IR meas-

urements in the MIR range were performed and com-

pared to the correctly folded protein standard of strain 1 

for two distinct sizes exemplarily. Figure 5 shows the IR 

spectra of the reference sample and IB beads with 400 

and 600  nm in size from the same cultivation run. he 

IB samples were resuspended in MQ water and subse-

quently measured. he reference standard was measured 

in the formulated bufer. he IR spectrum of the refer-

ence shows a band maximum at 1645 cm−1 in the amide I 

region as well as a narrow band at 1545 cm−1 in the amide 

II region that are characteristic for α-helical structures. 

In the reference sample, the native secondary structure of 

the protein is fully formed. hroughout the fermentation 

process, 400 nm size sample was taken after 4 h and the 

600  nm sample was taken after 8  h. hese samples also 

predominately feature α-helical secondary structure indi-

cated by the amide I band maximum close to 1650 cm−1 

[49]. However, these samples also contain diferent, non-

native secondary structure as denoted by the band shoul-

ders at approx. 1625 and 1680 cm−1 that suggest β-sheet 

secondary structures. he IR spectra show that the extent 

of these non-native secondary structure components 

is diferent for the two samples taken from the cultiva-

tion and that the amount is lower in the sample that was 

taken at a later point in time. his is in accordance with 

the purity measurements and indicates that later cultiva-

tion times and larger IB sizes do not afect the secondary 

structure of the IBs negatively. hese results can be com-

pared to the work of Wurm et al. [33] and corresponds to 

the data, that impurity content drastically decreases with 

IB size in solubilization and refolding.

Validation of the impact of classical process parameters 

on IB QAs using strain 2

For application of the proposed QA dependence used 

for strain 1, a reduced design space (compare to Fig. 1b) 

for strain 2 was applied and quality attributes were ana-

lyzed as described for strain 1. Strain 2 also produces a 

toxic protein for the cells and is consequently expressed 

only as IBs but lacking the N-Pro fusion tag. As only four 

cultivations were performed, no statistical evaluation 

is used and its were performed in order to have a rea-

sonable model description and to reveal general trends 

during those cultivations. Estimation on standard devia-

tions for the given QAs are already given in the previous 

section. In comparison to strain 1 higher titers could be 

achieved during the cultivation. (Figure  6a—normalized 

to the highest achieved titer in these cultivations, given 

in 1 [−]). Time dependent analysis of the IB bead size is 

shown in Fig.  6b and reveals the same trend as already 

valid for titer and purity. Low pH and low temperatures 

lead to increased IB bead size in those cultivations. How-

ever, IB bead size is generally smaller in strain 2, when 

compared to strain 1 respectively (N-Pro based protein, 

clearly visible by comparing Fig. 2b, d). he dimension-

less value of purity is generally very high as well, exceed-

ing values of 0.5 even after 4 h of induction, compare to 

Fig.  6c. In accordance to strain 1 the highest titers and 

purities are found at a low pH and low temperatures.

Diferent IB bead size for a broad number of pro-

teins was already presented in literature: A GFP model 

protein, expressing IBs as well as soluble protein [33] 

showed IB bead size of a maximum of 600  nm at 

extended induction times using mixed feed systems 

with glucose and lactose. Since, GFP also is expressed 

as soluble protein, only the ratio between IB and solu-

ble protein is altered based on the feeding strategies. 

Producing a maximum size of 600 nm, the GFP-model 

protein forms an intermediate between the meas-

ured maximum of strain 1 (N-Pro) and strain 2 in this 

work. Other works report IB sizes between 502 nm for 

DnaK-IBs and 580  nm for ClpA-IBs [27] and approxi-

mately 600 nm for G-CSF IBs [28] and are in a reason-

able range compared with our products in this work. IB 

bead size is strongly dependent on the produced prod-

uct, on the polypeptide sequence and on hydrophobic-

ity of the protein structure. IB QAs can accordingly 

be altered with the used classical process parameter T 

and pH, but morphological considerations have gener-

ally to be taken into account and can be product-based 

Fig. 5 IR spectra of the two distinct bead sizes of 400 and 600 nm, 
compared to the correctly folded reference sample. SEM analytics of 
both samples are given above
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very diferent. Since IPTG concentration of 0.5  mM 

is high enough to induce all present cells, the second-

ary structure of the expressed proteins of strain 2 has 

to inhere in higher density in their structure regard-

ing the titers. Denser structures are much easier to 

be separated in centrifugation processes in the down-

stream, since the diference of the density compared 

to the host cell debris is far higher. his fact may also 

afect the purity and results in those high purity values 

for strain 2. Computer tomographic analysis of trans-

mission electron microscopy (not shown) of strain 1 

reveal cavities within single inclusion bodies in the cell 

and may be the result for density variations of difer-

ent IB products. Based on the indings for both strains 

in this study, time-resolved analytics of the IB QAs can 

be used to optimize the USP. Knowledge of titer as key 

performance indicator is important for determination 

of the harvest time point. he resulting IB bead size 

(and purity) is beneicial for planning of further neces-

sary steps in the downstream for a given product.

Impact of the physiological process parameter  qs,Glu on IB 

quality attributes of strain 1 (N‑Pro fused protein)

Classical process parameters showed a high impact on 

IB properties during induction phase. he knowledge for 

optimized parameters for strain 1—was used for alter-

ing the physiological parameter  qs,Glu. Temperature was 

decreased to 31.5  °C and pH was adapted to 6.7, while 

diferent setpoints for  qs,Glu were established during 

induction phase. Setpoints and real values for the  qs,Glu 

are given in Table 3. he induction characteristic of the 

four performed runs are given in Fig. 7a showing glucose 

Fig. 6 Data driven model for time dependent analysis of IB a titer, b size and c purity of strain 2 using a reduced DoE design (Fig. 1b). Trends are 
given with differences of the lowest process value. Very similar behavior to strain 1 can be found, showing highest purity, size and titer at values for 
low T and pH. Higher titers are produced using this strain resulting in boosted purities compared to strain 1. The analyzed size similar to strain 1 
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accumulation and percentage of dead cells for the four 

performed cultivations. It was already investigated in lit-

erature that the correlation of growth rate and the pro-

duction of recombinant protein resulted in a decrease in 

µ the more recombinant protein is produced [50]. his 

correlation could be clearly monitored in our study dur-

ing induction phase when high titers of recombinant 

protein were produced. As consequence the growth rate 

(not shown) decreased, leading to sugar accumulations as 

the feed-rate over the whole induction phase was applied 

constantly [50]. Higher applied  qs,Glu resulted in early 

sugar accumulation and in increased number of dead 

cells in the cultivation and decreased the real  qs,Glu exten-

sively even after some hours. After 12 h of induction 50% 

of the culture died at applied  qs,Glu of 0.4 and 0.5 g/g/h, 

while very low  qs,Glu showed neither cell death nor sugar 

accumulation. he time resolved titer measurements are 

given in Fig. 7b. Very high speciic titers could be found 

at  qs,Glu-set = 0.5  g/g/h at 6  h of induction with highest 

volumetric productivities exceeding 1  g/L/h. However, 

the increased cell stress resulted in cell death and deg-

radation of the product as could be seen in the decease 

of the titers at later time stages, respectively. After 12 h 

titers were almost identical irrespective of applied  qs,Glu 

for high setpoints (0.3–0.5  g/g/h). hat indicated, time 

dependent analysis of QAs is therefore of utmost impor-

tance, especially at physiological process control. he 

peak value of the volumetric productivities (before deg-

radation) showed a rising trend based on the mean  qs,Glu 

values which were applied (Additional ile  4: Figure S4) 

and clearly indicated that the increased feeding rate is 

really beneicial for high productivity. he IB bead size 

given in Fig. 7c was generally very similar at  qs,Glu = 0.3–

0.5  g/g/h applied values, with  qs,Glu = 0.3  g/g/h show-

ing smaller diameters at later time stages. IB beads at 

 qs,Glu = 0.1 g/g/h were not detectable with SEM until 10 h 

of induction time. Low  qs,Glu yielded very small IB sizes 

and low titers in Fig. 7b as only low energy is available for 

production of the recombinant protein. A steep increase 

in the beginning of the induction time was generally 

accompanied by leveling of in diameter at later stages. 

Trends for IB purity are given in Fig. 7d. Higher  qs,Glu val-

ues were beneicial for protein purity, which were in rea-

sonable accordance with trends for titer and size already 

seen in the previous chapter. 

Based on these indings improved control strategies for 

IB production could be established in further develop-

ment steps using the optimized process parameters for 

the two used strains in combination with physiological 

process control (time dependent adaption of the speciic 

substrate uptake rate) during the induction phase.

Conclusions
IB quality attributes were analyzed in respect of changes 

in classical process parameters pH and T in the induction 

phase. Pronounced changes in QAs could be found in the 

analysis of IB titer, IB bead size and IB purity. Optimized 

process conditions for strain 1 were found to be at pH 6.7 

and 31.5 °C during induction in respect of the produced 

maximum IB titer. hese indings were checked using a 

second industrial relevant strain, revealing that low tem-

peratures and low pH is highly beneicial for production 

of IBs. herefore, we would like to hypothesize that yields 

of exclusively IB based products can be improved by 

applying low temperatures and a relatively low pH value 

during the induction phase as analyzed in this study for 

two very diferent products. Despite of this platform 

knowledge, absolute values for size, titer and purity were 

strongly product dependent and exhibit very diferent 

values for every produced product.

he sweet spot conditions (pH 6.7, T = 31.5  °C) for 

strain 1 were used to show the impact of physiological 

control onto IB quality attributes. he four performed 

cultivations exhibited diferent speciic substrate uptake 

rates  (qs,Glu) and revealed high impact on analyzed IB 

QAs. High constantly applied  qs,Glu boosted titer, bead 

size and purity very early in the induction phase, but 

resulted generally in high glucose accumulation and cell 

death, while low  qs,Glu did not stress the cells, but lead to 

very low production of IBs. Physiological control based 

on these indings may be highly industrially relevant in 

Table 3 Applied  qs,Glu vs. real  qs,Glu values after  reverse 

analysis of the cultivation data

Sugar accumulation and cell death at higher applied values result in higher 

standard deviations

Run qs,Glu set qs,Glu real

1 0.1 0.1 ± 0.01

2 0.25 0.3 ± 0.02

3 0.4 0.39 ± 0.05

4 0.5 0.41 ± 0.063
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order to ind IB parameters with high productivity, but 

also low contamination of host cell proteins and DNA.

We would also like to highlight that time dependent 

monitoring of the here deined IB-QAs can be used as 

a tool to optimize process parameters such as pH, tem-

perature and  (qs,Glu). By improving the upstream condi-

tions, we aim to trigger robust downstream procedures, 

increasing the overall time/space yield of IB-processes.

Fig. 7 a Sugar-accumulation and cell death measured by FCM for three cultivations at different  qs,Glu. Lowest  qs,Glu shows no cell lysis and 
accumulation; b specific titer of the recombinant protein fused to N-pro. Very high expression can be seen for the high  qs,Glu until 6 h with 
decreasing  qs,Glu also decreases product titer; c size of the IB beads.  qs,Glu = 0.41 g/g/h and  qs,Glu = 0.39 g/g/h are very similar. A very steep increase 
is followed by a steady state;  qs,Glu = 0.30 g/g/h shows increase over time, while size for  qs,Glu = 0.10 g/g/h is only detectable at 10 and 12 h of 
induction; d purity depicts clear dependence of all different  qs,Glu setpoints, increasing the IB purity with higher  qs,Glu
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Additional iles

Additional ile 1: Figure S1. Analysis of the first center point run repre-
senting IB purity. Buffer washed samples showed generally higher purity. 
Differences in size and titer are within the given standard deviation.

Additional ile 2: Figure S2. a) Electropherogram for two different 
timepoints during a cultivation (4 h and 12 h). A clear visibility of impurity 
pattern near the protein of interest (high peak after 28 kDa) is given; b) 
SDS-Page for visualization of DNA related impurities. No distinct differen-
tiation can be made between DNase treatment and virgin sample.

Additional ile 3: Figure S3. a) Mean value for size and deviations of the 
three individual center point runs. Error stays constant; b) purity-based 
analysis, with decreasing error over time; c) titer-based analysis. Error 
decreases drastically in later time stages (range of constant titer or even 
proteolytic degradation).

Additional ile 4: Figure S4.  qs,real with standard deviation based on the 
reverse analysis. The higher the  qs the higher is the error, due to onset of 
degradation and sugar accumulation in the broth. A rising trend can be 
dedicated from these measurements.
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Abstract: The Gram-negative bacterium E. coli is the host of choice for a multitude of used

recombinant proteins. Generally, cultivation is easy, media are cheap, and a high product titer

can be obtained. However, harsh induction procedures using isopropyl β-D-1 thiogalactopyranoside

as inducer are often referred to cause stress reactions, leading to a phenomenon known as “metabolic”

or “product burden”. These high expressions of recombinant proteins mainly result in decreased

growth rates and cell lysis at elevated induction times. Therefore, approaches tend to use “soft”

or “tunable” induction with lactose and reduce the stress level of the production host. The usage

of glucose as energy source in combination with lactose as induction reagent causes catabolite

repression effects on lactose uptake kinetics and as a consequence reduced product titer. Glycerol—as

an alternative carbon source—is already known to have positive impact on product formation when

coupled with glucose and lactose in auto-induction systems, and has been referred to show no signs

of repression when cultivated with lactose concomitantly. In recent research activities, the impact

of different products on the lactose uptake using glucose as carbon source was highlighted, and

a mechanistic model for glucose-lactose induction systems showed correlations between specific

substrate uptake rate for glucose or glycerol (qs,C) and the maximum specific lactose uptake rate

(qs,lac,max). In this study, we investigated the mechanistic of glycerol uptake when using the inducer

lactose. We were able to show that a product-producing strain has significantly higher inducer

uptake rates when being compared to a non-producer strain. Additionally, it was shown that glycerol

has beneficial effects on viability of cells and on productivity of the recombinant protein compared

to glucose.

Keywords: E. coli; mixed feed system; glycerol; recombinant proteins; bioprocess engineering

1. Introduction

The Gram-negative bacterium E. coli is the expression host of choice for the production of 30%

to 40% of recombinant drugs in industry [1,2]. As E. coli shows very fast replication rates [3,4] on

comparatively cheap media [5], the benefits often outweigh the numerous purification steps [1,6]

and the missing glycosylation pattern [1,7,8]. Recombinant protein production in E. coli gained more

interest again as the demand in single-chain antibody fragments increased, which can be properly
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expressed in E. coli [1,8]. The strain BL21(DE3), created by F. Studier and B. Moffatt back in 1986 [9],

is often used in an industrial scale because of very low acetate formation, high replication rates as

an effect of the integrated T7-polymerase [9–14], as well as the possibility of protein secretion into

the fermentation broth due to a type 2 secretion protein [15–17]. As the lac operon is still one of the

most favored promotors in pET-expression systems [3,12,18], it is generally used for insertion of the

gene of interest. The repressor protein can only be blocked by allolactose or a structural analogue [19],

e.g., the well-known inducer isopropyl β-D-1 thiogalactopyranoside (IPTG) [3,13]. However, induction

with IPTG stresses the cells, as IPTG in higher concentrations is referred to be toxic at elevated

induction times [13,18,20]. As tunable protein production is commonly applied in industry nowadays,

mixed-feed systems using either IPTG [21] or lactose [13,22,23] as inducer did result in higher product

yields when compared to other inducer supplies [24]. Soft induction performed with lactose shows

promising results [13,23,25]. As lactose can be metabolized in E. coli, it does not stress the cells as much

as IPTG [26]. For the production of soluble proteins, induction with lactose usually is preferred [3],

but it has also been shown that lactose shows promising results for Inclusion Bodies (IBs) and products

located in the periplasm [3,27].

IBs have originally been believed to be waste products by bacteria [28], until it was realized that

IBs tend to form as a stress reaction by the cells resulting in a biologically inactive protein [29–31].

Stress reactions of the cells can be caused by high temperatures, pH-shifts, or due to high feeding rates.

Higher feeding rates result in higher yields of product [1], which of course is advantageous when

combined with the possibility of expressing toxic proteins [6]. Still, the downstream process (DSP),

and especially the refolding unit operation, is the time-consuming step in gaining the correctly folded

product from E. coli cultivations [28–31], which requires significantly more technology and time in

purifying IBs [29,32,33]. Though IBs can be produced in such excess, the amount of generated product

often outweighs the DSP efforts and makes the time-space yield more preferable for IBs [1,6,7,28].

One of the most favoured carbon sources in E. coli cultivations has always been glucose, as glucose

has a very high affinity to the phosphotransferase system [34,35]. Glucose provides a lot of energy

for the cells, as it is directly induced into glycolysis as glucose 6-phosphate and consumed through

the tricarboxylic acid cycle (TCA) [35,36]. Usage of such, in combination with lactose, may result in

diauxic growth and catabolite repression, which are caused by the regulatory network that is induced

by glucose [37–39]. Catabolite repression results in decreased lactose uptake rates when glucose is

present in excess [27,39,40]. Glycerol, first noticed in biotechnology as a by-product in the biodiesel

production [41], has shown quite promising results in terms of biomass/substrate yield in E. coli

cultivations [22,25]. To our knowledge, up to this point, no catabolic repression has been reported

when glycerol was used as main carbon source (C-source) in combination with lactose [42]. In addition,

mixtures of glucose, glycerol, and lactose have shown promising results for diverse products gained

via autoinduction systems [20,25]. Recent studies [3,40] showed that the dependence of the inducer

lactose influences the maximum IB production even on a quite low level of the specific glucose uptake

rate. Low feeding rates of glucose would therefore result in the maximum inducer uptake rate,

as cyclic adenosine monophosphate (cAMP) levels increase at higher glucose addition and therefore

decrease the affinity for the RNA polymerase, decreasing the expression of the genes coding for the

lac operon [35]. It is believed that cultivations with glycerol are able to overcome the problem of

carbon catabolite repression and pave the way for usage of much higher specific C-source uptake rates,

in order to increase time-space yields.

In this study, we performed cultivations with a BL21(DE3) strain, producing a recombinant

protein coupled to a N-pro-fusion protein [43], expressed as IB with the goal to yield in maximum

recombinant protein production. It is believed that glycerol causes positive results for the mixed-feed

optimization when using lactose as an inducer, as glycerol—introduced into glycolysis but also

into gluconeogenesis—yields a high amount of energy supplied to the cultivation system [42,44,45].

Couple that with increased cAMP levels throughout the whole cultivation, [35] glycerol is believed to
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be beneficial over a glucose cultivation system. It is shown that the recombinant protein production is

increased compared to glucose, as a result of more available energy.

2. Materials and Methods

2.1. Bioreactor Cultivations

All cultivations were carried out with the strain E. coli BL21(DE3) consisting of the pET-30a

plasmid system. The eukaryotic target protein was linked to a N-pro fusion taq (size of 28.8 kDA for

the fusion protein) [43]. As the given protein is currently under patenting procedure at the industrial

partner no detailed information can be given on the used protein.

All bioreactor and preculture cultivations were carried out using a defined minimal medium

referred to DeLisa et al. (2015) [5]. Batch media and the preculture media had the same composition

with different amounts of sugars respectively. The sugar concentrations for the phases are presented in

Table 1:

Table 1. Respective sugar concentrations in media composition.

Amount of Glucose Amount of Glycerol

Preculture 8.8 g/L 8.9 g/L
Batch-Media 22 g/L 23 g/L

Feed either 250 g/L or 300 g/L

As pET-30a has a Kanamycin resistance gene, antibiotic was added throughout all fermentations,

resulting in a final concentration of 0.02 g/L. All precultures were performed using 500 mL high yield

flasks (containing the sugar concentrations given in Table 1). They were inoculated with 1.5 mL of

bacteria solution stored in cryos at −80 ◦C and subsequently cultivated for 20 h at 230 rpm in an Infors

HR Multitron shaker (Infors, Bottmingen, Switzerland) at 37 ◦C.

All cultivations were either performed in a DASGIP Mini bioreactor-4-parallel fermenter system

(max. working volume: 2.5 L; Eppendorf, Hamburg, Germany) or in a DASbox Mini Bioreactor

4-parallel fermenter system (max. working V.: 250 mL; Eppendorf, Hamburg, Germany). For measuring

the CO2 and O2 flows, a DASGIP-GA gas analyser was used (Eppendorf, Hamburg, Germany).

The cultivations were controlled using the provided DAS-GIP-control system, DASware-control,

which logged the process parameters. During cultivation, pH was kept constant at 7.2 and controlled

with base only (12.5% NH4OH), while acid (10% H3PO4) was added manually, if necessary. The pH was

monitored using a pH-sensor EasyFerm Plus (Hamilton, Reno, NV, USA). Base addition was monitored

observing the flowrates of a DASbox MP8 Multipumpmodul. The reactors were continuously stirred

at 1400 rpm.

Aeration was absolved using mixture of pressurized air and pure oxygen at 2 vvm, mixing the

ratios of the airflow, so that the dissolved oxygen (dO2) was always higher than 40%. The dissolved

oxygen was monitored using a fluorescence dissolved oxygen electrode Visiferm DO 120 (Hamilton,

Reno, NV, USA).

2.2. Cultivation Scheme and qs Screening Procedure

The batch media in the DASGIP reactors always contained 1 L DeLisa medium, while the DASbox

Mini bioreactors contained a volume of 100 mL.

Only static qs-controls were performed for these experiments, as the qs,C was not altered during

induction phase [3,27]. The procedure was always as follows: Preculture, Batch, non-induced fed-batch,

and induced fed batch with an adapted qs,C.

Inoculation was always done with one tenth of the batch media volume, resulting in 100 mL

of preculture. Preculture showed an OD600 of approximately 7 after cultivation (described above).

The batch process, performed at 37 ◦C, took around 6–7 h, depending on the C-source used, and was
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finished, visible by a drop in the CO2 signal. The 22 g/L of either glucose or glycerol usually resulted

in a biomass of 9–10 g/L. After the batch was finished, a non-induced fed-batch was started overnight,

at 35 ◦C and adapting the qs,C value to gain a biomass of approximately 30 g/L. After the non-induced

fed-batch, the volume was always decreased to 1 L, in order to keep induction conditions the same.

Afterwards, qs,C was adapted to a certain point of interest, and temperature was decreased to 30 ◦C

and stabilized for 30 min before the inducer was added. Induction was always performed with a

lactose pulse of 100 mL of a 300 g/L sterile lactose solution—resulting in a lactose concentration in the

fermentation broth of approximately 30 g/L. Induction period always lasted 7 h. The qs control used

here was performed using Equation (1) according to an exponential feed forward approach to keep qs

constant [3,27,40,46]:

F(t) =
qs, C × X(t)× ρf

cf
(1)

with F being the feed rate [g/h], qs,C the specific glucose or glycerol uptake rate [g/g/h], X(t) the

absolute biomass [g], ρf the feed density [g/L], and cf the feed concentration [g/L], respectively.

2.3. Process Analytics

Samples are always taken after inoculation, upon end of the batch-phase and after the non-induced

fed-batch was finished. During the induction period, samples were either taken in 20 or 30 min intervals.

Generally, biomass was measured using OD600 and dry cell weight (DCW), while flow cytometry

analysis (FCM) was used for determination of cell-death, especially in the induction phase. Optical

density (OD600) was measured using a Genesys 20 photometer (Thermo Scientific, Waltham, MA,

USA). Since the linear range of the used photometer is between 0.2 and 0.8 [AU], samples were diluted

with dH2O to stay within that range. The dry cell weight was determined by vortexing the sample,

pipetting 1 mL of sample solution in a pre-tared 2 mL Eppendorf-Safe-Lock Tube (Eppendorf, Hamburg,

Germany), and centrifuged for 10 min at 11,000 rpm at 4 ◦C. After centrifugation, the supernatant was

used immediately for at-line high-pressure liquid chromatography (HPLC) measurement (see beneath),

while the pellet was re-suspended with 1 mL of 0.9% NaCl solution and centrifuged at the same

conditions. Afterwards, the pellet was dried for at least 72 h at 105 ◦C. Samples for FCM were

diluted 1:100 with 0.9% NaCl solution, stored at 4 ◦C, and measured after the process was finished.

The measurement was performed using the software Cube 8 (Sysmex, Partec, Görlitz, Germany)

according to Langemann et al. [47] using DiBAC4(3) (bis-(1,3-dibutylbarbituricacid) trimethineoxonol)

and Rh414 dye. Rh414 binds to the plasma membrane and visualizes all cells, while DiBAC is sensitive

to plasma membrane potential, and therefore distinction between viable and non-viable cells can

be achieved.

Product samples were taken for [P]-strain, after 2, 5 and 7 h of induction phase. They were always

treated as follows: 5 mL pipetted in a 50 mL Falcon tube, centrifuged for 10 min at 4800 rpm at 4 ◦C.

The supernatant was discarded while the pellet was frozen at −20 ◦C. Samples for homogenisation

were disrupted as follows: The pellets were re-suspended in a Lysis buffer (0.1 M TRIS, 10 mM EDTA,

pH = 7.4) according to its dry cell weight (Equation (2)):

Volume Lysis Puffer = DCW ×
5

4
(2)

After suspending the cells, they were treated with an EmusiflexC3 Homogenizer (Avestin, Ottowa,

ON, USA) at 1500 bar. The duration of homogenisation was always calculated to achieve ten passages

through the homogenizer. After washing the pellets twice with dH2O, the samples were measured

using a HPLC method. The N-pro-fusion protein IB was measured via RP-HPLC (Thermo Scientific,

Waltham, MA, USA) using a Nucleosil-column after solving in 7.5 M Guanidine Hydrochloride based

buffer. The eluent was a gradient mixture of water with 0.1% TFA (tri-fluoric-acid) and Acetonitrile

mixed with 0.1% TFA with a flow of 3 mL/min. Standard concentrations were 50, 140, 225, 320 and

500 mg/mL of an industrial supplied reference.
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Sugar and glycerol concentrations were measured via HPLC-method (Thermo Scientific, Waltham,

MA, USA) using a Supelcogel-column; Eluent: 0.1% H3PO4; Flow: 0.5 mL/min. Using this method,

glucose or glycerol accumulation as well as the lactose decrease and the galactose accumulation could

be detected. Standards had a concentration of 0.5, 1, 5, 10 and 20 g/L of every sugar used throughout

all fermentations. The HPLC run lasted always for 25 min and chromatograms were analyzed using a

Chromeleon Software (Dionex, Sunnyvale, CA, USA).

3. Results and Discussion

3.1. Mechanistic Correlations of Glycerol onto Specific Lactose Uptake Rate

The basic feeding rate for the induction phase for production of the recombined protein

is a constant qs,C—given by a fed-batch carried out on glucose or glycerol depending on the

experiment—and by a pulse of 10 vol % high concentrated lactose feed.

In order to get comparable datasets for all experiments, a mechanistic model approach is

performed. As shown in previous studies, the maximum possible specific lactose uptake rates

depend on the specific glucose uptake rates which can be described by a mechanistic equation

(see Equation (3)) [3,40]. The maximum qs,lac rates depend Monod-like on qs,glu until a certain

maximum is reached at a respectively low feeding rate of glucose, before qs,lac decreases at high qs,glu

which performs analogue to substrate inhibition [3]. Values for y = 0 correspond to the uptake rates on

sole glucose/glycerol, respectively.

qs,lac = qs,lac,max × max

((

1 −
qs,glu

qs,glu,crit

)n

, 0

)

×

(

qs,glu

qs,glu + KA
+

qs,lac,noglu

qs,lac, max

)

(3)

with qs,lac being the specific lactose uptake rate [g/g/h], qs,lac,max the maximum specific lactose uptake

rate [g/g/h], qs,glu the specific glucose uptake rate [g/g/h], qs,glu,crit the critical specific glucose uptake

rate up to which lactose is consumed [g/g/h], qs,lac,noglu the specific lactose uptake rate at qs,glu = 0

[g/g/h], and KA the affinity constant for the specific lactose uptake rate [g/g/h]. n describes the type

of inhibition (non-competitive, uncompetitive, competitive).

As the model has already been established for four different products in glucose-lactose

systems [40], it had to be shown if the same function fits for the given product. We fitted the model

parameters as described in Wurm et al., where also a detailed description of the model derivation can

be found [3]. As shown in Figure 1 and Table 2, parameters can be found to describe the experimental

data for glucose and glycerol as C-source. In absence of glucose, lactose cannot be taken up, since there

is not enough adenosine triphosphate (ATP) produced. Once a certain threshold of glucose is passed,

enough ATP is created to metabolize the inducer [3,40]. The trend seen in the cultivations performed

on glucose are explained by the well-known phenomenon of catabolite repression (CCR) [37,39], as the

lactose uptake rates decrease significantly with increasing the feeding rate. As E. coli BL21(DE3) is not

able to metabolize galactose due to absence of a (gal) gene, which can be referred to a deletion of the

genes gal M, K, T, E [48,49], galactose should accumulate in the fermentation broth [37,50]. Hence,

the galactose accumulation rate in the fermentation broth could generally be correlated to the lactose

depletion rate during the cultivation (not shown).

However, the curves for glucose and glycerol are almost identical. Generally, a higher affinity for

glucose is reported in literature [35], resulting in a higher µ for those cultivations, as glycerol has less

affinity to the phosphotransferase system (PTS) [37]. This trend is in accordance with our data given in

the value qs,C,crit in Table 2. Furthermore, biomass to substrate yields (YX/S) for glucose decrease in the

induction phase from about 0.5 in the batch phase to about 0.336 ± 0.05 after the one-point lactose

addition. By contrast, YX/S of glycerol are generally about 0.44 ± 0.1 during the induction phase [51].



Bioengineering 2018, 5, 1 6 of 15

 

− , 	, , 	

Figure 1. Extracted datapoints for qs values including standard deviations for cultivations with glucose

and glycerol in the production strain (glycerol product, glucose product). Solid lines represent the

model based approach for inducer uptake rates vs. feeding rates models of glucose and glycerol.

Table 2. Model parameters and normalized-root-mean-square-error (NRMSE) for the different analysed

cultivation with produced product (P).

Cultivation System qs,lac,max KA qs,C,crit n qs,lac,noglu NRMSE

[g/g/h] [g/g/h] [g/g/h] [-] [g/g/h] [%]
Glucose 0.23 0.032 0.94 1.14 0.039 6.5
Glycerol 0.23 0.053 0.74 0.74 0.051 2.6

This does not explain the very similar lactose uptake values at high qs,C, since it is believed

that carbon catabolite repression should not be present using glycerol as primary carbon source [52].

The production of the recombinant protein seems to induce stress resulting in the maximum possible

activity inside the cell, which is represented by the similarity of the two curves. Therefore, the decrease

of the qs,lac rate in the model-based approach actually referred to the CCR for glucose based systems

so far (

(

1 −
qs,glu

qs,glu,crit

)n

), may have to be reconsidered when glycerol is fed. In turn, our results would

indicate that the decline cannot be attributed to carbon catabolite repression, also not for glucose.

Glycerol does not interfere with the PTS transport system and no resulting change of the cAMP

levels during uptake of lactose are to be believed on a first glance. Glycerol enters glycolysis as

di-hydroxy-acetone-phosphate and is processed in glycolysis producing pyruvate, but also there are

gluconeogenetic genes active providing the formation of glucose-6-phosphate [41,53,54]. As glycolysis

seems to be running at maximum capacity, a bottleneck in the trycarboxylic acid (TCA) cycle may

also be likely. Overload of the TCA cycle has already been described by Heyland et al. (2011) [55],

saying that the TCA cycle cannot metabolize all the pyruvate produced in glycolysis. It has also been

referred that the cells try to gain energy in alternative ways such as using acetate as a terminal electron

acceptor, or the usage of oxidative phosphorylation [55,56]. However, as E. coli BL21(DE3) produces

relatively low levels of acetate in general, the acetate formation is always beneath the threshold of the

HPLC and may therefore not the predominant electron acceptor in this strain.

To test the observed effects, we tried a process technological method approach, rather than

performing expensive and time consuming “omics” analysis. The pET-30a plasmid was transformed

into the used strain E. coli BL21(DE3) without the sequence for the recombinant protein, further referred

as non-producer (NP) strain. The strain was tested in the same analytical way as the used strain for

recombinant protein production. HPLC raw data for lactose decrease are compared with an almost

identical qs,C (~0,1 g/g/h) in Figure 2.
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Figure 2. High-pressure liquid chromatography (HPLC)-based data for decrease of lactose in

fermentation broth exhibiting very similar qs,C values in [g/L]. A significant decrease over the time

of induction is visible in producing (P) strains, while the decrease is way slower in non-producing

(NP)-strain-cultivations.

Hereby, three phases can be seen for the product producing strain in the induction phase, while

only two phases can be seen in the NP strain:

(i) Adaption phase: lactose gets transferred to alloactose and loads the induction (0–2 h in

induction phase).

(ii) Linear decrease of lactose as the system needs inducer for recombinant protein expression (2–5 h).

(iii) Limitation of lactose in P strain: not sufficient inducer present, need for mixed feed system (5–7 h),

no inducer limitation seen in NP strain, further decrease of inducer analogue to phase 2.

Results on the model-based approach for the glucose system are given in Figure 3.

Figure 3. Extracted datapoints for qs,C values including standard deviations for cultivations with

glucose using the product producing (glucose product) and the NP strain (glucose, no product).

Solid lines represent the model based approach for inducer uptake rates vs. feeding rates models of

glucose. A clearly visible difference can be observed during these cultivations.
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The fermentations performed with the NP-strain showed lactose uptake rates resemble the

expected carbon catabolite repression for glucose including high affinity of the PTS system at low qs,glu

which can also be seen in Table 3. Despite the identical behavior of protein producing and NP strain,

a clear difference in maximum qs,lac is obviously present. Higher consumption of glucose has impact on

the cAMP level and decreases the specific uptake of lactose in the product producing strain. YX/S stays

very similar in both cases 0.37 ± 0.05 for the protein producing strain vs. 0.383 ± 0.053 for the NP strain.

Given yields are a mean value over all qs,C values except for (lac) = 0 and (glu) = 0. So, these general

deviations in qs,lac,max can be attributed to the increased energy demand during recombinant product

production, as also the biomass yields stay the same. Lactose uptake rates on glycerol for the product

producing and the NP strain are given in Figure 4. Despite the quite straightforward mechanistic

explanation for glucose, glycerol biomass to substrate yields differ fundamentally for both experiments:

YX/S = 0.55 ± 0.11 for the NP strain, while the producing strain has a YX/S of 0.44 ± 0.1. This fact may

explain the much shallower uptake at low qs,C for the NP strain, but cannot explain the difference in

the CCR term.

 

Figure 4. Extracted datapoints for qs,C values including standard deviations for cultivations with

glycerol using the product producing (glycerol, product) and the NP strain (glycerol, no product).

Solid lines represent the model based approach for inducer uptake rates vs. feeding rates models

of glucose.

As a far higher biomass yield is present in the NP strain, only a reduced amount of lactose is

taken up, which explains the decreased qs,lac,max. However, the NP strain shows no pronounced

substrate inhibition. The carbon catabolite repression term of the model on glycerol has only low

impact (see Table 3), as the upregulation of cAMP using glycerol would also be beneficial for the

lactose uptake mechanism in the PTS system [35]. Since the lactose facilitator is not considered to

be the rate determining step in the glycerol metabolism, glycerol kinase closely regulated to the

PTS system may cause the CCR-like effects [44,45]. As the feeding rate increases, the possibility of

short-term local glucose and glycerol accumulation increases, eventually leading to diauxic growth

and therefore decreased lactose rates as glucose and glycerol have higher affinity than disaccharides

for E. coli [35,52,57,58]. The product-producing strain shows a high regulated lactose uptake at low qs,C

values, as a result of lower biomass yield and higher energy demand in production of the recombinant

protein. Higher lactose uptake results in high intracellular glucose level, which show the similar

feedback mechanism like in the glucose fed cultivations.
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Table 3. Model parameters and normalized-root-mean-square-error (NRMSE) for the analysed

cultivation without recombinant product production (NP).

Cultivation System
qs,lac,max

[g/g/h]
KA

[g/g/h]
qs,glu,crit

[g/g/h]
n [-]

qs,lac,noglu

[g/g/h]
NRMSE

[%]

Glucose [NP] 0.14 0.016 0.96 2.92 0.032 12.7
Glycerol [NP] 0.10 0.13 0.78 0.90 0.029 9.7

As a result, both curves given in Figure 1 have a very similar appearance, but are expected to have

a very different regulation within. To get insight into respiratory activity, qCO2 values are compared

for all four fermentations, respectively. Evaluation is given in Table 4 based on the applied qs,C values.

Table 4. Specific substrate uptake rate vs. specific carbon evolution rate. Product producing strains

have in general increased respiratory activity. NP strains show reduced respiratory activity. Standard

deviation of qCO2 increases at higher feeding rates.

Glucose Glucose NP Glycerol Glycerol NP

qs,C [g/g/h]
qCO2

[g/g/h]
qs,C [g/g/h]

qCO2

[g/g/h]
qs,C [g/g/h]

qCO2

[g/g/h]
qs,C [g/g/h]

qCO2

[g/g/h]

0.036 2.15 ± 0.33 0.066 1.69 ± 0.25 0.022 2.91 ± 0.46 0.064 0.82 ± 0.09
0.116 3.12 ± 0.46 0.196 3.75 ± 0.44 0.054 4.41 ± 0.78 0.136 1.85 ± 0.21
0.197 3.98 ± 0.55 0.224 3.35 ± 0.42 0.093 3.88 ± 0.64 0.225 2.86 ± 0.31
0.286 5.72 ± 0.41 0.36 5.96 ± 0.26 0.159 3.12 ± 0.43 0.331 3.31 ± 0.22
0.403 6.42 ± 1.48 0.448 5.64 ± 0.47 0.199 4.14 ± 0.64 0.428 4.07 ± 0.51
0.544 7.30 ± 1.64 0.323 5.13 ± 0.48 0.603 1.75 ± 1.58

0.559 7.18 ± 2.10

Highly similar respiratory activity is received for the product producing strain, almost linear

increasing with qs,C. For the NP strain, a general lower respiratory activity is seen for the glycerol-fed

strain. These results support the fact that lower energy demand is needed in this strain based on the

general higher biomass yield and the fact that no recombinant protein is produced. In TCA, first steps

of amino acid synthesis are performed, therefore the production of non-essential AA would result

in the accumulation of NADH [59]. As approximately two NADH molecules can be formed to one

molecule of CO2 the enhanced respiratory activity in the product producing strain is most likely coding

for the enhanced production of non-essential AA, which are essential for the recombinant product.

However, further analysis on stress induced changes in the gene expression may give valuable new

insights into regulation mechanism in E. coli.

3.2. Productivity and Physiology Using Glycerol as Primary Carbon Source

As the overall goal is an increased production rate of recombinant protein, we compare titers

of the produced IBs as a function of carbon source and uptake rate. In Figure 5a, the increase in IB

titer over time is presented for two cultivations. The loading of the induction, which takes about 2 h,

can be clearly dedicated in these results, with no titer of the recombinant protein to be found within

the first 2 h (also compare to Figure 2). Figure 5b shows product IB titers after 7 h induction time,

which are plotted against the corresponding qs,C. Only the feed rate of glucose/glycerol, adapted

for the static experiment in the induced fed-batch phase, is used in this plot—as cultivations are

induced with one lactose pulse only, the qs,C is a non-cumulative one. Generally, an increase in the

feeding rate is beneficial for product formation. Cultivations carried out on glycerol tend to produce

more recombinant protein with a product optimum at a qs-glycerol-level seen around 0.3–0.35 g/g/h.

It may be possible that even higher product titers can be found within the range of 0.3–0.55 g/g/h.

Cultivations carried out on glucose also tend to produce more product when the feeding rate is shifted

to rather high rates as well. Very similar IB titers can be obtained at high qs,C levels, but are far away

from the observed maximum.
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Figure 5. (a) Time dependence for two Inclusion Body (IB) titers starting from lactose addition to 7 h of

induction; (b) Titers of the recombinant produced protein, after homogenisation of the inclusion bodies

and a two-time washing plotted vs. the qs of glucose and glycerol; A trend can be seen in gaining more

product when cultivations are carried out on glycerol compared to glucose, respectively.

The high increase in titer as a function of qs,C in glycerol may be a result of the higher biomass

(higher YX/S during induction) usually present in glycerol fed induction phases. The phenomenon

of high product formation rates at high feeding levels, was much to our surprise, as we expected to

see enhanced stress reactions by the cells due to overfeeding—especially at later time stages—usually

present in IPTG induced cultures. Though we see only very little levels of glucose or glycerol

accumulation in our HPLC measurements (data not shown). This could be, as the fermentation

conditions in the induction phase are respectively mild. Temperature is decreased to 30 ◦C and

induction with lactose is regarded to be a softer induction than IPTG, as lactose can be metabolized

by E. coli [22,23]. In literature, it has been reported that the catabolic repression increases with higher

temperatures [60]. Altering the temperature in the induction phase would have probably led to

very different results in lactose uptake rates as well as different product data. Also, we want to

highlight that every induction here was only performed with a one-time lactose pulse, which is most

likely an insufficient induction, as there may be too little inducer in the media, which can be seen in

Figure 2. In the following development steps, mixed feeds using glycerol in combination with lactose

must be established and measured as this would lead to a constant and complete induction of the

system. However, the product data supports the results that most probably very different regulation

mechanisms in E. coli lead to the same visible uptake rates in Figure 1, but have severe effects on the

productivity on the different carbon sources.

Physiological analysis using flow cytometry (FCM) is presented in Figure 6a,b. The NP strain

given in Figure 6a has very similar appearance for glucose and glycerol, respectively, increasing

number of dead cells by increasing the feeding rate beyond a certain threshold, imposing stress to the

cell. Throughout the whole experimental design, producing cells grown on glycerol exhibit a smaller

cell size compared to cells grown on glucose (not shown). Since cell debris and residual particles are

seen at similar cell sizes like glycerol grown cells a general higher abundance is present during those

cultivations. To cope with this problem, FCM data after the non-induced fed-batch is subtracted from

the subsequent measurements.
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Figure 6. (a) Flow cytometry (FCM) analysis of NP strain 5 h after lactose pulse. As no protein data are

received from these cultivations, the induction time was limited to 5 h; (b) FCM analysis of the product

producing strain. Glycerol imposes stress at low feeding rates, while glucose shows increase in cell

stress beginning at about 0.25 g/g/h.

The viability of both cultivation strategies for an induction time of 6 h—often used for IB

production at industrial scale—is given in Figure 6b, with a strong contrast between glucose and

glycerol. While cells fed with glucose show no cell lysis at low qs,C levels and are very similar to

NP strain in Figure 6a, glycerol shows certain stress reaction resulting in about 5% dead cells until

a 0.2 g/g/h. Afterwards, stable conditions for glycerol can be found, while stress is induced at

glucose-fed systems starting at about 0.25 g/g/h. As the overnight fed-batch phase generally exhibited

a qs of 0.25 g/g/h, the switch to very low qs,C in the induction phase, combined with the lactose pulse,

may impose the cell stress seen in 5% dead cells in Figure 6b. This corresponds well to the product

data in Figure 5 with similar or even higher productivity of glucose at low qs,C levels, but higher

productivity for glycerol at moderate to high levels. Including the fact that glycerol shows higher

biomass yields during induction with lactose, glycerol may be well used as an alternative main

carbon source in E. coli cultivations, even though glucose has high affinity to the phosphotransferase

system (PTS). It has already been reported that addition of glycerol to a glucose-lactose induction

system increases product formation [20,61]. As glycerol needs increased cAMP levels, which are also

needed for lactose uptake [37], this might be a key function in regulating higher lactose uptake and

subsequently increasing productivity and product titer.

Furthermore, as glycerol is a cheap media compared to glucose, an application of glycerol in

mixed-feed system with lactose may be highly beneficial for recombinant protein production performed

in industry.

4. Conclusions

In this work, the effects of glycerol or glucose on lactose uptake rates for an IB-based process

using E. coli BL21(DE3) were investigated. Feeding and uptake rates are compared and evaluated in

terms of productivity and physiology using FCM.

It is shown that both C-sources show identical lactose uptake rates as a function of qs,C. The used

model-based approach already performed for different products in Wurm et al. [40] can be used for

description of both curves. It has been detected that glycerol is beneficial over the usage of glucose for

maximising the recombinant protein production of a lactose induced system.

Glycerol and glucose most probably exhibit different regulation of the carbon catabolite

repression—the reduction of lactose uptake at higher qs,C levels. This hypothesis is supported

by cultivation and evaluation of a non-producer strain exhibiting the expected behaviour for both
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C-sources, respectively. As this behaviour was not seen in the producing strain, it seems like the

expression hosts are performing at maximum capacity in recombinant protein production. Additionally,

glycerol is referred to different metabolic pathways [42], eventually increasing the metabolic flux [55]

towards recombinant protein production.

Physiology and productivity support the hypothesis that glycerol is promising C-source for

cultivations using mixed feed systems with moderate to high qs,C values in order to boost time-space

yields. As scale-up in E. coli systems can be performed relatively easily [1], the much lower costs of

glycerol, when compared to glucose respectively, might provide interesting options for industrial and

other large scale applications.
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Abstract: Today’s yeast total biomass and viability measurements during the brewing process are

dependent on offline methods such as methylene blue or florescence dye-based staining, and/or the

usage of flow cytometric measurements. Additionally, microscopic cell counting methods decelerate

an easy and quick prediction of yeast viability. These processes are time consuming and result

in a time-delayed response signal, which not only reduces the knowledge of the performance of

the yeast itself, but also impacts the quality of the final product. Novel approaches in process

monitoring during the aerobic and anaerobic fermentation of Saccharomyces cerevisiae are not only

limited to classical pH, dO2 and off-gas analysis, but they also use different in situ and online sensors

based on different physical principles to determine the biomass, product quality and cell death.

Within this contribution, electrochemical impedance spectroscopy (EIS) was used to monitor the

biomass produced in aerobic and anaerobic batch cultivation approaches, simulating the propagation

and fermentation unit operation of industrial brewing processes. Increases in the double-layer

capacitance (CDL), determined at frequencies below 1 kHz, were proportional to the increase of

biomass in the batch, which was monitored in the online and inline mode. A good correlation

of CDL with the cell density was found. In order to prove the robustness and flexibility of this

novel method, different state-of-the-art biomass measurements (dry cell weight—DCW and optical

density—OD) were performed for comparison. Because measurements in this frequency range

are largely determined by the double-layer region between the electrode and media, rather minor

interferences with process parameters (aeration and stirring) were to be expected. It is shown that

impedance spectroscopy at low frequencies is not only a powerful tool for the monitoring of viable

yeast cell concentrations during operation, but it is also perfectly suited to determining physiological

states of the cells, and may facilitate biomass monitoring in the brewing and yeast-propagating

industry drastically.

Keywords: brewing; S. cerevisiae; electrochemical impedance spectroscopy; fermentation technology;

inline sensors
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1. Introduction

Microbial cultivations play a key role in many different fields, such as in food, drug and bulk chemical

production, as well as in waste-to-value concepts [1]. Process monitoring, such as pH, dissolved oxygen

(dO2) and off-gas analysis, is state of the art in today’s industrial cultivations for guaranteeing product

quality and safety. However, the most important parameter in bioprocesses, the biomass, can only be

determined using offline methods or complex soft-sensor applications [2]. These control systems are often

dependent on inline/online/at-line detection systems, such as high-performance liquid chromatography

(HPLC) for metabolites, off-gas balance, and/or dielectric spectroscopy measurements. The use of accurate

and reliable biomass measurement systems [3,4], especially of viable cell concentrations (VCCs), enables

proper process control tools, which lead subsequently to more robust and reliable bioprocesses. The VCC is

measured using offline measurement principles including marker proteins or fluorescence probes, such as

flow cytometry or confocal microscopy [5,6]. Because these control and analytical tools are cost intensive,

classical bulk food products—such as yeast and beer—are produced in rather uncontrolled environments.

Not only the complex raw material, but especially growth conditions of the yeast (propagation and

fermentation) are of high importance for the quality of the final product. The implementation of online

vitality measurements in the brewing industry has historically been hindered by affordable, simple, robust

and reproducible tests [7].

In general, online and inline biomass measurement approaches are rather scarce and are based on

physical measurement principles. One principle generally applied is high-frequency alternating current

(AC) impedance spectroscopy with high field amplitudes, used on the basis of the ß-dispersion [8,9].

Cells with an integer cell membrane affect the relative permittivity between two electrodes and,

therefore, this signal is used for the estimation of VCCs. A detailed description of the measurement

principles can be found in [10–13].

The model organism for the application of AC measurements in the ß-dispersion range is yeast,

being a very important expression host for recombinant proteins [14–16]. Additionally, approaches

towards more complex expression systems, such as filamentous fungi and Chinese hamster ovary

(CHO) cells, are already performed [17–19]. These measurements show a strong dependence upon

physical process parameters (such as aeration and stirring—causing gas bubbles, temperature shifts

and pH gradients), and are furthermore highly affected by changes in the media’s composition

during cultivation.

However, not only high-frequency impedance spectroscopy in the ß-range can be used for the

determination of biomass, but changes of the electrical double layer by the adsorption/desorption

of cells at the electrode surface (detectable at low frequencies in the mHz range; α-dispersion) can

also provide valuable information. Besides the cell type itself (cell wall/membrane compositions,

size and shape), many physical parameters, especially in the media (pH and ion concentrations),

can influence the potential distribution in the double layer [20,21]. Furthermore, the given method

via α-dispersion detection is capable of detecting even very small numbers of bacteria in soil, food

and feces-polluted water using interdigitated microelectrode designs [22–27]. These studies were

only performed at a very small scale and with a low cell concentration. In general, a threshold in the

measurement was present at low cell concentrations. Exceeding this limitation, over time, very stable

signals were achieved in these studies. Besides direct measurements in the broth, a modified electrode

system in an interdigitated design can be used [28–30]. First approaches towards process monitoring

were shown by Kim et al. [31], who worked with an inline sensor used in the lower frequency range

between 40 Hz and 10 kHz for the real-time monitoring of biomass. Kim et al. showed the feasibility

for measuring changes in the double-layer capacitance (CDL), but no analysis of the CDL itself was

performed; only discrete extracted values for distinct frequency values were used. Recent studies on

Escherichia coli showed reasonable results for VCC determination not only in the batch phase, but also

in the fed-batch approaches, leading to far higher cell densities [32].

In this study, impedance measurements in the α-dispersion range were performed during the

batch-based cultivation of Saccharomyces cerevisiae aimed for usage in brewing applications. Different
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state-of-the-art methods were applied for determination of the corresponding total biomass—dry

cell weight (DCW) and optical density (OD610) offline. Flow cytometry (FCM) in combination with

the fluorescence dye (bis-(1,3-dibutylbarbituricacid)trimethineoxonol) (DiBAC) was used for a cell

physiology evaluation to account for changes in the viability during cultivation. With this knowledge,

we were able to correlate the total biomass to the extracted CDL.

A prototype inline probe was designed and built for easy plug-in measurements of the biomass.

Online and new inline probes were tested using defined media with glucose and maltose in different

concentrations and with malt extract as the complex base material in brewing.

2. Materials and Methods

2.1. Expression Host and Cultivation

All cultivations were performed using the S. cerevisiae strain, supplied by Brauerei GUSSWERK

(Salzburg, Austria). For the preculture, 500 mL of sterile Delft medium was inoculated from frozen

stocks (1.5 mL; −80 ◦C) and incubated in a 2500 mL High-Yield shake flask for 20 h (230 rpm; 28 ◦C).

Batch cultivations were performed in a stainless-steel Sartorius Biostat Cplus bioreactor (Sartorius,

Göttingen, Germany) with a 10 L working volume, and in an Infors Techfors-S bioreactor (Infors

HT; Bottmingen, Switzerland) with a 20 L working volume. Aerobic batches were cultivated using

1000 to 1400 rpm stirrer speeds with an aeration of 2 vvm. Anaerobic batches were cultivated at

600 rpm and with a 2 to 4 L/min N2 flow. The composition of the defined Delft medium used was as

follows: 7.5 g/L (NH4)2SO4, 14.4 g/L KH2PO4, 0.5 g/L MgSO4·7H2O, 2 mL of trace metal stock, 1 mL

of vitamins, 50 µL of polypropylenglycol (PPG) as Antifoam, and maltose and glucose in different

concentrations as a carbon source. For the malt extract-based fermentation, a preculture with Delft

media was cultivated, which was afterwards inoculated into the malt extract solution (150 g/L malt

extract in deionized water; Weyermann, Bavarian Pilsner, Bamberg, Germany).

2.2. Analytical Procedures

For the DCW measurements, 1 mL of the cultivation broth was centrifuged at about 9000 g,

subsequently washed with 0.9% NaCl solution, and centrifuged again. After drying the cells at

105 ◦C for 48 h, the pellet was evaluated gravimetrically. DCW measurements were performed in five

replicates and the mean error for DCW was about 3%. Offline OD610 measurements were performed

in duplicates in a UV/VIS photometer, Genisys 20 (Thermo Scientific, Waltham, MA, USA).

Verification of the cell viability in defined medium samples was performed using FCM

measurements. After the addition of DiBAC (Thermo Scientific, Waltham, MA, USA), the diluted

cultivation broth was measured using a CyFlow Cube 8 flow cytometer (Sysmex-Partec, Bornbach,

Germany). DiBAC is sensitive to the plasma membrane potential, and therefore a distinction between

viable and non-viable cells can be achieved. Detailed information on the viability assay can be found

elsewhere [33]. The overall errors for this method were in the range of 0.5% to 1%.

Sugar concentrations in the fermentation broth were determined using a Supelco C-610H HPLC

column (Supelco, Bellefonte, PA, USA) on an Ultimate 300 HPLC system (Thermo Scientific, Waltham,

MA, USA) using 0.1% H3PO4 as a running buffer at 0.5 mL/min. Ethanol concentrations were

determined using an Aminex HPLC column (Biorad, Hercules, CA, USA) on an Agilent 1100 System

(Agilent Systems, Santa Clara, CA, USA) with 40 mM H2SO4 as a running buffer at 0.6 mL/min.

Cultivation off-gas was analyzed by gas sensors: IR for CO2 and ZrO2-based for O2 (Blue Sens

Gas analytics, Herten, Germany).

2.3. Impedance Measurements

Physical analysis of VCCs in state-of-the-art capacitance probes, which rely on β-dispersion

(107–104 Hz), show a high dependence on process parameters (e.g., stirring, temperature, pH, salt and

substrate concentration, etc.) and the cultivation phase (exponential growth phase, starvation phase,
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etc.) [12,33]. We focused the measurement on a different physical phenomenon (α-dispersion), which yields

valuable information mainly regarding the biomass concentration. The “α-dispersion effect”, at frequencies

below 10 kHz, which is most likely a result of deformation of ionic species around the cell membranes,

was used for these measurements. The dielectric response was therefore proportional to the ionic charge

gathered around the membrane of adsorbed cells on the electrode [20,21]. Impedance measurements were

recorded in the range of 106 to 10−1 Hz with amplitudes of 100 to 250 mV using the Alpha-A high-resolution

dielectric analyzer (Novocontrol, Montabaur, Germany). Because measurements in this frequency range

are largely determined by the double-layer region between the electrode and the media, rather minor

interferences with the process parameters (aeration and stirring) were to be expected. Online flow cells

showed the benefit of a laminar flow through the cell and minor turbulence, but they generally had the

problems of differences in the process state (side stream) and of performing sterilization procedures. Inline

probes should overcome these problems, but they may be strongly affected by the process parameters.

Details on the fitting procedure and data evaluation are given in [32].

2.4. Inline Probe Construction

As online probes are not directly situated inside the reactor but are often supplied by a side stream

of the fermentation broth, changes in the metabolism in this time interval may be highly possible,

but less disruption of the signal is also observed by the stirring and aeration of the system. Furthermore,

online probes always pose the danger of contaminating the process, as the sterile barrier is not kept

inside the fermenter. Therefore, for sterile processes without constant streams of broth, the assembly of

an inline probe prototype used a commonly used 25 mm B. Braun safety port with O-ring (Ingold

connector). Materials were chosen to be permanently stable at 130 ◦C, and could easily sustain in situ

autoclavation procedures. The physical analysis of VCCs was monitored and investigated by the inline

probe sketched in Figure 1.

−

 

Figure 1. Sketch of the inline probe prototype indicating used materials and wiring. Connection to the

impedance analyzer was performed using a four-point BNC (Bayonet Neill–Concelman) connector.

The body as well as the electrodes of the inline probe consist of high-grade steel, that is, austenitic

stainless steel, which is approximately 140 mm in length and at least 12 mm in diameter. Each electrode

has a diameter of 10 mm. The gap between the electrodes is approximately 2 mm.
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3. Results and Discussion

3.1. Aerobic and Anaerobic Batch Cultivations in Defined Media Monitored in Online Mode

Yeast, as a well-known host for diauxic growth, was cultivated aerobically and anaerobically

using different carbon sources, preliminarily present in malted barley and wheat grain. A batch-based

design was used in both cultivations. Growth rates of corresponding cultivations in Figure 1 are

given in Table 1. The specific growth rate describes the increase of biomass in a given time interval

normalized to the biomass inside the reactor (dx/dt*1/x(t), with x being the biomass).

Table 1. Specific growth rate µ of batch phases determined by offline dry cell weight (DCW) measurements

(given in Figure 1).

Cultivation µ (1/h)

Aerobic 0.345 ± 0.04
Anaerobic 0.150 ± 0.02

3.1.1. Raw Data and General Considerations

The measured impedance raw data were analyzed by a resistance RDL in parallel to a non-ideal

capacitance (constant phase element) CPEDL (parameter Q, n). These elements most likely originate

from the double-layer region close to the electrode and can be expressed by Equation (1):

ZDL = 1/(RDL
−1 + (iω)n

× QDL) (1)

where ω is the arc frequency and i is the imaginary number; n and Q are obtained from a fit to

experimental data. In principle, these parameters can be used to calculate the CDL according to

CDL = (RDL
1−n

× QDL)1/n.

The aerobic growth of yeast results in partial aerobic metabolism and partial fermentation,

well known as the Crabtree effect. During anaerobic growth, sugars are solely fermented to ethanol.

The corresponding DCW and OD of two cultivations are given in Figure 2a. During growth on a high

concentration of glucose, the respiratory capacity was generally too low, and ethanol was produced

simultaneously. The sugar decrease and ethanol production are given in Figure 2b, which includes the

Q value of the online impedance probe. Upon sugar depletion in the fermentation broth at t = 12 h,

a strong decrease in the impedance signal is observed, which corresponds to the growth on ethanol.

Anaerobic growth on glucose yielded much higher ethanol concentrations (about 1.5 vol % in this

run), as shown in Figure 2c. The impedance signal increased over time with a maximum upon the

complete glucose depletion. Because ethanol cannot be metabolized anaerobically and accumulates

in the supernatant, no change in cell metabolism, but rather a shift from exponential growth into

the stationary phase, was expected. Therefore, no steep drop in the impedance signal, but a smooth

decrease over several hours, was observed.
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Figure 2. (a) Time courses of the dry cell weight (DCW; g/L) and optical density (OD; AU) for the

aerobically and anaerobically cultivated S. cerevisiae. Corresponding µ values are given in Table 1.

(b) Impedance signal (constant phase element-Q: CPE-Q) and maltose/ethanol concentrations over

time during the aerobic cultivation. A drop in the impedance signal is visible after depletion of maltose

(change in metabolism). A further small increase upon ethanol uptake can be observed, until the second

carbon source was depleted. (c) Impedance Signal (here, CPE-Q) and glucose/ethanol concentrations

during the anaerobic cultivation. No sudden decrease of the impedance signal is spotted after depletion

of glucose in the media; rather, a constant decrease in the signal can be observed.

3.1.2. Aerobic Cultivations

The double-layer resistance (RDL) could not be fitted accurately [32] (especially for the inline

probe) as a result of the high overall fitting error, as already observed for cultivations with E. coli.

Furthermore, n values, received from fittings with CPE elements, showed deviations dependent on the

cultivation state (aerobic/anaerobic) and especially on the type of probe (inline/online). These changes

in the n values made a comparison of runs difficult. For a better description of the different metabolic

states, the fitting procedure was modified. For easier comparability of the performed runs, n was fixed

to be 1 in the following data analysis, reflecting the idealized capacitance (Cideal) of the sample.

Measured values for biomass determination (OD610 and DCW) were correlated to the received

idealized impedance signal referred to as Cideal. The corresponding data for aerobic cultivations on

glucose as well as on maltose are given in Figure 3a for OD and in Figure 3b for the DCW measurement.
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Figure 3. (a) OD610 vs. extracted capacitance of the impedance signal in aerobic cultivations with

glucose and maltose. (b) DCW vs. extracted capacitance of the impedance signal in aerobic cultivations.

Very similar responses are obtained for both cultivations, irrespective of the used C-source.

The late stage during the end of the batch cultivation showed deviations in the impedance

signal as a result of metabolic changes in the system (compared to Figure 2b). Deviations between

glucose and maltose may have been a result of a different sugar transportation through the membrane.

Because maltose uptake is mediated by a proton-mediated symporter, a change in the counterion-cloud

and therefore changes in the overall impedance would be very likely [34]. Furthermore, changes

in the overall membrane structure, producing maltose-transporting proteins (maltose permease),

not present in glucose-grown cells, may have changed the magnitude of the impedance signal in

these cultivations. However, the impedance signal, especially at the end of the aerobic batch-phase,

held valuable information on the present metabolism of S. cerevisiae.

3.1.3. Anaerobic Cultivations

Ethanol production may have had further effects on the impedance signal, holding information

on the physiological state of the system. Sugar concentrations of up to 200 g/L showed no effect

on the magnitude of the impedance signal [32]. However, growth conditions of S. cerevisiae may

have impacted on the impedance signal. To test the impact of growth conditions, different anaerobic

cultivations (ANA) were performed, according to Table 2. Oxygen from air was eliminated with a flow

of nitrogen at 4 L/min through the fermenter. Gas analysis of the off-gas confirmed the absence of

oxygen throughout the entire batch.

Table 2. Starting sugar concentrations in different anaerobic batch runs (ANA) extracted by high-pressure

liquid chromatography (HPLC) measurements.

Cultivation Maltose (g/L) Glucose (g/L)

ANA1 — 32.7
ANA2 44.4 54.2
ANA3 — 22.5

Raw data for cultivations with a different sugar concentration (compared to Figure 2c),

including maltose and glucose grown anaerobically, showed high ethanol concentrations, which reached

a maximum of about 3 vol % in these cultivations (ANA2).

Anaerobic growth could be well described, except for very early time points, when cell densities

were below the threshold of about 0.3 g/L. For inline OD measurements, very similar results could be

obtained (not shown). Generally, the fits for aerobic and anaerobic cultivations are used to estimate

biomass in real-time for the aerobic and anaerobic runs. As a very good linear description can
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be obtained in anaerobic runs, the real-time estimation of biomass is straightforward, as shown in

Figure 4a,b, after normalization to the threshold of the impedance signal.

Figure 4. (a) Idealized capacitances of anaerobic runs exhibiting sugar concentrations of up to 100 g/L

in the fermentation broth (mixture of maltose and glucose). Ethanol concentrations reached 3 vol %.

Different absolute values could be found in these cultivations, but the increase of the impedance signal

with DCW is very similar. (b) DCW vs. delta of impedance signal (ideal capacity) in the anaerobic runs.

Normalization to the threshold value of about 0.3 g/L resulted in very reproducible signals for very

different fermentation runs.

Using these results, DCW (half-filled circles) values are well described by the impedance signal

over the process time (Figure 5a). A general quality of the fit is given in Figure 5b. The calculated

DCW versus the measured DCW is situated close to the first median. Values not situated along the first

median indicate the overall error in the fitting routine, compared to a residual analysis. As cell densities

were very low during these cultivations, errors during the DCW measurement were about 10% of the

actual mean value (highlighted for ANA2 in Figure 5b). When comparing the accuracy and threshold

to those of E. coli cultivations, S. cerevisiae cultivations had a very good reproducibility for aerobic and

anaerobic growth using the online impedance probe, even in the low-biomass concentration regime.

A threshold of about 0.3 g/L DCW also gives a strong benefit for monitoring highly dynamic systems.

Figure 5. (a) Biomass calculated from the impedance signal fit extracted in Figure 4a, including

offline-measured DCW values as circles. Flow cytometric measurements confirmed that no dead

population is visible; thus, DCW can be compared to the viable cell concentration (VCC) in these

runs. (b) Residual analysis of the three anaerobic runs. Despite the low cell densities, a very accurate

correlation can be found in all cultivations. Error bars are exemplarily plotted for the ANA2 cultivation.
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3.2. Aerobic and Anaerobic Cultivations in Defined Media Using the New Inline Probe

The impedance signal in the online mode could be used to estimate the viable cell concentrations

in the aerobic and anaerobic cultivations. The newly built inline probe prototype was measured

alternating to the online probe in two cultivation runs (one aerobic and the other anaerobic). Impedance

raw data of the aerobic run are given in Figure 6a. Two very distinct features are visible. At higher

frequencies, a shift to negative differential resistances is visible. Similar phenomena have already been

observed in E. coli fermentations, even before inoculation of the system [32]. Further, a reduction of

the capacity by an order of magnitude is observed between the online probe and the inline probe,

compared to Figure 6a.

The capacitance of our almost-ideal plate capacitor design, as built in the inline and online probe,

is proportional to

C = ε·d/A (2)

where C is the capacity (F), d the distance between the plates, ε is the dielectric constant (εR·ε0), and A

is the area of the electrode. For an electrode with half the diameter, the capacitance signal should

decrease by a factor of 4. Stirring and aeration of the system may have effects on the used electrode

area, and may reduce the measured capacitance even more.

The extracted idealized capacitance of an aerobic run measured using the inline probe is given

in Figure 6b, including process values of glucose consumption and ethanol production. Gaps in

the time scale were caused by alternating measurements of the inline and online probes during

the cultivation. After 1 h, an increasing signal in the capacitance was found, in accordance with

measurements using the online probe. However, higher fluctuations in the signal were visible, making

a smoothing of the raw capacitance signal beneficial. Smoothing was performed in the aerobic

fermentation using the OriginPro 9 (Northampton, MA, USA) five-point fast fourier transformation

(FFT) smoothing procedure.

C = ε

ε is the dielectric constant ε ε

Figure 6. (a) Impedance raw data in the Nyquist plot for an aerobic cultivation. Black squares represent

the signal from the online probe—enlarged in the inlay—and red triangles, the inline probe at similar

time stages. Capacitance of the inline probe is one order of magnitude lower (as a result of smaller

electrode areas). (b) The dependence of the impedance signal (not smoothed), glucose consumption

and ethanol production in an aerobic cultivation using the inline probe.

The smoothed signals—especially for the aerobic run—were then used for fitting the biomass

data. The corresponding results are given in Figure 7a. Clearly, a higher threshold for accurate data

acquisition was found for the inline probe, it having the lower limit of 1 g/L DCW biomass (compared

to about 0.3 g/L for the online probe). Exceeding the threshold, a good linear trend can generally be

seen for the aerobic and anaerobic fermentation in both samples.
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Figure 7. (a) Impedance signal vs. offline DCW for aerobic (circles) and anaerobic (squares) cultivations

with linear fits beyond a threshold of 1 g/l DCW. (b) Impedance signal of aerobic run (smoothed),

calculated via a linear fit into a viable biomass. This is correlated to the offline DCW. (c) Impedance

signal vs. DCW of the anaerobic run.

The correlations of the calculated biomass compared to the offline biomass are given in

Figure 7b,c. Early stages without pronounced growth could not be monitored during the cultivation.

The exponential growth could be described accurately with the inline probe, despite high aeration

and stirring rates. Promising results were also obtained for the anaerobic cultivation, despite higher

fluctuations in the signal. For defined minimal media, the measurement with the inline probe showed

reproducible, stable results in the used systems (Sartorius and Techfors with 10 to 20 L as the maximum

volume of the fermenter).

Larger systems in the brewing industry, including longer residual times in the side stream,

may affect the online signal and change the absolute impedance signal and slopes of the DCW

versus capacitance curves. Furthermore, larger tank reactors may include inhomogeneities within the

system, which have effects on the signal and have to be taken into account. As residual times in the

different bypasses may result in high variations, online probes therefore should be calibrated within

the measurement system. Signals of the assembled inline probe are affected by process conditions such

as stirring and aeration, which results in higher fluctuations of the signal in general. An increase in

the electrode area may have a beneficial impact on the stability of the signal, as absolute capacitance

values are one order of magnitude lower, compared to the online probe.

3.3. Aerobic Growth of Yeast on Complex Malt Extract Medium

Defined media have the advantage of good reproducibility and easy analytics, such as OD for

biomass determination and HPLC for sugar/ethanol analytics, and are therefore perfectly suited for the

first development steps. However, because defined media are scarce in their use in industrial processes

for yeast production, malt extract for the production of pilsner beer was used for this cultivation run.

Complex media such as malt extract and molasses often have the drawback that OD measurements

generally show a very high blank adsorption (especially in the IR range), and cannot easily be used

online in those cultivations for the determination of the total biomass.
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The performed cultivation was analyzed by HPLC and off-gas analytics to determine the end of

the batch phase. HPLC data for sugar and ethanol are given in supplementary Figure S1. A mixture

of different mono- and poly-saccharides was consumed during fermentation. This led to 10.6 g/L

DCW and 3.2 vol % ethanol after the batch phase, at about t = 16 h. Online and inline impedance

measurements were performed in the alternating mode for one cultivation. Raw data for the online

impedance signal is given in Figure 8a, including information on the ethanol concentration during

the cultivation. A steep increase is followed by a shoulder at about 13 h of the cultivation time,

which may indicate a change in the sugar metabolism at the end of the batch phase. At process

time t = 16 h, a decrease of the impedance signal is visible, generally observed for growth on ethanol.

However, the decrease in the signal is rather smooth, compared to the distinct drop in defined media

(Figure 2b). Interpolation of the signal and five-point FFT smoothing was performed to reduce the

noise in the signal. The same procedure was performed for the inline impedance signal, given in

Figure 8b. For the inline signal, a distinct decrease of the capacitance can be spotted after the end of

the batch phase, which is accompanied by an increase of ethanol growth at a later process time.

The obtained smoothed and interpolated data are compared to the DCW taken and plotted in

Figure 8c for the online probe and in Figure 8d for the inline probe. The slopes of the signals are very

similar to extracted values for defined media samples (red/blue dots). However, an obvious shift in

the signal intensity can be observed for both probes.

Figure 8. (a) Impedance signal over the cultivation time for the online probe using only malt extract as

growth media. The line (orange) shows the interpolation procedure. As for related aerobic cultivation,

a drop in the impedance is observed after consumption of sugars. (b) Impedance signal raw data,

interpolated and smoothed for the inline probe. (c) Normalized impedance signal vs. DCW for the

online probe using malt extract compared to defined media. (d) Normalized impedance signal vs.

DCW for the inline probe using malt extract and defined media with glucose.



Chemosensors 2017, 5, 24 12 of 14

A linear fitting was applied to the impedance versus DCW plot in Figure 8c, and DCW was

calculated through the impedance signal and compared to the offline measured signal in Figure 9.

Beyond the given threshold of 1 g/L, a good description of the process could be achieved by the usage

of the inline probe.

Figure 9. Impedance signal vs. DCW for the inline probe in complex medium: malt extract. A good

description is found beyond 1 g/L DCW in this experiment.

On the basis of these first measurements in complex media, impedance spectroscopy at frequencies

in the kHz to mHz range seems to be a promising tool for online process monitoring in yeast production

processes, and possibly even in anaerobic refining processes in brewing applications. The present

decrease in the signal upon complete sugar consumption is a powerful feature in terms of a stop

criterion in these cultivations. An optimization of the signal-to-noise ratio, especially for the inline

probe, would be beneficial for increasing the accuracy of the biomass estimation. However, tower-type

reactors rather than stirred tank reactors are generally used in brewing applications because of aroma

compound reasons [35]. Hence, the stirring and aeration rates used for the development were much

harsher compared to those used in the industry, and therefore a much more stable signal is to be

expected. Calibration of the probe may be performed once within the used system and growth media,

and it should remain stable for forthcoming measurements.

4. Conclusions

New online and inline probes based on EIS at low frequencies for the measurement of VCCs for

S. cerevisiae were tested. First, cultivations were monitored using a formerly developed online probe

for pharmaceutical E. coli fed-batch cultivations. Batch cultivations on defined media for aerobic and

anaerobic growth showed stable results, irrespective of the carbon source or concentrations. A newly

assembled inline probe was tested in aerobic and anaerobic cultivations in defined media and was

compared to the online probe. A good description of the biomass growth during the process was

achieved. Besides the determination of the biomass during the cultivation, physiological states could be

determined, depending on the respiratory condition of the cells. This measurement setup for biomass

is highly beneficial, especially in complex media such as malt extract or molasses, as optical online

methods cannot be used in such optically dense media. The developed system therefore shows high

potential for monitoring cell growth and harvest time points for yeast- and beer-producing industries.

Supplementary Materials: The following are available online at www.mdpi.com/2227-9040/5/3/24/s1. Figure S1:
HPLC data of the used pilsner malt extract at different time stages. Increase of ethanol is applicable due to late
retention time in the chromatogram. Glucose and Galactose are first, afterwards the disaccharides are consumed by
the cells. After consumption of all easy accessible sugars, growth on ethanol starts leading to a decrease in ethanol
concentration overnight.
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Abbreviation

dO2 dissolved oxygen

CDL double layer capacitance

EIS electrochemical impedance spectroscopy

DCW dry cell weight

OD optical density

VCC viable cell concentration

AC alternating current

CHO Chinese hamster ovary (cells)

DiBAC (bis-(1,3-dibutylbarbituricacid)trimethineoxonol)

HPLC high-pressure liquid chromatography

BNC Bayonet Neill Concelman

Z general impedance

R resistance

ω arc frequency

CPE constant phase element

ε dielectric constant
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