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ABSTRACT
Escherichia coli is among the most popular expression hosts for recombinant proteins as it offers several
advantages, such as high growth rates, simple genetic manipulation and low risk of contamination.
However, a major drawback is that the product accumulates intracellularly. During expression in the
cytoplasm, the folding machinery is often overloaded, leading to physiological stress and the formation
of insoluble inclusion bodies. Although high productivity and purity can be achieved by insoluble
expression strategies, downstream processing of inclusion bodies entails complex solubilization and
refolding procedures. To improve protein solubility, stability and activity, the product may be
translocated through the inner membrane into the periplasm by adding an appropriate signal sequence.
Due to the oxidative environment of the periplasm, translocation is particularly important for the correct
folding of proteins containing disulfide bonds. Yet, periplasmic proteins are usually retained by the outer
membrane and must be extracted by disrupting the cell envelope. In current industrial scenarios, this is
done by complete cell lysis, which leads to the release of host cell protein (both periplasmic and
cytoplasmic), DNA and membrane lipids. These impurities severely hamper subsequent purification
steps and thus create a bottleneck in the downstream process. Extracellular protein production can
overcome this limitation. Furthermore, it may facilitate the transition to continuous bioprocessing with
E. coli.
Extracellular protein production can be achieved by selective permeabilization of the outer membrane
and consequent leakage of the product to the medium. However, there is still a lack of industrially
applicable methods for selective extraction of periplasmic proteins. Outer membrane permeability may
also be enhanced in the upstream process. Genetic engineering of the E. coli cell envelope has been
employed for the construction of various mutants displaying permanent leakiness. However, most of
these hosts display impaired growth or viability and there is limited knowledge on how to control
leakiness during the cultivation of such strains. Regardless of the method for outer membrane
permeabilization, disintegration of the inner membrane (i.e. lysis) often co-occurs. Thus, methods for
rapid, differential monitoring of inner and outer membrane integrity are needed, as well as strategies to
control leakiness. This would allow extracellular production scenarios aligned with the principles of
Quality by Design. In this Thesis, several aspects of extracellular protein production with E. coli were
investigated.
The literature on available methods for monitoring and controlling E. coli cell integrity during the
upstream process was studied and reviewed. While reports about real-time monitoring of leakiness and
lysis are scarce, a variety of technologies exist that might be suitable for this purpose. Regarding the
control of E. coli cell integrity, the implementation of advanced methods is still hindered by limited
mechanistic understanding of the effect of process parameters on the cell envelope.
Pulsed electric fields treatment was assessed as a novel method for continuous selective extraction of
periplasmic protein from the conventional, “non-leaky” strain E. coli BL21(DE3). It was shown that this
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procedure yields selective product recovery while keeping lysis low. Thus, this method is promising for
industrial applications.
Moreover, the utility of the recently developed E. coli X-press strain for extracellular protein production
was examined. The influence of process parameters on the host’s growth, productivity, leakiness and
lysis was studied. E. coli X-press displayed high outer membrane permeability while maintaining
viability, constituting a promising expression system for extracellular production scenarios.
Furthermore, the ecological and economic impact of utilizing E. coli X-press on the early downstream
process was analyzed and compared to an intracellular production process. Purification experiments
were combined with process modeling to estimate costs and resource consumption. Thereby, the benefits
of extracellular production with E. coli X-press for the downstream process were demonstrated.
Finally, two methods were studied for their applicability to monitor E. coli cell integrity. On one hand,
it was shown that high-resolution measurements of culture medium density can be used to detect the
onset of leakiness presenting a valuable addition to the ensemble of monitoring techniques. In addition,
in-line Attenuated-Total-Reflectance Fourier-Transform-Infrared spectroscopy in combination with
chemometrics was assessed as a monitoring tool. The potential of this method as well as its limitations
for use in E. coli cultivations were demonstrated.
Overall, the knowledge and methods generated in this Thesis contribute to the understanding and control
of E. coli cell leakiness and will aid future bioprocessing with this microorganism.
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Escherichia coli ist eines der gängigsten Expressionssysteme für rekombinante Proteine. Zu seinen
Vorteilen zählen hohe Wachstumsraten, einfache genetische Manipulierung und geringes
Kontaminationsrisiko. Ein signifikanter Nachteil ist jedoch, dass das Produkt intrazellulär akkumuliert.
Während der Expression im Zytoplasma wird der Apparat für Proteinfaltung oftmals überladen, was zu
physiologischem Stress und zur Bildung von unlöslichen Inclusion-Bodies führt. Obwohl durch
unlösliche Expression hohe Produktivität und Reinheit erzielt werden können, bedarf die Aufreinigung
von Inclusion-Bodies komplexer Solubilisierungs- und Rückfaltungsschritte. Um die Löslichkeit,
Stabilität und Aktivität des Produkts zu verbessern, kann es durch die innere Membran in das Periplasma
geschleust werden, indem eine entsprechende Signalsequenz angehängt wird. Translokation ist aufgrund
der oxidativen Umgebung des Periplasmas besonders wichtig für die korrekte Faltung von Proteinen
mit Disulfidbrücken. Dennoch werden periplasmatische Proteine durch die äußere Membran im
Zellinneren gehalten und müssen durch Disruption der Zellhülle extrahiert werden. In aktuellen
industriellen Verfahren geschieht dies durch komplette Zelllyse, was die Freisetzung von
zytoplasmatischen sowie periplasmatischen Wirtsproteinen, DNA und Lipiden zur Folge hat. Diese
Unreinheiten erschweren die folgenden Reinigungsschritte und führen somit zu einem Engpass im
Downstream-Prozess. Diese Limitierung kann durch extrazelluläre Proteinproduktion überwunden
werden. Außerdem kann diese den Übergang zu kontinuierlichen Prozessen mit E. coli erleichtern.
Extrazelluläre Proteinproduktion kann zustande gebracht werden, indem die Durchlässigkeit der
äußeren Membran selektiv erhöht wird und damit das Produkt in das Medium austritt (sog. „Leakiness“).
Es gibt jedoch noch immer keine etablierten, industriell anwendbaren Methoden für selektive Extraktion
periplasmatischer Proteine. Die Permeabilität der äußeren Membran kann allerdings auch im UpstreamProzess erhöht werden. Durch Genmanipulation wurde bisher eine Reihe an Stämmen entwickelt, die
permanente Leakiness aufweisen. Der Großteil dieser Systeme weist jedoch vermindertes Wachstum
oder Viabilität auf und es gibt wenig Wissen darüber, wie Leakiness in solchen Stämmen kontrolliert
werden kann. Ungeachtet der Methode zur Erhöhung der äußeren Membranpermeabilität kommt es oft
zur gleichzeitigen Desintegrierung der inneren Membran, also zur Lyse. Daher werden EchtzeitMethoden für differenziertes Monitoring der inneren und äußeren Membranpermeabilität benötigt,
sowie Strategien um diese zu kontrollieren. Dies würde extrazelluläre Proteinproduktion im Sinne von
Quality by Design ermöglichen.
In dieser Dissertation wurden verschiedene Aspekte der extrazellulären Proteinproduktion mit E. coli
untersucht.
Die Literatur über vorhandene Methoden um die Zellintegrität von E. coli zu messen und zu
kontrollieren wurde studiert und zusammengefasst. Während es kaum Berichte über EchtzeitMonitoring von Leakiness und Lyse gibt, sind einige Technologien verfügbar, welche zu diesem Zweck
eingesetzt werden könnten. Hinsichtlich der Kontrolle der Zellintegrität besteht die Hürde zur
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Umsetzung fortgeschrittener Methoden darin, dass mechanistisches Verständnis vom Einfluss der
Prozessparameter auf die Zellhülle fehlt.
Ein Pulsed-Electric-Fields-Verfahren wurde als neuartige Methode zur kontinuierlichen selektiven
Extraktion von periplasmatischem Protein aus dem konventionellen Stamm E. coli BL21(DE3)
untersucht. Es wurde gezeigt, dass dieser Prozess selektive Produktgewinnung bei geringer Lyse
gewährleistet und damit eine vielversprechende Methode für industrielle Anwendungen ist.
Weiters wurde der kürzlich entwickelte Stamm E. coli X-press auf seine Anwendbarkeit für
extrazelluläre Proteinproduktion untersucht. Der Einfluss von Prozessparametern auf Wachstum,
Produktivität, Leakiness und Lyse wurde analysiert. E. coli X-press zeigte hohe äußere
Membranpermeabilität bei hoher Viabilität und stellt somit ein vielversprechendes System für
extrazelluläre Produktionsverfahren dar. Zudem wurde die ökonomische und ökologische Auswirkung
des X-press Stammes auf den frühen Downstream-Prozess untersucht und mit einem intrazellulären
Prozess verglichen. Mittels Reinigungsexperimenten und Prozessmodellierung wurden Kosten und
Ressourcenverbrauch geschätzt. Dadurch konnten die Vorteile der extrazellulären Produktion mit E. coli
X-press für den Downstream-Prozess demonstriert werden.
Zuletzt wurde die Anwendbarkeit zweier Methoden für Monitoring der Zellintegrität von E. coli
untersucht. Einerseits wurde gezeigt, dass das Einsetzen von Leakiness mittels hochauflösender
Dichtemessungen des Kulturmediums detektiert werden kann und diese Methode eine wertvolle
Ergänzung in der Analysen-Toolbox ist. Zusätzlich wurde Attenuated-Total-Reflectance-FourierTransform-Infrarot-Spektroskopie in Kombination mit chemometrischen Analysen als MonitoringMethode getestet. Deren Potential sowie Vorbehalte für den Einsatz in E. coli-Kulturen wurden
aufgezeigt.
Das Wissen und die Methoden, die im Rahmen dieser Dissertation generiert wurden, tragen zu
Verständnis und Kontrolle der Zellintegrität von E. coli bei und werden zukünftige Bioprozesse mit
diesem Mikroorganismus erleichtern.
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INTRODUCTION
The Importance of Recombinant Proteins
The power of proteins to fulfill highly specific tasks relating to their biological function is nowadays
harnessed in a multitude of applications, ranging from biocatalysis to medical treatment. Proteins play
a particularly important role in the pharmaceutical industry since their high specificity for biological
targets reduces pharmacological side effects compared to small molecules. Innovations in drug design
and delivery are fueling the development of biotherapeutics, which made up 27% of newly approved
drugs in the past five years [1, 2]. Moreover, a wide variety of proteins is used for analytical and
production purposes in the pharmaceutical sector and beyond. The isolation of protein from its natural
source is usually cumbersome and chemical synthesis of such complex molecules is hard to achieve.
However, recombinant gene technology allows introduction of the coding DNA sequence into a suitable
expression host for efficient protein production.

An Overview of the Expression Host Escherichia coli
Escherichia coli is a Gram-negative bacterium serving as one of the most important expression systems
for recombinant proteins. The first biotherapeutic approved in 1982 was humulin, a human insulin
analogue produced by E. coli. In 2018, 22% of all therapeutic proteins licensed in the USA and the EU
were produced by E. coli, including human growth hormone, colony-stimulating factor, interferon-α,
antibody fragments and various recombinant enzymes [3]. Although monoclonal antibodies expressed
in mammalian cells currently dominate the market, emerging alternative biologics, such as antibody
fragments, single domain antibodies and other scaffolds, which can be produced in E. coli, may further
increase the bacterium’s importance in the future [4, 5].
The advantages of E. coli lie in its fast growth on cheap media, simple cloning procedures, easy scaleup and low risk of contamination [6, 7]. There are, however, several drawbacks compared to other
expression systems. Firstly, it lacks the innate ability to perform complex post-translational
modifications, especially glycosylation. Eukaryotic systems, such as mammalian cells or yeasts, are
hence preferred for the production of glycoproteins (most notably full length monoclonal antibodies)
[8]. Other drawbacks are related to the cellular – and thus functional – compartmentalization of E. coli
as a Gram-negative bacterium (Figure 1). Heterologous gene expression occurs in the cytoplasm, which
is characterized by high solute concentrations and a reductive environment. High expression rates
quickly lead to oversaturation of folding mediators, causing the formation of insoluble and partly
inactive protein aggregates, so-called inclusion bodies (IBs) [9]. This may in fact be desired, since IB
production can yield high titers, high purity and resistance against proteolytic degradation [10, 11].
However, downstream processing of IBs entails complex solubilization and refolding procedures. The
latter is particularly challenging, since high dilutions and thus large refolding vessels are needed. This
complicates efficient scale-up due to the sensitivity of the process to concentration gradients and results
1
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in low space-time yields [11]. It should be noted, though, that recent advances in the understanding of
IB processing may overcome some of the mentioned limitations in the future [12-15].

Figure 1. Schematic representation of the membrane structure and common expression routes in E. coli.
Expression occurs in the cytoplasm, where it is either folded into soluble product (1) or aggregated into inclusion
bodies (2). If a signal sequence is attached, translocation through the inner membrane (IM) into the periplasm
occurs either via the Tat-pathway as folded protein (3) or the Sec-pathway as unfolded protein (4). The signal
sequence is cleaved upon translocation. The outer membrane (OM) can become leaky (5), leading to release of
periplasmic protein to the extracellular space.

Another disadvantage of heterologous gene expression in the E. coli cytoplasm is that disulfide bonds
usually cannot form under its reductive conditions, which causes misfolding of cysteine-rich proteins.
However, engineered strains exist which allow cytoplasmic folding of such products [7]. Furthermore,
the protein can be translocated through the inner membrane (IM) into the oxidative environment of the
periplasm (Figure 1), where folding modulators of the Dsb-family aid the correct formation of disulfide
bridges [9]. Yet, the product expressed in E. coli usually remains inside the cell, as the outer membrane
(OM) also retains periplasmic proteins. The cell envelope thus needs to be disrupted for extraction of
the product. In industrial settings, this is currently done by high-pressure homogenization [16], which
leads to complete cell lysis and, consequently, unselective release of product as well as host cell protein
(periplasmic and cytoplasmic), DNA and lipids. These impurities not only have to be removed, but also
lead to fouling of filters and chromatographic resins. Therefore, intracellular accumulation of product
expressed in E. coli leads to high complexity and costs of the downstream process. Strategies for
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extracellular production, i.e. selectively releasing or secreting the product outside the cell, can mitigate
this issue.

Strategies for Extracellular Protein Production with Escherichia coli
On one hand, selective product release can be achieved with a suitable extraction method during primary
recovery. The prerequisite is that the target protein is located in the periplasm. Hence, only the OM
needs to be permeabilized. Several methods for selective OM disruption exist and can be divided into
mechanical or non-mechanical procedures. Non-mechanical methods include addition of chemical
permeabilization agents, such as detergents, chaotropic substances, organic solvents or acids [17, 18].
Furthermore, enzymatic OM disruption by lysozyme and osmotic shock have been reported and are
frequently used at lab-scale [17, 19, 20]. However, adventitious agents have to be separated from the
product after the extraction procedure and some of these compounds are expensive, making scale-up
difficult. Mechanical methods comprise ultrasonication and hydrodynamic cavitation, but selectivity
and scale-up potential of these procedures are still low [20, 21]. Hence, high-pressure homogenization
remains the industrial standard for product extraction, as it is scalable and can be operated in a
continuous manner.
On the other hand, extracellular protein production can also be enabled in the upstream process. As
conventional E. coli expression systems lack native pathways for protein secretion to the medium,
various strains have been engineered to perform this task. Two main approaches exist: one-step secretion
through both membranes directly into the extracellular space; or secretion through the IM into the
periplasm and subsequent leakage (to be distinguished from active secretion) through the OM. One-step
secretion can be done via the type I or type III secretion system (T1SS and T3SS, respectively) [22, 23].
These transporters, spanning both membranes, recognize C-terminal (T1SS) or N-terminal (T3SS)
signal sequences and secrete the unfolded protein outside the cell, with the advantage of bypassing the
periplasm. However, the cellular quality control for protein folding is thereby evaded as well and the
signal sequence is not cleaved upon secretion, leaving the protein with an unauthentic C- or N-terminus
(for T1SS or T3SS, respectively). Furthermore, T1SS and T3SS are still poorly characterized for
recombinant protein production and have not yielded competitive titers so far [23, 24]. In contrast,
secretion to the periplasm with subsequent leakage through the OM currently seems more promising for
applications in E. coli bioprocessing. Transport across the IM is done via the Sec- or Tat-pathway
(Figure 1). Both routes require an N-terminal signal sequence, which is cleaved after translocation. In
the Sec-pathway, proteins are transported in an unfolded state, while they the Tat-translocon secretes
proteins that correctly folded in the cytoplasm. Due to their higher prevalence in the IM, the Sectransporters are more frequently used for recombinant protein production [22]. The second step after
translocation to the periplasm is leakage of product through the OM. Leakiness is a common
phenomenon during E. coli bioprocesses and in conventional strains it is usually aimed to be kept at a
minimum to avoid product loss [25, 26]. However, several hosts have been engineered to display a
3
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permanently leaky OM for efficient extracellular protein production. Common targets for modification
are lipoproteins, outer membrane proteins or the peptidoglycan layer [22, 23, 27]. Wacker Biotech
patented strains with mutations in genes coding for lipoproteins [28-30] and commercialized an
expression host for extracellular protein production under the name ESETEC®. Despite high titers
achieved with some leaky mutants, their viability or growth is often impaired, limiting their applicability
for production. Furthermore, detailed information about process performance and how to cultivate such
strains is scarce. OM leakiness can also be induced, which might offer an advantage over permanently
leaky E. coli strains by enabling more control over membrane properties during the cultivation. So far,
induced leakiness has been achieved by co-expression of proteins which partially degrade the cell
membranes or the peptidoglycan structure [31-34].
Another potential strain for extracellular protein production is E. coli X-press, which was recently
developed by enGenes Biotech [35, 36]. This host was developed to solve the conflict of resource
allocation between functional biomass and recombinant protein – which is one of the main contributors
to physiological stress during heterologous gene expression – by uncoupling growth and protein
production. It is derived from the industrial standard strain E. coli BL21(DE3). Thus, it carries the gene
for T7 RNA polymerase (RNAP) under control of the strong lacUV5 promoter, which is induced by
isopropyl-β-D-thiogalactopyranosid (IPTG) (Figure 2). In combination with a plasmid carrying the
product sequence downstream of a T7 promoter (e.g. the pET plasmid), induction via IPTG initiates
heterologous gene expression by the T7 RNAP. In order to uncouple growth and recombinant protein
production, the E. coli host RNAP is repressed. This is done via co-expression of the Gp2 protein
(originating form the T7-phage), which is encoded on the genome under control of the PAraB promoter.
This promoter is induced by L-arabinose and can thus be controlled orthogonally to product expression.
The E. coli X-press system was shown to enhance soluble product expression and the strain displayed
high leakiness [35]. Further characterization of this host may reveal its potential for extracellular
production scenarios.

Figure 2. Schematic representation of the E. coli X-press system. Taken from Stargardt et al. [35] with kind
permission from the authors.
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Apart from engineering leakiness on a genetic level, it can also be influenced by process parameters
during cultivation. Temperature [18, 25, 37], substrate feed rate [38-40] and aeration [41] have been
reported to influence OM permeability. However, general understanding of the influence of process
parameters on leakiness is still missing, as the observed effects vary between different studies, which
might be due to variations in expression systems and produced proteins.

Meeting the Guidelines for Biomanufacturing
Increased OM permeability is often accompanied by a reduction in IM integrity, manifested in cell lysis
and release of cytosolic host cell impurities. Both leakiness and lysis therefore have a critical impact on
process performance, purification procedures and, ultimately, the quality of the product.
The Quality by Design (QbD) guidelines for drug manufacturers aim at ensuring product quality by 1)
defining a quality target profile including critical quality attributes (CQAs), 2) identifying key
performance indicators (KPIs), critical material attributes (CMAs) and critical process parameters
(CPPs), and 3) establishing functional relationships between KPIs, CMAs, CPPs and CQAs, in order to
employ a knowledge-based approach for designing the product quality, instead of testing the quality into
the product [42, 43]. Process Analytical Technology (PAT) is a framework proposed by the FDA [44]
and constitutes an important means for the implementation of QbD. PAT-tools perform timely
monitoring and control of KPIs and CPPs during the bioprocess to ensure the targeted CQAs.
In the context of (extracellular) protein production with E. coli, PAT-tools for differential monitoring
and control of IM and OM integrity are therefore necessary achieve target CQAs, such as protein purity
or N-terminal authenticity.
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GOAL OF THE THESIS

GOAL OF THE THESIS
The goal of this Thesis was to develop novel strategies to facilitate, monitor and potentially control
extracellular production of recombinant proteins with Escherichia coli. Firstly, the literature was studied
with the aim to review the currently available knowledge and methods for monitoring and controlling
E. coli cell integrity. Furthermore, continuous pulsed electric fields (PEF) treatment was assessed as a
method for selective extraction of periplasmic protein from the industrial standard strain E. coli
BL21(DE3). Moreover, the recently developed expression host E. coli X-press was characterized in the
upstream process. The objective was to understand the impact of process parameters on growth,
productivity, leakiness, and lysis and to investigate the strain’s applicability for extracellular protein
production. In a follow-up study, the economic and ecological impact of E. coli X-press on the
downstream process was investigated. Finally, two different methods were assessed as novel monitoring
tools for leakiness and lysis in E. coli cultures. For the first one, high resolution density measurements
of the culture medium were performed. The second one entailed in-line Attenuated-Total-Reflectance
Fourier-Transform-Infrared (ATR-FTIR) spectroscopy in combination with chemometrics.

9

HYPOTHESES

HYPOTHESES

Hypothesis 1
Literature analysis reveals the available tools and understanding for monitoring and controlling E. coli
cell integrity during recombinant protein production and reveal knowledge gaps and bottlenecks.
Approach
Literature on analytical methods that have been or can potentially be employed for monitoring
leakiness and lysis in E. coli cultures is reviewed. Furthermore, the utility of these tools for
controlling cell integrity is discussed in the light of factors affecting leakiness and lysis as
well as available process control technologies.

Hypothesis 2
Pulsed electric fields treatment can permeate the outer membrane while keeping the inner membrane
intact. This can be used for continuous and selective extraction of periplasmic protein from a
conventional E. coli strain.
Approach
The industrial standard strain E. coli BL21(DE3) is employed for production of recombinant
periplasmic protein. The cell broth is harvested and – without any additional modification –
subjected to continuous PEF treatment under various parameter settings. Subsequently,
viability as well release of product and host cell impurities are evaluated.

Hypothesis 3
The process parameters temperature and specific substrate uptake rate can be used to control outer
membrane leakiness of E. coli X-press for efficient extracellular protein production.
Approach
E. coli X-press is employed to produce periplasmic recombinant Protein A in bioreactor
cultivations. Within a Design of Experiments, the effect of temperature and substrate uptake
rate on growth, productivity, leakiness and lysis is investigated and compared to the industrial
standard strain E. coli BL21(DE3). Finally, another value-added protein, i.e. a single domain
antibody, is expressed in both strains under the conditions yielding the highest productivity
for Protein A.
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HYPOTHESES
Hypothesis 4
Extracellular production of recombinant protein with E. coli X-press reduces costs and resource
consumption of the downstream process.
Approach
Recombinant Protein A is produced extracellularly with E. coli X-press and intracellularly
with E. coli BL21(DE3). The early downstream process (harvest, product extraction,
chromatographic capture) is performed on lab-scale using each process stream. Recovery,
product purity, host cell impurities and dynamic binding capacity are evaluated. The
experimental data are used to simulate an up-scaled process to determine costs and resource
consumption of each production scenario.

Hypothesis 5
Periplasmic and cytoplasmic compounds released by leakiness and lysis, respectively, cause changes in
the culture medium density. These changes can be measured with a high-resolution density meter for
monitoring of E. coli cell integrity.
Approach
Sensitivity of the high-resolution density meter to target analytes (protein, cell lysate, sugar)
is first assessed in in-vitro experiments. Then, E. coli BL21(DE3) and E. coli X-press are
employed to produce various recombinant proteins. Density of the cell-free culture medium
is monitored at-line. Alkaline phosphatase and DNA in the supernatant are quantified as
reference analytics for leakiness and lysis, respectively. Correlations between density and the
reference data are investigated.

Hypothesis 6
ATR-FTIR spectroscopy is a tool for real-time monitoring of E. coli cell integrity.
Approach
Infrared spectra of defined samples are recorded off-line by ATR-FTIR spectroscopy to assess
the spectral fingerprint of target analytes and possible interfering substances. Subsequently,
spectra from six bioprocesses with E. coli X-press are acquired in-line. Accumulation of
product and DNA in the culture supernatant are quantified by reference methods. Various
chemometric tools are employed to correlate the multivariate spectral data to leakiness and
lysis. This includes different pre-processing strategies, regression models, classification
models and model validation procedures.
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STRUCTURE OF THE THESIS

STRUCTURE OF THE THESIS
The Thesis is structured into chapters covering different aspects of extracellular production of
recombinant proteins with E. coli. Chapter I is a general introduction to the role of membrane integrity
during E. coli bioprocesses and the state of the art in monitoring and control of leakiness and lysis.
Chapter II deals with OM permeabilization of conventional E. coli strains in the downstream process.
Chapter III includes studies about utilizing the novel, leaky E. coli X-press system for extracellular
protein production. Finally, Chapter IV covers novel approaches to monitoring of E. coli cell integrity
during recombinant protein expression.
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ACHIEVEMENTS AND FINDINGS

ACHIEVEMENTS AND FINDINGS
Chapter I – Introduction
Hypothesis 1
Literature analysis will reveal the available tools and understanding for monitoring and controlling E.
coli cell integrity during recombinant protein production.
Title of Scientific Paper 1
Monitoring and Control of E. coli Cell Integrity
Findings
Although few reports about real-time monitoring of leakiness and lysis are available, several
technologies exist that are potentially applicable to this use case. Among them are flow cytometry,
colorimetric assays, high performance liquid chromatography, vibrational spectroscopy, dielectric
spectroscopy, biosensors and measurement of viscosity and density. Regarding control of E. coli cell
integrity, various factors are known to contribute to leakiness and lysis, e.g. strain engineering, induction
stress or various process parameters. However, for advanced control strategies, such as model predictive
control, mechanistic relations between these factors and membrane integrity still need to be established.
Impact
This review will aid future research directed towards monitoring and control of E. coli bioprocesses in
both academia and industry.
Citation
Jens Kastenhofer, Vignesh Rajamanickam, Julian Libiseller-Egger, Oliver Spadiut (2021) Monitoring
and Control of E. coli Cell Integrity. J. Biotechnol. 329, 1-12. doi: 10.1016/j.jbiotec.2021.01.009
My contribution
I read the literature, summarized it and wrote the manuscript together with VR, JL and OS.
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Chapter II – Outer Membrane Permeabilization in a Conventional E. coli Strain
State of the art and challenge
Soluble proteins expressed in E. coli are often translocated to the periplasm to enhance solubility and
stability of the product. This can also facilitate protein extraction, since only the outer membrane needs
to be permeabilized. Still, the standard method for extraction of periplasmic protein in industry is high
pressure homogenization, which leads to complete cell lysis and release of host cell impurities. It is
scalable, efficient and can be easily operated in a continuous manner. These attributes are currently
missing in alternative methods for selective periplasmic product extraction.
Hypothesis 2
Pulsed electric fields treatment can permeate the outer membrane while keeping the inner membrane
intact. This can be used for continuous and selective extraction of periplasmic protein from a
conventional E. coli strain.
Title of Scientific Paper 2
Selective Release of Recombinant Periplasmic Protein from E. coli Using Continuous Pulsed
Electric Field Treatment
Findings
Continuous PEF treatment was established as a method for selective release of periplasmic protein from
E. coli. This was demonstrated with the industrial standard strain BL21(DE3). No modification of the
culture broth was necessary prior to the treatment. The investigation of different process parameters
revealed that high pulse repetition frequency (>825 Hz) and low electric field strength (<30 kV/cm)
favor selective product release while keeping lysis low. The best conditions resulted in 85% product
release efficiency, while reducing host cell protein, DNA and endotoxin load by 40%, 96% and 43%
compared to high pressure homogenization.
Impact
The investigated method is a promising alternative to high pressure homogenization for use in
continuous bioprocessing with E. coli.
Citation
Felix Schottroff*, Jens Kastenhofer*, Oliver Spadiut, Henry Jaeger, David Wurm (2021) Selective
Release of Recombinant Periplasmic Protein from E. coli Using Continuous Pulsed Electric Field
Treatment. Front. Bioeng. Biotechnol. 8:586833. doi: 10.3389/fbioe.2020.586833
My contribution
Together with FS and DW, I designed and performed experiments and analyzed the data. I wrote the
manuscript together with FS, DW and OS.
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Chapter III [SP3] – Extracellular Protein Production with a Novel E. coli Strain
State of the art and challenge
Several E. coli strains have been engineered for extracellular production of recombinant proteins. Usual
targets for manipulation are structural components of the cell envelope. However, these leaky strains
often display low growth or viability. To date, the only E. coli expression host available for industrial
extracellular production is the ESETEC® system by Wacker Biotech. Knowledge about the impact of
process parameters on the performance of leaky strains is scarce.
Hypothesis 3
The process parameters temperature and specific substrate uptake rate can be used to control outer
membrane leakiness of E. coli X-press for efficient extracellular protein production.
Title of Scientific Paper 3
Inhibition of E. coli Host RNA Polymerase Allows Efficient Extracellular Recombinant Protein
Production by Enhancing Outer Membrane Leakiness
Findings
We showed that inducible repression of host RNA polymerase in E. coli X-press leads to outer
membrane permeability, which can be further controlled by process parameters temperature and specific
substrate uptake rate. Up to 90% of two different model proteins were leaked to the culture medium
while keeping lysis low (<7%). Moreover, repression of host RNA polymerase reduces the impact of
the metabolic burden on growth during recombinant protein production. Under the same process
conditions, the industrial standard strain E. coli BL21(DE3) was more affected by the metabolic burden,
yielded lower specific product titers and leaked maximally 56% of protein to the extracellular space.
Impact
We showed that E. coli X-press is a suitable host for extracellular protein production due to high titers,
efficient and controllable leakiness as well as low lysis. The generated process understanding will aid
future research and production processes with this strain.
Citation
Jens Kastenhofer, Lukas Rettenbacher, Lukas Feuchtenhofer, Juergen Mairhofer, Oliver Spadiut (in
press) Inhibition of E. coli Host RNA Polymerase Allows Efficient Extracellular Recombinant
Protein Production by Enhancing Outer

Membrane

Leakiness.

Biotechnol. J. doi:

10.1002/biot.202000274
My contribution
Together with LR and LF, I performed the cultivations and analyzed the data. I wrote the manuscript
together with OS.
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Chapter III [SP4] – Extracellular Protein Production with a Novel E. coli Strain
State of the art and challenge
Downstream processing of soluble proteins produced in E. coli is usually complicated by the high
amount of impurities, like host cell protein, DNA and lipids. This leads to high costs and resource
consumption. Although extracellular protein production is generally perceived to facilitate downstream
processing, studies about actual economic and ecological benefits are scarce.
Hypothesis 4
Extracellular production of recombinant protein with E. coli X-press reduces costs and resource
consumption of the downstream process.
Title of Scientific Paper 4
Economic and Ecological Benefits of a Leaky E. coli Strain for Downstream Processing: A Case
Study for Staphylococcal Protein A
Findings
We assessed the impact of extracellular protein production with E. coli X-press on the downstream
process in a case study for staphylococcal Protein A. Lab-scale purification experiments in combination
with process modeling were performed to estimate costs and resource consumption and a comparison
was drawn to an intracellular process with E. coli BL21(DE3). Due to much lower impurity levels after
primary recovery, the binding capacity of the anion exchange resin was increased 2.7-fold in the
extracellular process, constituting a major factor for reduction of costs and resource consumption.
Furthermore, homogenization was not needed in the process utilizing E. coli X-press, adding to its
economic and ecological benefits.
Impact
The merits of extracellular protein production with E. coli X-press were demonstrated regarding process
costs and environmental impact. This system can contribute to de-bottlenecking the currently
cumbersome and expensive E. coli downstream process.
Citation
Jens Kastenhofer, Alessandro L. Cataldo, Julian Ebner, Viktor L. Sedlmayr, Alois Jungbauer, Oliver
Spadiut (in press) Economic and Ecological Benefits of a Leaky E. coli Strain for Downstream
Processing: A Case Study for Staphylococcal Protein A. J. Chem. Technol. Biotechnol. doi:
10.1002/jctb.6691
My contribution
I conducted experiments and analyzed data together with AC, JE and VS. I wrote the manuscript together
with AJ and OS.
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Chapter IV [SP5] – Novel Monitoring Tools for E. coli Cell Integrity
State of the art and challenge
During production of periplasmic proteins with E. coli, leakiness and lysis affect productivity, product
localization and purity. Tools for differential real-time monitoring of inner and outer membrane integrity
are thus needed for successful bioprocessing in alignment with QbD/PAT-principles. However, reports
about methods used for this specific purpose are still scarce. The challenge in developing a suitable
monitoring tool is to meet several requirements at once: high selectivity and sensitivity, low cost and
complexity, automated sampling and short analysis time.
Hypothesis 5
Periplasmic and cytoplasmic compounds released by leakiness and lysis, respectively, cause changes in
the culture medium density. These changes can be measured with a high-resolution density meter for
monitoring of E. coli cell integrity.
Title of Scientific Paper 5
Culture Medium Density as a Simple Monitoring Tool for Cell Integrity of Escherichia coli
Findings
In vitro experiments showed that the employed density meter is sensitive to small concentration changes
of substrate, protein and cell lysate. Bioprocess data acquired at-line revealed that culture medium
density can be used to detect leakiness via accumulation of protein and a corresponding change in the
density trajectory. However, successful lysis monitoring could not be demonstrated with the available
data. While low selectivity and the need for high amounts of reference data are drawbacks of the
investigated method, it is simple, rather inexpensive and can be easily implemented on-line.
Impact
The novel technology developed in this study is a useful addition to existing monitoring tools and can
find applications in industry.
Citation
Jens Kastenhofer, Oliver Spadiut (2020) Culture Medium Density as a Simple Monitoring Tool for
Cell Integrity of Escherichia coli. J. Biotechnol. X 6, 100017. doi: 10.1016/j.btecx.2020.100017
My contribution
I performed experiments and data analysis. I wrote the manuscript together with OS.
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Chapter IV [SP6] – Novel Monitoring Tools for E. coli Cell Integrity
State of the art and challenge
During production of periplasmic proteins with E. coli, leakiness and lysis affect productivity, product
localization and purity. Tools for differential real-time monitoring of inner and outer membrane integrity
are thus needed for successful bioprocessing in alignment with QbD/PAT-principles. However, reports
about methods used for this specific purpose are still scarce. The challenge in developing a suitable
monitoring tool is to meet several requirements at once: high selectivity and sensitivity, low cost and
complexity, automated sampling and short analysis time.
Hypothesis 6
ATR-FTIR spectroscopy is a tool for real-time monitoring of E. coli cell integrity.
Title of Scientific Paper 6
Monitoring E. coli Cell Integrity by ATR-FTIR Spectroscopy and Chemometrics: Opportunities
and Caveats
Findings
Off-line experiments corroborated the assumption that the ATR sensor mostly captures changes in the
culture supernatant rather than biomass. This facilitates monitoring of leakiness and lysis via
measurement of extracellular accumulation of target analytes. After applying various preprocessing
techniques and chemometric models to the in-line spectra of six bioprocesses, random forest classifiers
emerged as the most promising approach to differentiate “normal”, leaky and lysing cells (>93%
accuracy). However, model validation revealed that predictions are strongly influenced by correlations
with untargeted process dynamics (such as dilution of medium components), which must be carefully
considered for method development and model interpretation.
Impact
We showed the potential of ATR-FTIR spectroscopy as a novel tool for real-time monitoring of E. coli
cell integrity, which is of high interest for academia and industry. The findings serve as a basis for
further method optimization, as well as a guideline for development of similar spectroscopic tools.
Citation
Jens Kastenhofer, Julian Libiseller-Egger, Vignesh Rajamanickam, Oliver Spadiut (2021) Monitoring
E. coli Cell Integrity by ATR-FTIR Spectroscopy and Chemometrics: Opportunities and Caveats.
Processes 9, 422. doi: 10.3390/pr9030422
My contribution
I performed the experiments together with JL and analyzed data together with JL and VR. I wrote the
manuscript together with JL and OS.
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Chapter I – Scientific Paper 1
Monitoring and Control of E. coli Cell Integrity
Jens Kastenhofer, Vignesh Rajamanickam, Julian Libiseller-Egger, Oliver Spadiut
J. Biotechnol.2021, 329, 1-12. doi: 10.1016/j.jbiotec.2021.01.009

Overview Figure. Methods for real-time monitoring of E. coli cell integrity enable its timely control. Factors
influencing cell integrity can be manipulated before the process (via strain engineering) or during the process (via
process parameters).
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Chapter II – Scientific Paper 2
Selective Release of Recombinant Periplasmic Protein from E. coli Using
Continuous Pulsed Electric Field Treatment
Felix Schottroff *, Jens Kastenhofer *, Oliver Spadiut, Henry Jaeger, David Wurm
Front. Bioeng. Biotechnol 2021, 8:586833. doi: 10.3389/fbioe.2020.586833

* These authors have contributed equally to this work.

Overview Figure. Pulsed electric field treatment is used for selective permeabilization of the E. coli outer
membrane. The periplasmic product is thereby released, while keeping host cell impurities low.
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Chapter III – Scientific Paper 3
Inhibition of E. coli Host RNA Polymerase Allows Efficient Extracellular
Recombinant Protein Production by Enhancing Outer Membrane Leakiness.
Jens Kastenhofer, Lukas Rettenbacher, Lukas Feuchtenhofer, Juergen Mairhofer, Oliver Spadiut
Biotechnol. J., in press. doi: 10.1002/biot.202000274

Overview Figure. The main feature of E. coli X-press is the inducible repression of host RNA polymerase and
consequent reduction of cell proliferation. This also leads to high outer membrane permeability, which can be
further controlled via temperature and substrate uptake rate.
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Chapter III – Scientific Paper 4
Economic and Ecological Benefits of a Leaky E. coli Strain for Downstream
Processing: A Case Study for Staphylococcal Protein A
Jens Kastenhofer, Alessandro L. Cataldo, Julian Ebner, Viktor L. Sedlmayr, Alois Jungbauer,
Oliver Spadiut
J. Chem. Technol. Biotechnol., in press. doi: 10.1002/jctb.6691

Overview Figure. Extracellular protein production with E. coli X-press allows simplified primary recovery and
reduces the amounts of host cell impurities compared to intracellular production with E. coli BL21(DE3). This
greatly increases chromatographic column efficiency and, thus, decreases costs and resource consumption of the
downstream process.
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Chapter IV – Scientific Paper 5
Culture Medium Density as a Simple Monitoring Tool for Cell Integrity of
Escherichia coli
Jens Kastenhofer, Oliver Spadiut
J. Biotechnol. X 2020, 6, 100017. doi: 10.1016/j.btecx.2020.100017

Overview Figure. Adjusted culture medium density vs. extracellular activity of alkaline phosphatase. The change
in density trajectory allows detection of leakiness during E. coli bioprocesses.
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Chapter IV – Scientific Paper 6
Monitoring E. coli Cell Integrity by ATR-FTIR Spectroscopy and
Chemometrics: Opportunities and Caveats
Jens Kastenhofer, Julian Libiseller-Egger, Vignesh Rajamanickam, Oliver Spadiut
Processes 2021, 9, 422. doi: 10.3390/pr9030422

Overview Figure. Raw infrared spectra of E. coli bioprocesses collected via in-line ATR-FTIR spectroscopy must
be processed to remove experimental and random variability. Chemometric analysis can then be used to detect
leakiness and lysis.

92

SCIENTIFIC PAPERS

93

SCIENTIFIC PAPERS

94

SCIENTIFIC PAPERS

95

SCIENTIFIC PAPERS

96

SCIENTIFIC PAPERS

97

SCIENTIFIC PAPERS

98

SCIENTIFIC PAPERS

99

SCIENTIFIC PAPERS

100

SCIENTIFIC PAPERS

101

SCIENTIFIC PAPERS

102

SCIENTIFIC PAPERS

103

SCIENTIFIC PAPERS

104

SCIENTIFIC PAPERS

105

SCIENTIFIC PAPERS

106

SCIENTIFIC PAPERS

107

SCIENTIFIC PAPERS

108

SCIENTIFIC PAPERS

109

SCIENTIFIC PAPERS

110

SCIENTIFIC PAPERS

111

SCIENTIFIC PAPERS

112

SCIENTIFIC PAPERS

113

SCIENTIFIC PAPERS

114

CONCLUSIONS

CONCLUSIONS
Chapter I – Introduction
Hypothesis 1
Literature analysis will reveal the available tools and understanding for monitoring and controlling E.
coli cell integrity during recombinant protein production.
Differential monitoring of inner and outer membrane integrity in E. coli bioprocesses has been
implemented only in a few cases, but a wide variety of technologies exist that may be used for this
purpose in the future. Regarding control of leakiness and lysis, several factors are known to influence
these phenomena. However, advanced control methods based on first-principles or process models
require more mechanistic understanding of how E. coli cell integrity changes during recombinant protein
production.

Chapter II – Outer Membrane Permeabilization in a Conventional E. coli Strain
Hypothesis 2
Pulsed electric fields treatment can permeate the outer membrane while keeping the inner membrane
intact. This can be used for continuous and selective extraction of periplasmic protein from a
conventional E. coli strain.
It was shown that continuous PEF treatment is a viable alternative to high pressure homogenization for
extraction of periplasmic protein from E. coli. Under the best conditions within the investigated
parameter space, 85% of periplasmic product were released, while strongly reducing host cell protein
(40%), DNA (96%) and endotoxin load (43%) relative to high pressure homogenization. The
investigated method can be readily applied to the harvested culture broth in continuous mode – without
any prior treatment – and similar systems exist on industrial scale for food processing, which makes
PEF a promising tool to enhance E. coli bioprocessing.

Chapter III [SP3] – Extracellular Protein Production with a Novel E. coli Strain
Hypothesis 3
The process parameters temperature and specific substrate uptake rate can be used to control outer
membrane leakiness of E. coli X-press for efficient extracellular protein production.
At temperatures between 30 and 35°C and initial specific substrate uptake rates of up to 0.25 g/g/h,
extracellular protein production with E. coli X-press was shown to be possible with different protein
classes (SpA and VHH). Each leaked up to 90% of total soluble protein and soluble specific titers could
be enhanced in comparison to the industrial standard strain E. coli BL21(DE3). Moreover, inducible
repression of cell proliferation had beneficial effects on process robustness. Overall, we demonstrated
that E. coli X-press constitutes a promising expression host for extracellular protein production.
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Chapter III [SP4] – Extracellular Protein Production with a Novel E. coli Strain
Hypothesis 4
Extracellular production of recombinant protein with E. coli X-press reduces costs and resource
consumption of the downstream process.
We demonstrated the economic and ecological benefits of extracellular protein production with E. coli
X-press on the downstream process in a case study for SpA. Significantly lower impurity levels in the
extracellular process resulted in a 2.7-fold increase in anion exchanger binding capacity, which was a
major factor for reduction of costs (-25%), water usage (-36%) and water-related CO2 emissions (-36%).

Chapter IV [SP5] – Novel Monitoring Tools for E. coli Cell Integrity
Hypothesis 5
Periplasmic and cytoplasmic compounds released by leakiness and lysis, respectively, cause changes in
the culture medium density. These changes can be measured with a high-resolution density meter for
monitoring of E. coli cell integrity.
At-line monitoring of culture medium density was used to detect the onset of leakiness in E. coli cultures
via extracellular accumulation of product. The advantages of the investigated method are its low
equipment cost, low complexity, short analysis time and the possibility for easy on-line implementation
in a bypass loop. This novel technology is a useful addition to the existing monitoring toolbox for E.
coli bioprocesses.

Chapter IV [SP6] – Novel Monitoring Tools for E. coli Cell Integrity
Hypothesis 6
ATR-FTIR spectroscopy is a tool for real-time monitoring of E. coli cell integrity.
We presented a novel approach to monitoring E. coli cell integrity via ATR-FTIR spectroscopy. While,
regression models yielded poor results, likely due to scarce reference data and a lack of sensitivity,
random forest classification achieved high apparent accuracies (>93%). However, model validation by
feature selection revealed strong correlation with untargeted changes in the spectral fingerprint. This
demonstrates the need for rigorous validation procedures, including feature selection based on physical
interpretation of the spectra.
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Take-home Messages and Outlook
E. coli BL21(DE3) is a well-established expression host and the industrial gold-standard for recombinant
protein production in bacteria [1]. To enhance solubility and stability of the product (especially if it
contains disulfide bonds), it can be translocated to the oxidative environment of the periplasm [2, 3].
The outer membrane of E. coli BL21(DE3) becomes permeable for periplasmic protein during
cultivation, although not enough to allow the recovery of product solely from the culture supernatant.
Therefore, primary recovery is usually done by high-pressure-homogenization, which leads to release
of high amounts of host cell impurities and a complex and costly purification procedure. To facilitate
downstream processing of periplasmic proteins produced in conventional strains, like E. coli
BL21(DE3), I propose the use of continuous pulsed electric fields (PEF) treatment for selective product
release. To realize industrial implementation, scale-up studies would still have to be performed.
However, given the current use of similar PEF procedures for industrial food processing with capacities
of up to 5000 L/h [4], I believe that this technology has great potential for large-scale bioprocessing with
E. coli.
For extracellular protein production in the upstream process, I propose utilizing the E. coli X-press
system. The ability of this strain to leak high amounts of product to the culture medium in a controlled
manner – while maintaining robust physiology – was demonstrated, along with the benefits for the
downstream process. Extracellular production of difficult-to-express (e.g. toxic or cysteine-rich)
proteins should be assessed in more detail, particularly its competitiveness compared to currently used
inclusion body processes. Yet, I envision E. coli X-press to reduce the cost and environmental footprint
of recombinant proteins. This expression host is also an interesting candidate for continuous
biomanufacturing in the future. The inducible repression of cell proliferation and concomitant leakiness
may be exploited in two-pot systems, where biomass production and recombinant product formation is
also spatially uncoupled [5]. The reduced impact of metabolic burden in the X-press strain might lead
to better culture stability, which has been a major challenge in continuous cultivation of E. coli [6]. In
addition, more efficient utilization of chromatographic resins in processes using E. coli X-press can
further facilitate continuous manufacturing by extending equipment operating times.
Finally, I presented novel monitoring tools to enable better control of leakiness and lysis during
recombinant protein production with E. coli. Despite its drawbacks regarding selectivity, I propose the
use of culture medium density in ensemble with other methods, as it is easily implemented and provides
fast measurements. Moreover, I showed the potential of ATR-FTIR spectroscopy as a real-time
monitoring method, as well as the remaining challenges. Prediction of concentrations (e.g. of product or
host cell protein) via regression models would be preferred over classification, but larger reference
datasets with higher variability are needed to achieve this. Furthermore, the sensitivity of ATR-FTIR
spectroscopy is hampered by spectral interference of water. Therefore, Raman spectroscopy would be
an interesting alternative. However, any chemometric method based on spectral data from bioprocesses
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must be subjected to appropriate validation procedures. For this, I propose to include a feature selection
strategy based on the physical meaning of the spectral fingerprint. This is particularly important
considering the growing interest and availability of spectroscopic tools used for bioprocess monitoring
[7, 8].
Overall, I hope that the knowledge and methods generated in this Thesis will improve the understanding
of E. coli cell integrity, facilitate its control and consequently enhance bioprocesses with this organism.
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