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2 Abstract Despite of manifold advantages of recombinant protein production in form of inclusion bodies (IBs), the two additionally required unit operations for IB processing, solubilization and refolding, present a bottleneck in the downstream process (DSP) due to their high complexity and low yields. To date, these unit operations are highly empirical and dependent on the protein of interest (POI), opposing the Quality-by-Design (QbD) paradigm. In this thesis, process analytical tools (PATs) for the in-process monitoring (IPM) and in-process control (IPC) of both unit operation steps are presented. Furthermore, a novel technique for the screening of protein refolding was developed that enables the control of critical process parameters (CPPs), which cannot be controlled by prevalent techniques. The current analytical method of choice for the analysis of the solubilization process is sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) but a low selectivity, a low accuracy and a time-consuming application are making it unsuitable for the IPM and IPC of the solubilization process. An at-line reversed-phase liquid chromatography (RPLC) method for the monitoring of the target protein concentration during solubilization is presented. Compared to SDS-PAGE, the method exhibits a considerably shorter analysis time (8.1 min), a higher accuracy and meets all crucial criteria for the application as an IPM tool. Versatile high throughput small-scale techniques for the screening of protein refolding parameters using a design of experiments (DoE) approach were reported recently. However, these techniques are incapable of controlling the CPPs refolding temperature and oxygen input. Additionally, the associated analytical tools for the characterization of the refolding process and the capabilities for the realization of fed-batch refolding are severely limited. To solve these problems, the feasibility of the application of the BioLector Pro microfermentation system for the screening of protein refolding parameters was assessed for two proteins: green fluorescent protein (GFP) and horseradish peroxidase (HRP). The device has capabilities for the in-line monitoring of pH, dO2 and fluorescence, while its microfluidic technology enables continuous feeding and pH regulation. The comparison to a conventional screening approach revealed that the screening outcome is fundamentally different, but the approach utilizing the BioLector system is hypothesized to be more accurate and useful for screening experiments. Furthermore, the in-line analytics exhibit profound problems, and it was found that the microfluidic technology is not functional at an ambient temperature of 4 °C. Based on the findings of this feasibility study, six proposals are formulated with the goal to improve the application of the BioLector Pro for the screening of protein refolding.   
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5 Introduction Inclusion Bodies (IBs) are insoluble agglomerations of partially folded-, misfolded- or unfolded proteins [1-3]. They are a frequent product of recombinant expression of heterologous proteins in bacteria like Escherichia coli and their formation is enhanced by the usage of strong promoters, which can lead to yields beyond 50 % of the total cellular protein. The central reasons for IB formation are high protein formation rates that transcend the protein folding rates of the host cell and the inability to form post-translational modifications (PTMs) required for the folding of heterologous proteins. An example for the latter phenomenon is the inhibition of disulfide bond formation due to the reducing characteristics of the cytoplasm [2]. The spheric, porous IBs are mainly formed in the polar regions of the rod-shaped E. coli cells and their diameter lies in a range of 50 - 800 nm [3]. Usually, the expression of a correctly folded POI in the soluble phase is aspired and achieved by optimizing the expression system, by expressing the POI as a fusion protein, by lowering the growth temperature or by adding various additives to the cultivation medium [1, 3, 4]. However, the perception of bacterial IBs shifted into a more positive direction in the last decades. This shift was caused on one hand by further research into the complex nature of IBs, which among others uncovered the presence of biological activity within IBs, and on the other hand by the development of applications as immobilized catalysts, scaffolds for tissue engineering or implantable depots for therapeutic proteins [3, 5]. Moreover, the expression in form of IBs has several advantages: (i) high purity, (ii) simple isolation, (iii) steric protection from proteolytic degradation caused by proteases, (iv) high expression levels and (v) the possibility to express proteins with toxic effects on the host organism in their native form [1]. Hence, the listed advantages can outweigh the disadvantage of a cumbersome protein refolding step, which is necessary for the downstream processing of IBs. Ultimately, the expression of recombinant proteins in form of IBs can even lead to more profitable downstream processing, therefore a wide range of recombinant products are produced as IBs nowadays. Prominent examples are -Galactosidase, insulin or the major capsid protein of human papillomavirus type 16 (HPV 16 vaccine) [4]. The industrial production of biologically active proteins in form of IBs requires additional unit operations during the downstream process (DSP). At first the IBs are produced by a host organism during the upstream process (USP). Subsequently, the cells are harvested by centrifugation followed by cell lysis, isolation and subsequent washing of the isolated IBs. Afterwards the IBs are solubilized using chaotropic agents (e.g. guanidine hydrochloride, urea) or detergents resulting in denatured proteins. For proteins containing cysteines, the addition of reducing agents is imperative to break inter- or intramolecular disulfide bonds during the solubilization step. The solubilization step is followed by a protein refolding step, where the denatured protein is converted into its native, correctly folded form. Several methods for protein refolding can be applied (e.g. simple dilution, dialysis- or chromatographic methods), which are all based on an identical concept: (partial) removal of denaturing agents and optional addition of agents 
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which support the molecular refolding process. Due to their simplicity and low instrumental requirements, batch and fed-batch refolding based on dilution are the most common approaches for protein refolding. After the refolding process, the refolded proteins are subject to a purification step to reach the desired final purity [4, 6-10]. On the molecular level, there are several steps within the refolding process where the denatured protein is converted into its native form. In the initial phase of the process, intermediate structures are rapidly formed upon reduction of the denaturing agents, which is driven by the formation of secondary structures and interactions between hydrophobic patches. This is followed by a comparably slow conversion of the intermediate structures into the native protein structure. Simultaneously, the first order protein refolding reaction of the intermediate competes with an irreversible, second order aggregation reaction, leading to diminished refolding yields [6-8, 11]. Because of the nature of the second order reaction, in which two molecules are involved on the molecular level, the kinetics of aggregation reactions are promoted by high protein concentrations, hence the refolding yield is favored by low protein concentrations [8, 10]. However, considering the cost, time and effort of high dilutions caused by high buffer volumes and subsequent concentration steps in industrial scale applications, higher protein concentrations are desired for protein refolding processes. Thus, the optimal space-time yield of refolded protein needs to be determined empirically during the development of refolding processes [8, 12]. Proteins containing disulfide bridges in their tertiary structure require the presence of a redox system, which is composed of a reducing- and an oxidizing agent within the refolding buffer (RB). The purpose of the reducing agent is to break non-native disulfide bonds while the oxidizing agent promotes the formation of native and non-native disulfide bridges by increasing the oxidation rate. The presence of both antagonists causes a cycle of random pairing and separation of cysteine residues within the protein, resulting in the formation of the native disulfide bridges due to the corresponding, energetically favored native protein structure. This effect, known as “disulfide shuffling”, has shown to increase the refolding yield in comparison to an unpaired reducing agent. Prominent examples for redox systems are reduced- and oxidized glutathione (GSH/GSSG), dithiothreitol and oxidized glutathione (DTT/GSSG) or cysteine and cystine (CH/CSSC) [6, 8, 13]. An example for a recombinant protein that is expressed as IBs, has a high biopharmaceutical relevance and its refolding process is highly dependent on a redox system is the human growth factor rhVEGF [14]. Despite of the many advantages of IBs, the two additionally required unit operations, solubilization and refolding, present a bottleneck in IB processing due to their high complexity and low yields. Furthermore, these unit operations are highly empirical and depend heavily on the characteristics of the POI, opposing QbD principles [4, 14-17]. The core concept of the QbD approach is the assurance of product quality by a profound apprehension of the product and the ability to control the corresponding formulation and manufacturing variables adequately. The implementation of this approach for biopharmaceutical production processes was introduced by the International Conference 
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on Harmonization and is nowadays anticipated by major pharmaceutical regulatory organs [16]. Currently, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is performed for the analysis of the solubilization process, due to its high tolerance to harsh conditions that are presented by the high concentration of chaotropic agents during solubilization [18, 19]. Its separation principle, based on size, favors the analysis of proteins derived from microbial sources, considering impurities. Additionally, different stainings (e.g. Coomassie blue staining, silver staining) with diverse advantages have been established and sensitivity can be further increased by applying immunoblotting techniques [20]. However, the QbD paradigm for biopharmaceutical products requires PATs for IPC, for which SDS-PAGE is not suitable because of its time-consuming application [16]. Liquid Chromatography (LC) methods, on the other hand, require very low sample preparation- and analysis times, while displaying high accuracy for the analysis of biopharmaceuticals [21-23]. Hydrophobic interaction chromatography (HIC), ion exchange chromatography (IEC) and size exclusion chromatography (SEC) are established for recombinant protein analysis, but the high concentration of chaotropic agent required for solubilization still poses an obstacle for these methods [24, 25]. Reversed-phase liquid chromatography (RPLC) has been reported to tolerate the harsh conditions of the solubilization process [20]. Regarding the compatibility with mass spectrometry, robustness and high selectivity, RPLC appears to be a suitable technique for the in-process monitoring and respectively in-process control of protein solubilization processes [26, 27]. A major target of the QbD paradigm is an extensive knowledge on the product and its manufacturing process. Hence, the development of all unit operations of the production process must be invariably systematic, especially regarding the identification of process parameters that influence critical quality attributes (CQA). The design of experiments (DoE) approach is a reliable tool for the efficient selection of experiments and to systematically optimize such CPPs [16, 28]. The main advantages of a multivariate DoE approach over a univariate approach are the lower number of required experiments and the ability to observe interactions between the investigated parameters [28]. For protein refolding based on dilution (batch or fed-batch refolding), manifold process parameters need to be optimized. An overview of these process parameters is displayed in Table 1 [6, 8, 11, 28-32].   
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Table 1: Overview of process parameters subject to optimization during protein refolding [6, 8, 11, 28-32]. 

Batch Refolding Process Parameters Protein concentration Refolding time pH value Concentration of several buffer components and additives  Reducing- and oxidizing agent (redox system)  Denaturant (chaotrope; e.g. urea)  Aggregation inhibitor (moderate chaotrope; e.g. L-Arg)  Stabilizer (kosmotrope; e.g. sucrose)  Foldases and chaperones  Lipids for micelle and liposome formation  Buffer substance (e.g. Tris) Concentration of coenzymes and cofactors Oxygen input via dO2 and reaction chamber gas composition Temperature Hydrostatic pressure Geometry of refolding vessel (e.g. Reynolds number)  
Additional Process Parameters for Fed-Batch Refolding Supply of denatured protein or additives via feed  Feed profile (pulsed or continuous)  Characteristics of feed profiles (e.g intervals between pulses)  For the screening of these parameters several small-scale approaches have been reported. Humer et al. described screening experiments in 2 mL scale using reaction tubes for HRP. The quantification of the refolding results was conducted by off-line protein activity assays after the refolding process [12]. Wang et al. performed high-throughput screening experiments in 200 µL scale using 96-well plates in combination with off-line differential scanning fluorimetry analysis, distributed over four measurements throughout the refolding process. For the validation of this approach, four proteins were used: interleukin-17A, the inhibitory receptor ligand of programmed death receptor 1, mouse double minute 2 homolog, and the receptor binding domain of hemagglutinin [33]. Vincentelli et al. developed automated screening experiments in 100 µL scale to further increase the throughput. This approach was validated by 24 different proteins [34]. Although these approaches enable a high number of experiments within a short amount of time, they are not suitable for the screening of many CPPs. The CPPs which cannot be controlled adequately in these setups are the refolding temperature, the oxygen input and the hydrostatic pressure, while the screening of feed profiles is heavily restricted. The ability for the screening of pulsed feed profiles is extraordinarily laborious if no automation is applicable, while the screening for continuous feed profiles is entirely 
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impossible. The geometry of the refolding vessel can naturally only be investigated in appropriate larger scale vessels [28]. Furthermore, the analytical tools of these setups for the characterization of the refolding process are very limited and require sampling, which limits the number of measurements throughout the process considerably at this scale. Hence, there is a demand for IPM and IPC, not only for the solubilization process, but also for the refolding process. First, to gain more profound knowledge on the highly empirical protein refolding process and thereby improving the quality of the screening experiments as defined by the QbD paradigm. Second, to improve similarity to large-scale stirred tank reactors, in which large-scale refolding is performed, in order to improve the scale-up process by having the ability to compare CPPs between different scales. Although having numerous differences in comparison to protein refolding, fermentation processes have been confronted with similar challenges. In the field of upstream processing, screening experiments are generally conducted in shake flasks or microtiter plates (MTPs) in uncontrolled batch modes. In extreme cases this can result in a complete failure of the scale-up. This led to the development of microfermentation systems with working volumes below 1 mL that were capable of applying a feed via microfluidic systems and to monitor fermentation parameters using optical, non-invasive optodes [35]. One of the available high-throughput microfermentation systems that is routinely used in laboratories is the BioLector System of m2p-labs GmbH (Baesweiler, Germany). Among other models the BioLector Pro was presented in 2016. It is capable of monitoring pH, dO2, biomass and fluorescence. The 48-well MTPs can be continuously shaken at different levels and the temperature of the reaction chamber, as well as the gas composition within the chamber, can be monitored and controlled. Additionally, a built-in microfluidic system enables continuous feeding and pH regulation in 32 individually operated wells, handling nanoliter amounts of liquid. In this case, the remaining 16 wells of the 48-well MTP are serving as reservoirs for the pH-control or feeding reagents. Alongside the round-well MTPs, flower-shaped-well MTPs are available, which increase the oxygen transfer rate significantly and decrease spilling and foaming of the contained liquid [36]. All the characteristics mentioned above have the potential to benefit screening experiments for protein refolding and to solve challenges that were mentioned in the previous paragraphs, yet the BioLector Pro has not been reported to be applied for this cause. Based on the previously summarized information, four goals were defined to be investigated throughout this thesis. The first goal of this thesis was the development of a suitable method applicable for the IPM and IPC of the solubilization process. The developed method should be compared to SDS-PAGE analysis in terms of analysis time and the precision in reflecting the subsequent refolding results accurately. Furthermore, the application of the implemented method for IPC should be demonstrated on HRP IBs originating from two different fermentations. While the first goal concerns the solubilization unit operation, the following goals comprise several aspects of the evaluation of the application of the BioLector Pro microfermentation system for the 
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screening of protein refolding parameters during the refolding unit operation. The 
second goal was to develop a protocol for the screening of protein refolding parameters using the BioLector Pro and to determine whether different results, compared to an already established conventional screening approach, are obtained. The third goal was to investigate the benefits of the in-line detection of fluorescence, pH and dO2 of the BioLector Pro for the screening of protein refolding parameters. The fourth goal was to investigate the benefits of a constant feed for the screening of protein refolding parameters. The investigation of the solubilization unit operation was performed with HRP, while the investigation concerning the refolding unit operation was conducted with two different proteins: HRP and GFP. The choice of the model proteins is primarily based on the fact that refolding protocols have already been established for the selected proteins at TU Wien. This forms the basis for a profound comparison of the conventional screening approach to the BioLector Pro. Further reasons and the characteristics of the proteins are presented in the following chapters.  
GFP is a single domain fluorescent protein consisting of 238 amino acids and a molecular weight of 27 kDa [37]. Its extraction was first reported in 1962 from Aequorea victoria, in which it acts as a luminescent protein, but during these times no important applications were identified for GFP [38, 39]. The significant role of GFP in the field of molecular biology was introduced in the beginning of the 1990s for versatile applications, e.g., as a reporter gene, for two-hybrid screening or for labelling purposes [40]. The structure of GFP is based on 11 -strands forming a -barrel surrounding a central -helix, whereas short helical segments can be found on the barrel ends. No cofactors are involved in the structure of GFP and no disulfide bridges can be found in GFP, only two cysteine residues are present in their reduced form [38, 40]. The chromophore is based on the dipeptide tyrosine-glycine with wild type excitation peaks at 395 nm and at 475 nm, while the emission peak can be found at 508 nm [38, 40, 41]. The fluorescent properties of GFP are highly dependent on the native conformation of its -barrel structure, which is pH-dependent. No impairment of the GFP fluorescence was reported in the pH range 7.5 - 11.0 [32]. Due to the simple structure of GFP, fast protein refolding kinetics were reported and the absence of disulfide bridges makes the application of a redox system during protein refolding unnecessary. Furthermore, the fluorescent characteristics of GFP enable a simple quantitative analysis of the refolding process, making it well suited for the characterization of protein refolding using the BioLector Pro, due to its ability for in-line fluorescence detection [30-32].  
HRP C is the most abundant isoenzyme present in the roots of the horseradish plant (Armoracia rusticana) [42]. During this thesis, the HRP C isoenzyme is investigated and will be abbreviated as HRP. The enzyme is classified as an oxidoreductase consisting of 308 amino acids, containing heme and two calcium ions as cofactors [42-44]. Additionally, four disulfide bridges are present in the native structure of HRP, requiring a redox system during protein refolding [12, 42-44]. HRP that is produced by A. rusticana is generally glycosylated at eight of nine asparagine residues and has a molecular weight of 44 kDa. 
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Recombinant HRP expressed in E. coli in the form of IBs on the other hand is unglycosylated and has a molecular weight of 34.5 kDa [12, 45, 46]. To date, the industrial demand for HRP is covered by HRP extracted from A. rusticana. Since the isolation from plant material has several disadvantages, recombinant production processes were investigated extensively in the past. The most recent protocol for the recombinant production of HRP from E. coli IBs was published by Humer et al. in 2020 [12]. The range of application for HRP is very versatile. Due to its ability to catalyze the transformation of various substrates, it is mainly used as a reporter enzyme for nucleic acid-, antibody- and protein labelling or as a biosensor for the detection of hydrogen peroxide and other substances (e.g. glucose, ethanol) [47-51]. Additionally, it is used in the field of environmental biotechnology for the bioremediation of pollutants, in the textile industry for decolorization and in the chemical industry for organic polymer synthesis and biocatalysis [12, 52-55]. For protein refolding, HRP represents a protein with a challenging tertiary structure. Because of the four disulfide bridges and the requirement for a coenzyme and a cofactor, the tertiary structure of HRP is more complex than the structure of GFP. Furthermore, a redox system is required, which makes the refolding process more demanding but also more interesting for the characterization of the BioLector Pro for protein refolding.   
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6 At-Line RPLC Approach for Improved Analysis of the 
Solubilization Process 

6.1 Introduction The current analytical method of choice for the analysis of the IB solubilization process is SDS-PAGE, mainly due to its high tolerance to harsh conditions, but its time-consuming application makes it unsuitable for IPM and IPC [16, 18, 19]. RPLC has also been reported to tolerate the harsh conditions, but in contrast to SDS-PAGE it requires very low sample preparation- and analysis times, while showing high accuracy, high selectivity, high robustness and compatibility with mass spectrometry [20-23, 26, 27]. All these advantages are making RPLC predestined to be applied for IPM and IPC during the IB solubilization process. In chapter 6 of this thesis, the implementation of an at-line RPLC method for the IPM and IPC of the solubilization process is presented to ensure compliance to QbD principles. The developed method is verified using HRP as a model protein. In order to evaluate whether the at-line RPLC method meets the criteria of an IPM tool, the DTT concentration and the solubilization time were varied as factors in form of a DoE approach using the concentration of monomeric HRP and the volumetric activity after refolding as the quality attributes of interest (=response of DoE). The method is additionally compared to SDS-PAGE in terms of analysis time and the precision in reflecting the subsequent refolding results accurately.  DTT is a reducing agent that is required during solubilization for the reduction of cysteine residues with the purpose to prevent aggregation caused by intermolecular disulfide bridge formation [6, 8, 12, 13]. The solubilization time has a grave influence on the concentration of monomeric protein in the solubilizate, hence low solubilization times are generally beneficial [12]. Based on the aggregation kinetics, low protein concentrations during protein refolding are favoring high refolding yields [8, 10]. However, due to several factors that are discussed in chapter 5, high protein concentrations are often desired in large scale industrial applications, thus the highest space-time yield of refolded protein needs to be determined empirically during the development of the process [8, 12]. This empirically determined protein concentration is generally controlled by the wet IB weight during the solubilization and by a fixed dilution during the refolding step. However, this strategy is susceptible to variations of the HRP titer in wet IB weight and the solubilization yield. To counteract these variations, we demonstrate the application of the previously implemented at-line RPLC method for the IPC of the protein concentration during the subsequent protein refolding process.   
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6.2 Publication The following chapter is provided in form of an article with the title “At-Line Reversed Phase Liquid Chromatography for In-Process Monitoring of Inclusion Body Solubilization”, published in the journal “Bioengineering” in July 2021 [56]. The supplementary materials can be found subsequently to the publication.   
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6.3 Conclusion The publication presents a recently implemented at-line RPLC method for the monitoring of the target protein concentration during the solubilization unit operation of IB processing. All crucial criteria for the application as an IPM tool have been met. The analytical method can quantify the monomeric HRP concentration as the defined quality attribute and the quality attribute has been shown to correlate with the refolding yield. Additionally, the analysis of the quality attribute is conducted within a considerably shorter time (8.1 min) and with a higher accuracy compared to the established approach using SDS-PAGE. Furthermore, the application of the developed at-line RPLC method for the IPC of the target protein concentration during the subsequent refolding unit operation was demonstrated. Variations of the HRP titer in wet IB weight and the solubilization yield were identified in a timely fashion in order to adapt the dilution factor and to control the HRP concentration during protein refolding. In conclusion, the implemented RPLC method can be applied for the rapid and accurate development of IB solubilization processes and for the IPM of the solubilization process, to enable IPC for the improvement of protein refolding.        



33 

7 Application of the BioLector Pro for the Screening of 
Protein Refolding 

7.1 Introduction Protein solubilization is an elementary step in the processing of IBs, with the goal to obtain the required protein conformation and concentration for the subsequent protein refolding unit operation. Thus, the proper IPM and IPC of key process parameters during solubilization, as described in the previous chapters, forms the basis for successful protein refolding. However, the screening experiments required for the development of protein refolding processes according to QbD principles still pose substantial challenges. Several small-scale techniques for the screening of protein refolding parameters using a DoE approach were reported recently [12, 33, 34]. The scale of the experiments varies from 100 - 2,000 µL and as refolding vessels MTPs or reaction tubes were used. Although some of these techniques are suitable for the parallel screening of large experiment numbers, they are incapable of controlling the CPPs refolding temperature and oxygen input, while the capabilities for the application of fed-batch refolding are severely limited. Applying a pulsed feed is laborious if no automation is applicable and the application of a continuous feed is entirely impossible. Furthermore, the analytical tools of these setups for the characterization of the refolding process are limited and require sampling, which limits the number of measurements throughout the process considerably at this scale. Hence, there is a demand for IPM and IPC, not only for the solubilization process, but also for the refolding process. First, to gain more profound knowledge on the highly empirical protein refolding process and thereby improving the quality of the screening experiments, as defined by the QbD paradigm. Second, to improve similarity to larger scale stirred tank reactors, in which refolding is performed at an industrial scale, to improve the scale-up process by having the ability to compare crucial process parameters between different scales. In order to solve the issues discussed above, the application of the BioLector Pro microfermentation system for the screening of protein refolding parameters was investigated in chapter 7. The refolding temperature and the oxygen input into the refolding solution can be monitored and controlled via the gas composition of the reaction chamber. Furthermore, the device is able to monitor pH, dO2, biomass and fluorescence using optical, non-invasive optodes and other optical systems [35]. Moreover, a built-in microfluidic system allows continuous feeding and pH regulation in 32 separately operated wells, handling nanoliter amounts of liquid [36]. All the characteristics mentioned above have the potential to benefit screening experiments for protein refolding and to solve challenges that were mentioned in the previous paragraphs, yet the BioLector Pro has not been reported to be applied for this cause.  The in-line monitoring of fluorescence during protein refolding is useful to quantify refolding processes of fluorescent proteins, whose fluorescence emission depends on the 
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native tertiary protein structure. Several fluorescent proteins with versatile excitation- and emission wavelengths have been reported (e.g. GFP, mCherry, mRuby) for live cell imaging or similar applications in the field of molecular biology [57]. Unfortunately, the number of fluorescent proteins of industrial relevance is still vanishingly low. Thus, the demand for fluorescence detection for protein refolding is negligible but has promising potential to be combined with labelling techniques using fluorescent chromophores [17, 33]. For example, dyes as ANS (1-anilinonaphthalene-8-sulfonate) and Nile Red have been reported for the monitoring of differences in surface hydrophobicity, with the goal to detect aggregate formation during protein refolding [17]. The in-line monitoring of the pH value has multiple advantages for protein refolding screening experiments. For the conventional screening approach, the pH during refolding is controlled by the prior adjustment of the pH value and its consistency during refolding is ensured by the addition of buffer substances to the RB. Therefore, the main drawback of this method is that the pH value of the RB may change, if a solubilizate of different pH is added without being noticed and without means to counteract. The ability of the BioLector system for in-line pH detection via optodes enables the identification of pH value changes due to solubilizate addition. In combination with the capability to apply a continuous feed, control of the pH-value is possible. The implementation of this system for protein refolding, has the potential to control the pH-dependent kinetics of redox systems during refolding. Thus, leading to an expansion of possibilities for screening experiments and forming the basis for the implementation of a fine-tuning of redox kinetics for protein refolding. The in-line monitoring of dO2 is suitable for tracking the oxygen consumption throughout the refolding process. This aspect is particularly appealing for the refolding of proteins, whose refolding relies on redox systems, which naturally interact with oxygen [14]. In combination with the in-line monitoring of the redox potential, the in-line monitoring of dO2 has been established as a soft sensor for product quality and product yield during refolding processes. For that purpose, the resulting dO2 profiles are correlated with more specific and more accurate, but also more elaborate and costly HPLC analysis [4, 14, 17]. Subsequently, the dO2 profiles can be applied for the mitigation of batch-to-batch variability and for a variable control of operation time and target protein concentration [14]. Based on the capability of the BioLector Pro for the in-line monitoring of dO2, there is a high potential to implement dO2 monitoring for screening experiments in early DSP development, to gain specific insight into protein refolding and to facilitate the corresponding scale-up processes. The microfluidic technology of the BioLector Pro was expected to be the most substantial advantage of the system over conventional screening approaches. Aside of the prevalent 48-well plates, microfluidic well plates are available. These well plates also have 48 wells, but the first two rows, consisting of 8 wells each, serve as reservoirs that are connected via micro channels to the remaining wells. The microfluidic technology applies pressurized air to operate membrane valves underneath the reservoir wells in order to pump liquids through the micro channels of the chip [35, 36]. According to the technical 
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data sheet of the microfluidic wells, the volume of one pump stroke, which depends on the viscosity of the liquid, amounts to 120 nL for H2O and the maximum pump rate per reservoir well is approx. 80 µL/h, but since one well is connected to two reservoir wells (with the underlying idea to use one for a medium feed and the second for an acid/base feed during fermentation screenings), the max. pump rate can be doubled. Minimal pump rates below 1 µL/h are possible, with 0.6 µL/h being reported for an aqueous 500 g/L glucose solution [36]. The kinetics of the second order aggregation reaction, which competes against the first order protein refolding reaction, has been shown to be promoted by high initial protein concentrations [8, 10]. Although the increasing concentration of denatured protein has a negative influence on the refolding yield due to promoting aggregation, it was reported for several proteins that the presence of protein in form of its native tertiary structure does not reduce the refolding yield and therefore does not contribute to aggregation reactions [31, 58]. These findings support the idea of adding the solubilizate to the RB over a longer period of time as a pulsed feed, resulting in low denatured protein concentrations, preventing aggregation and thereby promoting the refolding reaction. Pulsed fed-batch refolding has been proven to increase the refolding yield in comparison to batch refolding for several proteins (e.g. GFP and hen egg white lysozyme) [31, 58, 59]. The reduction of pulse volume and the time period in between the pulses of a pulsed feed inherently leads to a continuous feed. In contrast to a pulsed feed, a continuous feed can be easily applied with established reactor-scale setups. However, a continuous protein feed yielded inferior refolding results in comparison to a pulsed protein feed for fed-batch refolding. This effect was reported for GFP and hen egg white lysozyme [30, 59]. In addition to a target protein feed, also buffer components and cofactors are subjected to a feed. Based on the hypothesis that the required coenzyme hemin stimulates self-aggregation and aggregation with unfolded or misfolded proteins due to its hydrophobic characteristics, its steady addition using a continuous feed yielded improved refolding results in comparison to a batch addition [12]. The microfluidic technology enables the application of a continuous feed for protein refolding screening experiments. Hence its application for this purpose needs to be investigated in order to be systematically applied in future screenings. Furthermore, the BioLector Pro can be integrated into a robotic liquid handling system to enable the application of a pulsed feed. In contrast to the BioLector system, the conventional approaches only allow screening for pulsed feed and its characteristics [12, 33, 34]. However, a pulsed feed using conventional methods is very laborious and does not capitalize on the possibilities of larger-scale reactors for the application of a continuous feed.     
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7.2 Materials and Methods 
7.2.1 Chemicals and Software Hemin from bovine (90 %) and 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were purchased from Carl Roth (Karlsruhe, Germany). The process control and data collection during the fermentation was performed by Lucullus process information and management system (Biospectra; Schlieren, Switzerland). The design and analysis of the DoEs were performed with Umetrics MODDE Pro (Version 12.1) by Sartorius Stedim Data Analytics AB (Umeå, Sweden).  
7.2.2 Recombinant Production of IBs 7.2.2.1 GFP The recombinant production of GFP using the production host E. coli BL21(DE3) was performed in a 10 L Biostat Cplus stainless steel reactor (Sartorius; Göttingen, Germany). The pre-culture was cultivated in a 2.5 L Ultra Yield Flask (Thomson Instrument Company; Encinitas, CA, USA) in 0.5 L DeLisa medium at 37 °C and 200 rpm overnight [60]. The pre-culture was transferred into the bioreactor containing 3 L DeLisa medium and a batch fermentation was performed for 6.5 h at 35 °C, 1000 rpm, while the pH value was continuously adjusted to 6.7 with an aqueous 12.5 % NH3 solution and the dO2 was kept at approximately 100 % air saturation. During the subsequent fed-batch phase, which lasted 16.5 h, the specific substrate uptake rate (qs) was set to 0.25 g/g/h. After the induction with 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG), the induction phase was performed for 9 h, with qs set to 0.35 g/g/h. Process analytics were conducted as reported in previous studies [61-64]. Subsequently, the biomass was harvested by centrifugation (17,568 rcf, 30 min, 4 °C) and stored at -20 °C until further use.  7.2.2.2 HRP The recombinant production of the HRP variant C1A was performed analogously to chapter 7.2.2.1, apart from a different qs of 0.3 g/g/h during the induction phase. Due to a malfunction of the mass flow controller of the bioreactor, the dO2 dropped to 0 % for 2 h during the fed-batch phase, hence the time period of that phase was extended to 19 h.   
7.2.3 Homogenization and Wash 7.2.3.1 GFP The biomass was resuspended with an IKA T10 basic ULTRA-TURRAX (Staufen, Germany) in 5 mL homogenization buffer per g wet biomass (homogenization buffer: 100 mM Tris/HCl; pH 7.4; 10 mM ethylenediaminetetraacetic acid (EDTA)) and was homogenized via high-pressure homogenization utilizing a GEA Niro Soavi Panda PLUS (Düsseldorf, Germany) at 1300 bar, while cooled, for three passages. The homogenized suspension was centrifuged (17,568 rcf, 4°C, 30 min), the supernatant was discarded, the cell debris 



37 

was resuspended (ULTRA-TURRAX) in 10 mL H2O per g wet cell debris and centrifuged again (17,568 rcf, 4°C, 30 min). Subsequently, the supernatant was discarded, the washed cell debris was resuspended (ULTRA-TURRAX) in 10 mL H2O per g wet cell debris, divided in 1 mL-, 5 mL and 50 mL aliquots using pre-weighed 2 mL-, 15 mL- and 50 mL reaction tubes. The aliquots were centrifuged (20,379 rcf, 4 °C, 20 min), the supernatant was discarded and the IB pellets were stored at -20 °C until further use.  7.2.3.2 HRP The homogenization of the biomass from the HRP fermentation and the wash of the HRP IBs were performed analogously to chapter 7.2.3.1. Instead of H2O, a HRP wash buffer was used for the first wash step (HRP wash buffer: 50 mM Tris/HCl; pH 8; 0.5 M NaCl; 2 M urea). This protocol was previously reported by Humer et al. [12].  
7.2.4 Solubilization 7.2.4.1 GFP For solubilization, the IB pellet was thawed and its wet IB weight was determined. Afterwards, the thawed pellet was suspended in GFP SB (solubilization buffer) to reach a wet IB concentration of 100 g/L (GFP SB: 40 mM citric acid; 10 mM Na2HPO4; pH 2.5; 5 M urea) utilizing an ULTRA-TURRAX at power levels 2 - 5. After suspension,  
-mercaptoethanol was added to a final concentration of 10 mM, to serve as a reducing agent during solubilization and the subsequent refolding. Next, the solubilization mix was incubated for 0.5 h at room temperature and slight agitation, followed by a centrifugation (20,379 rcf, 4 °C, 20 min). The supernatant (described as solubilizate throughout the thesis) was instantly used for refolding and the remaining pellet was discarded.  7.2.4.2 HRP The solubilization process for HRP was performed analogously to chapter 7.2.4.1. However, a HRP SB, whose composition varied based on the DoE design space, was used for the suspension of the IB pellet (HRP SB: 50 mM Bis-Tris/HCl (pH 7) or Tris/HCl (pH 8.5) or glycine (pH 10); pH 7 or 8.5 or 10; 6 M urea). Instead of -mercaptoethanol, CH was added to the solubilization mix as reducing agent, to reach a final concentration of 10, 30 or 50 mM, depending on the design space of the DoE.  
7.2.5 Protein Refolding 7.2.5.1 Conventional Small-Scale Screening Experiments 
7.2.5.1.1 GFP The conventional small-scale batch-refolding experiments, based on a previously reported approach, were conducted in 2 mL reaction tubes [12]. First, the appropriate GFP RBs were prepared with varying buffer substance concentration, L-Arg concentration 
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and pH value, dependent on the design space of the DoE (GFP RB: 0.05 M or 0.5 M or 1 M Tris/HCl; 0 M or 0.33 M L-Arg; pH 8 or 9; 0.25 M sucrose; 2 mM EDTA).  Subsequently, certain volumes of the GFP RBs, in accordance with the dilutions that are required to attain the initial protein concentrations of the design space, were transferred into 2 mL reaction tubes and cooled at 4 °C. To start the refolding process, the volumes of solubilizate, that were required to attain a final volume of 2 mL, were added to the corresponding pre-cooled GFP RBs. The reaction tubes were closed, instantly inverted several times to ensure sufficient mixing and incubated at 4 °C and slight agitation overnight (approx. 15 h). For GFP, one DoE was designed using a full factorial design. As factors, the pH value of the RB, the buffer substance concentration, the initial protein concentration and the L-Arg concentration were varied, with the normalized off-line/in-line fluorescence after refolding as response. Four replicates of the center points were performed. The factor levels are depicted in Table 2.   
Table 2: Factor levels of the GFP DoE with in-line/off-line fluorescence after refolding as response. 

pH of RB 
(-) 

Buffer Substance 
Concentration 

(M) 

Initial Protein 
Concentration 

(g/L) 

L-Arg 
Concentration 

(M) 8 0.05 0.25 0 9 0.5 0.5 0.33 - 1 1 -  
7.2.5.1.2 HRP For HRP, the conventional small-scale batch-refolding experiments are also based on the previously reported approach [12]. First, the appropriate HRP RBs were prepared with varying CSSC concentrations and pH values, dependent on the design space of the DoEs (HRP RB: 20 mM Bis-Tris/HCl (pH 7) or Tris/HCl (pH 8.5) or glycine (pH 10); pH 7 or 8.5 or 10; 0 M or 0.375 M or 0.75 M CSSC; 2 mM CaCl2; 2 M urea; 7 % (v/v) glycerol). Afterwards, 1.95 mL of the HFP RBs were transferred into 2 mL reaction tubes and cooled at 4 °C. To start the refolding process, 50 µL solubilizate were transferred to the pre-cooled HRP RBs to reach a final volume of 2 mL. Throughout all experiments, a 1:40 dilution was performed. The reaction tubes were closed, immediately inverted several times to ensure sufficient mixing and incubated at 4 °C and slight agitation. After 15 h incubation overnight (approx. 15 h), 40 µL of a 1 mM hemin stock solution in 100 mM KOH were added to the refolding mix to reach a final hemin concentration of 20 µM and the incubation was continued for further 2 h.  For HRP, two DoEs were designed using a full factorial design. HRP DoE 1 was performed with the refolding protocol utilizing the standard dilution approach. As factors, the pH value of the SB, the pH value of the RB, the CH concentration of the SB and the CSSC concentration of the RB were varied, with the volumetric activity after refolding as 
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response. The factor levels are depicted in Table 3. Four replicates were performed at the center point of all factors.   
Table 3: Factor levels of the HRP DoE 1 with volumetric activity after refolding as response. 

pH of SB 
(-) 

pH of RB 
(-) 

CH Concentration in SB 
(mM) 

CSSC Concentration in RB 
(mM) 7 7 10 0 8.5 8.5 50 0.5 10 10 - -  HRP DoE 2 was performed with the optimized refolding protocol utilizing the reverse dilution approach. Furthermore, one of the four factors, the pH value of the RB, was removed from the DoE and an additional level is added to each of the factors CH- and CSSC concentration, in order to reduce the complexity of the design and facilitate its analysis. Hence, the pH value of the SB, the CH concentration of the SB and the CSSC concentration of the RB were varied, with the volumetric activity after refolding as response. The factor levels are depicted in Table 4. Four replicates were performed for all 3 levels of the factor pH of SB at the center points of the remaining two factors. The rationale behind the optimization of the four factors is extensively discussed in chapter 7.3.1.2.  

Table 4: Factor levels of the HRP DoE 2 with volumetric activity after refolding as response. 

pH of SB 
(-) 

CH Concentration in SB 
(mM) 

CSSC Concentration in RB 
(mM) 7 10 0 8.5 30 0.375 10 50 0.75  7.2.5.2 BioLector Pro Screening Experiments In addition to the refolding experiments, blanks for both model proteins were conducted in order to gain further information on the impact of refolding on the in-line analytics signals. The blanks are performed identically to the screening experiments described in the following two chapters, the only difference was that no IBs were added during the solubilization process.  

7.2.5.2.1 GFP The DoE for the small-scale batch-refolding experiments using the BioLector Pro for GFP was identical to the conventional small-scale experiments (chapter 7.2.5.1.1). However, the experiments were conducted in the wells of a BioLector 48 round-well plate at 10 °C, varying agitation levels between 200 - 400 rpm and sealed with an oxygen-permeable membrane. Since the active cooling system of the BioLector Pro can only reduce the 
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temperature within the reaction chamber to 5 °C below ambient temperature, the device was installed in a cold room at an ambient temperature of 4 °C. In contrast to the reaction tubes of the conventional small-scale approach, the wells of the round well plate cannot be mixed individually, hence the refolding experiments are mixed altogether after the solubilizate is added to all experiments and the agitation within the reaction chamber is started. Due to the complex experimental designs, the solubilizate addition is a lengthy process for 48 wells (30 - 45 min).  
7.2.5.2.2 HRP The two DoEs for the small-scale batch-refolding experiments using the BioLector Pro for HRP were identical to the conventional small-scale experiments (chapter 7.2.5.1.2). However, the experiments were conducted in the wells of a BioLector 48 round-well plate at 10 °C, varying agitation levels between 200 - 400 rpm and sealed with an oxygen-permeable membrane. In contrast to the GFP experiments utilizing the BioLector Pro, the inability for instant mixing of the individual wells after solubilizate addition and the consequent insufficient homogeneity were problematic and led to unsatisfactory results. Hence, the standard dilution, where the solubilizate was transferred into the RB, was replaced by a reverse dilution, during which the RB was added to the afore prepared solubilizate in the wells. The optimization process is further discussed in chapter 7.3.1.2.  
7.2.6 Analytics 7.2.6.1 Off-line fluorescence The off-line fluorescence measurements were conducted with a Tecan Spark (Männedorf, Switzerland) microplate reader using black, flat-bottom 96-well plates. The excitation wavelength was set at 485 nm (bandwidth 20 nm) and the emission wavelength at 535 nm (bandwidth 25 nm). Before measurement, samples were diluted 1:10 in GFP dilution buffer (GFP dilution buffer: 50 mM Tris/HCl; pH 8.5).   7.2.6.2 HRP Activity The HRP activity measurements were conducted with a Tecan Spark (Männedorf, Switzerland) microplate reader using transparent, flat-bottom 96-well plates. Depending on the concentration of correctly folded HRP, samples from the screening experiments were diluted 1:1 - 1:25 in HRP dilution buffer (HRP dilution buffer: 20 mM Bis-Tris/HCl; pH 7). For the activity assay, 175 µL of an ABTS solution (8 mM ABTS; 50 mM Na2HPO4/citric acid; pH 5) were mixed with 5 µL diluted sample in the well and subsequently 20 µL of an aqueous 10 mM H2O2 solution were added to start the reaction. Instantly afterwards, the absorption at 420 nm was detected over a time span of 4 min at 30 °C. The volumetric activity was calculated using the linear slope of the absorption as a function of time as shown in formula 1.  
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𝐴𝑐𝑡𝑉 = 𝑉𝑡𝑜𝑡𝑎𝑙 ∗ ∆𝐴𝑏𝑠420 𝑚𝑖𝑛⁄ ∗ 𝐷𝐹𝑉𝑠𝑎𝑚𝑝𝑙𝑒 ∗ 𝑑 ∗ 𝜀  (1) 
 Actv .................................... Volumetric activity after refolding (U/mL) Vtotal ................................... Total volume of assay (200 µL) ΔAbs420/min .................. Change in absorption at 420 nm per minute (-) DF ....................................... Dilution factor of sample (-) Vsample ................................ Volume of sample (5 µL) d .......................................... Length of beam path through the liquid of the assay (0.58 cm) ε .......................................... Extinction coefficient of ABTS (36 mM-1cm-1 [65])  7.2.6.3 In-Line Analytics The in-line detection of fluorescence, pH and dO2 was conducted for experiments using the BioLector Pro with MTP-R48-BOH2 round well plates. The gain of in-line fluorescence measurements was varied between 1 - 4, the gain used for pH detection was 8 and the gain used for dO2 detection was 4. Preset calibrations for 25 °C were used.    
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7.3 Results and Discussion 
7.3.1 Comparison to Conventional Approach To evaluate the application of the BioLector Pro microfermentation system for the screening of protein refolding parameters, screening experiments were performed in 2 mL reaction tubes, as they are performed conventionally, and in the 48-well MTP of the BioLector Pro. Subsequently, the results are compared to assess whether screening experiments performed in the microfermentation system yield identical results as the conventional method described by Humer et al. [12].  7.3.1.1 Green Fluorescence Protein For the assessment of the comparability of the conventional method with the BioLector Pro for GFP, screening experiments using the DoE approach were designed. The response of the resulting multiple linear regression (MLR) is the normalized off-line fluorescence after refolding and the four factors are the pH value of the RB, the buffer substance concentration, the initial protein concentration and the L-arginine concentration. Since the fluorescence of GFP depends on the native structure of the protein, the concentration of refolded protein can be quantified directly by fluorescence measurements. The fluorescence must be normalized to assess the influence of protein concentration adequately because otherwise the refolding experiments with the highest initial protein concentration would yield the highest absolute fluorescence and the impact of this factor would undermine the significance of the other factors of the MLR model. Since the fluorescence of GFP has been reported to be pH-dependent without being suppressed in the pH range 7.5 – 11 and with refolding optima in the pH range 7.5 - 8.5, the variation range for the pH of the RB is limited [32]. The buffer substance (Tris-HCl) has been used for refolding at a concentration of 1 M in previously conducted refolding experiments [30, 31]. This high concentration is economically unsustainable and raises the question, whether it can be reduced with no or minimal loss of refolding efficiency, especially in combination with L-Arg, which itself has buffering capabilities in combination with HCl. L-Arg is a moderate chaotropic substance with the function to suppress aggregation and the ability to enable protein refolding at the same time due to its less chaotropic character in comparison to strong chaotropes (e.g. urea) [8, 66]. Based on the aggregation kinetics, low protein concentrations during protein refolding are favoring high refolding yields [8, 10]. However, due to several factors that are discussed in chapter 5, high protein concentrations are often desired in large scale industrial applications [8, 12]. In Figure 1 the contour plots of the MLR models based on the screening experiments are depicted and the corresponding coefficient plots are shown in Figure 2. 
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Figure 1: Contour plots of the MLR models based on the GFP screening experiments, conducted in the BioLector Pro (a) 
and in reaction tubes (b). The response is the normalized off-line fluorescence (RFU) and the factors are the pH-value of 
the RB (-), the buffer substance concentration (M), the initial protein concentration (g/L) and the L-Arg concentration (M). 

b) 

a) 
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Figure 2: Coefficient plots of the MLR models based on the GFP screening experiments, conducted in BioLector Pro (a) and 
in reaction tubes (b). The response is the normalized off-line fluorescence (RFU) and the factors are the pH-value of the RB 
(-), the buffer substance concentration (M), the initial protein concentration (g/L) and the L-Arg concentration (M).  The contour plots based on the two different approaches are nearly identical. All four factors are significant for the MLR and while the factors pH-value, buffer substance concentration and L-Arg concentration have a positive effect on the response, the factor initial protein concentration has a negative effect. Additionally, an increasing L-Arg concentration seems to reduce the required buffer substance concentration by acting as a buffer substance itself. Slight deviation between the MLR models of the two approaches can only be seen in the interaction terms, with the interaction term of the pH-value and the L-Arg concentration being barely significant for the conventional approach and not significant for refolding conducted in the BioLector Pro. Furthermore, a slightly higher response has been obtained via the conventional approach, exceeding 18,000 RFU. In Figure 3 the detected off-line fluorescence values of each experimental condition are plotted against each other.  

a) b) 
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Figure 3: Off-line fluorescence of 48 experiments after refolding - BioLector Pro vs. conventional approach.  The previous observations from the MLR models are underlined by the high similarity of the raw data of both approaches. The clustering is caused by the three levels of initial protein concentration resulting in absolute differences in the intensity of the emitted fluorescence. Despite of marginally low differences, the protein refolding screening experiments conducted in the BioLector Pro are identical to the conventional approach for GFP as the target protein.  7.3.1.2 Horseradish Peroxidase To assess the comparability of the conventional method with the BioLector Pro for HRP, the same concept as for GFP was applied. The response of the resulting MLR is the volumetric activity after refolding and the four factors are the pH value of the SB, the pH value of the RB, the CH concentration in the SB and the CSSC concentration in the RB. The volumetric activity after refolding has been reported to quantify refolding results, since the enzymatic activity of HRP requires, aside from its cofactors hemin and two calcium ions, its native tertiary structure [12, 56]. Since HRP contains four native disulfide bridges, a redox system is required during refolding to facilitate their formation [12, 42-44]. For HRP refolding, CH and CSSC were used throughout this thesis as redox partners due to their higher cost-effectiveness in comparison to the established redox partners DTT and GSSG. Similar CH/CSSC concentration ranges are covered by the design space of the screening experiments as reported for DTT/GSSG [12, 67].  Furthermore, it has been reported that the pH value has no effect on HRP refolding in the pH range 7 - 10 for univariate experiments, in which the concentration of the redox partners (DTT/GSSG) was kept constant [68]. However, the reaction kinetics of DTT/GSSG or CH/CSSC redox systems are pH-dependent [12, 69, 70]. Since high pH-
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values increase the reaction constants, the pH value of the SB and RB were varied in the pH range 7 - 10. Hence the number of factors is too high and the number of levels is partially too low, the resulting data of HRP DoE 1 could not be fitted using the statistical tool MLR. The factor pH value of RB had to be removed from the design space to yield valid MLR models that reflect the trends of the raw data accurately. In Figure 4 the contour plots of the MLR models at RB pH 10 are illustrated. This data represents the corresponding MLR models at other RB pH values very well (data not shown).  

 

 
Figure 4: Contour plots of the MLR models based on the HRP DoE 1, conducted in the BioLector Pro (a) and in reaction 
tubes (b) for RB pH 10. The response is the volumetric activity (U/mL) and the factors are the pH-value of the SB (-), the 
pH-value of the RB (-) and the concentration of the redox partners CH/CSSC in the SB/RB (mM). 

a) 

b) 
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It is clearly observable that the MLR models of the two different refolding approaches yield divergent results. The pH value of the SB is insignificant according to the conventional method, while it is significant using the BioLector. The trend of low CH and high CSSC concentrations being beneficial for the refolding of HRP can only be seen at a SB pH of 7. Additionally, square terms are present in the MLR of the BioLector approach, while there are none present in the other model. Furthermore, an astoundingly high difference can be observed in the detected volumetric activities after refolding. The maximal response using the BioLector amounts to approximately 27 % of the maximal response yielded by the conventional refolding method. In harsh contrast to the comparison using GFP as model protein, the results of screening experiments using the BioLector Pro are profoundly divergent for HRP. It was hypothesized that these profound differences might have multiple reasons: i. Insufficient mixing caused by the prevalent dilution method combined with a delay until agitation is initiated. The long waiting time is caused by the lengthy addition of solubilizate to the MTP wells due to complex experimental designs (approx. 40 min). Especially in the crucial initial phase of protein refolding, at which refolding kinetics are the fastest, irreversible aggregate formation at a substantial scale could impair the refolding process. Furthermore, the screening experiments cannot be mixed individually within the BioLector well in contrast to single reaction tubes. ii. Foam formation that was observed while shaking at 400 rpm. Protein refolding requires a suitable matrix on the molecular level, whose characteristics are shaped by the components of the refolding buffer. Hence, refolding on the gas/liquid interface of foam bubbles facilitates aggregation and results in diminished refolding yields. iii. Different refolding temperature, which was set to 10 °C within the reaction chamber of the BioLector in comparison to the conventional approach, for which the experiments were cooled in a fridge at 4 °C. The fact that the temperature of the BioLector reaction chamber is controlled precisely in contrast to the conventional approach, is believed to have a negligible impact on the divergent results. iv. The material of the BioLector round well plate (polystyrene), that could enhance adsorption in comparison to the material of the reaction tubes (polypropylene). The more hydrophobic residue of the monomeric unit could exhibit a higher affinity to the intermediate refolding products, whose hydrophobic segments are not sterically covered within the protein structure in contrast to proteins in their native form. v. The oxygen input during refolding that was controlled during the BioLector experiments via the gas composition of the reaction chamber and enabled by the oxygen-permeable sealing foil covering the MTP. The ratio of oxygen in the gas composition of the reaction chamber was held constant at ambient atmospheric level at approximately 21 % [71]. In contrast to the BioLector experiments, there was no oxygen input into the closed reaction tubes and the amount of oxygen 
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present within the 2 mL reaction tubes was very low, since the refolding volume itself was 2 mL.  The three latter reasons (iii – v) raised in the last paragraph cannot be further adapted to the requirements of protein refolding screening experiments. According to the available data sheets, the active cooling system of the BioLector Pro is only capable to reduce the temperature within the reaction chamber to maximally 5 °C below ambient temperature. Thus, the device was installed and used in a cold room in which the temperature of the reaction chamber can be controlled at 10 °C reliably. In order to adjust the oxygen input by changing the gas composition in the BioLector reaction chamber, external nitrogen and oxygen sources need to be connected to the device, which is a challenging task inside a cold room that is not equipped properly for this purpose and therefore couldn’t be realized in the scope of this thesis. To decrease foam formation (ii), the shaking speed was reduced from 400 rpm to 200 rpm in the subsequent optimization experiments. Thereby, foam formation was reduced distinctively (assessed optically) but could not be eradicated completely. The issues of insufficient mixing and delayed agitation (i) showed promising potential for optimization and were further investigated. For this purpose, four dilution methods were defined. For the “no mixing” method the solubilizate was transferred without immediate mixing into the RB. During “reverse dilution” the solubilizate was transferred into the MTP wells before the RB is added. The dilution method “pipette mixing” describes mixing by repeatedly (5x) pipetting the RB up- and down the volume of the pipette tip after the solubilizate addition. Furthermore, the impact of starting the refolding experiments in reaction tubes followed by instant mixing through shaking and a subsequent transfer of the refolding experiment into the wells of the BioLector MTP the was investigated (“start in reaction tubes”). For the assessment of the impact of these dilution methods on protein refolding efficiency, experiments were conducted in which the four dilution methods were varied. Additionally, two agitation delay times (0 min and 45 min) were investigated to assess the impact of the delay on protein refolding. Due to the different nature of the two screening approaches, the prevalent dilution method for the BioLector approach is “no mixing”, while for the conventional approach it is “start in reaction tubes”. The results are depicted in Table 5 for the BioLector approach and in Table 6 for the conventional approach.        
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Table 5: Results of BioLector refolding experiments conducted for the optimization of the dilution method and the 
analysis of the agitation delay. 

Dilution 
Method 

(-) 

0 min Agitation Delay 45 min Agitation Delay 
Average 

Volumetric 
Activity 
(U/mL) 

Relative 
Standard 
Deviation 

(%) 

Average 
Volumetric 

Activity 
(U/mL) 

Relative 
Standard 
Deviation 

(%) No Mixing 4.7 7.3 6.5 4.7 Pipette Mixing 15.4 19.1 16.9 9.0 Start in Reaction Tubes 39.9 8.0 60.7 5.1 Reverse Dilution 29.4 16.6 60.0 4.7  
Table 6: Results of conventional refolding experiments conducted for the optimization of the dilution method and the 
analysis of the agitation delay. 

Dilution 
Method 

(-) 

0 min Agitation Delay 45 min Agitation Delay 
Average 

Volumetric 
Activity 
(U/mL) 

Relative 
Standard 
Deviation 

(%) 

Average 
Volumetric 

Activity 
(U/mL) 

Relative 
Standard 
Deviation 

(%) No Mixing 30.7 27.1 42.1 52.4 Pipette Mixing 61.2 12.9 61.4 4.4 Start in Reaction Tubes 72.1 3.1 70.9 2.5 Reverse Dilution 69.9 5.0 71.8 2.4  Surprisingly, the obtained results of the BioLector experiments showed that after refolding, higher volumetric activities are detected if the agitation start is delayed by 45 min. It is hypothesized that this phenomenon is caused by less foam formation and oxygen input during the crucial initial phase of protein refolding. The “pipette mixing” dilution method yields only slightly higher volumetric activities than the “no mixing” method, while “reverse dilution” and “start in reaction tubes” equivalently lead to the highest volumetric activities. Given the lower effort required for “reverse dilution”, it is the most effective and suitable dilution method for BioLector screening experiments. However, the volumetric activities achieved by the most efficient dilution method with the BioLector are still marginally lower than those achieved by the conventional approach. It is hypothesized that this is resulting from the remaining uncontrollable differences (iii – v) between the two approaches that were described beforehand.  The results of the conventional screening experiments present a different picture. The delay of agitation does not make a significant difference for protein refolding and the 
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methods with the putatively worst mixing characteristics (“no mixing” and “pipette mixing”) yield higher volumetric activities than the BioLector experiments. It is very likely that this is caused by the handling of individual reaction tubes, leading to unintentional mixing of the experiments. Additionally, the standard deviation of the “no mixing” experiments is remarkably high, which is a hint for an extraordinarily low robustness resulting in low reproducibility for this dilution method. Based on the findings of the previous optimization experiments, the protocol for the BioLector screening experiments was adapted and the DoE was repeated (HRP DoE 2) in order to re-evaluate the comparability of the two approaches. Moreover, one of the four factors, the pH value of the RB, was removed from the DoE and an additional level is added to each of the factors CH- and CSSC concentration in order to reduce the complexity of the design and facilitate its analysis. The resulting raw data yielded significant results but displayed low differences at many points of the design space, hence the application of a MLR leads to the incorporation of variance into the modeled trends and does not reflect the raw data correctly. For this reason, the raw data is displayed graphically in Figure 5 exemplary for the SB with pH 8.5. The trends of the raw data for the SB pH levels 7 and 10 depict identical trends (data not shown).  

  
Figure 5: Graphical illustration of the raw data of HRP DoE 2 conducted in the BioLector Pro (left) and in reaction tubes 
(right) at RB pH 10. The response is the volumetric activity (U/mL) and the factors are the pH value of the SB (-) and the 
concentration of the redox partners CH/CSSC in the SB/RB (mM).  It is clearly observable that the range of detected volumetric activities is similar for both approaches, forming the basis for an objective comparison. This underlines the success of the prior optimization of the dilution method for the BioLector experiments. While the CSSC concentration of the RB seems to have no effect on the refolding of HRP, clear but divergent trends are visible concerning the CH concentration of the RB. High CH concentrations in the range 30 – 50 mM result in the highest volumetric activities for the BioLector approach and are therefore improving the refolding process. On the contrary, 
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a low CH concentration of 10 mM yields the highest volumetric activities after refolding for the conventional approach. As a consequence of this outcome, it is hypothesized that the controlled and constant oxygen input of the BioLector leads to a shift in the required redox system. A higher oxygen input inevitably increases the oxidation rate of CH available in the RB and thereby also the amount of CH required for effective protein refolding. Since the oxygen input in large-scale stirred tank reactors can be controlled, the ability of the BioLector Pro to control and include this factor into the design of screening experiments is an advantage for the scale-up process, enabling the comparison of this crucial process parameter between different scales and increasing the robustness of the experiments. To verify whether the observed divergent results of the two approaches are truly caused by the oxygen input, nitrogen- and oxygen sources need to be implemented in the cold room to actively control the gas composition in the reaction chamber of the BioLector Pro. This intricate task could not be accomplished in the scope of this thesis and bears potential for further investigations.  7.3.1.3 Summary A refolding protocol for the BioLector system was developed and established. Therefore, the conventional refolding protocol, especially in terms of the dilution method, was adapted to the characteristics BioLector system since the wells of its MTP cannot be mixed individually after solubilizate addition. As a result, reverse dilution was implemented because it proved to be the most effective dilution method for refolding experiments conducted using the BioLector Pro. In conclusion, the novel approach for the screening of protein refolding, utilizing the BioLector Pro, yields different results as the conventional approach in terms of parameter optimization. It is hypothesized, that the reasons for this can be found in a set of parameters that characteristically differ for the two investigated approaches, such as differences in foam formation, refolding temperature, vessel material and oxygen input. The divergent results only occur for the refolding of HRP but not for GFP. This is probably due to the simple structure of GFP, leading to too fast refolding kinetics and too robust refolding for the discussed parameters to a have significant impact on the refolding process. Furthermore, the results imply that the impact of the oxygen input on the redox system is the main driver of the diverging results.  Given that the BioLector Pro has the ability to control refolding temperature and oxygen input (via dO2 and reaction chamber gas composition), its results are believed to be more accurate and helpful for the main purpose of small-scale screening experiments, which is the optimization of process parameters for industrial scale refolding. Since the temperature and the oxygen input can also be controlled at these larger scales, the BioLector Pro enables the optimization of these parameters and ensures comparability at different scales, improving the scale-up process. Additionally, the increased control 
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over process parameters that cannot be controlled by a conventional screening approach generally improves the robustness and quality of the screening.  
7.3.2 Advantages of In-Line Analytics for Screening of Protein Refolding In the previous chapter, the comparability of the BioLector with the conventional approach for protein refolding screening experiments is discussed, especially in regard to the ability of the BioLector to control additional refolding parameters that have a substantial impact on refolding. However, the BioLector further features analytical tools for the in-line monitoring of fluorescence, pH and dO2, bearing high potential to be applied for protein refolding screening experiments to meet the demands for IPM and IPC according to QbD [36].  7.3.2.1 In-Line Fluorescence Detection The monitoring of fluorescence during protein refolding is useful to quantify refolding processes of fluorescent proteins and has promising potential to be combined with labelling techniques using fluorescent chromophores [17, 33]. To investigate the advantages of in-line fluorescence detection for protein refolding, the parameter was monitored during the BioLector GFP screening experiments. The in-line fluorescence profiles of three experiments displaying high fluorescence and of three experiments displaying low fluorescence after refolding are shown in Figure 6. These exemplary profiles reflect the general trends of all 48 experiments of the DoE very well.  

 
Figure 6: In-line fluorescence profiles of 6 screening experiments conducted in the BioLector Pro.   
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The exemplary in-line fluorescence profiles match characteristics of previously reported GFP refolding experiments and the protein refolding process for experiments with high refolding yield is completed after approximately 3 h with more than 50 % of the final yield being reached after approximately 0.5 h [30, 31]. The initial phase of the refolding process cannot be observed in the in-line fluorescence profiles due to the long time required for solubilizate addition (approx. 40 min).  In Figure 7, the detected in-line and off-line fluorescence values after refolding are plotted against each other.  

 
Figure 7: Plotted in-line and off-line fluorescence values of GFP screening experiments conducted with BioLector  Pro.  The in-line fluorescence values show a high correlation to the off-line fluorescence values after refolding with a comparable relative standard deviation of the replicates under 7 %. However, a flattening trend can be observed, hinting a skewed correlation either at low or high RFU. Since such trends typically occur when the linear range of analytical instruments is exceeded, the gain settings for the in-line fluorescence detection of the device were adjusted from level 1 to level 5, with the goal to correct the putative linear range.   
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Figure 8 illustrates the in-line fluorescence values of the GFP screening experiments, detected at gain levels 1 and 5.  

 
Figure 8: Plotted in-line fluorescence values detected at gain levels 1 and 5 with BioLector  Pro.  The plotted in-line fluorescence values at gain levels 1 and 5 correlated directly and the values at level 1 are simply multiplied with the factor 15.141 to reach the values detected at gain level 5. This implies that the gain setting adjustments only affect electronic data processing, and the issue of slightly skewed in-line fluorescence detection cannot be resolved by this approach. Inevitably, either low values are detected at too high levels or high values are detected at too low levels. This observation suggests that an MLR model, based on the in-line fluorescence values, will overestimate the impact of the factor initial protein concentration. The contour plots of the MLR models based on the screening experiments with normalized in-line fluorescence as response are displayed in Figure 9 and the corresponding coefficient plots are depicted in Figure 10.   
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Figure 9: Contour plot of the MLR model based on the GFP screening experiments conducted using the BioLector Pro. The 
response is the normalized in-line fluorescence (RFU) and the factors are the pH-value of the RB (-), the buffer substance 
concentration (M), the initial protein concentration (g/L) and the L-Arg concentration (M). 

 

 
Figure 10: Coefficient plot of the MLR model based on the screening experiments conducted using the BioLector Pro. The 
response is the normalized in-line fluorescence (RFU) and the factors are the pH value of the RB (-), the buffer substance 
concentration (M), the initial protein concentration (g/L) and the L-Arg concentration (M).  The MLR model based on in-line fluorescence data depicts similar trends as the MLR model based on off-line fluorescence data (Figure 1). But in contrast to the latter, the factor buffer substance concentration is insignificant, while the factors pH value and L-Arg concentration have a positive effect and the factor initial protein concentration has a negative effect on the response. The insignificance of one of the four factors and the low model coefficients of the others is caused by the excessive impact of the initial protein concentration on the model shown in the coefficient plot. This phenomenon originates from the problems described in the previous paragraph.  



56 

Moreover, aberrant in-line fluorescence profiles were detected exclusively for refolding experiments with RB containing 1 M Tris and 0.33 M L-Arg. The in-line fluorescence profiles of the six concerned experiments are illustrated in Figure 11.   

 
Figure 11: In-line fluorescence profiles of all six experiments of the DoE with the conditions 1 M Tris and 0.33 M L-Arg.  To rule out the possibility of erroneous measurements at certain positions of the MTP, the experiments were reiterated with a different MTP and well-layout. The results support the previous findings of aberrant in-line fluorescence profiles. Additionally, in-line fluorescence measurements were conducted for the RB with the conditions mentioned before, but without solubilizate addition, resulting in the absence of a fluorescence signal. Furthermore, the in-line fluorescence profiles of experiments conducted at 25 °C but at identical conditions using a plate reader, did not display the aberrant profiles detected using the BioLector Pro (data not shown). Hence the obtained unusual in-line profiles are not well-dependent, are not caused by the RB itself and do not represent the actual refolding behavior. According to m2p-Labs, the high ionic strength caused by high concentrations does not interfere with in-line fluorescence detection. Thus, underlying reasons of this phenomenon cannot by explained and require further investigations.  7.3.2.2 In-Line pH Detection First of all, the ability of the BioLector system for in-line pH detection via optodes enables the identification of pH value changes due to solubilizate addition. In combination with the capability to apply a continuous feed, the control of the pH-value is possible. Furthermore, the implementation of this system has the potential to control the pH-dependent kinetics of redox systems during refolding. According to the datasheet of the utilized BOH2 round well plate, the dynamic range for pH detection is 3.7 - 8.0 with an accuracy of  0.1 in the pH range 4.7 - 7.0 and the temperature range is 15 - 50 °C. Since 
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the pH values of the screening experiments are in the range 7 - 10, and the working temperature is 10 °C, an offset and the necessity of an alternative calibration were anticipated.   
7.3.2.2.1 Green Fluorescence Protein Figure 12 displays the in-line pH value profiles of all 48 GFP screening experiments conducted with the BioLector  Pro.   

 
Figure 12: In-line pH value profiles of all 48 GFP screening experiments conducted with the BioLector Pro.  45 of the experiments with preset pH-values of 8 and 9 are detected continuously at pH 9.22 (illustrated as red data points in Figure 12). The continuously identical pH-values indicate that the detected values are higher than the preset pH values of the experiments, exceeding the upper limit of the optode. This upward shift of the detected values in comparison to the preset values is presumably caused by the low temperature of 10 °C. All three of the 48 experiments that were detected below the limit, have an initial pH value of 8 and the lowest levels of buffer substance and L-Arg concentration (0.05 M Tris and 0 M L-Arg). Thus, the addition of the solubilizate (pH 2.5) cannot be compensated and lead to the severe drop of the pH value, especially for the experiment with an initial protein concentration of 1 g/L, requiring a high amount of solubilizate (illustrated as blue data points in Figure 12). Thus, the in-line pH value data for the GFP screening experiments reveal that the optodes for pH detection cannot detect pH values of 8 and higher at a temperature of 10 °C for the GFP screening experiments.  
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7.3.2.2.2 Horseradish Peroxidase In Figure 13, the in-line pH profiles of all 48 HRP screening experiments, performed with standard dilution, are depicted. During the standard dilution, the solubilizate is added to the RB, while in the course of a reverse dilution the order is reversed. Although protein refolding has been shown to be inefficient using this dilution method, refolding does not affect the pH value and this dilution method allows to observe the pH value during and after solubilizate addition.  

 
Figure 13: In-line pH profiles of all 48 HRP screening experiments conducted with the BioLector Pro using the normal 
dilution method (HRP DoE 1).  The experiments with a preset pH value of 7 were detected in the range 6.5 - 6.7, while the experiments with preset pH values of 8.5 and 10 are detected in the range 8.9 - 9.8. The abrupt pH increase/decrease at 2.7 - 3.4 h process time is due to the addition of solubilizate with a divergent pH value in comparison to the pH value of the RB. But within one subsequent hour after solubilizate addition, the pH values converge towards the original level. Furthermore, many outliers can be observed in the pH range above 9.8. Based on the observations of the previous paragraph, the experiments with a pH value of 8.5 and 10 are detected at or above the limit of the optode/detector, which is in the pH range 8.9 - 9.8. The experiments with a preset pH value of 7, are detected at slightly lower values, caused by the low temperature of 10 °C. Since the screening experiments conducted using the reverse dilution method were all performed at a RB pH value of 10, all detected in-line pH value profiles of those experiments clearly exceed the upper optode/detector limit, with all datapoints at pH 9.22, except for a few outliers (data not shown).  
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7.3.2.2.3 Summary In conclusion, experiments with a pH value higher than 8 cannot be detected at all with the BioLector Pro because the upper limit of the pH optode (with the dynamic range pH 3.7 - 8.0) is exceeded. This effect is especially distinctive for GFP, because all signals are detected continuously at pH 9.22 and no outliers are observable. It is hypothesized that the reason for this are cross interactions between the broad GFP fluorescence emission peak at a wavelength of 508 nm and the excitation (508 nm) and emission (550 nm) wavelengths of the pH optode of BOH2 well plates [38, 41].  On the other hand, experiments below the upper limit of the pH optode can be detected with only a slight downward pH shift due to the refolding temperature of 10 °C, which is 5 °C below the lower temperature limit of the pH optode. Since protein refolding is generally conducted at pH values above pH 7 in order to increase the reaction kinetics of established redox components, the use of the pH optode is severely limited due to its current measurement range [12, 69, 70].  7.3.2.3 In-Line dO2 Detection The in-line monitoring of dO2 is suitable for tracking the oxygen consumption throughout the refolding process. Based on the capability of the BioLector Pro for the in-line monitoring of dO2, there is a high potential to implement dO2 monitoring for screening experiments in early DSP development, to gain specific insight into protein refolding and to facilitate the corresponding scale-up processes. According to the datasheet of the used BOH2 round well plate, the dynamic range for dO2 detection is 0 – 100 % (air saturation) with an accuracy of  5 % and the temperature range is 10 - 40 °C. Thus, the experiments were performed within the temperature range of the dO2 optode.  
7.3.2.3.1 Green Fluorescence Protein Prior to the performance of the refolding screening experiments, the dO2 profile of blanks (RB, without IBs and therefore no refolding reactions), was monitored at varying agitation levels. In Figure 14, the in-line dO2 profiles of three replicates of a blank containing 0.5 M Tris, 0.33 M L-Arg at a pH of 8.5 are depicted. The agitation levels were increased by 200 rpm every 4 h, starting at 200 rpm.  
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Figure 14: In-line dO2 profile of three blank replicates containing 0.5 M Tris, 0.33 M L-Arg at pH 8.5 at varying agitation 
levels.  Naturally, higher agitation causes increasing dO2 values based on increased oxygen transfer between the RB and the gas of reaction chamber of the BioLector Pro (ambient air in this case). Accordingly, the dO2 level of the blank profiles increase each increment, approximately by 30 % after the first step, by 15 % after the second and merely 1 % after the third. The exceptionally long equilibration time of at least 1 h after the first increase of agitation at 4 h process time, in combination with the sudden rise and instant fall of the dO2 value at the moment of the change in agitation, suggests that during that period the reductant is oxidized quantitatively. The subsequent absence of the reducing agent leads to a drop in the oxygen consumption and thereby to an increase of dO2. Hence, the dO2 level is hypothesized to be held down in the first phase until 5 h process time by the oxidation of the reducing agent. This oxidation reaction probably also causes the high initial absolute standard deviation of the replicates amounting to  6.6 %, which is slightly higher than the reference accuracy of the manufacturer but is approximately tenfold higher than the subsequent variation after 5 h process time. In Figure 15 the in-line dO2 profiles of three refolding experiments each, with low and high final in-line fluorescence, are shown in combination with the corresponding fluorescence. 

0102030405060708090100

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

dO 2(%)

Process Time (h)
200 rpm 400 rpm 600 rpm 800 rpm 



61 

 
Figure 15: Exemplary dO2 profiles of three refolding experiments each with low and high final in-line fluorescence. The 
agitation level is changed from 400 rpm to 200 rpm at 8 h process time.  A moderate correlation between the dO2 profiles and the corresponding fluorescence values after refolding can be observed. Experiments with high final fluorescence and therefore high refolding yield, are subject to a significant drop of dO2 after the solubilizate addition. For most of these experiments, the dO2 value falls below 10 % and recovers at varying process times of up to 10 h without reaching a uniform level in the end. Experiments with a low final fluorescence and therefore low refolding yield, only experience a minor drop of dO2 with a faster recovery than other experiments. The profiles presented in Figure 15 are exemplary and represent the previous findings best, while some aberrant profiles exist that do not follow those general trends. Since the data is ambiguous there is only a moderate correlation. Figure 16 illustrates the dO2 profiles of a refolding experiment and a blank at highly similar conditions. The refolding experiment was conducted with 0.5 M Tris, 0.33 M L-Arg at pH 9, while the blank contained identical Tris and L-Arg concentrations but had a slightly divergent pH of 8.5.  
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Figure 16: Comparison of the in-line dO2 profiles of a GFP refolding experiment and a blank with similar composition 
(refolding experiment: 0.5 M Tris, 0.33 M L-Arg, pH 9; blank: 0.5 M Tris, 0.33 M L-Arg, pH 8.5).  According to the previous findings, a clear drop of dO2 is observable in the profile of the refolding experiment in comparison to the blank without refolding reactions. Thus, the distinctive decline of the dO2 signal is clearly caused by refolding reactions and not by the buffer composition. Since the molecular refolding process is supported by reducing reactions, the time period for the quantitative oxidation of the reducing agent is shortened to 3 h in comparison to the 5 h required for the blank. After the reducing agent is completely oxidized in both experiments and the agitation level is identical, the dO2 levels align at 70 % in the period 5.5 - 8 h. That underlines the comparability of the shown experiments and the validity of the results. The divergent dO2 profiles after 8 h process times are caused by deviating agitation levels. The different agitation levels impede the comparison of the two dO2 profiles and originate from an aberrant experiment design, but nevertheless the illustrated profiles are well suited for comparison.  A high reproducibility forms the basis for the in-line dO2 monitoring to be reasonably applied as a soft sensor for product quality and product yield. Therefore, the screening experiments of the DoE were reiterated two times to obtain triplicates and to assess the reproducibility. To differentiate between optimal and unsuitable refolding conditions, the dO2 profiles of three experiments each with a high and low final in-line fluorescence are depicted in Figure 17 and Figure 18. 
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Figure 17: Comparison of the in-line dO2 profiles of three replicates each of three GFP refolding experiments that yield high 
in-line fluorescence after refolding. The average final in-line fluorescence values of the experiments are 
37.69  1.06 RFU (a), 36.25  1.14 RFU (b) and 36.08  0.98 RFU (c). The average final in-line fluorescence values of the three exemplary experiments shown in Figure 17 are 37.69  1.06 RFU (a), 36.25  1.14 RFU (b) and 36.08  0.98 RFU (c). It is clearly observable that the reproducibility for experiments with high refolding yield is very low in respect to the reproducibility of the buffer (Figure 14), albeit similar trends can be observed occasionally. Although, several confounding factors are present in the experiment design that impede the reproducibility. Due to different experiment layouts, the time required for solubilizate addition varies in the range  0.5 h possibly leading to an offset on the horizontal axis. Differences in agitation levels are present, with replicate 1 being agitated at 400 rpm for the initial 8 h, while the other replicates were continuously agitated at 200 rpm. Furthermore, replicate 3 was performed in a reused well plate and the impact of reused well plates on the in-line dO2 detection is not known. 
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Figure 18: Comparison of the in-line dO2 profiles of three replicates each of three GFP refolding experiments that yield low 
in-line fluorescence after refolding. The average final in-line fluorescence values of the experiments are 
17.03  1.92 RFU (a), 17.38  0.80 RFU (b) and 18.02  1.14 RFU (c). The average final in-line fluorescence values of the three exemplary experiments shown in Figure 18 are 17.03  1.92 RFU (a), 17.38  0.80 RFU (b) and 18.02  1.14 RFU (c). Although the trends of the replicate profiles exhibit a higher similarity than the experiments with high final fluorescence, there are still substantial differences in the dO2 levels after the initial drop and in the time of recovery. The confounding factors are identical to the ones described in the last paragraph. Hence, the reproducibility of experiments with low refolding yield is also low, especially in respect to the reproducibility of the buffer (Figure 14). Furthermore, the exemplary dO2 profiles in Figure 18 show that several experiments defy the general moderate correlation between the dO2 profile and fluorescence after refolding, which has been illustrated in Figure 15.  
7.3.2.3.2 Horseradish Peroxidase In analogy to the GFP experiments, the dO2 profiles of blanks were analyzed prior to the refolding screening experiments. However, in comparison to GFP, HRP has four disulfide bridges in its native tertiary structure, thus a redox system is required for refolding. This 
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increases the complexity of the buffer and the corresponding analysis. In Figure 19, the dO2 profiles of five blanks with RBs containing different ratios of reducing- and oxidizing agent are presented.  

 
Figure 19: In-line dO2 profiles of five different blanks with varying CH and CSSC concentrations at pH 10 and varying 
agitation levels.  The dO2 values of the HRP blanks are notably higher and are detected in a smaller range, compared the blanks of GFP. Despite the low differences between the profiles throughout the process, a clear clustering based on the reducing agent (CH) concentration can be observed with an increasing amount of reductant leading to lower dO2 values. The differences persist until 8 h process time, at which the agitation speed is increased to 600 rpm and all profiles converge, leading to an absolute standard deviation of 2.2 %. The final dO2 level is reached at different times by the different blanks in accordance with their reducing agent concentration. Hence, the comprised amount of reducing agent is quantitatively oxidized after 5 h for blanks containing 10 mM CH and at approx. 8 h for blanks containing 30/50 mM CH. The seemingly simultaneous time for both blanks with higher reducing agent concentrations is hypothesized to be caused by an immediate and high oxygen transfer rate that is triggered by the increase of agitation speed to 600 rpm. Furthermore, the increments of the dO2 levels, initiated by the increase of agitation speed, are much lower than for the GFP blanks and the maximal level is already reached after 5 - 8 h, depending on the reducing agent concentration. Figure 20 illustrates three blank replicates containing 10 mM CH in SB and 0.75 mM CSSC at SB pH 10 with varying agitation levels throughout the process. 
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Figure 20: dO2 profiles of three blank replicates containing 10 mM CH (in SB), 0.75 mM CSSC at pH 10 and varying agitation 
levels.  The absolute standard deviation of the blank replicates is low throughout the whole process and amounts to 1.7 %, attesting a high reproducibility for blanks without refolding reactions. In Figure 21 exemplary dO2 profiles of three refolding experiments each with low and high final volumetric activity are displayed.  

 
Figure 21: Exemplary dO2 profiles of three refolding experiments each with low and high final volumetric activity. The 
agitation speed is constantly at 200 rpm.  Analogously to the GFP experiments, a moderate correlation between the dO2 profiles and the corresponding volumetric activities after refolding can be observed. Experiments with high volumetric activity and therefore high refolding yield, are subject to a significant 
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drop of dO2 after the solubilizate addition, combined with long time periods for recovery. For most of these experiments, the dO2 value does not fall below 50 % and recovers at varying process times of up to 18 h without reaching a uniform level in the end. Experiments with a low final volumetric activity and therefore low refolding yield, only experience a minor drop of dO2 with a faster recovery than other experiments. But there are some experiments which defy the previously described trends. Hence, the described correlation is ambiguous. Figure 22 shows the dO2 profiles of a refolding experiment with a high final volumetric activity and a blank at identical conditions (30 mM CH in SB, 0.375 mM CSSC, SB pH 10) but with diverging agitation levels throughout the process.  

 
Figure 22: Comparison of the in-line dO2 profiles of a refolding experiment and a blank with identical composition (30 mM 
CH in SB, 0.375 mM CSSC in RB, SB pH 10).  During the initial 4 h of the process, the dO2 profile of the refolding experiment falls below the profile of the blank, underlining the fact that the distinctive decline of the dO2 signal is caused by refolding reactions and not by the buffer composition. The drop of 5 % is remarkably lower than for GFP experiments with a high refolding yield (drop of 35 %), which is probably caused by the slower refolding kinetics of HRP and additionally indicates that the dO2 profile during refolding is highly dependent on the POI. Since the dO2 levels of the blanks are also lower for GFP, the different reducing agents are believed to have an influence on the magnitude of the drop. After the recovery of the dO2 level of the refolding experiment at 11 h, the dO2 values are still below the level of the blank due to divergent agitation levels.  Analogously to the GFP experiments, the HRP experiments were reiterated to assess the reproducibility of the in-line dO2 measurements. To differentiate between optimal and unsuitable refolding conditions, the dO2 profiles of three experiments each, with a high and low final volumetric activity, are illustrated in Figure 23 and Figure 24. 
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Figure 23: Comparison of the in-line dO2 profiles of three replicates each of three HRP refolding experiments that yield high 
volumetric activity after refolding. The average final volumetric activity values of the experiments are 
31.00  3.68 U/mL (a), 33.55  6.58 U/mL (b), 37.75  6.58 U/mL (c). The average final volumetric activity values of the three exemplary experiments shown in Figure 23 are 31.00  3.68 U/mL (a), 33.55  6.58 U/mL (b), 37.75  6.58 U/mL (c). The relative standard deviation of the volumetric activity is several times higher than the relative standard deviation of the in-line- or off-line fluorescence, which are used to quantify the refolding of GFP. It is hypothesized that this is partly because of the more complex refolding process of HRP, caused by its more intricate native tertiary structure, and partly because the many parameters that are involved in the execution of ABTS assays and are thereby increasing the measurement inaccuracy. Therefore, the direct comparison of the dO2 profiles of the two replicates needs to be considered cautiously. In regard to the relatively small dO2 range in which the profiles for HRP are detected and the extremely high reproducibility of the blank runs, the reproducibility needs to be classified as low. Although, similar confounding factors play a role as for GFP. Due to different experimental layouts, the time required for solubilizate addition varies in the range 
 0.5 h possibly leading to an offset on the horizontal axis and replicate 2 was conducted in a reused well plate. The impact of reused well plates on the in-line dO2 detection is not known. 
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Figure 24: Comparison of the in-line dO2 profiles of three replicates each of three HRP refolding experiments that yield low 
volumetric activity after refolding. The average final volumetric activity values of the experiments are 
2.30  0.28 U/mL (a), 0.45  0.35 U/mL (b), 0.25  0.21 U/mL (c). The average final volumetric activity values of the three exemplary experiments shown in Figure 24 are 2.30  0.28 U/mL (a), 0.45  0.35 U/mL (b), 0.25  0.21 U/mL (c). Although the profiles show a higher similarity than the profiles of experiments with high final volumetric activity, the differences are considerable and therefore, the reproducibility low. Especially in respect to the marginally low obtained volumetric activities, the small dO2 range in which the profiles for HRP are detected and the extremely high reproducibility of the blank runs. Additionally, identical confounding factors apply as for the experiments described in the previous paragraph. Because of different experimental layouts, an offset of   0.5 h on the horizontal axis is possible and replicate 2 was performed in a reused well plate.  
7.3.2.3.3 Summary In conclusion, the in-line monitoring of dO2 has only a limited benefit for protein refolding screening experiments. Since no mechanistic link between protein refolding and dO2 has been reported previously, a moderate empiric correlation was established. It is shown 
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that refolding reactions lead to a drop of the detected dO2 values. The extent of the decline, in combination with the time period required for the recovery to a higher continuous level, are directly correlated to the refolding yield, which was quantified by fluorescence for GFP and by volumetric activity for HRP. However, this correlation is not universally applicable. Additionally, the agitation-dependent dO2 levels and the range in which shifts occur, have been shown to be highly specific for the POI and the corresponding RB composition. Although, the comparison of experiments with blanks showed that the distinctive decline of the dO2 signal is clearly caused by refolding reactions and not by the buffer composition. Furthermore, it is hypothesized that because of the highly specific and empiric nature of the dO2 profiles of refolding experiments, the reported robustness and reproducibility of the dO2 signal during the refolding of human vascular endothelial growth factor  could not be observed for GFP and HRP [14]. Hence, further investigations into mechanistic links between protein refolding and dO2 are required for the universal application of dO2 as a soft sensor for product quality and product yield. Since the purpose of screening experiments is the optimization of parameters for proteins, whose refolding properties are unknown, universally applicable knowledge on the correlation between dO2 and the protein refolding process is necessary to apply the in-line dO2 monitoring abilities of the BioLector Pro reasonably for protein refolding. A direct correlation between the refolding yield and the redox potential has been reported for HRP [67]. Moreover, the complementary application of the redox potential to dO2 was implemented as a soft sensor for product quality and product yield. All these observations, in combination with the fact that the redox- and dO2 profiles exhibit remarkably similar trends imply a link between the two parameters in respect to protein refolding [14]. This link between the two parameters and their relation to protein refolding bears high potential for further investigations.  
7.3.3 Advantages of a Continuous Feed for Screening of Protein Refolding The microfluidic technology of the BioLector Pro was expected to be the most substantial advantage of the system over conventional screening approaches, since it enables the application of a continuous feed for protein refolding screening experiments, which is not possible with the previously reported conventional approaches [12, 33, 34].  Unfortunately, it was not possible to obtain a stable pump pressure for the membrane valves caused by a malfunction of the external pump module of the BioLector Pro at 4 °C ambient temperature. Thus, it was not possible to investigate the application of a continuous feed for protein refolding experiments. This is an unexpected but possible outcome of a feasibility study, which this thesis constitutes. No previous reports on the subject of the application of the BioLector for protein refolding and for the application of the device at reduced ambient temperature could be obtained beforehand. Nevertheless, experiments related to several aspects of a continuous feed were planned. First, the ability to apply a continuous feed in combination with an automatic IPM and IPC 
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of the pH value could have been tested to counteract changes in the pH value, caused by the addition of solubilizate. Second, the utilization of the IPC of the pH value could have been evaluated for the control of pH-dependent kinetics of redox systems during refolding. This could lead to an expansion of possibilities for screening experiments and form the basis for the implementation of a fine tuning of redox kinetics for protein refolding. Third, the effect of various continuous feed profiles of denatured protein or buffer components on protein refolding could have been investigated and compared to pulsed feed profiles. Aside from positive linear or -exponential functions with various coefficients, also atypical negative linear and -exponential functions could have been explored.   
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8 Conclusions of the Thesis The application of the BioLector Pro for the screening of protein refolding was thoroughly assessed. Keeping the nature of this thesis as a feasibility study in mind, the results are satisfying and form a far-ranging basis for further studies. On the basis of the results, the four goals defined at the beginning of this thesis are evaluated in the course of the following chapters.  
8.1 Goal One As a prerequisite for the screening of protein refolding conditions, an at-line RPLC method for the IPM and IPC of the solubilization process was established. The goal of the IPM, a precise prediction of the refolding yield using the monomeric HRP concentration, was met, exceeding the accuracy of the prevalent SDS-PAGE tool. Additionally, the goal of the IPC, the adjustment of protein concentration during refolding to compensate for USP deviations and thereby improve the robustness of the refolding, was fulfilled.   
8.2 Goal Two The conventional protocol for the screening of protein parameters was adapted and established for the characteristics of the BioLector Pro, utilizing a reverse dilution method. Furthermore, screening experiments were designed for the two model proteins, with the goal to compare the results of the BioLector Pro and a conventional screening approach. The results have shown to be fundamentally different for HRP, which represents industrially relevant proteins of a complex tertiary structure, requiring redox systems during refolding. It is hypothesized that the main underlying reason is the controlled and constant oxygen input of the BioLector that leads to a shift in the required redox system. Since the oxygen input in large-scale stirred tank reactors can be controlled, the ability of to control and include this factor into the design of screening experiments is a remarkable advantage for the scale-up process. That enables the comparison of this crucial process parameter between different scales and increases the robustness of the experiments. The capability of the BioLector system to control the oxygen input via the gas composition within the reaction chamber and to monitor it via in-line dO2 detection is unprecedented. Since the BioLector Pro additionally has the ability to control the refolding temperature precisely, its results are believed to be more accurate and useful for the main purpose of small-scale screening experiments, which is the optimization of process parameters for industrial scale refolding.   
8.3 Goal Three The benefits of the in-line detection of fluorescence, pH and dO2 of the BioLector Pro for the screening of protein refolding parameters was comprehensively assessed for GFP and HRP. 
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The detected in-line fluorescence profiles match characteristics of previously reported GFP refolding experiments. But the fluorescence values are shown to be skewed, leading to an overestimation of the impact of the initial protein concentration in the resulting MLR models. However, the obtained results were similar to the ones derived from the off-line detected fluorescence values. Unfortunately, the number of fluorescent proteins of industrial relevance is low. Hence the demand for in-line fluorescence detection for protein refolding is negligible but has promising potential to be combined with labelling techniques using fluorescent chromophores [17]. The in-line monitoring of the pH value proved to be unsuitable for protein refolding experiments in its current form. pH values of higher than 8 cannot be detected at all with the BioLector Pro because the upper limit of the dynamic range of the pH optode is exceeded. The fact that experiments below the upper limit of the optode can be monitored with only a slight downward shift, caused by the reduced temperature, is of little avail since refolding is generally conducted at rather high pH values above pH 7, to increase the reaction kinetics of established redox components. The in-line monitoring of dO2 is of a limited benefit for protein refolding experiments. It is shown that refolding reactions lead to a drop of detected dO2 values and the extent of the decline, in combination with the time period required for the recovery to a higher continuous level, are directly correlated to the refolding yield. But this correlation is not universally applicable and highly specific for the POI. Furthermore, a very low reproducibility of the dO2 profile was observed. In regard to the high impact of the oxygen input on refolding and to the demonstrated effect of refolding reactions on dO2 values, the ability for the in-line detection of dO2 during screening experiments bears a high potential to improve the scale-up of refolding processes. Despite the missing mechanistic links between dO2 profiles and refolding yields, an improved reproducibility would open up possibilities for the empirical application of this parameter for scale-up processes.  
8.4 Goal Four The benefits of a constant feed for the screening of protein refolding parameters could not be evaluated due to a malfunction of the external pump module of the BioLector Pro at 4 °C ambient temperature. This is an undesirable but conceivable outcome of a feasibility study, which this thesis constitutes.  
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9 Outlook The fundamental scheme of the application of the BioLector system for protein refolding, presented in this thesis, is the following: a system that has been designed for screening experiments in the field of fermentations is diverted to the field of protein refolding. However, based on the extensive experiments conducted for this thesis, two categorical problems of this approach could be identified. First, essential process parameters (e.g. temperature, pH value) differ between the two mentioned fields of application. This leads to problems, which were observed and are discussed throughout this thesis. For instance, the upper limit of the pH optode at pH 8 is not high enough to cover the pH range that is generally used for the refolding of proteins that require redox systems. Moreover, the low ambient temperature of approx. 4°C, that was required to reach the refolding temperature within the reaction chamber of the BioLector, presumably led to the malfunction of the external pump module and impeded the application of the promising microfluidic technology. Second, the range of in-line analytical tools are not optimal for protein refolding. While the in-line detection of fluorescence, pH and dO2 are at least partially of interest for protein refolding, the ability for biomass detection via light scattering is needless, while the possibility for the detection of redox potential is not existent but would be beneficial. For the solution of the problems that were identified in the scope of this thesis, two approaches are possible. The first, and potentially more feasible, approach is the design of a high-throughput screening system, which is implicitly dedicated for the needs of protein refolding. The simplicity and subsequent cost-efficiency of such a system is potentially higher than for a multi-purpose device that is efficiently designed for both, the screening of fermentation and protein refolding. The second approach is to expand key functions and parameters of the current BioLector system and add features, with the goal to create a multi-purpose device. For the purpose of the adaption of the BioLector system for the screening of protein refolding, six proposals can be formulated on the basis of the findings of this thesis: i. Establishment of the microfluidic technology to investigate the benefits of a continuous feed for protein refolding, either by implementing an external pump module that is functional at low temperatures around 4 °C or by implementing an active cooling system for the reaction chamber of the BioLector system. The latter seems to be the more efficient solution since it would make the installation of the BioLector device in a cold room dispensable and therefore simplify many aspects of the handling of the device. But on the other hand, the issue of condensation water will need to be managed. ii. Implementation of an oxygen and nitrogen source within a cold room for the investigation of the benefits and possibilities of a controlled oxygen input for protein refolding. An active cooling system, explicitly for the reaction chamber, would simplify the execution of this proposal. iii. Development of a pH optode with an extended upper limit, to be capable to monitor pH values at least up to pH 11. 
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iv. Investigation of the reasons for the low reproducibility and the high protein specificity of in-line dO2 profiles during protein refolding. Additionally, the general mechanistic links between protein refolding and the parameters dO2 and redox potential needs to be investigated for a reasonable application of in-line dO2 detection for screening experiments. v. Development of an optode for the in-line detection of the redox potential, which has been reported to be beneficial for the characterization of refolding processes, especially in addition to the already available in-line dO2 detection [14]. vi. Investigation of the reasons for the skewed in-line fluorescence detection as described in chapter 7.3.2.1. Furthermore, the investigation of labelling techniques using fluorescent chromophores for the quantification of protein refolding is necessary, in order to expand the field of application of in-line fluorescence detection for non-fluorescent proteins.   
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