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Summary 

The current pandemic outlines the need for efficient and mass-produced vaccines to fight 

infectious diseases. Group A Streptococcus is a human pathogen causing hundreds of 

millions of infections every year and leading to over 500,000 deaths annually. Unfortunately, 

there is still no efficient vaccine developed today. A novel class of vaccines that can 

overcome some of the limitations of traditional vaccines are virus-like particles (VLPs) that 

can induce strong and long-lasting immune responses. However, caused by lengthy and 

complicated production routes they are also among the most expensive. 

Microbially-expressed modular virus-like particles with inserted foreign antigens are a 

promising platform technology for rapid and low-cost vaccines but their current purification 

methods lack scale-ability and process performance. A main burden during processing is the 

formation of soluble aggregates and poor performance during chromatographic purification. 

Processing of viral capsomeres usually requires hard-to-scale unit operations and enzymatic 

treatment to remove DNA. The first half of my project, therefore, investigated the cause of 

the aggregate formation and investigated possible purification pathways. It was found that a 

main source of soluble aggregates during processing is DNA-capsomere aggregates, caused 

by the strong DNA affinity of viral capsomeres. This aggregation does not only lead to poor 

product quality during viral assembly but is also responsible for poor chromatographic 

performance as the large-size aggregates cannot enter the pores of the chromatographic resin 

and hinder the efficient removal of DNA. It was furthermore shown, that these DNA-

capsomere interactions can be controlled by adjusting the ionic strength of the buffer system 

and high salt buffers can suppress DNA-capsomere interactions. Controlling DNA-capsomere 

interactions did not only lead to better product quality and improved DNA removal, but it 

also enables efficient chromatographic processing at elevated salt concentrations using salt-

tolerant mixed-mode ion exchange resins.  
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The novel approach of processing viral capsomeres at elevated salt concentrations, 

suppressing DNA-capsomere interactions, with novel salt-tolerant mixes mode ion exchange 

resins led to the development of several integrated purification pathways, that were optimized 

using high-throughput binding studies. The optimized purification pathways were 

comparatively evaluated using a range of analytical techniques. After optimization, the 

preferred integrated purification pathway was capable of producing highly pure virus-like 

particles without any of the common hard-to-scale unit operations found in other described 

methods and showed outstanding process performance. The finding of these two studies are 

not only relevant for my specific virus-like particle but are also of high interest if other viral 

proteins are processed as the underlying DNA binding sites are conserved within many 

viruses. Furthermore, the finding can explain many challenges occurring during the 

processing of virus-like particles and viral proteins, that are described in the literature.  

The second part of my studies focuses on the transition of the batch process to a continuous 

one. Continuous bioprocessing gains significant attention within the biopharmaceutical 

industry in recent years, as it promises faster, cheaper, and more consistent production. 

However, unlike other industries, continuous biomanufacturing is still in its infancy. 

Research in this field mostly concentrates on antibody production and VLPs are not 

addressed yet. This project, therefore, aims to widen the research field of continuous 

biomanufacturing to virus-like particles, and an automated, continuous production route was 

developed. Based on the findings of the first part of my studies the first fully integrated and 

continuous purification pathway for virus-like particle vaccines was developed. The process 

showed a robust behaviour over a wide range of inlet stream concentrations and produced 

Group A Streptococcus virus-like particle vaccines of constantly high quality over the 

examined period.  
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A novel key concept is the integration of a flow-through step with multi-modal cation 

exchanger in a periodic counter-current chromatography (PCC) set-up, that allows seamless 

integration of the two-unit operations without buffer adjustment in between. The process also 

shows the possibility to remove the reducing agent DTT during column elution using 

chromatography, eradicating an additional buffer exchange unit operation before in-line viral 

assembly. A main challenge to solve was the development of a new control strategy for 

continuous periodic counter-current chromatography subject to unstable/fluctuating inlet 

stream concentrations. Current control strategies fail if the inlet stream concentration does not 

remain constant during column loading. The developed approach was modelled in-silico, 

using mechanistic models, and enables a more robust controlling of PCC processes than 

common approaches.  

Apart from describing the first continuous purification pathway for virus-like particle 

vaccines, the described process might lay the fundamentals for continuous production for a 

wide range of biopharmaceuticals.  The process can be easily adapted to other 

biopharmaceuticals as the process can be changed using different chromatographic resins and 

is not constructed around a specific affinity chromatographic step.  

This project outlines the development of a continuous manufacturing process for microbially 

expressed VLP vaccines against Group A Streptococcus from scratch. It shows exemplarily 

the development and optimization of a batch process and the subsequent transition to a 

continuous and integrated process and therefore can serve as a blueprint for the development 

of continuous processes for biopharmaceuticals other than VLPs.    
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Chapter 1 

Introduction 

This chapter introduces the overall research project and gives an outline of the thesis 

structure, content, aims, and objectives.  
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1.1 Background 

Vaccination is one of the key tools to fight human infectious diseases and is an outstanding 

achievement of biomedical research and public health [1–3]. Smallpox was declared 

eradicated by the WHO in 1980 after global immunization [4]. Furthermore, the current 

global pandemic of COVID-19 illustrates the importance of efficient vaccines in the fight 

against infectious diseases. Traditional vaccines containing dead or inactivated viruses, or 

single key proteins, have been successfully developed against a wide variety of diseases such 

as measles, mumps, rubella, poliomyelitis diphtheria, tetanus, hepatitis A/B and can prevent 

morbidity and mortality up to 100% [1,5]. Yet, in 2019 more than 10 million people died 

globally because of communicable diseases outlining the threat of infectious diseases to 

human health.  

Group A Streptococcus (GAS) is responsible for over 500,000 deaths and infects hundreds of 

millions every year, making it a major burden within our society [6]. Unfortunately, there is 

no commercial vaccine available yet, and the high number of genotypes and possible cross-

reactions with the immune system challenges the development of efficient vaccines [7,8]. 

Due to lower access to healthcare mostly developing countries and low-income settings are 

affected by GAS and therefore an ideal vaccine candidate is not only highly efficient but can 

also be produced cheaply and at large scale. 

Traditional vaccine production requires long culturing processes and complicated purification 

pathways. This makes production of vaccines expensive and also limits a possible reaction to 

sudden pandemic threats [9]. To overcome these problems of GAS vaccine development, new 

highly efficient vaccines and advanced manufacturing technologies have to be developed to 

provide cost-effective, highly efficient, and rapidly manufactured vaccines at a global scale.  
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Virus-like particles are a new and promising vaccine approach. They mimic the overall 

structure of the underlying virus, yet lack genetic material and are therefore non-infectious 

and safe to use. Caused by their native and highly repetitive structure they elicit a strong and 

long-lasting immune response. VLPs can also be used as a platform to present foreign 

antigens to the immune system, thus allowing the construction of vaccines against a wide 

variety of pathogens [10]. However, currently VLPs are among the most expensive class of 

vaccines due to their complicated and expensive production routine [11,12]. 

A possible low-cost platform technology for the production of VLP vaccines was developed 

by Middelberg et al. [13]. Based on murine polyomavirus major capsid protein VP1 with 

inserted antigen, immunogenic VLPs against different pathogens can be produced and a 

promising candidate against GAS has been developed. A main advantage is that VP1 can be 

rapidly expressed in E. coli making the production theoretically easy, rapid and cost-efficient. 

However, to achieve the full potential of this technology the purification pathway requires 

further development that allows full-scale ability. Additionally, further intensification of the 

production can be achieved by changing from batch to continuous manufacturing. State-of-

the-art biomanufacturing is still heavily relying on batch-wise unit operations. Changing from 

batch to continuous manufacturing can lead to significant reductions in operational and 

investment costs and the field of continuous biomanufacturing gains increasing attention in 

recent years [14].  

Recent research on continuous bioprocessing mainly investigates the processing of 

antibodies; other important biopharmaceuticals such as VLPs have been neglected. There is 

currently no research published on the continuous production of virus-like particles and in 

general integrated and continuous purification pathways for biopharmaceuticals are 

minimally examined and seldom described. Therefore, this research project, tries to widen the 

field of continuous biomanufacturing towards VLPs and explores continuous and integrated 
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production pathways for VLP vaccines based on murine polyomavirus major capsid protein 

VP1 with a Group A Streptococcus vaccine as a model construct.  

1.2 Aims and Objectives 

The overall aim of this Ph.D. project is to develop a continuous downstream process for the 

production of microbial-produced virus-like particle vaccines based on the murine 

polyomavirus-like particle vaccine platform. The process shall be scale-able, automated, 

integrated, and produce VLPs of high quality. Non-tagged VP1 capsomere with inserted J8 

GAS antigen is used as a model construct to obtain VLP vaccines against Group A 

Streptococcus due to the significance of this pathogen. Although this project focuses on VLPs 

this thesis shall also provide a blueprint for the development of continuous processes for 

other biopharmaceuticals apart from antibodies. 

As a first step, possible new purification pathways for non-affinity tagged VP1-J8 will be 

explored and a new integrated batch process will be developed that is fully scale-able and 

only utilizes unit operations that can be translated into continuous processes. Aggregation 

during processing and low chromatographic performance will be investigated in detail. 

Subsequently, this process will be further optimized using high-throughput approaches.  

Once a suitable batch process is developed, this will be translated into a continuous and 

integrated process. A control strategy for process automation will be developed that considers 

concentration fluctuations during processing and the process robustness will be analyzed and 

examined.  

1.3 Thesis outline 

The thesis is structured into eight chapters, of which Chapter 3, 4, 5, 6, and 7 are presented as 

a publication. A short overview of each Chapter will be given in the following: 
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Chapter 1 Introduction. This chapter introduces the overall research project and gives an 

outline of the thesis structure, content, aims, and objectives. 

Chapter 2 Literature Review. This chapter reviews the current literature and aims to give the 

reader a comprehensive overview of the topics relevant to this thesis. Virus-like particles, 

Group A Streptococcus, and current purification strategies are discussed. Furthermore, the 

murine polyomavirus-like particle vaccine platform is introduced. 

Chapter 3 Continuous downstream bioprocessing for intensified manufacture of 

biopharmaceuticals and antibodies. This chapter provides an extensive review on continuous 

biomanufacturer and introduces different continuous concepts and completes the literature 

review of Chapter 2. 

Chapter 4 Influence of DNA-VP1 aggregates on downstream processing. In this chapter, it is 

investigated how the control of DNA-VP1 interactions can influence the downstream 

processing of viral capsomeres. Multi-modal cation exchange resin was identified as a novel 

approach to process VP1 capsomeres at elevated salt concentrations, enabling the suppression 

of DNA-VP1 interactions and thus allowing for higher binding capacities. Furthermore, the 

influence of DNA-VP1 interactions on the formation of aggregates during assembly is 

investigated.    

Chapter 5 Comparative evaluation of integrated downstream processes. Based on the 

findings of Chapter 4 several integrated downstream processes for VP1-J8 VLPs were 

developed. Optimal process conditions were explored using high-throughput studies. The 

processes were characterized in terms of purity and product quality and comparatively 

evaluated. 

Chapter 6 Control strategy for PCC processes subject to fluctuating inlet stream 

concentrations. Integration of a flow-through chromatography step with a continuous PCC 



6 

 

process leads to fluctuating inlet stream concentrations, which hinders controlling of the PCC 

process. In this chapter a novel control strategy for PCC processes with fluctuating inlet 

stream concentrations is developed. The new approach was verified in-silico using 

mechanistic modelling as well as experimentally.  

Chapter 7 Continuous downstream process for the production of VLP vaccines. In this 

chapter, a continuous, automated, and integrated downstream process for the production of 

VLP vaccines against Group A Streptococcus was developed. The process integrates the 

findings of the previous chapters. The robustness of the process was tested with different 

initial lysate concentrations and the product quality was determined over several hours of 

processing.  

Chapter 8 Conclusion and future directions. This chapter sums up the findings of the 

previous chapters and gives an outlook of possible future research questions that can be 

addressed. 
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Chapter 2 

 Literature Review 

This chapter reviews the current literature and aims to give the reader a comprehensive 

overview of the topics relevant to this thesis. Virus-like particles, Group A Streptococcus, 

and current purification strategies are discussed. Furthermore, the murine polyomavirus-like 

particle vaccine platform is introduced.  
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2.1 Virus-like Particle Based Vaccines 

Virus-like particles are nano-sized structures mimicking the overall structure of their native 

virus [1]. They are formed by one or several viral structural proteins which can be expressed 

in various systems like bacteria, yeast or eukaryotic cell cultures. Although they are identical 

or closely related to intact viruses, they lack genomic material and are therefore non-

infectious by design [2,3]. Due to their highly repetitive and native structure VLPs strongly 

stimulate B cells and induce a vigorous and enduring antibody response [4,5]. VLPs can be 

used as efficient vaccines against their underlying virus, and might even trigger stronger 

immune responses than a natural infection [6]. Native VLPs are used as vaccines against 

Human Papilloma Virus and commercialized under the name Cervarix® and Gardasil®.  

VLPs can also be used as a platform to present covalent bound foreign antigens and thus form 

a completely new class of vaccines. As the foreign antigens are presented in a more “natural” 

virus pattern, a very strong immune response can be triggered without any adjuvant [7]. VLPs 

presenting foreign antigens are called chimeric or modular VLPs and have been heavily 

examined against pathogens such as HIV, HPV, poliovirus, Hepatitis, and others [8,9]. A 

main disadvantage of VLPs as vaccines is their complicated and laborious production route. 

Random aggregation, shear sensitivity, low recoveries, low binding capacities, the need for 

nuclease treatment, and hard-to-scale unit operations such as size exclusion chromatography 

and ultra-centrifugation make them comparably expensive [1,8]. A dose of HPV vaccine is 

priced over 300 US-Dollars and even the not-for-profit price (Global Alliance for vaccines 

and Immunization) of 4.50 US-Dollar is too high for the use in low-income countries [10–

12].  

2.2 Murine Polyomavirus VLP based Vaccine platform 

A VLP vaccine platform that was specially designed to meet the need for rapidly-produced 

and low-cost VLP vaccines is the murine polyomavirus major capsid protein VP1 VLP 
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platform. Murine Polyomavirus-like particles are icosahedral formed particles, containing 72 

major capsid protein VP1-pentamers, with an approximate size of 45 nm and a molecular 

mass of 15 300 kDa. The VP1-pentamers, called capsomeres, have a molecular mass of 212.5 

kDa [13]. One main advantage of murine polyomavirus VLPs is that the capsomeres can be 

expressed unassembled in microbial expression systems. These unassembled capsomeres can 

then be purified and assembled into VLPs in a controlled environment in-vitro thereafter [14]. 

This paradigm follows other mass manufacturing approaches (e.g. for automobiles) where 

components are made and subjected to quality control and are then assembled into a complex 

structure. The capsomere as well as an assembled Murine Polyomavirus VLP are illustrated 

in Figure 2-1. 

 

Figure 2-1Murine Polyomavirus capsomere (PDB-ID 5CPU) and assembled VLP (PDB-ID 

1SIE). 

 

The assembly/disassembly reaction can be easily controlled by changing the buffer system. 

While VLP assembly is triggered by Ca2+ ions, capsomeres are stabilized in the presence of 

chelating agents such as EDTA and a reducing environment [13–15]. Processing of 

unassembled capsomeres followed by in-vitro assembly into VLPs provide several 

advantages over simultaneous expression and assembly in-vivo. One point is that by 
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controlling the quality of the capsomeres before assembly and by controlling the assembly 

process directly, a better overall quality of the VLPs can be achieved. Another important 

point is, that this approach prevents the introduction of unknown and variable contaminants 

inside the VLPs, so-called internal contaminants, that get trapped inside the VLPs during in-

vivo assembly. Removal of internal contaminants requires an additional dis- and re-assembly 

step during processing which impacts the overall process economics yet is not required for 

the murine polyomavirus VLP platform [14].   

By fusing antigens with VP1, chimeric or modular VLPs can be produced that present foreign 

antigens in a highly immunogenic manner. A proof of concept was implemented for different 

antigens including Influenza, GAS, and Rotavirus and it was shown that modular VP1 VLPs 

induce strong immune responses [16–18]. Furthermore, the modular VP1-antigen capsomeres 

can be expressed and produced in microbial expression systems such as E. coli, and 

expression levels of gram-per litre have been achieved [19]. This reveals another benefit of 

this platform technology. Contrary to traditional egg or cell culture produced vaccines, which 

need between 11 and 20 weeks production time, VLP vaccines produced in microbes can be 

available within days, can be quickly modified to the circulating strain, and are furthermore 

cheap to produce [17]. Estimated costs for vaccines based on this technology using process 

economic tools are in the range of cents per dose for large-scale production, slashing the price 

of conventional vaccines by several hundred times [20]. 

2.3 Group A Streptococcus and J8 antigen 

Streptococcus pyogenes also known as Group A Streptococcus is a gram-positive human 

pathogen, which can cause mild symptoms such as pharyngitis, but can also lead to serious 

and potential life-threatening diseases such as necrotizing fasciitis, acute rheumatic fever 

(ARF) and rheumatic heart disease (RHD). GAS is responsible for over 500,000 deaths and 

several hundred million infections per year, mainly threatening developing countries and 
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indigenous communities [21–23]. Currently, there is no vaccine commercially available. 

Thus, in 2015 not only the World Health Organization (WHO) decided to force the 

development of a GAS vaccine but also the Australian government decided to invest 35 

million dollars [24,25]. 

The surface of GAS is coated with a major virulence factor called M-protein [26]. The M-

protein, firstly described in 1927, acts as the primary antigen and as a serological marker 

[27,28]. Upon infection an individual produces type specific antibodies against the M-protein 

and develops subsequent protection against this serotype [29]. Therefore, the M-protein is an 

ideal target antigen for vaccine development and was extensively investigated as a target for 

vaccine development. However, there are certain drawbacks associated with using M-protein 

as a target antigen. First of all the M-protein has a hypervariable region on the N-terminus 

and with more than 200 known serotypes and thus it is challenging to find a vaccine that is 

effective against a broad range of GAS types [30]. Another even more important aspect 

concerns possible cross-reactions upon vaccination with M-protein as it can raise antibodies 

reacting with alpha-helical coiled human proteins, and an early study with partially purified 

M-protein induced the development of ARF in some volunteers, which subsequently led to 

the prohibition of GAS organisms and derivates for vaccines [31–33]. Although the decision 

made by the FDA was revoked in 2006, the induction of possible cross-reactive antibodies 

are a major concern that needs to be addressed during development of a GAS vaccines [34]. 

The M-protein consists of two polypeptide chains that form an alpha-helical coiled-coil 

structure on the surface of GAS and consists mainly of blocks of repeated amino acid 

sequences that can be split into four repeat regions A-D, as illustrated in figure 2-2 [35]. The 

C-terminal end is highly conserved with the sequence differing by less than 2% between 

different serotypes. At the N-terminus however, the M-protein becomes more variable with 
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an additional hypervariable nonhelical region of 11 amino acids adjunct to the A-repeat block 

that defines the biological activity of the molecule [35]. 

 

 

Figure 2-2 Schematic illustration of M-protein of Group A Streptococcus [36]. 

One approach to obtain a general vaccine against most serotypes is to induce antibodies 

against the conserved part of the M-protein. A promising target within the highly conserved 

C-terminus of the M-protein is epitope p145 having 20 amino acids length, as p145 

antibodies were able to opsonize streptococci [37]. Hayman [38] has developed a chimeric 

peptide called J8, containing the minimal epitope J8i (12 amino acids) of p145 that is fused 

with flanking GCN4-peptides on each side to promote the native helical structure which is 

essential for efficiency [17]. This chimeric J8 peptide was able to stimulate the production of 

antibodies that opsonize GAS but do not induce potential human cross-reactions [38].  
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Modular VLP vaccines against GAS based on the murine polyomavirus platform can be 

obtained by fusing the chimeric peptide J8 with VP1. J8 peptide was inserted with flanking 

G4S linker at position 293 of VP1 resulting in the chimeric construct VP1-J8. The flanking 

linkers, allow for more space and promote the natural helical conformation of J8 [17]. After 

assembly of the VP1-J8 capsomeres into VLPs, the antigen J8 is presented in a highly 

repetitive manner on the surface of the VLP as shown in Figure 2-3. This modular GAS VLP 

vaccine has proven to be efficient in inducing a strong systemic and mucosal immune system 

response in mice, even without the addition of adjuvants [7,17]. 

 

Figure 2-3 Chimeric VP1 displaying Group A Streptococcus J8 peptide (J8-VP1). (A) 

Structural prediction for a J8-VP1 capsomere and virus-like particle (J8-VP1 VLP). J8 

peptides (red) are presented on the surfaces of chimeric VP1 capsomere (left), which 

self-assemble into a VLP. (B) Transmission electron micrograph showing the self-assembly 

of J8-VP1 capsomeres (left) into J8-VP1 VLPs (right). Scale bar is 100 nm. From [17]. 
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2.4 Expression and Purification of Murine Polyomavirus Derived VLP 

Vaccines 

The two main bioprocess manufacturing options for murine polyomavirus-based VLPs are 

shown in Figure 2-4, namely the in-vivo pathway in eukaryotic, yeast, and insect cells and the 

in-vitro pathway in prokaryotic cells. During the in-vivo pathway VP1 capsomeres assemble 

into VLPs inside the host cell and can therefore incorporate cellular contaminants internalised 

to their structure. Thus, a disassembly and reassembly step is essential during the purification 

process to remove these internal contaminants. In contrast, during the in-vitro pathway, VP1 

capsomeres remain unassembled inside the cell and the actual assembly process occurs after 

the removal of impurities in a controlled environment. As the disassembly and reassembly 

step is no longer required, the in-vitro pathway is in general more stable and efficient [14]. 

 

Figure 2-4 Different bioprocess production options for VLPs. During the in-vivo pathway (a) 

and (b) VLPs assemble inside of the cell, while in the prokaryotic expression system (c) 

capsomeres remain unassembled and can be assembled after purification in vitro [14]. 

In literature, modular VP1 protein such as VP1-J8 is expressed in a transformed E. coli 

Rosetta (DE3) with the pGEX-4T-1 plasmid as a cloning vector. Expression levels described 

in the literature are usually low but also gram-per-litre expression has been achieved, with the 
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highest described value being 1.63 g l-1 [39]. The optimal conditions for VP1 expression have 

not been discovered yet as the results are contrary to each other; for example, Ladd Effio et 

al. [39] measured the highest expression at 37 °C while Chuan et al. [40] at 26 °C. The 

highest described value has been achieved at pH 6, 37 °C, and a relatively low shaker speed. 

It is assumed that inducing stress during growth and expression, either by low pH or low 

oxygen levels, has a positive influence on soluble product titres.  

For a convenient purification process of the expressed VP1 capsomeres, a GST affinity tag is 

usually inserted into the VP1-antigen sequence. After cell disruption and clarification, the 

GST-tagged capsomeres are captured on a GSTrap HP column, after which GST is cleaved 

with thrombin followed by size exclusion chromatography to remove aggregates and the 

GST-tag [40]. This purification pathway is used in nearly all publications concerning VP1 

[41–43], although some add further steps like anion exchange chromatography to remove 

endotoxin and sterile filtration [17,41]. Endotoxins have been furthermore removed using 

Triton X-114 and Tobacco Etch Virus protease (TEVp) has been used as an alternative to 

thrombin for GST-tag cleavage [43,44].  

Using affinity tags leads to several disadvantages during downstream processing such as 

multimerization effects, low recovery, a costly and inefficient chromatographic step, and a 

further enzymatic tag removal step. Still, GST-tag free purification procedures are rarely 

described [44]. Alternative pathways without affinity purification include selective salting out 

with sodium sulfate [45] or anion exchange chromatography followed by size exclusion 

chromatography [39]. Another challenge during purification of VLPs and viral capsomeres is 

the removal of DNA. Described protocols often remove DNA only incompletely and are 

usually dependent on utilizing enzymatic nuclease treatment to remove DNA, adding another 

layer of complexity and timely processing to the purification pathway [46,47]. 
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The large molecular size of VP1, the need for conformational integrity, and the tendency to 

aggregate, further challenge purification. Slow diffusion and low pore accessibility can lead 

to low binding capacities and unfavourable buffer conditions can lead to instabilities [1,48].  

Although purification of tagged and non-tagged VP1 capsomeres is possible with different 

techniques, described methods lack process performance, suffer from low recoveries, and are 

heavily dependent on hard-to-scale unit operations. Finding and integrating different unit 

operations into a fast, efficient, scale-able, and reliable purification process without massive 

product losses is the major current challenge in VLP/capsomeres purification; no efficient 

process neither in batch, nor in continuous mode, is described for VP1 capsomeres yet [1].  

2.5 VP1 Process Development 

To achieve the aim of this project and develop a continuous downstream process for VP1-J8 

VLP vaccines against GAS, several challenges need to be solved. The current limitations for 

non-tagged VP1 constructs, as outlined in Chapter 2.4, need to be addressed to develop an 

efficient batch process first. Possible solutions for aggregation and low binding capacities can 

involve stabilizing buffer conditions and new chromatographic resins with favourable 

performance properties respectively. Another approach for process intensification is 

switching from batch to continuous manufacturing. Counter-current chromatography can help 

to overcome challenges with low binding capacities and solves the trade-off between resin 

utilization and productivity [49]. Other possible benefits of continuous processing are higher 

automatization, lower footprint, faster processing and thus less product degradation and less 

batch-to-batch variations.  

There are multiple possible options to transfer a process from batch to continuous, depending 

on the required unit operations. Therefore, a detailed review of continuous biomanufacturing, 
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possible unit operations and challenges during continuous processing is provided as Chapter 

3 in the form of a published and incorporated paper. 
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Chapter 3 
 Continuous Downstream Bioprocessing for Intensified 

Manufacture of Biopharmaceuticals and Antibodies 

This chapter provides an extensive review on continuous biomanufacturer and introduces 

different continuous concepts and completes the literature review of Chapter 2. 
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Chapter 4 
 Virus-like Particle Preparation is Improved by Control over 

Capsomere-DNA Interactions During Chromatographic 

Purification 

In this chapter, it is investigated how the control of DNA-VP1 interactions can influence the 

downstream processing of viral capsomeres. Multi-modal cation exchange resin was 

identified as a novel approach to process VP1 capsomeres at elevated salt concentrations, 

enabling the suppression of DNA-VP1 interactions and thus allowing for higher binding 

capacities. Furthermore, the influence of DNA-VP1 interactions on the formation of 

aggregates during assembly is investigated.     
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Chapter 5 

 Comparative Evaluation of Integrated Purification Pathways 

for Bacterial Modular Polyomavirus Major Capsid Protein 

VP1 to Produce Virus-Like Particles Using High Throughput 

Process Technologies 

Based on the findings of Chapter 4 several integrated downstream processes for VP1-J8 

VLPs were developed. Optimal process conditions were explored using high-throughput 

studies. The processes were characterized in terms of purity and product quality and 

comparatively evaluated.  
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Chapter 6 

 Control Strategy for Multi-Continuous Periodic Counter 

Current Chromatography Subject to Fluctuating Inlet Stream 

Concentration 

Integration of a flow-through chromatography step with a continuous PCC process leads to 

fluctuating inlet stream concentrations, which hinders controlling of the PCC process. In this 

chapter a novel control strategy for PCC processes with fluctuating inlet stream 

concentrations is developed. The new approach was verified in-silico using mechanistic 

modelling as well as experimentally.   
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Chapter 7  

 An Integrated and Continuous Downstream Process for 

Microbial Virus-Like Particle Vaccine Biomanufacture 

In this chapter, a continuous, automated, and integrated downstream process for the 

production of VLP vaccines against Group A Streptococcus was developed. The process 

integrates the findings of the previous chapters. The robustness of the process was tested with 

different initial lysate concentrations and the product quality was determined over several 

hours of processing.   
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7.1 Abstract 

In this study, we present the first integrated and continuous downstream process for the 

production of microbial virus-like particle vaccines. Modular murine polyomavirus major 

capsid VP1 with integrated J8 antigen was used as a model virus-like particle vaccine. The 

integrated continuous downstream process starts with crude cell lysate and consists of a flow 

through chromatography step followed by periodic counter current chromatography (PCC) 

(bind-elute) using salt tolerant mixed-mode resin and a subsequent in-line assembly. The 

automated process showed a robust behaviour over different inlet feed concentrations ranging 

from 1.0 mg ml-1 to 3.2 mg ml-1 with only minimal adjustments needed, and produced 

continuously high-quality virus-like particles, free of nucleic acids, with constant purity over 

extended periods of time. The average size remained constant between 44.8 ± 2.3 nm and 

47.2 ± 2.9 nm comparable to literature. The process had an overall product recovery of 88.6% 

and a process productivity up to 2.56 mg h-1 mlresin
-1 in the PCC step, depending on the inlet 

concentration.  Integrating a flow through step with a subsequent PCC step allowed 

streamlined processing, showing a possible continuous pathway for a wide range of products 

of interest. 

7.2 Introduction 

Viral structural proteins can self-assemble into particles that correspond to the overall 

appearance of native viruses, yet lacking genetic material. These so called virus-like particles 

(VLPs) are therefore unable to replicate and thus are considered non-pathogenic [1]. Due to 

their native capsid structure, VLPs can induce strong humoral and cellular immune responses 

without the need for adjuvants, making them powerful candidates for future vaccines [2–4]. 

Another key benefit of VLPs as vaccine candidates is the possibility to insert foreign antigens 

to construct vaccine candidates against all types of diseases while the underlying VLP 

construct remains the same.  VLPs are therefore extensively examined as vaccine candidates 
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against pathogens such as Influenza, Rotavirus, Group A Streptococcus and others, and also 

are commercial products against human papillomavirus, malaria and hepatitis B/E [3,5–7].A 

disadvantage however, are the rather high costs of VLPs caused by complicated production 

and purification processes [8–10]. Downstream processing is often based on size exclusion 

chromatography and ultra-centrifugation that might face challenges in large-scale set-ups 

[8,11]. Another challenge are low binding capacities during chromatography in bind-and-

elute mode [8]. 

To overcome some of the production challenges and to intensify the production of VLP 

vaccines, platform technologies have been developed that allow the production of a variety of 

VLPs while only requiring minimal adjustments of the underlying production process [12]. 

One possible pathway is to produce VLPs and antigens separately and subsequently attach 

them either by conjugation or by tag coupling approaches [13]. Another pathway is genetic 

fusion in which the antigen is genetically inserted into the viral structural protein with 

subsequent protein expression as one construct [14,15]. An advanced platform technology for 

VLP vaccines involves the use of murine poliomavirus major capsid protein VP1 with 

inserted antigen [12]. VLP vaccines based on this platform showed promising results in 

animal studies for pathogens such as Influenza, Group A Streptococcus and Rotavirus 

[6,16,17].  The capsomeres can be expressed unassembled in gram-per-litre concentration in 

E.coli and a highly efficient, scalable and integrated purification and production pathways 

have been developed [18,19].  

Continuous bio-processing promises process intensification due to higher automation, 

increased equipment utilization and a reduced facility footprint, and furthermore leads to 

constant product quality and less batch-to-batch variation. A review on current developments 

of continuous bio-manufacturing has been recently published [20].  Despite its promises, 

continuous processing is not widely utilized within bio-pharmaceutical processing yet, but 
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gains more and more attention within scientific and industrial communities. Most research 

focuses on the transition of existing batch unit operations to continuous ones.  Strategies such 

as periodic counter-current chromatography (PCC), multi-column solvent gradient 

purification (MCSGP) and simulated moving bed (SMB) for chromatography, counter-

current mixer settlers for extraction, coiled-flow inverter and tubular reactors for precipitation 

and single-pass tangential flow filtration for filtration have been developed and described in 

the literature [21–28]. Integrated continuous processes however are seldom described and 

usually focus on antibody purification. For example 29 [29] coupled two PCC (protein A and 

CEX) steps with a flow through step, while 30 [30] integrated a PCC process with MCSGP 

and a flow through polishing to purify antibodies. As far as we are aware, an integrated 

continuous production pathway for VLPs formed by self-assembly ex vivo has not been 

developed or described.  

To further extend the field of continuous bio-processing we developed and here report an 

automated continuous and integrated purification process for microbially-expressed VLP 

vaccines based on an integrated production pathway developed by our group [19]. The 

process couples a flow through CaptoTM Q chromatography step followed by a bind-elute 

multi modal (CaptoTM MMC) PCC process with subsequent in-line assembly of VLPs. It has 

been previously shown that non purified VP1 capsomeres form soluble aggregates with 

microbial DNA at low buffer salt concentrations, hindering purification [31]. In batch 

processing, the use of salt-tolerant mixed-mode resins with a previous flow through step 

allows processing at elevated salt concentrations, which suppress VP1-DNA aggregation, and 

therefore leads to better recovery. The salt-tolerant mixed-mode resin furthermore allows an 

integration of the two unit operations without buffer adjustment in between and enables a 

wide design space [19,31]. The continuous process described in this paper, developed by 

building on these batch studies produces VLPs of a constant good quality, removes DNA and 
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most contaminants, is scalable and can act as a platform technology for the development for 

new continuous production pathways of vaccines and biopharmaceuticals other than 

monoclonal antibodies.  

 

7.3 Materials and Methods 

7.3.1 Protein Expression and Sample Preparation 

Murine polyomavirus major capsid protein VP1 with inserted Group A Streptococcus antigen 

J8 was constructed and expressed as described in our earlier paper [19]. In brief GCN4-J8 

was inserted with flanking G4S linkers into VP1 and cloned into pETDuet-1 and transformed 

by heat shock transformation into RosettaTM 2(DE3) SinglesTM competent cells (Merck 

KGaA, Germany) and stored as 25% glycerol stocks. Cell stock was grown overnight in 

Terrific Broth (TB) medium (12 g l-1 tryptone (LP0042, Thermo Fisher Scientific, USA), 24 

g l-1 yeast extract (P0021, Thermo Fisher Scientific, USA), 5 g l-1 Glycerol (GL010, 

ChemSupply, Australia), 2.31 g l-1 potassium dihydrogen phosphate (PO02600, ChemSupply, 

Australia) and 12.5 g l-1 dipotassium hydrogen phosphate (PA020, ChemSupply, Australia)) 

with 35 µg ml-1 chloramphenicol (GA0258, ChemSupply, Australia) and 100 µg ml-1 

ampicillin (GA0283, ChemSupply, Australia)) at 37°C and 200 rpm, 1 l shake flask, 200 ml 

medium.  Next morning overnight culture was diluted 1:40 into fresh TB media and grown in 

1 l shake flasks each containing 200 ml of fermentation broth at 37°C and 200 rpm. After 

reaching an optical density OD600 of 0.5, the temperature was reduced to 27°C and protein 

expression was induced by IPTG (15529019, Thermo Fisher Scientific, USA) addition to a 

final concentration of 0.1 mM After 16 h expression, the cells were harvested by 

centrifugation, cell paste was washed once with 0.9% w w-1 sodium chloride (SL046, 

ChemSupply, Australia) and stored at -80°C in 50 ml aliquots until subsequent use.  
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To obtain clarified cell lysate, cells were resuspended in lysis buffer (20 mM Tris-

hydrochloride (GB4431, ChemSupply, Australia), 1 mM EDTA (EA023, ChemSupply, 

Australia), 5% w w-1 glycerol, 5 mM dithiothreitol (DTT) (DL131, ChemSupply, Australia), 

pH 8.9) with 1x SigmaFastTM protease inhibitor (SA8820 Millipore Sigma, USA), lysed by 

ultrasonication (Scientz-IID, China), centrifuged twice for 30 min at 20130 g, 4°C (A5920R 

centrifuge, Eppendorf, Germany) and filtered (0.45 µm, Minisart®, Sartorius, Germany). 

After filtration NaCl was added to a final concentration of 0.35 M and diluted with lysis 

buffer pH 8.9 containing 0.35 M NaCl as needed. Clarified lysate was stored on ice during 

processing.  

7.3.2 In Process Analytics 

Total protein concentration was measured using the Bradford assay at 595 nm (BioRad 

Laboratories, USA) in 96-well plates (200 µl) with bovine serum albumin (BSA) as a 

standard. BSA standard concentration was verified by A280 absorbance on a NanoDropTM 

(Thermo Fisher Scientific, USA).  

Host cell DNA was measured with the Quant-iTTM broad range dsDNA Assay Kit (Q33130, 

Thermo Fisher Scientific, USA), with fluorescence (485/530 nm) measured on a 2300 Victor 

X5 multilabel reader (PerkinElmer, USA) 

RP-HPLC was used to determine VP1-J8 concentration as previously described [19]. In brief 

samples were combined 1:4 with a denaturing buffer (8 M guanidine (GE1914, ChemSupply, 

Australia), 50 mM DTT, 20 mM Tris pH 8) and heated for 10 min at 75 °C. A gradient 

elution with water, containing 0.5% TFA (Buffer A) (TS181, ChemSupply, Australia), and 

acetonitrile (LC1005, ChemSupply, Australia), containing 0.4% TFA (Buffer B), was used to 

separate the sample (3 µl) on a Vydac Protein C4 column 2.1x100 mm, 5 µm (214TP521), at 

a flow of 1 ml min-1 and 60 °C column temperature. The elution program was as following: 6 
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min gradient from 35 % B to 60 % B, 30 s gradient from 60 % B to 100 % B, 1 min 100 % B, 30 s 

from 100 % B to 35 % B and 4 min of 35 % B [19].A Shimadzu UFLC-XR system (pump: LC-

20AD-XR, autosampler: SIL-20AXR, diode array detector: SPD-M20A, column oven: CTO-

20) with detection at 280 nm was used for HPLC experiments.  

Size and shape of VLPs were examined under transmission electron microscopy (TEM). 

Samples (10 µl) were diluted 1:10 with MilliQ water. A drop of 5 µl was put on plasma 

cleaned carbon coated square meshed grids (GSCU100C, ProSciTec, Australia) and 

incubated at room temperature for 5 min. The sample was removed with blotting paper and 

the grid was washed twice with water before stained with 2 % w v-1 uranyl acetate for 2 min. 

Images were taken with a FEI Tecnai G2 Spirit with an Olympus SIS Veleta CCD camera at 

120 kV voltage. Sizes were measured by counting pixels with GIMP 2.10.18. The pixel size 

has been calibrated  

Reducing SDS-PAGE was conducted with TruPAGETM precast Gels 12 %, 10 x 8 cm 12-

well (PCG2010, Millipore Sigma, USA) following the manufacturer’s recommendations. 

Equal volumes of samples (6 µl) were used for all runs with Precision Plus ProteinTM 

Standard (1610363, Bio-Rad, USA) as a size standard.  

Dynamic light scattering (DLS) was conducted on a Zetasizer NanoZS(Malvern Panalytical, 

UK).   Samples of 500 µl, equilibrated at 20 degrees Celsius for 5 min were measured. Each 

measurement is the average of 100 measurements of 1 sample. The refractive index of the 

dispersant was assumed to be 1.33 with a viscosity of 1.02 cp [32]. As a fitting algorithm 

non-negative constrained least squares (NNLS) fitting algorithm was used. 
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7.3.3 Flow Through Chromatography 

Continuous flow through chromatography was conducted in repeating cycles of flow through 

chromatography starting with clarified cell lysate of different total protein concentrations as 

described on a 5 ml prepacked HiTrap™ CaptoTM Q column (Cytiva, Sweden) on an 

AKTATM AVANTTM system (Cytiva, Sweden). One cycle consisted of following steps: 1.2 

CV equilibration (lysis buffer pH 8.9 containing 0.35 M NaCl) at 5 ml min-1, followed by 

sample loading til 90% of DBC1% at 2 ml min-1 and a subsequent post loading wash with 

equilibration buffer (1 CV). This was followed by a wash cycle of 2 CV H2O (10 ml min-1), 

17 CV 1 M NaOH in reverse flow (5ml min-1), 2 CV of H2O (10 ml min-1) and 5 CV 

equilibration (5 ml min-1). The maximum loading volume was dependent on the clarified 

lysate concentration determined during the first cycle. The maximum loading volume was set 

as a loading volume for subsequent processing. To minimise dilution the flowthrough peak 

was collected as shown in Appendix A1. Recovery was determined in a separate experiment 

for 10 cycles with clarified lysate having a total protein concentration of 3 mg ml-1 as a 

starting material, as this was the highest concentration used in the experiments. 

 

7.3.4 Periodic Counter Current Chromatography 

Continuous periodic counter current chromatography in a 3C-PCC set up was performed on 

an AKTATM PCCTM system (Cytiva, Sweden) with 1 ml prepacked HiTrap™ CaptoTM MMC 

columns. The collected flowthrough from the previous CaptoTM Q chromatography run, 

which was collected in a stirred vessel (50 ml bottle on ice, 50 rpm, 20 mm stirring bar), was 

used without any further adjustment for bind-elute processing. To determine the design space, 

breakthrough curves at flowrates of 1 ml min-1 (1 min contact time), 0.5 ml min-1 (2 min 

contact time) and 0.25 ml min-1 (4 min contact time) were measured at a VP1-J8 

concentration of 0.71 mg ml-1 and the maximum possible overloading calculated, according 
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to the area under the breakthrough curve method [23,33]. The maximum overloading can be 

defined as being when the integral of the breakthrough curve equals the dynamic binding 

capacity.  For the actual continuous processing the switching times of the PCC process were 

controlled based on the dynamic UV control method developed by Cytiva [34] using column 

inlet UV absorbance and the column outlet UV absorbance of the first column in a connected 

set-up to calculate the column breakthrough. However, we found that the proposed method 

with ΔUV as a controlling signal is error prone if the inlet feed concentration is not constant, 

which is a result of the integrated process; therefore, loading to approximately 70% 

breakthrough was controlled with a new approach developed by our group [35].A cycle of the 

PCC process consists of following phases: Loading at a flowrate between 0.4-0.8 ml min-1 til 

breakthrough level triggered; Post loading wash of 2 CV at 1 ml min-1; Washing with 5 CV at 

1 ml min-1 with equilibration buffer containing no DTT (lysis buffer pH 8.9 containing 0.35 

M NaCl); Elution with 20 CV of elution buffer (40mM di sodium hydrogen phosphate 

(SA026, ChemSupply, Australia), 1 M NaCl, 5% w w-1 glycerol, 1mM EDTA) at 1 ml min-1; 

Cleaning with 1 M sodium hydroxide (SA178, ChemSupply, Australia) for 15 CV at 1 ml 

min-1; Washing with water for 5 CV at 1 ml min-1, and; Re-equilibration for with 

equilibration buffer for 5 CV at 1 ml min-1. Recovery was measured in a separate experiment 

with a loading material containing 0.32 mg ml-1 VP1-J8 at a flow rate of 0.45 ml min-1.     

 

7.3.5 Assembly of VLPs 

The elution of the PCC process was collected in a 50 ml stirred vessel (20 mm stirring bar, 50 

rpm). The vessel was prefilled with approximately 10 ml of elution buffer, containing no 

product, to submerge the sensor. As described in Section 2.4 the elution buffer does not 

contain stabilizing DTT, which supresses VLP assembly. This approach to change the buffer 

system during elution allowed the removal of DTT without a dedicated buffer exchange step 
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[19]. The pH value in the vessel was controlled at a value of pH 7.2. This was implemented 

with a BioFlo® 320 control panel (Eppendorf, Germany) with 1 % v v-1 HCl, 1 M NaCl, 5% 

w w-1 glycerol as an acid solution and 0.2 M NaOH, 1 M NaCl, 5% w w-1 glycerol as a base 

solution. The pH adjusted VP1-J8 solution was continuously used as inlet A on an AKTATM 

Go system (Cytiva, Sweden) and mixed 9:1 in-line with assembly trigger solution (30 mM 

calcium chloride (CA033, ChemSupply, Australia), 1 M NaCl, 5% w w-1 glycerol). After 

dilution and neutralizing remaining EDTA this achieves a final calcium ion concentration of 

2 mM. The outlet was fractionated every 5 ml and incubated for 24 h before storage at -80 

°C. 

7.3.6 Process Integration and Experimental Set-Up 

Figure 7-1 shows an overall flow chart of the VLP purification process; a picture of the whole 

set-up can be found in the Appendix (A2). The three-unit operations used in this workflow – 

CaptoTM Q in flow through chromatography, CaptoTM MMC PCC in bind-elute 

chromatography and in-line assembly of VLPs - were coupled with surge vessels (50 ml glass 

bottles with 20 mm magnetic stirring bar, (Schott AG, Germany)) at 50 rpm. The overall 

footprint of the whole downstream processing set-up was approximately 4 m of laboratory 

bench space for up to 7.56 mg h-1 overall productivity (2.52 mg h-1 mlresin
-1 at the PCC step). 

A 5 ml HiTrap CaptoTM Q and 3 x 1 ml CaptoTM MMC columns were used. The surge vessels 

as well as the clarified cell lysate were constantly flushed with nitrogen to prevent undesired 

protein oxidation. To show the robustness of the process, experiments with 3 different initial 

total protein concentrations of clarified cell lysate (1.0 mg ml-1,2.2 mg ml-1 and 3.2 mg ml-1) 

were conducted. The only process parameters that were changed were flow rates of the PCC 

process and assembly process to match the output of the flow through step. Each experiment 

was run between 10 and 12 h. The process parameters are summarized in Table 7-1.  
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Figure 7-1 Flow chart of continuous process for the production of microbial VLPs consisting 

of three integrated unit operations. The clarified lysate containing viral capsomeres is first 

purified on CaptoTM Q in flow through mode (I, ÄKTATM AVANTTM) and collected in a surge 

vessel. The collected flow through is then continuously loaded on CaptoTM MMC columns in 

a continuous periodic counter current chromatography process (II, ÄKTATM PCCTM). The 

elution containing purified capsomeres is collected in a surge vessel and pH adjusted, after 

which it is mixed in-line with assembly trigger buffer (III, ÄKTATM GOTM) to initiate assembly 

of VLPs. Pre-assembly the solutions are fumigated with nitrogen to prevent oxidation. 

 

Table 7-1 Process parameter of conducted experiments. 

 Experiment 1 Experiment 2 Experiment 3 

Total protein concentration 
 (mg mL-1) 

1 2.2 3.2 

DNA concentration  
(µg ml-1) 

54.4 94.2 154 

VP1 concentration (mg ml-1) 0.14 0.32 0.41 

Loading flow through per cycle 
 (ml) 

25 17 14 

PCC loading flow rate ( ml min-1) 0.7 0.5 0.45 

VLP Assembly flow rate  
(ml min-1) 

0.22 0.2 0.2 
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7.4 Results and Discussion 

7.4.1 Breakthrough Experiments and PCC design 

Breakthrough experiments performed to determine process design space of the PCC process 

are illustrated in Figure 7-2. The breakthrough curve obtained for a flow rate of 0.25 ml min-1 

(4 min residence time) demonstrated as expected a sigmoidal shape. However, in contrast, the 

breakthrough curve at 1 ml min-1 resembled more a logarithmic function. The curve for 0.5 

ml min-1 describes a shape between the two aforementioned curves. This behaviour can be 

explained by the large size of VP1-J8 of 232 kDa and the resulting mass transfer limitations. 

This effect has been well described for other large biomolecules elsewhere in the literature 

[36–38]. The DBC10% values decreased from 16.6 mg ml-1 to 13.3 mg ml-1 to 9.9 mg ml-1 

with increasing flow rates of 0.25 ml min-1, 0.5 ml min-1 and 1.0 ml min-1, respectively. 

Similarly, the maximum column breakthrough until the column became overloaded in a PCC 

process decreased from 98% to 80% to 69%. The chosen trigger breakthrough level of 70 % 

for column switching ensured robust processing without significant product loss for the 

investigated flow rates between 0.25 ml min-1 and 1 ml min-1. Lower flow rates would result 

in unreasonably long cycle times while higher flowrates bear the risk of product loss in the 

flow through. Recently it was shown that optimal process conditions in continuous twin 

column processes can be found at relatively low column residence times of between 1 and 2 

min and column breakthroughs between 50% and 80% for low and medium product 

concentrations (< 5 mg ml-1). This is however, highly dependent on the type of resin used and 

the desired product concentration in the feed stream, and it is thus hard to generalize [39].  
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Figure 7-2 Breakthrough curves for VP1-J8 loading onto a 1 ml prepacked CaptoTM MMC 

column at different flow rates. Maximum overloading for PCC processes based on the area 

under the curve method are highlighted with dotted lines, as well as DBC10% as a reference 

for batch production. 

 

7.4.2 Evaluating Integrated Process Performance 

During the flowthrough chromatography step, a total of 60.3 ± 1.8 mg VP1 was applied to the 

CaptoTM Q column and 60.0 ± 1.2 mg could be recovered, resulting in a recovery of 99.5 % 

for this step. This high recovery is expected as the product is not binding to the resin and thus 

losses are expected to be minimal. For the PCC step in bind-elute mode, out of 31.0 ± 0.62 

mg VP1 applied on Capto™ MMC, 27.6 ± 1.38 mg (89.0 %) was recovered in the elution 

pool and approximately 0.73 ± 0.12 mg (2.4%) remained in the flow through. The product 

loss in the flow-through probably corresponds to aggregated VP1-J8 capsomeres, as we have 

recently shown that VP1-J8 aggregates do not bind to CaptoTM MMC and remain in the flow-

through [19]. The remaining 8.4% is either strongly bound to the matrix or non-eluted with 

selected conditions or stripped in the washing step with 1 M NaOH. A longer elution time 



104 

 

might help to further increase the recovery at the cost of a lower product concentration. 

Assembly into VLPs is triggered solely by the addition of assembly trigger buffer and 

therefore a 100% recovery for the assembly step is assumed. This results in an overall process 

recovery of 88.6 %, with a high product purity and quality as described in detail in Section 

3.3. This is comparable to another process for HBCaAg VLPS achieving 86% recovery [40] 

and is significantly higher than other described batch processes for the production of VLPs 

that reported recoveries between 31% and 76% [40–43]. 

A chromatogram from the 3 column PCC unit operation of the third experiment having an 

initial total protein concentration of 3.2 mg ml-1 is shown in Figure 7-3. As can be seen the 

concentration of the inlet stream obtained from the surge vessel after CaptoTM Q flow through 

chromatography fluctuates slightly, caused by the cyclic nature of the prior flow through unit 

operation. The control strategy developed for unsteady inlet feed concentrations, reliably 

triggered column switching [35].  

Figure 7-4 shows the VP1-8 concentration in the surge vessel after PCC processing, in which 

the pH value is adjusted (see Figure 7-1). The VP1-J8 concentration increases in the first 400 

– 600 min before it reaches a stable level. This equilibration time is a result of prefilling the 

surge vessel with buffer, containing no product, to submerge the pH sensor. Although column 

switching in the PCC system is triggered at 70% product breakthrough and at a constant 

elution volume in all experiments, the VP1-J8 concentration equilibrates at different values in 

each experiment. As can be seen in Figure 7-4 the VP1-J8 concentration in the surge vessel 

equilibrates at concentrations of 0.43 mg ml-1, 0.53 mg ml-1 and 0.70 mg ml-1 for initial total 

protein concentrations of the lysate of 1.0 mg ml-1, 2.2 mg ml-1 and 3.2 mg ml-1 respectively. 

Thus, a higher product concentration in the inlet feed stream also translates to a higher 

product concentration in outlet stream if elution volume and column breakthrough remain 

constant. This can be explained by a non-constant bimding capacity in the concentration 
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range used in these experiments. The VP1-J8 concentration in the inlet feed of the PCC was 

only between 0.12 mg ml-1 (experiment 1) and 0.37 mg ml-1 (experiment 3) and assuming a 

Langmuir-like binding behaviour literature suggests a high dependence of the product 

concentration on the binding capacity in low concentration ranges [44,45]. If a constant 

product concentration in the surge vessel is desired, the elution volume could be controlled. 

Namely the elution volume could be decreased at low product concentrations or increased at 

higher product concentrations to obtain the same average product concentration.  

Interestingly an increase in initial feed stream concentration does not translate linear increase 

in the overall productivity of the process. Doubling the initial protein concentration from 1 

mg ml-1 to 2.2 mg ml-1 (experiment 1 to experiment 2) only increased the overall productivity 

after assembly by 12%, from 5.1 mg h-1 to 5.7 mg h-1 (1.7 mg h-1 mlresin
-1, 1.9 mg h-1 mlresin

-1 

in the PCC step). A further increase of the inlet concentration of 45% to 3.2 mg ml-1 (3. 

Experiment) increased the overall productivity by 32% to 7.56 mg h-1 (2.52 mg h-1 mlresin
-1 in 

the PCC step). This can be explained by the interplay of several effects. A main effect is that 

decreasing the inlet stream concentration enables longer cycles of the flow through 

chromatography step, which increases the volumetric throughput hence increasing the 

loading flow rate of the PCC step (see Table 1) compensating the lower product 

concentration. While the loading flow rate of the PCC step during experiment 1 (1 mg ml-1) 

was 0.7 ml min-1 the flow rate was 0.5 ml min-1 in experiment 2 (2.2 mg ml-1) and 0.45 ml 

min-1 in experiment 3 (3.2 mg ml-1) (See Table 1). 

Notably, the relationship between feed concentration and throughput of the flow through step 

is also not linear. Firstly, the time needed to regenerate the column (washing and 

equilibration) can be considered to be independent of the loading time and therefore leads to 

a non-linear relationship. Secondly, similar to the binding capacity of CaptoTM MMC the 

binding capacity of the flow through step on CaptoTM Q does also increase with increasing 
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inlet concentration. The amount of DNA that could be removed per flow-through cycle 

increased from 272 µg mlresin
-1 to 330 µg mlresin

-1 to 431 µg mlresin
-1, thus leading to higher 

productivity of the flow through step and by extension the overall process. 

Although higher concentrations in the starting material generally increase overall 

productivity, precise prediction of the extent of this increase is complicated as lower 

concentrations allow higher flowrates, but also change the binding capacities of the resins. In 

particular, the binding capacities seem to have a tremendous effect on the productivity, which 

also has been recently described for continuous 2 column processes in general [39]. A further 

in-depth analysis of the interplay of different process parameters and the influence of the feed 

stream concentration needs to be conducted, and optimal ratios of resin volumes of the flow 

through step to the PCC step in bind and elute need to be found. This might challenge 

upscaling as a rational selection of the required column volumes is currently not possible. 

The dependence of the performance on the feed concentration might limit a designed process 

to a certain concentration range which negatively affects the flexibility of the set-up. Recent 

developments in mechanistic modelling and the construction of so-called digital twins, might 

be a powerful tool for decision making, but needs to be extended to integrated processes. 
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Figure 7-3 Chromatogram of continuous periodic counter current chromatography in bind 

and elute mode integrated with a prior flow through step. Starting material had an initial 

total protein concentration of 3.2 mg ml-1. Shown are the UV sample signal (output of flow 

through chromatography), UV breakthrough profile of the overloaded column, the calculated 

column product breakthrough (ΔUV) and UV elution step signals. The smaller peak previous 

of the elution peak is a signal caused by the post loading wash step, and is not eluted but 

collected on the second column. Values normalized to 1 (UV sample and UV breakthrough to 

maximum UV sample value, UV elution to maximum UV elution, ΔUV divided by 100). 
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Figure 7-4 VP1-J8 concentration in surge vessel after PCC processing but before assembly. 

Runs were conducted with initial protein concentrations of 1 mg ml-1 (Experiment 1), 2.2 mg 

ml-1 (Experiment 2) and 3.2 mg ml-1 (Experiment 3). 

7.4.3 Integrated Process Product Quality 

TEM images of VLPs collected at different time points at the outlet of the process are 

presented in Figure 7-5 and size analysis by counting pixels from TEM and analysis by DLS 

are presented in Figure 7-6. The optimised process produced highly uniform VLPs with a 

mean diameter of the samples, measured by counting pixels, ranging between 44.8 ± 2.3 nm 

and 47.2 ± 2.9 nm for all 3 different initial protein concentrations over the entire experiments; 

no trend in the size could be observed. There are no aggregates visible in the samples, 

however all images show non-assembled capsomeres similar to batch processing in our recent 

publication and other published work [19,46]. Also, there is no apparent difference in the 

quality of VLPs produced at the beginning of the process compared to VLPs produced 

towards the end of the process (Figure 7-5). 
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Figure 7-5 TEM images of VLPs obtained at different times during continuous processing. 

Scale bar represents 200 nm. 

 

Examining the assembly products using DLS shows a similar result. The intensity weighted 

mean hydrodynamic size (Z-average) for samples taken during the experiments is shown in 

Figure 7-6. All three experiments show nearly steady Z-averages of the VLPs between 46.6 

nm and 53.0 nm during the entire process (except the second sample of the first experiment 

which shows a Z-average of only 43.4 nm, which we cannot explain), slightly higher than by 
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counting pixels. This difference is likely a consequence of parameters used in DLS analysis 

and/or the effect of preparation of samples for TEM. It is well known that DLS is measuring 

the average hydrodynamic diameter which is dependent on ionic strength, temperature and 

buffer composition.  

 

Figure 7-6 Variation of VLP diameter (measured by DLS (A) and TEM (B)) with process 

time. Runs were conducted with initial protein concentrations of 1 mg ml-1 (Experiment 1), 

2.2 mg ml-1 (Experiment 2) and 3.2 mg ml-1 (Experiment 3). 

 

There is a slight upward trend in the Z-average diameters as the first samples of each 

experiment have Z-averages of 46.6 nm, 47.8 nm and 48.0 nm, respectively. While samples 

taken later in the process show Z-averages slightly above 50 nm. The upward trend in DLS 

size, that cannot be observed by counting pixels, might be caused by the higher proportion of 

unassembled capsomeres compared to assembled VLPs in the early process, caused by low 

VP1-J8 concentrations of 0.26 mg ml-1, 0.29 mg ml-1 and 0.37 mg ml-1. It was shown in 

literature, that during assembly of VP1 around 0.02 mg ml-1 capsomeres remain unassembled 

and therefore a lower overall VP1-J8 capsomere concentration negatively influences the ratio 

of unassembled capsomeres to assembled VLPs [47]. The PDI remains relatively stable 

during the experiments, but is slightly higher at the beginning of each experiment. This again 

can be explained by the low concentration of the sample and the consequential higher 

unassembled capsomere content. The average PDI of experiment 1 to experiment 3 are 0.243 
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± 0.064, 0.174 ± 0.025 and 0.190 ± 0.037 respectively. Which are within acceptable limits, 

although experiment 1 is slightly elevated [48]. The slightly higher PDI of experiment 1 

might be also explained by the lower concentration, but it can also be a random error and 

requires further investigation.  

Both measured sizes of approximately 47 nm by counting pixels on TEM and a Z-average 

slightly above 50 nm matches well with reported sizes in literature of a murine poliomavirus 

VLPs, that reports a Z-average of 52.0 nm and TEM sizes up to 48 nm [32]. 

The instruments, and process conditions used for assembly of VLPs could be improved 

further to achieve enhanced VLP yield and by reducing the level of non-assembled 

capsomeres. Knowing the complexity of in-vitro VLP assembly, finding optimal assembly 

conditions is challenging and requires the consideration of suitable pH, ionic strength/salt 

type and temperature conditions [49]. As the capsomeres have the same protein composition 

as the VLPs, we do not anticipate that these represent a product contaminant per se. Our 

previous work has demonstrated that capsomeres invoke a similar quality of immune 

response to that of VLPs, albeit at a lower level in the absence of adjuvant [50]. 

SDS-PAGE analysis (Figure 7-7) shows a good purity with some contaminations of VP1-J8 

after purification with CaptoTM Q and CaptoTM MMC. Samples taken at the different times 

during experiment 2 (Figure 7-7 lane 3-5) show no difference in the purity, however sample 

concentration at the beginning of the process is too low, to show impurities. Also, comparing 

purities of the three experiments (Figure 7-7 lane 5-7), each taken towards the end of the 

process, reveals no apparent difference in the purity. In one of our recent publications we 

could show, that the low molecular weight impurities are mainly VP1-J8 truncation products, 

that were hard to remove, even with further purification. The overall purity equals to the 

purity obtained in batch processes [19].    
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Figure 7-7 SDS-PAGE analysis of the process. M: protein marker; (1) Crude lysate from 

Experiment 2; (2) After flow through chromatography purification on CaptoTM Q from 

Experiment 2; (3) After PCC step on CaptoTM MMC from Eexperiment 2, start of the process; 

(4) After PCC step on CaptoTM MMC from Experiment 2, middle of the process; (5) After 

PCC step on CaptoTM MMC from Experiment 2, end of the process; (6) After PCC step on 

CaptoTM MMC from Experiment 1, end of the process; (7) After PCC on CaptoTM MMC from 

Experiment 3, end of the process. 

 

Similarly, the DNA concentration of all samples was measured to be between 0.7 and 1.7 ng 

ml-1 at VP1-J8 concentrations between 0.43 and 0.7 mg ml-1 and remains stable during the 

experiments (Figure 7-8). Given the fact that the sensitivity level of the assay is 2 ng ml-1 it 

can be assumed the samples are effectively DNA free. As vaccines are given at very low dose 

of for example only 20 µg protein per dose, DNA levels are expected to be at least a 3 

magnitudes lower than permitted levels [51,52]. 
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Figure 7-8 Variation in DNA concentration during VLP processing. Runs were conducted 

with initial protein concentrations of 1 mg ml-1 (Experiment 1), 2.2 mg ml-1 (Experiment 2) 

and 3.2 mg ml-1 (Experiment 3). 

 

Based on these outcomes, it is evident that that the described process can produce constantly 

high quality VLP vaccines continuously over the examined duration of at least 10h. The 

product quality is in this work independent of the feed concentration, but the overall 

productivity increases with increased feed concentrations.  

Integrating a flow through chromatography step with a subsequent PCC bind-elute process 

using salt tolerant mixed mode chromatography resins (CaptoTM MMC) is a powerful 

approach for continuous biomanufacturing of VLP vaccines. The biggest advantage is that it 

enables a streamlined process without any intermediate buffer adjustment between the two 

unit-operations and therefore theoretically enables a seamless integration without any holding 

vessel. Like in the previously developed batch process, this set-up also allows impurities to 

be reduced to a level that enables UV based control of the column loading and a buffer 

exchange during elution that enables the removal of stabilizing DTT without a dedicated 

buffer exchange step [19].  
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The process fulfils several proposed benefits of continuous processing. Once set-up the entire 

process runs automatically and no user interference is required. As sown in Figure 7-2 

applying continuous PCC instead of batch-wise bind-and-elute, allows for much higher 

column loading, without product loss, and therefore solves the trade-off between column 

utilization and productivity. Furthermore, this leads to smaller required columns and a 

decrease in buffer consumption compared to batch processing. The overall footprint is only 4 

m bench space as only minimal hold-up vessels are needed between the unit operations. The 

footprint would also not increase much if the process is scaled-up by increasing resin 

volumes. Continuous processing also decreases the mean residence time of the product as 

holding times between unit operations are minimal and do not vary between batch-to-batch. 

This can lead to a better product quality and less quality variations compared to batch 

processing. It is well known that long processing and hold-up times can lead to product loss 

caused by aggregation and proteolytic degradation and our previous study indicates that a 

quick processing is beneficial for the quality of VP1 [19,53–55].Furthermore, a higher 

product output can be achieved by solely running the process for a longer time.  

We believe that this set-up can be used as a template for continuous processing of many 

biologics other than VLPs and viral capsomeres. Although the performance of this process 

using other entities than VP1-J8 has not been tested the combination of a flow through step 

with a bind and elute PCC is not product specific. There is also room for adapting the process 

by changing resins and the substitution of the assembly unit operation with a final flow 

through polishing. This will likely allow the processing of a wide variety of biologics.   

7.5 Conclusion 

Here we report for the first time an integrated and continuous downstream process for the 

production of VLP vaccines. Coupling a flow through step with a bind and elute PCC process 

allows for a streamlined process without buffer adjustment between the unit operations. 
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Buffer exchange during elution prepared for a direct VLP assembly by adding calcium ions 

and pH adjustment thereafter. The process showed a robust behaviour towards different inlet 

concentrations and was capable of producing VLPs of constant high product quality 

continuously with an outstanding product recovery of 86% and an overall output of up to 7.56 

mg h-1 with only 8 ml of chromatography resin used in the entire process, and a productivity 

of the PCC process of 2.52 mg h-1 mlresin
-1. Furthermore, the entire process can be assembled 

on 4 m of lab space, which will only minimally increase if larger column volumes are used, 

as only minimal holding vessels are required. This clearly shows the dramatically reduced 

footprint that continuous processing can achieve. 

Finding the optimal design space for highest productivity is challenging as different inlet 

concentrations lead to changes in the binding capacity and flowrates; and further research 

needs to be done on how to optimize the described process. As the combination of a flow 

through step with a subsequent PCC step using mixed mode resins allows for a wide design 

space and is not product specific, we believe that the described process can be easily adapted 

as a template for the development of continuous processing of VLPs and other 

biopharmaceuticals.  
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Chapter 8 

 Conclusions and Future Research Directions 

This chapter sums up the findings of the previous chapters and gives an outlook of possible 

future research questions that can be addressed.  
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8.1 Conclusions 

VP1 tends to aggregate during downstream processing and hence low recoveries, poor 

binding and quality issues are common in previously described processes. In this research, it 

was shown that VP1 aggregation can mainly be explained by the strong affinity of VP1 

towards DNA, and that is possible to control this interaction via the ionic strength of the 

buffer (Chapter 4). This finding can explain many observed challenges during the purification 

and assembly of VP1. Control of DNA-VP1 interaction led to the development of a highly 

efficient downstream process based on a multi-modal cation exchanger, that allowed 

processing at elevated salt concentrations (Chapter 5). Optimization using high-throughput 

studies further deepened process understanding. The developed process for GAS VLP 

vaccines outperforms other described processes in most relevant aspects. Not only high-

quality VLPs were obtained, but the process also removed aggregates, most impurities, is 

fully scale-able and integrated, and does not require costly unit operations or slow enzymatic 

treatments. This research shows that a solid understanding of underlying principles is 

necessary for the development of highly-efficient and robust processes. 

Based on these findings the first fully-continuous and automated set-up for the production of 

VLP vaccines was developed (Chapter 7). The process was capable of continuously 

producing VLPs of constant product quality over the examined time period and showed 

robust behaviour towards variation of inlet feed concentrations. A key concept is the 

integration of a flow-through chromatography step with a periodic counter-current 

chromatography step using multi-modal ion exchangers. This novel approach allows 

seamless processing without buffer adjustment. The set-up demonstrates furthermore the 

possibility of removing unwanted reducing agents during bind and elution chromatography, 

which eradicates the need for a dedicated buffer exchange unit operation during viral 

assembly. Demonstrating these novel key principles expands the field of continuous 
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bioprocessing, and might help to develop new continuous bioprocesses for 

biopharmaceuticals other than VLPs, as the resins and conditions can be easily adapted, and 

are not limited to VP1 VLPs.  

Concentration fluctuations during processing lead to the failure of standard controlling 

principles of PCC chromatography. This is a well know hurdle and is described as a key 

challenge to solve for continuous bioprocessing. The newly developed method (Chapter 6) 

can be easily adapted with standard PCC equipment using the same UV sensors and allows 

precise control of the loading phase during PCC chromatography, even with highly-unstable 

inlet feed stream concentrations and increases the robustness of PCC chromatography in 

general. Mechanistic modelling has been shown to be a powerful tool for testing and 

developing new approaches in-silico, as dispersion effects could be identified as a limiting 

factor for precise control with a rapidly-fluctuating inlet stream. The underlying principle of 

this new approach is not limited to UV control of PCC chromatography, but can also be 

adapted to other sensors that compare inlet and outlet column signals. 

This thesis demonstrates the development of a continuous purification pathway for a novel 

therapeutic protein, namely a virus-like particle vaccine against Group A Streptococcus. It 

starts with general process development for batch processing and shows the translation into a 

fully integrated continuous process. Fundamental questions, such as the influence of DNA-

capsomere interactions on processing, as well as the development of new algorithmic process 

control strategies for integrated PCC processes, have been addressed. This research can 

therefore be used as a possible blueprint on how to develop a continuous process for a novel 

therapeutic protein, starting from scratch, where no existing process is available. 
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8.2 Future Research 

The research conducted in the project opens several further research questions that are worth 

exploring. While many problems and curiosities popped up during my research, not all of 

them are relevant and therefore only some of them are outlined. 

The developed continuous process is obviously only a starting point and the robustness of the 

process needs to be further evaluated. Can the process be used as a platform process for VP1 

capsomeres with different antigen and other VLPs? Probably, as the key concept of 

processing at high salt concentrations to supress DNA-capsomere interaction is not antigen 

specific. The DNA binding properties are in fact preserved within class of Papovaviricetes, 

and therefore it is likely that the process can be used with minimal adjustment for VP1 with 

other antigens and even other viral capsomeres. This is, however, something that needs 

further investigation and the performance of mixed-mode resins needs to be evaluated.  

The combination of a flow-through step followed by a capturing step is a powerful design 

concept for continuous processing, as it allows for a streamlined processing without buffer 

adjustment. There are a wide variety of resins available and even new mixed mode flow-

through resins have been developed, combining size exclusion with internal binding sites. 

The concept might be therefore applied to other biomolecules. The process could even be 

altered in a way that the flow-through step is changed to some kind of matrix assisted tubular 

reactor for enzymatic or chemical reactions (immobilized enzymes or catalysts) with an 

integrated affinity capturing to specifically remove product or unwanted by-products in a 

continuous recirculation loop. For example, this could be applied for the synthesis of mRNA 

or other biomolecules.  

The strong binding of capsomeres with microbial DNA, causing aggregates and thus 

hindering purification, is a major problem, which was addressed in this research by 
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increasing the salt concentration during processing. An obvious explanation for this high 

affinity is that it helps to incorporate genetic material into the virus particle, and there are also 

suggestions in literature that “right-sized” DNA can actually enhance viral assembly. 

However, VLPs used for vaccination using chimeric designs do not require any genetic 

material inside the particle. The findings of Chapter 4 indicate that DNA binding is not 

necessary for viral assembly, and in fact can lead to incorrectly assembled products in the 

presence of microbial DNA. Instead of supressing the DNA-capsomere interaction during 

processing, it might be worth to explore if it is possible to redesign VP1 without DNA 

binding sites. This should theoretically lead to a platform capsomere that will show less or no 

aggregation and thus has a better processability. Yet, should still be able to be assembled into 

high-quality VLPs. This approach, if proven, would solve many challenges and can be 

furthermore used to study the influence of DNA-capsomere interaction on viral assembly, in 

detail. 

The developed process control algorithmic approach described in Chapter 6 is a simple 

method that can be used to control a PCC process in the presence of fluctuating inlet stream 

concentrations. However, this is only true if the ratio of product to impurities remains 

constant. Another limitation relates to column dispersion effects that can lead to unstable 

control signals, particularly if the inlet stream concentration changes rapidly. As unstable 

feed streams are still a challenge in biomanufacturing this area should be further explored. 

Changing product to impurities ratios cannot be addressed with non-molecule specific 

sensors such as UV absorbance at a single wavelength. Raman spectroscopy and 

multiwavelength analysis have shown to be useful techniques in determining molecule 

concentrations in complex mixtures and it is therefore worth to explore if these techniques 

could be used to predict the impurity and/or product content. Maybe there are certain marker 

molecules that can be used to predict host cell protein and other impurities, although they are 
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a mixture by themselves. Dispersion effects can be accounted for by implementing some type 

of smoothing algorithm that needs to be developed. This could be either a moving average of 

the inlet feed stream or an actual calculation of the dispersion of the signal.  

Chapter 7 describes another limitation of controlling column loading based on product 

breakthrough, which is the dependence of the dynamic binding capacity on the product 

concentration. This limits the use of breakthrough data for process control, as a certain 

breakthrough level does not necessarily correspond to an equal loading amount if the feed 

concentration changes. How such effects can be accounted for during process control is an 

exciting research field that needs to be explored. A possible solution involves model-based 

control strategies in which the process is modelled in-silico and on-line data is used to 

calibrate the model and find optimal process parameters. This can be further extended to 

unstable feed streams and high-quality models need to be developed and verified. Usually 

mechanistic models, based on physiochemical equations, are used for in-silico modelling. 

However, biomolecules are complex and isotherms/transport equations can be very complex, 

or else over-simplify the problem, and thus lack accuracy. The question arises as to what 

extent statistical approaches such artificial intelligence and neural networks can be applied to 

either simplify the models or improve them. Which phenomena actually need to be described 

with physiochemical equations and which are better described using statistical approaches? 

Another important aspect is how column fouling and variations of the column quality can be 

addressed in model-based approaches and what other process data can be used to support 

controlling of the process.  

There is room for considerable optimization during continuous processing, and finding the 

optimal flow rate and column volumes for the highest efficiency is basically impossible 

experimentally. Findings from Chapter 7 show that the performance of one unit operation can 

influence the subsequent unit operation in an integrated process. This might challenge scale-
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up and needs to be further investigated. Describing and modelling an entire integrated process 

is still a mostly unexplored field for which suitable methods need to be developed that can 

account for the enormous complexity. This is also a necessity to translate continuous 

processing from a mostly research-focused field to an industry-accepted method and to 

answer the key question; under which circumstances is a continuous process superior to a 

batch process? 

In conclusion, the field of continuous biomanufacturing needs considerable further research 

to deliver the promises of continuous processing and enable 24/7 production of vaccines and 

biopharmaceuticals.  
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 Appendix  

9.1 Appendix Chapter 4 

 

Figure A4-1 SDS-PAGE analysis of the different purification steps. Lanes as in Table A4-2. 

Table A4-2 Description of SDS-PAGE in Figure A4-1 and DNA content of the samples. 

Lane Purification DNA 

1 Lysate  

2 After PEG precipitation 75.5 ng/µl 

3 PEG plus AEX flow through Non detectable (<0.02 ng/µl) 

4 AEX wash  

5 SEC polishing Non detectable (<0.02 ng/µl) 
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Figure A4-3 Chromatogram of 5 ml crude clarified lysate on 6 ml CaptoTM Q, Loading and 

washing with buffer A (20 mM Tris, pH 8, 0 M NaCl, 5 mM DTT, 2 mM EDTA, 5% Glycerol). 

Elution with gradient of buffer A and buffer B (20 mM Tris, pH 8, 1 M NaCl, 5 mM DTT, 2 

mM EDTA, 5% Glycerol). (P1) flow through during loading, (P2), (P3) and (P4) elution 

peaks. 
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Figure A4-4 SDS-PAGE analysis of Figure A3-3. (M) marker, (L) crude lysate, (P1-P4) 

according to chromatogram in Figure A3-3.  

  



134 

 

9.2 Appendix Chapter 5 

 

Figure A5-1 HPLC-SEC (TSK3000) chromatogram of sample purified by pathway B (PEG 

precipitation, CaptoTM MMC and CaptoTM Q) as an example to clarify the measured impurity 

parameters HMWI and LMWI. The salt peak, mostly caused by oxidised DTT, is excluded 

from the calculation. 

Protocol LC-ESI-MS/MS 

Provided gel bands were digested with trypsin using the in-gel digest method as follows: 

1. Gel bands were destained by incubating in 50 mM NH4HCO3 for 5 minutes, then 

sonicating them with 50 mM NH4HCO3 in 30% ACN for 15 minutes. Destaining 

solution was removed from the gel bands by pulse centrifugation. 

2. ACN was added to each tube containing the gel band samples and incubated for 15 

minutes. All liquid was removed from the gel bands by pulse centrifugation. The gel 

pieces were further dried down by vacuum centrifugation for 10 minutes. 
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3. In-gel reduction was performed by adding 10 mM DTT in 100 mM NH4HCO3 to 

the gel pieces and incubating the samples for 45 minutes at 56 °C. All liquid was 

removed from the gel pieces by pulse centrifugation. 

4. In-gel alkylation was performed by adding 55 mM IAA in 100 mM NH4HCO3 to 

the gel pieces and incubating the samples for 30 minutes in darkness at ambient 

temperature. All liquid was removed from the gel pieces by pulse centrifugation. 

5. Gel pieces underwent subsequent incubations in 5 mM NH4HCO3 for 10 minutes 

and in ACN for 15 minutes with all liquid removed by pulse centrifugation in between 

each incubation. Gel pieces were then dried by vacuum centrifugation for 10 minutes. 

6. Gel pieces were treated with trypsin (100 ng μL-1) and incubated overnight at 37 

°C. 

7. Peptides were extracted by subsequent 15-minute incubations in 50% ACN/1% FA 

and 100% ACN. All peptide-containing liquid was removed from the gel pieces by 

pulse centrifugation and dried to approximately 1 μL by vacuum centrifugation. 

8. Dried peptides were reconstituted in 3% ACN/0.1% FA for LC-MS/MS analysis. 

Note: All samples (gels, digests, etc.) not consumed in the analysis were stored at the 

APC for 12 months and then discarded. 

Data acquisition 

Liquid chromatography – electrospray ionisation tandem mass spectrometry 

Nano-LC−ESI-MS/MS was performed on an Ultimate 3000 RSLC system (Thermo-

Fisher Scientific) coupled to a LTQ Orbitrap XL ETD mass spectrometer (Thermo-

Fisher Scientific). The peptide sample was pre-concentrated onto a C18 trapping 

column (Acclaim PepMap100 C18 75 μm × 20 mm, Thermo-Fisher Scientific) at a 
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flow rate of 5 μL min-1 in 2% (v/v) ACN 0.1% (v/v) FA for 10 minutes. Peptide 

separation was performed using a 75 μm ID C18 column (Acclaim PepMap100 C18 

75 μm × 15 cm, Thermo-Fisher Scientific) at a flow rate of 0.3 μL min-1 using a linear 

gradient from 5 to 45% B (A: 5% (v/v) ACN 0.1% (v/v) FA, B: 80% (v/v) ACN 0.1% 

(v/v) FA) over 38 minutes, followed by a 2-minute wash with 90% B, and a 15-

minute equilibration with 

5%. MS scans were acquired in the mass range of 300 to 2000 m/z at a resolution of 

60 000 in FT mode. The 10 most intense precursor ions selected for isolation and 

were subjected to CID fragmentation using a dynamic exclusion of 5 seconds. 

Dynamic exclusion criteria included a minimum relative signal intensity of 1000, and 

≥2+ charge state. An isolation width of 3.0 m/z was used with a normalized collision 

energy of 35. 

Data analysis 

Raw MS/MS data were searched against the target sequence of the recombinant 

protein and Escherichia coli entries present in the Swiss-Prot database in Proteome 

Discoverer (v2.4, Thermo Fisher scientific). Search parameters were specified as 

follows: tryptic peptides with a maximum of 2 missed cleavages were allowed, 

peptide mass tolerance of 20 ppm, fragment mass tolerance of 0.8 Da, cysteine 

carbamidomethylation set as fixed modification, and methionine oxidation, protein N-

terminus acetylation, and deamidation of glutamine and asparagine set as variable 

modifications. The lists of identified proteins from samples 3, 4, 5, and 6 are as shown 

in the excel spreadsheets. 
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9.3 Appendix Chapter 6 

9.3.1 Appendix A6-1: 

Derivation formula 16 

∆𝐶(𝑘, 𝐵) =
𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0 + 𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 ∗ 𝐵

𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 +  𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0 ∗ 100  

𝐵 =  

(
∆𝐶
100 ∗ (𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0 +  𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 )) − 𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0

𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0

 

𝐵 ∗ 𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 = (

∆𝐶

100
∗ (𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0 +  𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 )) − 𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0  

𝐵 ∗ (𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 + 𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0 −  𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 )  

= (
∆𝐶

100
∗ (𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0 +  𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 )) − 𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0  

𝐵 ∗ (𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 + 𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0 ) − 𝐵 ∗ 𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0

= (
∆𝐶

100
∗ (𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0 +  𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 )) − 𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0  

𝐵 − 𝐵 (
𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0

𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 + 𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0 ) =
∆𝐶

100
−

𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0

𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 +  𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0  

𝐵 =  

∆𝐶
100 −

𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0

𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 +  𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0

1 −
𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0

𝑐𝑛𝑜𝑛−𝑏𝑖𝑛𝑑𝑖𝑛𝑔
0 +  𝑐𝑏𝑖𝑛𝑑𝑖𝑛𝑔

0

  

 

9.3.2 Appendix A6-2 

Can be downloaded at: https://ars.els-cdn.com/content/image/1-s2.0-S0021967322000826-

mmc2.zip 
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9.3.3 Appendix A6-3 

Can be downloaded at: https://ars.els-cdn.com/content/image/1-s2.0-S0021967322000826-

mmc3.zip 
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9.4 Appendix Chapter 7 

 

Figure A7-1 Chromatogram of the flow through step on CaptoTM Q, showing UV 280 nm 

absorbance and conductivity. The product flow-through is collected as highlighted. 

 

Figure A7-2 Set-up of the continuous process consisting of a flow through step (left), a PCC 

step (middle) and an in-line assembly step (right). The unit operations were coupled using 50 

ml stirred tank vessels, and 3 Äkta systems were used to implement the process. A schematic 

process diagram can be found in Figure 7-1. 




