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Abstract 
Vaccination is currently the predominant tool in the prevention of infectious disease. Each 

year, an estimated 2-3 million lives are saved worldwide and infant mortality has been 

significantly reduced. Despite substantial recent advances, vaccine manufacturing can still 

be laborious owing to difficulties in development, lengthy clinical trials, and stringent 

regulations.  

In light of the SARS-CoV-2 (Covid-19) pandemic, the need for a development platform which 

can rapidly screen potential candidates and/or a vaccine scaffold capable of adaptability to 

new disease targets has never been more apparent. To meet this need, the breadth of 

vaccine types under exploration has rapidly expanded. DNA and RNA vaccines offer the 

opportunity for rapid manufacture but can be poorly immunogenic, whilst subunit vaccines 

can require complex processing. Virus-like particles (VLPs) have the potential to address 

these two factors. 

Tandem Core VLPs, expressed in the methylotrophic yeast Pichia pastoris, are an exciting 

alternative to current manufacturing methods. They have excellent potential, both as 

standalone vaccines for the virus from which they are derived, or as scaffolds for the display 

of foreign antigens. The hepatitis B core antigen (HBC) can spontaneously self-assemble, 

forming icosahedral particles that are inherently immunogenic. Tandem Core HBC VLPs have 

been genetically modified in the major insertion region (MIR) enabling surface display of up 

two epitopes of interest when assembled.  

For HBC VLPs to be considered a viable vaccine candidate, their bioprocessing must be 

optimized. Currently, there are various issues to address including problems with formation, 

solubility and immunogenicity, which are often clone dependent. In this work, Tandem Core 
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VLPs, consisting of genetically linked HBC monomers carrying different epitopes in the MIR 

will be used to develop a high-throughput platform and explore the impact of different 

inserts on VLP production and processing. Influenza will be used as a model pathogen owing 

to its persistence as a public health threat. 

¢ƘŜ ŀƛƳ ƻŦ ǘƘƛǎ ǿƻǊƪ ƛǎ ǘƻ ŘŜǾŜƭƻǇ ŀ ǾŀŎŎƛƴŜ ǇƭŀǘŦƻǊƳΣ ŘŜŦƛƴŜŘ ōȅ !ŘŀƭƧŀ Ŝǘ ŀƭΦΣ όнлмфύ ŀǎ άŀ 

technology in which the underlying, nearly identical mechanism, device, delivery vector or 

ŎŜƭƭ ƭƛƴŜ ǿŀǎ ŜƳǇƭƻȅŜŘ ŦƻǊ ώŘŜǎƛƎƴ ƻŦϐ ƳǳƭǘƛǇƭŜ ǘŀǊƎŜǘ ǾŀŎŎƛƴŜǎέΦ ¢ƘŜ ŜǉǳƛǇƳŜƴǘ ŀƴŘ 

methods developed in this work were considered to enable: (1) thorough investigation of 

three HBC VLP candidates in an attempt to identify a universal bioprocess, irrespective of 

surface displayed epitopes; (2) formation of a small-scale high throughput platform which 

could be implemented for rapid screening of new disease targets or to allow fine-tuning of 

processes for epitope-dependent optimisation. 

!ŦǘŜǊ ƛƴƛǘƛŀƭ ǎǘǳŘƛŜǎ ǳǎƛƴƎ ŀƴ ΨŜƳǇǘȅΩ I./ ±[t όI./-K1,K1), the ambr®250 modular was used 

to investigate upstream bioprocessing of three influenza specific candidates (HBC -

HA2,3M2E, -LAH3,K1 and -3M2E,K1), exploring different fermentation induction strategies 

and to identify epitope related differences. Following this, the most readily soluble 

candidate (HBC-LAH3,K1) was selected for further upstream optimisation combining ambr® 

250 experimentation with statistical Design of Experiments (DoE). An improved process was 

identified enabling an increase in VLP titre, a 34% increase in biomass compared to the initial 

condition, and a 6% decrease in process time compared to methanol induction. This process 

was then applied to the production of the alternative VLP constructs. The improved feeding 

regime resulted in higher biomass and soluble HBC yield for all three VLPs.  
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Subsequent downstream process studies on the primary recovery of VLP candidates was 

then necessary to account for the reduced volumes associated with miniaturised 

fermentation studies, and to bridge the gap between upstream processing and purification. 

Building on previous work, a high-throughput, small scale cell disruption method was 

investigated using Adaptive focused acoustics®. A 96-well plate workflow was 

demonstrated, enabling suitable VLP release and recovery with a ~99.7% reduction in 

sample volume, in comparison to high pressure homogenisation (HPH).  

Finally, chromatography screening was undertaken using high-throughput PreDictor® plates 

to rapidly identify separation conditions for the various vaccine candidates. Studies were 

conducted to investigate suitable resins and binding/elution conditions and to determine 

the influence of the physicochemical properties of the displayed epitopes on separation 

performance. Multiple resins were identified as being suitable for VLP purification, and 

results were useful to manipulate chromatographic separation (5mL column scale) 

conditions for the VLPs to achieve improved product yield and purity profiles.  

Overall, this research suggests that a high-throughput vaccine development platform can be 

realised through the integration of numerous small-scale single-use equipment, techniques 

and methodologies. Namely, the use of the ambr®250 bioreactors, AFA® cell disruption in 

96-well plates and 96-ǿŜƭƭ tǊŜ5ƛŎǘƻǊϰ ǊŜǎƛƴ ǇƭŀǘŜǎΦ /ƻƳōƛƴŜŘ ǿƛǘƘ ǎǘŀǘƛǎǘƛŎŀƭ 5ƻ9Σ ǘƘƛǎ 

platform can be used to rapidly optimise production and purification conditions for novel 

vaccine technologies such as HBC Tandem Core VLPs. The improved bioprocessing of these 

constructs paves the way for future vaccine candidates which exploit HBC as a vaccine 

scaffold. These findings have implications for reducing the time taken to develop vaccine 

ƳŀƴǳŦŀŎǘǳǊƛƴƎ ǇǊƻŎŜǎǎŜǎ ŀƴŘ ǇǊŜǇŀǊŜ ŦƻǊ ŘƛǎŜŀǎŜ ƻǳǘōǊŜŀƪǎ ōŀǎŜŘ ƻƴ ΨtŀǘƘƻƎŜƴ ·ΩΦ  
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Impact statement 

 
The need for novel platforms for vaccine development and manufacturing was evident long 

before the start of the SARS-CoV-2 (Covid-19) pandemic. In recent years numerous 

emerging pathogens have resulted in infections of epidemic and pandemic proportion, 

resulting in millions of lives lost.  

Despite the appearance of various new zoonotic infectious diseases such as H1N1 influenza, 

zika and swine flu, the world was seriously underprepared for the emergence of Covid-19. 

Numerous factors have contributed to this failure, such as fund reallocation once the 

perceived threat is diminished resulting in unfinished vaccine development and significant 

losses to manufacturers. This decision is dangerous; the losses sustained could discourage 

future funding and engagement, and there remains a possibility of a second outbreak as in 

the case of Ebola. Fortunately, Ebola vaccine manufacturing had been completed and was 

administered to around 300,000 people in the 2019 outbreak, saving lives and further 

emphasising the need to be prepared. A rapid response is essential to reduce fatalities, an 

aspect hindered by complex development and manufacturing processes and stringent 

regulations which significantly increase time to market.  

The work in this thesis largely intended to address these issues, amongst others. The 

contributions are as follows: 

¶ ¢ƘŜ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ƻŦ ¢ŀƴŘŜƳ /ƻǊŜ ƛǎ ŜǎǎŜƴǘƛŀƭ ǘƻ ǎǘǊŜƴƎǘƘŜƴƛƴƎ ƛǘǎ ǇƻǘŜƴǘƛŀƭ ŀǎ ŀ ΨǇƭǳƎ 

ŀƴŘ ǇƭŀȅΩ ǎȅǎǘŜƳΣ ŀŘŀǇǘŀōƭŜ ǘƻ ŘƛŦŦŜǊŜƴǘ ŘƛǎŜŀǎŜ ǘŀǊƎŜǘǎΦ  

¶ The high-throughput platform process developed in this work can be used on 

current VLPs constructs as well as similar vaccine processes to reduce process 

development times. Further the workflow can also be adapted to other products 
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with similar processing requirements such as monoclonal antibody, growth factors 

and therapeutic proteins and peptides.   

¶ Experiments seeking to understand the effect of different inserts on VLP formation 

and immunogenicity are essential and could lead to the development of 

computational models, based on empirical data, able to predict and modify epitopes 

as needed. 

¶ Influenza is a major public health threat and therefore an excellent model pathogen. 

Increased knowledge regarding conserved regions of influenza contributes towards 

the aim of developing a  universal influenza vaccine.  

¶ Pichia pastoris cultivations can rely heavily on large volumes of methanol, which is 

highly flammable, derived from fossil fuels and undesirable at large scale. The 

feeding regime in this work reduced the methanol requirements, improved biomass 

and increased protein yields. 

¶ Though arguably the most successful vaccines released to counter the Covid-19 

outbreak were based on mRNA technology, challenges in the supply chain 

highlighted the need for a diverse portfolio of processes and vaccine products to 

speed the response to future outbreaks.  

  



8 
 
 

Acknowledgements 

I sit and write this not as the last thing, the finishing touch of my thesis, but as a priority to 

give proper thanks and acknowledgement to everyone that helped me get where I am today. 

Starting at the beginning, with my family who believed in me and supported me always, 

including the loved ones I have lost, the special people with whom I started this journey but 

could not finish. My second thanks go to my Northern friends, for being my safe haven, my 

diversion and my reassurance that good still exists, even in uncertain times. 

Thanks to CPI, and to my old colleagues, particularly Dr Harvey Branton, for giving me the 

opportunity that started me on this path. Special mention to Dr Lucy Foley, my supervisor, 

my mentor and my friend, who thought me capable of a doctorate in the first place.  

I am thankful to the EPSRC, for the financial support, IQur, for the constructs provided and 

my initial supervisor, Prof. Tarit Mukhopadhyay for his guidance. I also warmly thank; Dr Ben 

Blaha, for patiently teaching me and only sometimes laughing at me, Dr Olotu Ogonah, for 

his lab support and unsolicited life advice, and Dr Stephen Morris for his skills, kindness and 

wisdom. A huge thank you to Professor Gary Lye, for taking me under his wing and assuming 

supervisory responsibility for me. His patience, wisdom and quiet encouragement was 

appreciated and essential to the completion of my thesis.  

Dr Lourdes Velez Suberbie and Dr Michael Sulu, who really deserve their own chapter of 

thanks. It is not an exaggeration to say that I would never have finished this without either 

of them. I cannot put into words how lucky I feel to have had them gently pushing and by 

the end, firmly pulling me over the line. It has been, and still is, a joy to work alongside them 

both.  



9 
 
 

A big general thanks to my BiochemEng colleagues and friends for support, commiserations, 

celebrations, coffees and beers. A big heartfelt shout out to Joe Harvey, who was with me 

from day one, and to the lifelong friends I have made along the way; Molly Tregidgo, Roman 

Zakrzewski, Nick Graham and Xue Fang.  

Finally, Roberto. You have my utmost respect, love and admiration, always.  



10 
 
 

Table of Contents 
Declaration .............................................................................................................................. 2 

Abstract ................................................................................................................................... 3 

Impact statement .................................................................................................................... 6 

Acknowledgements ................................................................................................................. 8 

Table of Contents .................................................................................................................. 10 

List of Figures ......................................................................................................................... 14 

List of Tables .......................................................................................................................... 18 

Abbreviations ........................................................................................................................ 20 

1. Introduction and literature review ................................................................................. 23 

1.1 Thesis overview ........................................................................................................... 24 

1.2 Vaccination: a history .................................................................................................. 24 

1.3 Virus-like particles ....................................................................................................... 26 

1.3.1 Antigen display ..................................................................................................... 27 

1.4 Hepatitis B virus ........................................................................................................... 31 

1.4.1 Hepatitis B core antigen ....................................................................................... 32 

1.5 HBC as a vaccine platform ........................................................................................... 35 

1.5.1 Different regions for insertion .............................................................................. 35 

1.5.2  Tandem Core technology ..................................................................................... 39 

1.5.3 Why is a platform needed?................................................................................... 39 

1.5.4 Influenza as a model target .................................................................................. 42 

1.6 Expression systems ...................................................................................................... 43 

1.7. VLP bioprocess development ..................................................................................... 46 

1.7.1 Upstream processing: VLP production ................................................................. 46 

1.7.2 Downstream processing: VLP recovery and purification ..................................... 50 

1.7.3 Recent trends in bioprocessing ............................................................................ 53 

1.7.4 Miniaturised and high-throughput technologies ................................................. 55 

1.8 Characterisation of VLPs .............................................................................................. 60 

1.9 Computational methods and bioengineering ............................................................. 62 

1.10 Critical appraisal of the literature ............................................................................. 65 

1.11 Aim and Objectives .................................................................................................... 68 

2. Materials and Methods ................................................................................................. 71 



11 
 
 

2.1 Chemicals, VLPs and Microorganisms ......................................................................... 72 

2.1.1 DNA Constructs and Yeast Strains ........................................................................ 72 

2.2 Media and Buffer Components ................................................................................... 73 

2.2.1 Stock Solutions ...................................................................................................... 73 

2.2.2 Yeast extract peptone dextrose (YPD) agar medium ........................................... 73 

2.2.3 Buffered minimal glycerol complex (BMGY) medium .......................................... 75 

2.2.4 Basal Salts Medium (BSM) .................................................................................... 75 

2.2.5 PTM1 Salts ............................................................................................................ 75 

2.2.6 Lysis Buffer ............................................................................................................ 75 

2.2.7 Transfer (Towbin) Buffer ...................................................................................... 77 

2.3 Cell Bank Preparation .................................................................................................. 77 

2.3.1 Master cell bank (MCB) ........................................................................................ 77 

2.3.2 Working cell bank (WCB) ...................................................................................... 77 

2.3.3 Quality control of cell banks ................................................................................. 78 

2.4 Small scale fermentations ........................................................................................... 78 

2.4.1 The ambr® 250 modular system ........................................................................... 78 

2.4.2 Pure-methanol feed fermentations ...................................................................... 81 

2.4.3 Mixed-feed fermentations .................................................................................... 82 

2.5 Pilot scale fermentation .............................................................................................. 82 

2.5.1 30 L BIOSTAT® reactor .......................................................................................... 82 

2.5.2 Pure-methanol feed fermentations ...................................................................... 83 

2.5.3 Mixed-feed fermentations .................................................................................... 85 

2.6 VLP Downstream Processing ....................................................................................... 86 

2.6.1 Pichia Fermentation Harvesting ........................................................................... 86 

2.6.2 Cell Disruption by High Pressure Homogenisation (HPH) .................................... 86 

2.6.3 Cell disruption by Adaptive Focused Acoustics® (AFA®) ...................................... 86 

2.6.4 Clarification of Disrupted Cell Suspensions .......................................................... 87 

2.6.5 High-ǘƘǊƻǳƎƘǇǳǘ {ŎǊŜŜƴƛƴƎ ŦƻǊ ±[t ǇǳǊƛŦƛŎŀǘƛƻƴ ǳǎƛƴƎ tǊŜ5ƛŎǘƻǊϰ Plates ........... 87 

2.6.6 Preparative scale column chromatography .......................................................... 88 

2.7 Analytical Methods ...................................................................................................... 88 

2.7.1 Biomass Quantification ......................................................................................... 88 

2.7.2 Physical characterisation of cells and lysate ........................................................ 89 



12 
 
 

2.7.3 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) ....... 90 

2.7.4 Western Blot Analysis ........................................................................................... 91 

2.7.5 Dot Blotting ........................................................................................................... 91 

2.7.6 VLP Identification (Immunostaining) .................................................................... 91 

2.7.7 Protein quantification ........................................................................................... 92 

2.7.8 Methanol Quantification (High Performance Liquid Chromatography, HPLC) .... 93 

2.7.9 VLP Visualisation (Transmission Electron Microscopy, TEM) ............................... 93 

3. Identification of critical process parameters and initial characterisation of HBC-VLP ... 95 

3.1 Introduction ................................................................................................................. 96 

3.2 Aim and objectives ...................................................................................................... 98 

3.3 Results and Discussion ................................................................................................. 99 

3.3.1 Methanol induction of P. pastoris fermentations to produce HBC - K1, K1......... 99 

3.3.2 Effect of induction time on Pichia growth and protein production ................... 103 

3.3.3 Initial product recovery screening of HBC- K1,K1 ............................................... 107 

3.3.4 Characterization of analytical methods for HBC K1, K1 VLP resolution and 

comparison .................................................................................................................. 130 

3.4 Summary .................................................................................................................... 135 

4.     Fermentation bioprocess development for rapid production of HBC ς VLP variants .. 137 

4.1 Introduction ............................................................................................................... 138 

4.2 Aim and Objectives .................................................................................................... 142 

4.3 Results and Discussion ............................................................................................... 145 

4.3.1 Investigation of different induction strategies ................................................... 145 

4.3.2 A small scale platform (ambr® 250) for rapid evaluation of P. pastoris growth 

and VLP production ..................................................................................................... 162 

4.3.3 Application of optimal process to alternative TC-HBC construct production .... 182 

4.3.4 Case study on the use of ambr® systems for rapid evaluation of alternative 

operating conditions or induction medium ................................................................. 187 

4.4 Summary .................................................................................................................... 194 

5. Cell lysis method development for primary VLP recovery ........................................... 197 

5.1 Introduction ............................................................................................................... 198 

5.2 Chapter aims and objectives ..................................................................................... 200 

5.3 Results ....................................................................................................................... 201 

5.3.1 Method development for milli-scale lysis .......................................................... 201 



13 
 
 

5.3.2 Further miniaturisation, increasing throughput and platform development .... 212 

5.4 Summary .................................................................................................................... 219 

6. Rapid establishment of chromatographic methods for purification of VLP variants ....... 220 

6.1 Introduction ............................................................................................................... 221 

6.1.1 High throughput DSP development .................................................................... 221 

6.1.2 Aims and objectives ............................................................................................ 225 

6.2 IƛƎƘ ǘƘǊƻǳƎƘǇǳǘ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ ƳŜǘƘƻŘ ŘŜǾŜƭƻǇƳŜƴǘ ........................................ 226 

6.3 Results ....................................................................................................................... 231 

6.3.1 Cation exchange resin screening ........................................................................ 231 

6.3.2 Hydrophobic Interaction Chromatography resin screening ............................... 241 

6.3.3 Enhanced screening through fine-tuning of binding and elution conditions and 

improved upstream processing ................................................................................... 247 

6.3.4 Combining HTP downstream processing methods for VLP recovery (AFA®) and 

ǇǳǊƛŦƛŎŀǘƛƻƴ όtǊŜŘƛŎǘƻǊϰ ǇƭŀǘŜǎύ ................................................................................... 254 

6.4 Summary .................................................................................................................... 257 

7. Demonstration and scale-up verification of high-throughput VLP development platform

 ............................................................................................................................................. 259 

7.1 Introduction ............................................................................................................... 260 

7.2 Chapter Aims and Objectives .................................................................................... 261 

7.3 Results and Discussion ............................................................................................... 262 

7.3.1 Summary of Tandem Core VLP designs and workflow overview ....................... 262 

7.3.2 Method validation at scale ................................................................................. 266 

7.4 Summary .................................................................................................................... 275 

8. General Conclusions and Future Work ............................................................................ 276 

8.1 General conclusions................................................................................................... 277 

8.1.1 Critical process parameter identification and characterization of HBC-VLP ...... 277 

8.1.2 Upstream bioprocess development ................................................................... 278 

8.1.3 Cell lysis method development .......................................................................... 279 

8.1.4 Chromatographic separation method development.......................................... 280 

8.1.5 Demonstration and scale up of high throughput VLP platform ......................... 282 

8.2 Future work ............................................................................................................... 283 

9. References ....................................................................................................................... 286 

10. Appendices .................................................................................................................... 310 



14 
 
 

List of Figures 

 
Figure 1.1 Schematic representation of the various ways in which  vaccines can interact 
with the human immune system. 

 Figure 1.2 Illustration of the different conjugation methods for VLP antigen display.  

Figure 1.3. Structure of Hepatitis B core.  

Figure 1.4 Schematic representation of Tandem Core VLP Technology.  

Figure 1.5 Timeline depicting infectious threats throughout history and modern potential 
solutions.  

Figure 1.6. Methanol utilisation pathway.  

Figure 1.7 Generic bioprocess flowsheet for downstream recovery and purification of VLP 
vaccine candidates.  

Figure 2.1 Design of the K1, K1 Tandem Core construct.  

Figure 2.2 Plasmid pPICZC PHe7 K1, K1.  

Figure 2.3 Picture of the ambr® modular250 modular.  

Figure 2.4 Picture of the ambr® 250 vessel.  

Figure 2.5 Labelled photograph of Biostat® CPLUS stainless steel fermenter.  

Figure 3.1 Initial fermentation of P. pastoris expressing construct HBC-K1, K1. 

Figure 3.2 SDS-PAGE and western blot analysis of HBC-K1, K1 production by P. pastoris over 
the course of methanol induction. 

Figure 3.3 Densitometry analysis of soluble TC-HBC-K,K1 protein post-induction.  

Figure 3.4 Schematic diagram depicting the experimental workflow of high-pressure 
homogenisation (HPH). 

Figure 3.5. Western blot analysis of primary recovery pre-screen experiment.  

Figure 3.6 Protein analysis of different homogenisation conditions for HBC-LAH3, K1 
release. 

Figure 3.7 Total protein and specific protein release determined by densitometry analysis of 
Figure 3.5.  

Figure 3.8 Absorbance at 600nm of centrifuged cell suspension pre- and post- lysis.  

Figure 3.9 Schematic diagram representing working mechanism of CASY® instrumentation 
used for cell lysate characterisation. 



15 
 
 

Figure 3.10 Particle size distribution of HBC lysates prepared under different high pressure 
homogeniser operating conditions. 

Figure 3.11 Effect of pass number and pressure at a fixed solid loading (g L-1) on HBC K1.K1 
release from P. pastoris by HPH. 

Figure 3.12 Particle size distribution of lysates under different solid loading conditions. 

Figure 3.13 Effect of solid loading and pass number on viscosity of samples lysed at equal 
pressure. 

Figure 3.14: Particle size data averages using DLS analysis of HBC-LAH3,K1 in MOPS pH 7.5. 

Figure 3.15 Differing modes of electrophoresis and resolution for greater sample analysis. 

Figure 3.16 Negative- stain TEM images of HBC K1,K1 VLPs produced in P. pastoris using 
three different magnifications. 

Figure 4.1 Schematic overview of the two or three stage P. pastoris fermentation process 
and the different operating conditions investigated. 

Figure 4.2 Fermentation of P. pastoris expressing construct VLP1 with methanol induction.  

Figure 4.3 Fermentation of P. pastoris expressing construct VLP2 with methanol induction.  

Figure 4.4 Fermentation of P. pastoris expressing construct VLP3 with methanol induction.  

Figure 4.5 Fermentation of P. pastoris expressing construct VLP1 with mixed feed induction.  

Figure 4.6 Fermentation of P. pastoris expressing construct VLP2; mixed feed induction.  

Figure 4.7 Fermentation of P. pastoris expressing construct VLP3 with mixed feed induction.  

Figure 4.8 Comparison of fermentation CO2 evolution rate profiles for different VLP 
constructs. 

Figure 4.9 Comparison of final biomass and total protein production (after 48 hours) for 

different induction conditions and VLP constructs. 

Figure 4.10 Exploration of soluble and insoluble TC-HBC production for different 

fermentation induction conditions and VLP constructs. 

Figure 4.11 Depiction of experimental design space and experimental conditions.  

Figure 4.12 Comparison of online and offline measurements for triplicate two stage, mixed 

feed P. pastoris fermentations at the DoE centre point. 

Figure 4.13 Comparison of triplicate two stage, mixed feed P. pastoris fermentations with a 

focus on cell weights and OD600 over time. 

Figure 4.14 Summary of DOT and agitation data for each of the two stage, mixed feed P. 

pastoris fermentations explored in the DoE screening experiments. 



16 
 
 

Figure 4.15 Differences in online measurements over time for each set of conditions 

investigated during mixed induction DoE. 

Figure 4.16 The impact of factor manipulation on cell weight response throughout mixed 

feed induction. 

Figure 4.17 SDS-PAGE and Western Blot analysis of HBC produced in P. pastoris using 

altered two-stage mixed feeding regimes. 

Figure 4.18 DoE response analysis for conditions tested during two-stage, mixed feed 

regime optimisation. 

Figure 4.19 Response analysis for two step, mixed feed feeding regime DoE screening. 

Figure 4.20 Prediction profilers for the two stage, mixed feed induction regime DoE. 

Figure 4.21 Parameter estimates for mixed feed induction regime fermentation DoE 

screening. 

Figure 4.22 DOT, agitation and CER data for the application of optimised feeding regime 

conditions to three Tandem Core VLP variants. 

Figure 4.23 Cell weight comparison of optimal versus initial two stage, mixed feed P. 

pastoris fermentation conditions for the three influenza TC-HBC constructs. 

Figure 4.24 Western blot analysis of optimal versus initial two stage, mixed feed P. pastoris 

fermentation conditions for the three influenza TC-HBC constructs. 

Figure 4.25 Fermentations to explore alternative induction operating parameters 

implemented with two stage, mixed feed induction regime. 

Figure 4.26 Biomass and HBC expression achieved from P. pastoris mixed feed fermentation 

exploring altered induction process conditions. 

Figure 5.1 Principle of Adaptive Focused Acoustics® (AFA®) cell lysis method. 

Figure 5.2 Milli-scale DoE screening results for lysis buffer optimisation. 

Figure 5.3 Zymograms exploring the effect of different protease inhibitors on protease 

activity. 

Figure 5.4 Effect Summary of reduced factor milli-scale DoE screen. 

Figure 5.5 Initial characterisation of particle size distribution in 96-well AFA® microtube 

plates.  

Figure 5.6 AFA® lysis condition screen in microtube plate format. 

Figure 5.7 Analysis of milliTUBE AFA® DoE study for HBC-K1.K1.  

Figure 6.1 Schematic diagram outlining the stages involved in a typical purification process 

and the trade-off between product recovery and purity. 



17 
 
 

CƛƎǳǊŜ сΦн 5ŜǇƛŎǘƛƻƴ ƻŦ ǘƘŜ ǿƻǊƪŦƭƻǿ ŘŜǾŜƭƻǇŜŘ ŦƻǊ ǳǎŜ ƻŦ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎ όttύ ƛƴ ±[t 

bind and elute studies. 

Figure 6.3 Screening plate designs for CIEX plates.  

CƛƎǳǊŜ сΦп /L9· {ŎǊŜŜƴƛƴƎ ŀƴŘ tƻƭƛǎƘƛƴƎ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ Řƻǘ ōƭƻǘ ǊŜǎǳƭǘǎ ŦƻǊ I./-K1,K1 

purification. 

Figure 6.5 SDS-tŀƎŜ ŀƴŘ ²ŜǎǘŜǊƴ ōƭƻǘ ŀƴŀƭȅǎƛǎ ƻŦ ǎŀƳǇƭŜǎ ŦǊƻƳ ƛƴƛǘƛŀƭ /L9· tǊŜ5ƛŎǘƻǊϰ tƭŀǘŜ 

screening. 

Figure 6.6 CIEX Plate method development using HBC VLP variants. 

CƛƎǳǊŜ сΦт /L9· {ŎǊŜŜƴƛƴƎ ŀƴŘ tƻƭƛǎƘƛƴƎ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ ǊŜǎǳƭǘǎ ǇǳǊƛŦȅƛƴƎ I./ ǾŀǊƛŀƴǘǎ. 

Figure 6.8. Considerations and screening plate design for HIC. 

CƛƎǳǊŜ сΦф IL/ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ ǊŜǎǳƭǘǎΣ purifying HBC-K1,K1. 

Figure 6.10 Elution plate results of HIC initial process method applied to influenza HBC-

VLPs. 

Figure 6.11 Overview of the different mobile and stationary phases utilised for VLP 

purification. 

CƛƎǳǊŜ сΦмн /L9· tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎ ǿƛǘƘ Ŏƻnstructs from optimised fermentation runs. 

CƛƎǳǊŜ сΦмо IL/ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ ǊŜǎǳƭǘǎ ǿƛǘƘ ŎƻƴǎǘǊǳŎǘǎ ŦǊƻƳ ƻǇǘƛƳƛǎŜŘ ŦŜǊƳŜƴǘŀǘƛƻƴ Ǌǳƴǎ. 

CƛƎǳǊŜ сΦмп !L9· tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ ǊŜǎǳƭǘǎ ǿƛǘƘ I./-K1,K1 obtained from HPH and AFA®. 

Figure 7.1 Summary of Tandem Core dimer designs explored in this thesis. 

Figure 7.2 Diagram of the proposed platform process for rapid vaccine bioprocess 

development. 

Figure 7.3 Summary of platform and process data which illustrates the methods developed 

and their utilisation for the exploration of HBC Tandem Core VLP production. 

Figure 7.4 Validation of Pichia pastoris fermentation conditions and VLP production at 20 L 

scale. 

Figure 7.5 CIEX purification of HBC variants using SP Sepharose FF pre-packed 5 mL Hi-trap 

columns. 

Figure 7.6 HIC purification of HBC variants using Butyl S Sepharose HiScreen Columns. 

  



18 
 
 

List of Tables 
 

Table 1.1 Different VLP product platforms, their advantages and disadvantages, and current 
state of commercial development.  

Table 1.2. Comparison of small-scale, single-use HTP upstream process development 
technologies 

Table 1.3 Characterisation tools available for virus like particles. 

Table 2.1. Components of BMGY medium. 

Table 2.2 Components of BSM medium (for 1L). 

Table 2.3. Components of PTM1 trace salts (for 1 L). 

Table 4.1 Information regarding the different influenza TC-HBC constructs utilised in this 
work. 

Table 4.2 Summary of biomass and protein yields for the different induction conditions and 
VLP construct investigated. 

Table 4.3 List of experiments for 2-factor, 2-level fractional factorial design to optimise the 
two stage, mixed feed regime fermentation for production of the HBC-LAH,K1 (VLP2). 

Table 4.4 Comparison table of response criteria at 48 h induction from the VLP2 mixed feed 
induction regime DOE screen.  
 
Table 4.5 Comparison of endpoint biomass data derived from initial and optimal 
experimental runs for two stage, mixed feed P. pastoris fermentations 
 
Table 4.6 Experimental conditions of alternative parameter screen using two stage, mixed 
feed P. pastoris fermentations. 
 
Table 5.1 Factors explored in AFA® method development with reasons for selection and 
proposed impact on cell disruption and VLP release.  

Table 5.2 Experimental design for a six-factor, two- level fractional factorial experiment with 
three centre points to evaluate the effect of different lysis buffer components. 
 
Table 5.3 Design space for a 4-factor, Central composite design with 5 centre points to 
evaluate the use of milliTUBEs for lysis buffer optimisation. 
 
Table 5.4 Factor selection of the four factor, 3 level fractional factorial with lower, mid- and 
upper performance ranges 
 

Table 5.5 Averaged Factor and responses of triplicate conditions 

Table 6.1. Common chromatographic methods used for protein purification. 



19 
 
 

Table 6.2 VLP variants used in this work and estimated variation in dimer sequence as a 

result of molecular engineering to produce a potential influenza vaccine 

Table 6.3 Experimental workflow employed for chromatography screening experiments 

Table 6.4 Details of the resins screened in VLP bind-elute studies to identify initial 

chromatographic separation conditions. 

  



20 
 
 

Abbreviations 
 

AEBSF 4-benzenesulfonyl fluoride hydrochloride (protease inhibitor) 

AFA Adaptive focused acoustics 

AFM Atomic force microscopy 

AOX1 Alcohol oxidase 1 

AOX2 Alcohol oxidase 2 

BCA Bicinchoninic acid assay 

BMGY Buffered complex glycerol medium  

BSM Basal salts medium 

CER Carbon evolution rate 

COVID-19 CoronavIrus Disease 2019 

CP Cone and plate 

CPB Cycles per burst 

Cryo-EM Cryo-electron microscopy 

C-terminus Carboxyl terminus 

D Dextrose 

DC Dendritic cells 

DCW Dry cell weight 

DLS Dynamic light scattering 

DNA Deoxyribonucleic acid 

DoE Design of Experiments 

DOT Dissolved oxygen 

DOT Dissolved oxygen tension 

DSP Downstream processing 

DTT Dithiothreitol 

E. coli Escherichia coli 

EDIII-2 Dengue envelope protein, domain III of dengue virus type 2 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme linked immunosorbent assay 

ES-DMA Electrospray-differential mobility analysis 

FDA Food and Drug Administration 

FHV Feline herpesvirus 

FMDV Foot and mouth disease virus 

GFP Green fluorescent protein 

GY Glycerol 

HA Hemagglutinin 

HBC Hepatitis B Core 

HBsAg Hepatitis B surface antigen 



21 
 
 

HBV Hepatitis B Virus 

HIV Human immunodeficiency virus 

HPH High pressure homogenisation 

HPLC High performance liquid chromatography 

HPV Human papillomavirus 

HTP High-throughput 

HTPD High-throughput process development 

kDa Kilodalton 

M2 Matrix 2 protein 

M2e M2 ectodomain 

mAbs Monoclonal antibodies 

MBR Microbioreactor 

MCB Master cell bank 

MES 2-(N-morpholino) ethane sulfonic acid 

MF Mixed feed 

MHC Major histocompatibility complex 

MIR Major insertion region 

MOPS 3-(N-morpholino) propane sulfonic acid 

MS Mass spectrometry 

MUT Methanol utilisation profile 

MW Molecular weight 

NADH Reduced nicotinamide adenine dinucleotide 

N-terminus  Nitrogen Terminus 

OD Optical density 

OFAT One factor at a time 

OTR Oxygen transfer rate 

OUR Oxygen uptake rate 

P. pastoris Pichia pastoris 

PAMPs Pathogen associated molecular patterns 

PBS Phosphate buffered saline 

pH Power of hydrogen 

PM Pure methanol 

PP PreDictor plate 

PRR Pattern recognition receptor 

PSD Particle size distribution 

PTM1 Pichia trace metals 

RNA Ribonucleic acid 

RO Reverse Osmosis water 

RP-HPLC Reversed phase ς High performance liquid chromatography 



22 
 
 

RPM Revolutions per minute 

RQ Respiratory quotient 

SARS Severe acute respiratory syndrome 

SARS-CoV-2 Serious Acute Respiratory Syndrome by CoronaVirus 2 

SDS-PAGE Sodium dodecyl sulphate ς polyacrylamide gel electrophoresis 

SEC Size exclusion chromatography 

SIP Sterilisable in place 

TC-HBC Tandem Core Hepatitis B Core 

TEM Transmission electron microscopy 

TFF Tangential flow filtration  

TX100 Triton X-100 

V/V Volume per volume 

VLP Virus like particle 

vvm Volume per volume per minute 

W/V Weight per volume 

WCB Working cell bank 

WCW Wet cell weight 

WHcAg Woodchuck hepadnavirus core antigen 

YNB Yeast nitrogen base 

YPD Yeast extract Peptone Dextrose 

-̡pleated Beta pleated 

 

  



23 
 
 

1.  Introduction and literature review 
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1.1 Thesis overview 

 

This Thesis will explore the potential of Tandem Core technology as a platform for the rapid 

development and manufacture of Virus Like Particle (VLP) based vaccines. Using Tandem 

Core technology, the Hepatitis B core (HBC) protein will be exploited as an antigen 

presentation system for the display of foreign epitopes. Influenza will be used as a model 

pathogen since various conserved epitopes from influenza have been genetically displayed 

on the surface of HBC, and its relevance to public health. The expression system used will 

be yeast, more specifically Pichia pastoris. The introduction to the thesis will first describe 

the evolution of vaccination to provide a context for the concept of VLP technology. The 

core protein of the Hepatitis B Virus (HBV) will be introduced, with particular focus on the 

ability to present antigens in the Major Insertion Region (MIR). This introduction will then 

review typical bioprocess routes for VLP manufacture, followed by high-throughput 

methods that could be employed to produce and purify HBC VLPs. The final section involves 

a critical appraisal of the previous literature and available technologies in order to define 

the overall thesis aim and objectives. 

1.2 Vaccination: a history 

 

Vaccination is, at present, the predominant tool used in the prevention of disease caused 

by human pathogens. Vaccines have a considerable track record of success in the control of 

infectious disease, with an estimated 2-3 million lives saved each year and a 60% reduction 

in child mortality between 1990 and 2018 (World Health Organisation, 2021).  

The observation that cowpox could prevent smallpox in humans, made by Edward Jenner in 

the 1790s, is often considered the origin of vaccine development (Riedel, 2005). This 

concept enabled a shift away from variolation, the use of a needle to deliberately introduce 
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ǘƘŜ ŘǊƛŜŘ ǎŎŀōǎ ƻǊ ǇǳǎǘǳƭŜ ŦƭǳƛŘ ƻŦ ǎƳŀƭƭǇƻȄ ƛƴǘƻ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ǎƪƛƴ (Louten, 2016), and 

towards vaccination as a public health tool. Despite strong opposition, vaccination was 

implemented rapidly, becoming mandatory in 1810. Smallpox was eventually eradicated by 

the twentieth century (Greenwood, 2014). Advances in vaccinology have stemmed from the 

understanding of host-pathogen interactions. In particular, Robert Koch determined that 

disease was transmitted via infectious agents, and thus developed his four postulates which 

are still used to determine causality (Bonanni & Santos, 2011).  

In the laboratory of Pasteur in 1881, it was hypothesised from an almost accidental 

experiment, that environmental exposure could be detrimental to pathogen survival. 

Following this, Pasteur was able to confirm his hypothesis regarding pathogen attenuation 

with his work on both rabies and anthrax (Plotkin, 2005). Attenuated or reduced virulence 

vaccines can induce a strong immune response and this, coupled with relatively low costs of 

manufacture, promoted their use for more disease targets. However, whilst their long-

lasting immunity is appealing there is a risk of virulence reversion as a result of mutation  

(Hansson, Nygren and Ståhl, 2000). Indeed, live pathogens have the potential, as they have 

done so in the past, to result in a real viral outbreak despite attenuation (Bonanni & Santos, 

2011). 

In order to overcome the risks associated with live attenuated viruses, research was 

subsequently directed towards the exploration of inactivated vaccines. It was observed that 

formaldehyde-inactivated pathogens were still capable of inducing an immune response 

and consequently, inactivated vaccines were developed for human use against diseases 

including typhoid fever, cholera, and the plague (Sanders, Koldijk and Schuitemaker, 2015). 
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Towards the end of the twentieth century vaccine evolution underwent a change, primarily 

in line with advances in recombinant DNA technology which enabled a transition towards 

safer, subunit vaccines (Kushnir, Streatfield and Yusibov, 2012). As subunit vaccines are 

derived from just part of the infectious microorganism, they are non-pathogenic due to their 

inability to replicate. A major advantage of this approach is the improved safety profile and 

fewer side effects associated with these vaccines. Conversely, they are typically less 

immunogenic than their whole pathogen counterparts and often require the addition of 

adjuvants, substances used in conjunction with the specific antigen to boost the immune 

response (Ramon, 1924) and more frequent or higher dosage (Hansson et al., 2000). 

A current focus of subunit vaccine development are VLPs, which have great potential as both 

standalone vaccines and as platforms for the display of foreign antigens (Zeltins, 2013). 

More generally, the continued need for new vaccines and technologies that enable rapid 

vaccine bioprocess development, scale-up and manufacture have been demonstrated 

during the current Covid-19 pandemic (Lurie et al., 2020). With an estimated 226,844,344 

confirmed cases, and 4,666,334 confirmed deaths at the time of writing (World Health 

Organisation, 2021) the urgency to produce effective vaccines is clear, with a myriad of 

candidates in varying stages of development. Of these 108 are subunit, and 25 are VLP based 

of which five are in clinical trials (COVID-19 vaccine tracker, no date). 

1.3 Virus-like particles 

 

VLPs, produced in recombinant systems, are non-replicating viral particles which lack the 

viral genome; an aspect which promotes their use as safer vaccine candidates. Due to the 

absence of genetic material, VLPs are unable to replicate or cause infection and yet can 

mimic the morphology of the native pathogen. VLPs are supramolecular assemblages, 
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typically similar in size to native viruses (~20-200 nm) and have high, repetitive uniformity 

in their surface structures (Vicente et al., 2011). The ability of VLPs to display epitopes in a 

high-density, ordered fashion resembling pathogen associated molecular patterns (PAMPs) 

enables them to be recognised by the pathogen recognition receptors (PRRs) of the host 

immune cells. This, in turn, triggers a strong immune response (Crisci, Bárcena and Montoya, 

2012). Their small size further enhances their immunogenicity, firstly, due to their ability to 

enter the lymphatic system without the assistance of antigen presenting cells (APCs), and 

secondly, via uptake by dendritic cells which engulf pathogens, and induce the adaptive 

immune system (Peyret, 2014). 

Unlike subunit vaccines, VLPs do not necessarily require adjuvants as they are capable of 

stimulating both the cell-mediated and humoral immune response. Alongside major 

histocompatibility complex (MHC) class II presentation via dendritic cells, resulting in the 

stimulation of T-helper cells, VLPs can be presented by the MHC class I pathway which 

activates CD8+ cytotoxic T cells (Grgacic and Anderson, 2006). In terms of the humoral 

response, VLPs cross-link the constituents of the B-cell receptor (Crisci, Bárcena and 

Montoya, 2012). In addition to this, VLPs can be exploited as an antigen presentation system 

whereby the VLP acts as a scaffold for the epitope of interest. A simplified visual overview 

of the effect of vaccination on the immune response is depicted in Figure 1.1. 

1.3.1 Antigen display 

 

An increasingly popular application of VLPs is their exploitation as a platform for multimeric 

display of foreign epitopes. The use of VLPs as vaccine platforms was an idea originally 

introduced in the 1980s, around which time Clarke et al. (1987) utilised the HBC VLP 

displaying a peptide sequence from the VP1 protein of the foot and mouth disease virus 
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(FMDV), to produce a vaccine candidate as a prophylactic measure for FMDV (Clarke et al., 

1987). This interest has enhanced considerably since then, namely as a result of the 

development of recombinant DNA technology and the use of high-resolution techniques 

which enabled researchers to obtain vital knowledge regarding the structural nature of 

virions and proteins. Currently, as highlighted previously, 25 VLP based candidates are under 

development for the prevention of Covid-19 transmission, surpassing live-attenuated and 

inactivated vaccines of which there are 3 and 24 respectively (COVID-19 vaccine tracker, no 

date). 

Simultaneous to these developments, scientists have been able to better identify, 

characterise, and therefore, manipulate pathogen-derived epitopes for use in vaccine 

development. Through utilisation of the features that make them such excellent standalone 

vaccines, VLPs can act as both a scaffold and an adjuvant for the antigen of interest. Novel 

antigens can be positioned on the VLP by either genetic fusion or chemical conjugation 

(Figure 1.2), creating chimeric and conjugated VLPs respectively (Bárcena and Blanco, 2013).  

The position of the antigen of interest and therefore, the mechanism of antigen attachment, 

is largely dependent on the desired immune response. To elicit a strong antibody response, 

it is necessary to display antigens on the surface at high densities. On the other hand, if a T-

cell epitope is employed, the bioengineering of the VLP becomes much more flexible as the 

highly repetitive structure and surface exposure is no longer a requirement. In these cases, 

chemical conjugation is likely to be a more desirable technique and can overcome some of 

the difficulties associated with the construction of recombinant VLPs. Chemical conjugation 

can occur in various ways depending on the VLP and target antigen surface moieties 

(Chackerian and Schiller, 2012).   
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Figure 1.1 Schematic representation of the various ways in which  vaccines can interact with the 
human immune system. Figure reproduced from: Tao et al., (2018). Image produced using 
Biorender.com. 

 

Figure 1.2 Illustration of the different conjugation methods for VLP antigen display. Chemical 
conjugation [top] and genetic linking [bottom]. 
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A common target is the amine functional group of lysine residues, however; thiol groups, 

carboxylic acids and others have also been shown to react with activated conjugates. When 

designing a process for the creation of chemically conjugated VLPs the chemical 

characteristics of the binding molecule must be carefully considered to ensure that there 

will be no undesirable effects on particle size, charge or structure (Grasso and Santi, 2010).  

!ǎ ƳŜƴǘƛƻƴŜŘ ǇǊŜǾƛƻǳǎƭȅΣ ǎƛƴŎŜ ǘƘŜ мфулΩǎ ŎƘƛƳŜǊƛŎ ±[tǎ ƘŀǾŜ ōŜŜƴ ǇǊƻŘǳŎŜŘ ǳǎƛƴƎ ŀƴ ŀǊǊŀȅ 

of expression systems to target a variety of human and animal diseases. Chimeric VLPs have 

been produced based on VLPs from around 35 virus families incorporating a wide range of 

antigen inserts (Zeltins, 2013). As the VLP self assembles into a repetitive, highly ordered 

structure, the cloned DNA fragments which encode the desired epitope are presented at 

high densities and ideally with surface accessibility (Jennings & Bachmann, 2008). The 

primary advantages associated with genetic fusion are the stable bond that is created 

between the particle and selected epitope, and the simplicity of the manufacturing process. 

Production methodologies, whilst still complex, may resemble those required for the 

purification of parental VLPs which have not been modified (Chen and Lai, 2013). 

VLP manufacture and commercialisation does face significant challenges, however, and to 

date, there are fewer than 20 in clinical trials and only a small number which have been 

commerciaƭƛǎŜŘΦ !ƴ ŜȄŀƳǇƭŜ ǘƘŀǘ Ƙŀǎ ǊŜƭŜǾŀƴŎŜ ǘƻ ǘƘƛǎ ǿƻǊƪ ƛǎ ǘƘŜ aƻǎǉǳƛǊƛȄϰ ƳŀƭŀǊƛŀ 

vaccine, comprising plasmodium falciparum circumsporozoite protein fused to the Hepatitis 

B surface antigen (HBsAg) and produced using a yeast expression system (Laurens, 2020). 

Aside from obvious manufacturing limitations regarding costing and process scalability, the 

major drawback in production and commercialisation of VLP vaccines relates to the surface 

display. The predominant issue is the inability to predict whether the size or structure of the 
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desired insert will negatively impact VLP self-assembly (Mobini et al., 2020). Ultimately, 

studies indicate that the VLP must display the antigens on the surface if high-titre antibody 

responses are to be produced (Crisci, Bárcena and Montoya, 2012) and therefore 

understanding the effect on assembly, formation, display and resulting immuno- and anti-

genicity is essential. The HBC is a widely studied VLP, in part due to its three possible 

insertion regions and inherent immunogenicity (Milich et al., 1987; Crowther et al., 1994; 

Rybka et al., 2019). 

1.4 Hepatitis B virus 

 

Hepatitis B virus (HBV), the causative agent of acute and chronic liver disease, was 

responsible for an estimated 820,000 deaths in 2019 (World Health Organisation, 2021). 

Chronic HBV infection occurs when hepatocytes become infected causing them to 

continually produce virions and release them into the bloodstream. This, combined with a 

long half-life of the virions in the blood stream, ensures that all hepatocytes are infected 

which, in turn, enables viral persistence. The body responds accordingly by generating an 

immune response, effectively destroying the liver cells and consequently causing serious 

damage to the liver, primarily in the form of scarring (Seeger and Mason, 2000). 

The HBV viral genome comprises one complete strand and a second, incomplete, 

complementary DNA strand. The resulting circular genome is partially double stranded. HBV 

virions, belonging to the family Hepnaviridae, are approximately 43 nm in diameter and are 

comprised of 3200 nucleotides. Hepatocytes, once infected, produce these particles, 

ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ Ψ5ŀƴŜ ǇŀǊǘƛŎƭŜǎΩ ǿƘƛŎƘ ŀǊŜ ŘƻǳōƭŜ ǎƘŜƭƭŜŘΦ ¢ƘŜ ƻǳǘŜǊ ƭƛǇƛŘ ŜƴǾŜƭƻǇŜ ŎƻƳǇǊƛǎŜǎ 

three glycoproteins: large, medium and small surface antigens (HBsAg) whilst the inner 

nucleocapsid consists of the HBC (Ganem and Varmus, 1987; Roose et al., 2013). Whilst the 
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HBsAg has previously been used as an antigen presentation system, research has identified 

HBC as being far superior (around 100 fold better) in terms of immunogenicity (Milich et al., 

1987; Whitacre et al., 2009). 

1.4.1 Hepatitis B core antigen 

 

The HBC is a 21 kDa protein made up of around 183-185 amino acids (Figure 1.3A) and is 

able to spontaneously self-assemble forming icosahedral particles. The N-terminal domain 

(residues 1 to 140) is necessary for dimer formation, which enables capsid assembly. Amino 

acids 150 to 183 correspond to the carboxyl-terminal, synonymously termed the 

ΨǇǊƻǘŀƳƛƴŜΩ ŘƻƳŀƛƴΣ ǿƘƛŎƘ ƛǎ ǊƛŎƘ in arginine and has high RNA affinity. These domains are 

separated by a linker peptide which is thought to assist with mobility to enable DNA 

polymerase activity. In terms of secondary structure, unlike many other characterised viral 

capsid proteins, the H./ ƛǎ ǊƛŎƘ ƛƴ ʰ-ƘŜƭƛŎŜǎ ŀƴŘ ƭŀŎƪƛƴƎ ƛƴ ʲ-sheets (Roose et al., 2013; 

Peyret, 2014). 

The nucleocapsid is assembled when two HBC monomers dimerise (Figure 1.3B and 1.3C). 

The most common form is a 240-subunit particle consisting of 120 dimers of the HBC 

protein. However, HBC can assemble into a smaller particle (90 dimers) with a triangulation 

number of T = 3 as opposed to T = 4 (Figure 1.3D and E) (Crowther et al., 1994). The large 

and small particles have a diameter of 34 and 30 nm respectively and both can be found in 

ƛƴŦŜŎǘŜŘ ǇŀǘƛŜƴǘǎΦ ²Ƙƛƭǎǘ ǘƘŜ ŀǎǎŜƳōƭȅ ŘƻƳŀƛƴ Ŏƻƴǘŀƛƴǎ ŦƛǾŜ ʰ-ƘŜƭƛŎŜǎΣ ƛǘ ƛǎ ʰ-о ŀƴŘ ʰ-4 which 

are able to form the hairpin, two of which associate to form the characteristic spikes by 

which HBV is recognised. Each spike, comprising a four h -helical bundle, is prominent on the 

surface of the icosahedral particle (Wynne, Crowther and Leslie, 1999; Nassal et al., 2007; 

Peyret, 2014). 
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HBC has a number of important characteristics which make it a prominent candidate as a 

vaccine platform. Predominantly its inherent immunogenicity; HBC is able to produce a high 

titre of antibodies during natural infection. A further advantage is that it poses no cytotoxic 

threat, supported by its isolation from patients with no signs of liver damage (Whitacre, Lee 

and Milich, 2009). Despite these potential advantages, scientists have found two major 

problems in the design and production of HBC VLP vaccines; pre-existent immunity and self-

assembly (Lu et al., 2015). 

As HBC is derived from a human pathogen it raises concerns as to how it would interact with 

individuals with prior HBV exposure. Both challenges can most likely be avoided by using 

the core protein from related but non-human hepadnaviruses, such as woodchuck 

hepadnavirus (WHBcAg). Interestingly, research conducted by Billaud at al. (2005), indicates 

that WHcAg could tolerate insertions in 17 locations, a far greater number than in HBC. 

Nevertheless, research also suggests that prior immunity to HBC does not weaken antibody 

production towards displayed antigens. Considering this, a more pressing concern may be 

whether HBC-based vaccination can interfere with the use of anti-HBC antibodies as a 

serological measure for HBV diagnoses (Billaud et al., 2005). 



34 
 
 

 

Figure 1.3. Structure of Hepatitis B core. (A) Hepatitis B core primary structure. (B) Hepatitis B 
core monomer. (C) Hepatitis B core dimer. (D) Hepatitis B core particles from Escherichia coli, 
shown by electron micrographs. (E) Hepatitis B core particle as seen by Cryo- electron 
microscopy. (Figure sourced from: Roose et al., 2013).  
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1.5 HBC as a vaccine platform 

1.5.1 Different regions for insertion 

 

HBC, when heterologously expressed, is able to self-assemble into VLPs as described in 

Section 1.4.1. Remarkably, research has shown that capsid formation is not always 

perturbed by insertions or fusions, highlighting HBC as a promising tool in vaccine 

development (Lachmann et al., 1999). HBC is therefore an excellent candidate for carrying 

different antigens because it can present many copies of the chosen epitope on its surface, 

as well as being a powerful immunogen; both a cell-mediated and humoral immune 

response are induced as described in Section 1.3. These characteristics promote the 

exploitation of HBC as a vaccine scaffold, despite it being an internal virion component. 

Research indicates that the position at which the heterologous epitope is inserted greatly 

influences both the immunogenicity and antigenicity (Schödel et al., 1992). Through the use 

of cryo-electron microscopy (cryo-EM) and X-ray crystallography three potential insertion 

sites were identified: The N- and C-terminus and the immunodominant loop. Further 

structural studies were used to clarify that none of the three sites played a critical role in 

molecular interactions and subsequent VLP assembly, promoting their use as potential 

epitope sites (Grasso and Santi, 2010). These three regions of the HBC have been explored 

extensively as insertion sites; of which the immunodominant loop, synonymously termed 

the major insertion region (MIR) (Figure 1.3B), has proven to be the most beneficial at 

eliciting an immune response (Karpenko et al., 2000). 

1.5.1.1 N-terminal insertions   

 

The N-terminal end of HBC has been used extensively to display foreign epitopes and 

insertions tend to be more surface-exposed than in the C-terminus. Interestingly, whilst 
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immunogenicity is typically thought to correlate with surface accessibility, research infers 

that this is not always the case. An example is the 45 amino acid insert which when inserted 

into the N-terminus was found to be less surface accessible than when inserted into the C-

terminus in vitro and yet produced a higher titre of antibodies in vivo (Koletzki et al., 2000). 

Whilst insertions in this area are generally accessible, research has identified size to be a 

limiting factor with a maximum capacity of around 50 amino acids (Bárcena and Blanco, 

2013). In contrast, research conducted by De Filette et al. (2005) found that after fusing a 

63 amino acid epitope to target influenza, correct VLP assembly was still possible using E. 

coli as the expression system. Additionally, the study found that three copies of the 

ectodomain of influenza m2 protein (M2e) was more beneficial than a single copy and that 

the protective efficacy of the particles was not improved when inserted into the 

immunodominant loop. This study indicates that the N-terminus may be an excellent 

substitute for epitopes which cannot form particles in the MIR (de Filette et al., 2005).  

1.5.1.2 C-terminal insertions 

 

¢ƘŜ ΨǇǊƻǘŀƳƛƴŜΩ ŘƻƳŀƛƴ ƻŦ I./ ƛǎ ƛƴǘŜǊƴŀƭƭȅ ƭƻŎŀǘŜŘ ǿƛthin the particle and yet is still capable 

of presenting the inserted antigen on the particle surface, although results vary. Despite 

this, HBC particles are often produced either in the absence, or carrying a truncated version, 

of the C-terminal domain as it is not required for capsid formation. Moreover, research has 

indicated that inserting foreign epitopes in this site confers much lower immunogenicity 

when compared with the other regions, particularly the immunodominant loop (Dishlers et 

al., 2015). In contrast, inserts into the C-terminus typically do not negatively impact capsid 

assembly compared to the immunodominant loop which can only tolerate medium sized 

inserts (Beterams, Böttcher and Nassal, 2000). 
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The surface exposure of inserts is determined by a number of factors, such as where the 

truncation occurs and also the size of the insert. In terms of the former, studies have shown 

that with truncations around 149 and 155 amino acids, inserts seem to be surface exposed 

and non-surface exposed respectively. In terms of the latter, larger insertions are often 

surface exposed, whilst smaller ones are buried. The sequence itself also plays a role in 

surface exposure (Peyret, 2014). The inherently low immunogenicity of C-terminal 

insertions has led them to be overlooked by many researchers who have instead exploited 

the increasingly popular immunodominant loop. Recognising their ability to accommodate 

large insertions however, Dishlers et al., (2015) were able to produce novel vectors in which 

the HBV preS1 sequence was exposed on the outer surface of C-terminally inserted VLPs. 

They found that these so called HBCG vectors (arginine residues replaced with glycine) had 

improved immunogenicity when tested in an animal model. 

1.5.1.3 Major insertion region 

 

¢ƘŜ ƘƛƎƘƭȅ ŜȄǇƻǎŜŘ aLwΣ ƭƻŎŀǘŜŘ ƻƴ ǘƘŜ ʰ-helical tips, is roughly the region between amino 

acids 76 to 81 (Figure 1.3A). Due to extensive research, it is understood that this 

immunodominant loop is able to both tolerate, and bestow its inherent immunogenicity to, 

the antigen of interest. In addition, studies have shown that comparative to similar 

insertions in either the C- or N-termini, the MIR insertions tend to yield particles in higher 

quantities (Lachmann et al., 1999; Peyret, 2014). 

The MIR lends itself as an appropriate insertion site in numerous ways. One advantage of 

using the MIR is the accommodation of large inserts which does not prevent native particle 

formation. In particular, Kratz et al. in 1999 were able to successfully insert the 238 aa green 

fluorescent protein (GFP) into HBC forming correctly folded fluorescent particles. Not only 
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was this study a great success in terms of the size of insert which can be tolerated, it also 

demonstrated that similar antibody responses could be evoked to other antigens, 

highlighting HBC as a vaccine carrier (Kratz, Böttcher and Nassal, 1999). 

Conversely, an insert of this size tends to be the exception rather than the rule. Typically, 

VLP formation is likely to be maintained with smaller inserts. To increase the likelihood of 

ǎǳŎŎŜǎǎŦǳƭ ±[t ŦƻǊƳŀǘƛƻƴ ŦƻƭƭƻǿƛƴƎ aLw ƛƴǎŜǊǘƛƻƴΣ ǘƘŜǊŜ ŀǊŜ ǘǿƻ ǘŜŎƘƴƛǉǳŜǎ ƻǊ ΨǊǳƭŜǎΩ ǿƘƛŎƘ 

can be adhered to. The first rule is based on the structure of the insert and suggests that 

proximity of the N- and C-termini can be paramount for VLP formation. This, along with the 

second technique- the use of flexible linkers between insert and core, has been shown to 

allow particle assembly (McGonigle et al., 2015). 

Ultimately, research indicates that epitopes fused at the C-terminus are typically the least 

surface-exposed which in turn, confers lower immunogenicity while epitopes fused to the 

N-terminus are often more immunogenic as a result of better surface exposure. Insertions 

in the immunodominant loop tend to allow for greater accessibility and therefore, 

immunogenicity and often yield more particles. Moreover, inserts in the N- and C-terminus 

tend to have lower antigenicity than the HBC carrier, whereas the inserted protein is 

typically more immunogenic when in the immunodominant loop. This aspect is particularly 

important when using HBC as an antigen presentation system for vaccine development 

(Schödel et al., 1992; Peyret, 2014). Recent advances have moved toward securing the HBC 

dimers with a genetic linker sequence in order to prevent dissociation when an antigen is 

inserted. This so-called Tandem Core technology may enable the insertion of a wide range 

of antigens into the MIR, regardless of aspects such as size and hydrophobicity.  
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1.5.2  Tandem Core technology 

 

Tandem Core technology, developed by iQur LTD., differs slightly from traditional HBC in 

that the dimers are genetically fused together by a flexible linker (Figure 1.4). This linker is 

an attractive option as it holds together the dimers which ordinarily may be forced apart 

due to epitope insertion and steric hindrance. A second advantage is that it enables equal 

expression and formation of particles with equal copies of two distinct epitopes. This ability 

to display dual inserts is an exciting prospect, particularly in terms of either cross-

protectivity across disease strains, or breadth of protectivity across one strain. This aspect 

makes Tandem Core HBC highly attractive as vaccine platform option.  

1.5.3 Why is a platform needed? 

 

VLPs are a promising solution to one of the predominant challenges of vaccine development; 

ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ǊŀǇƛŘƭȅ ŘŜǾŜƭƻǇƛƴƎ ŀ ǾŀŎŎƛƴŜ ŦƻǊ ǇǊƻǘŜŎǘƛƻƴ ŀƎŀƛƴǎǘ Ψ5ƛǎŜŀǎŜ ·ΩΦ {ƛƳǇǎƻƴ Ŝǘ 

ŀƭΦΣ όнлнлύ ŘŜǎŎǊƛōŜ 5ƛǎŜŀǎŜ · ŀǎ άŀƴ infectious agent that is not currently known to cause 

human disease, but an aetiologic agent of a future outbreak with epidemic or pandemic 

ǇƻǘŜƴǘƛŀƭέΦ 5ƛǎŜŀǎŜ · ƛǎ ǘƘŜ ǊŜǎǳƭǘ ƻŦ tŀǘƘƻƎŜƴ ·Σ ǿƘƛŎƘ ƛǎ ŀƴ ǳƴƪƴƻǿƴ ǇŀǘƘƻƎŜƴ 

encompassing everything from bacteria and fungi to parasites and even prions. Whilst viral 

pathogens are a relatively small contributor in terms of emerging infectious diseases, many 

RNA viruses have caused devastating emergence events. These include Influenza H1N1, 

Ebola virus and severe acute respiratory syndrome coronavirus, SARS (Simpson et al., 2020). 

As such, it is reasonable to assume that Disease X may again be a viral outbreak as 

demonstrated in the case of the Coronavirus that caused the Covid-19 pandemic (Figure 

1.5). 
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Figure 1.4 Schematic representation of Tandem Core VLP Technology. (A) DNA sequence of 
construct, including two HBC monomers genetically fused by a flexible linker. Each MIR can be 
coded for different epitopes. (B) One expressed HBC unit. (C) Units forming an icosahedral VLP.  

Figure 1.5 Timeline depicting infectious threats throughout history and modern potential 
solutions. Red circles denote pandemic events along with approximate death toll. At the time of 
writing the Covid-19 death toll is estimated at 4,666,334.  
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Lƴ ǘƘŜ ǇŀǎǘΣ ǾŀŎŎƛƴŀǘƛƻƴ Ƙŀǎ ōŜŜƴ ŀ ΨƻƴŜ ōǳƎ ƻƴŜ ŘǊǳƎ ǎȅǎǘŜƳΩΦ ¢Ƙƛǎ ƛǎ ƘƻǿŜǾŜǊΣ ŎƘŀƴƎƛƴƎΣ ƛƴ 

part because of emergent diseases. As such, more vaccine research is being driven to the 

use of platform technologies; both for vaccine design and high-throughput optimisation and 

manufacture. Whilst the definition of what constitutes a platform for vaccine design is 

ŘŜōŀǘŀōƭŜΣ ŦƻǊ ǘƘƛǎ ¢ƘŜǎƛǎ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŘŜŦƛƴƛǘƛƻƴ ǿƛƭƭ ǎǳŦŦƛŎŜΥ άŀ ǘŜŎƘƴƻƭƻƎȅ ƛƴ ǿƘƛŎƘ ǘƘe 

underlying, nearly identical mechanism, device, delivery vector or cell line was employed for 

ώŘŜǎƛƎƴ ƻŦϐ ƳǳƭǘƛǇƭŜ ǘŀǊƎŜǘ ǾŀŎŎƛƴŜǎέ(Adalja et al., 2019). This is sufficient for general 

discussion and encompasses the two discussion points of this Thesis, but for further clarity 

ΨǎŎŀŦŦƻƭŘΩ Ƴŀȅ ōŜ ǳǎŜŘ ƛƴ ǊŜŦŜǊŜƴŎŜ ǘƻ ¢ŀƴŘŜƳ /ƻǊŜ I./ ±[tǎ ŀƴŘ ΨtƭŀǘŦƻǊƳ ǇǊƻŎŜǎǎΩ ǘƻ ǘƘŜ 

sequence of methods developed to compare, characterise and enable scaffold exploitation.  

Generally, the development of a new vaccine candidate can cost billions of dollars, takes 

over 10 years to complete and has a high likelihood of failure; typically, 94% (Gouglas et al., 

2018). A platform for rapid vaccine design would ideally speed up development times either 

due to streamlined bioprocessing or through well-established biosafety profiles and 

regulations(Charlton Hume and Lua, 2017). The latter is up for some debate as regulatory 

agencies are likely to still view each product holistically and therefore as a novel product, 

irrespective of whether the process is well-known. Conversely, if a platform is used 

repeatedly over time, and without any problems, it is likely that approval processes may 

become more efficient (Adalja et al., 2019). 

Moreover, platform technologies can lower capital and operating costs, allowing facilities 

to be more flexible and achieve economies of scale. This lowers the overall risks associated 

with emergent infectious disease ventures and may reduce costs per dose (Charlton Hume 

et al., 2019). Ultimately, the future success of VLPs as vaccine candidates is dependent on 
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the development of improved bioprocessing and bioengineering which will enable antigenic 

display to become both predictable and cost-effective (Lua et al., 2014).  

Another primary use of VLP technology is to target pathogens which either: (1) do not 

ordinarily exhibit an immune response, or (2) are prone to antigenic drift thereby requiring 

annual vaccinations. Based on these considerations a universal influenza vaccine is a highly 

desirable application of VLP technology.  

1.5.4 Influenza as a model target 

 

Influenza is responsible for approximately 250,000 ς 500,000 deaths each year and around 

3 million incidences of severe disease worldwide (Fu et al., 2009). The current treatment 

protocol is the use of a prophylactic vaccine targeted to induce an immune response against 

hemagglutinin A (HA); a highly variable glycoprotein whose external amino acids are prone 

to antigenic drift. As a result, the vaccine must be updated and administered to high-risk 

individuals annually (Ellebedy and Webby, 2009). A second issue associated with the use of 

HA as a target to induce antibody mediated protection, is that immunity is strain-specific 

and does not cover all Influenza A and B subtypes. The current quadrivalent vaccine is 

designed to protect against two A and two B strains, ultimately requiring the manufacture 

of four different components. Moreover, strains must be selected around six months in 

advance in order to account for the time required from manufacture through to distribution. 

Whilst a non-specific vaccine which induces a broad immune response would be preferable 

over a strain-specific vaccine administered too late, a universal influenza vaccine is arguably 

the most desirable solution (Subbarao and Matsuoka, 2013). 

Ultimately, the application of VLP platforms as a universal influenza vaccine aims to 

eradicate the requirement for annual vaccination whilst increasing the breadth and 
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longevity of responses. There are a number of targets currently under investigation which 

offer broad protection owing to their conserved nature. Examples of these include parts of 

the HA stalk, M2e protein (Rajão and Pérez, 2018).  

A prominent antigen employed in the development of HBC VLPs as a vaccine scaffold 

platform is M2e. M2e is the 23 aa ectodomain of M2, a transmembrane protein which acts 

as a pH regulated proton channel, essential for the influenza infection process. This 

ectodomain is highly conserved and therefore, is favourable as a universal antigen for the 

prevention of human influenza (Fiers et al., 2009). As such, this antigen has been studied 

extensively in various insertion sites of HBC subsequent to the work of (Neirynck et al., 

1999). As mentioned in Section 1.5.1.1, three copies of M2e inserted in the N-terminus was 

found to be more immunogenic than insertions in the MIR. On the other hand, in a more 

recent study, M2e was successfully inserted into the MIR through the addition of flexible 

linkers. The chimeric particles, produced in E. coli, were found to be especially immunogenic 

when carrying four copies of M2e (Ravin et al., 2015). 

The long alpha helix (LAH) region of the HA stalk has shown conservation across Influenza 

A strains and, when inserted into HBC expressed in E. coli, resulted in properly formed 

VLPs (Zheng et al., 2016). The HA2 subunit of the HA stalk region is similarly well 

conserved, promoting its potential as a target epitope for display on the HBC scaffold 

(Raymond et al., 2018).  

1.6 Expression systems 

 

In recent years, five VLP-based vaccines have been approved and have had reasonable 

success in the prevention of human papillomavirus (HPV) and HBV. HBC has been 

investigated as a platform for antigen display for an array of diseases such as influenza, 
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malaria and hepatitis C (Bárcena and Blanco, 2013; Chen and Lai, 2013). These VLPs can be 

produced using yeast, mammalian or insect cell expression systems owing to the need for 

the post-translational modifications which are restricted to eukaryotes; bacterial systems 

however, can still be exploited as production platforms (Table 1.1). 

When designing a process for the production of VLPs it is necessary to understand how VLP 

stability and/or functionality can be impacted by the choice of expression system. 

Moreover, from an engineering point of view, it is necessary to understand how the selected 

platform will influence the scalability of vaccine manufacture and the associated cost of 

production (Chen and Lai, 2013). 

1.6.1 Yeast 

 

The exploration of yeast as an expression system began with Saccharomyces cerevisiae in 

ǘƘŜ мфулΩǎ ŀƴŘΣ ŘŜǎǇƛǘŜ ŀ ŦŜǿ ǇǊƻōƭŜƳǎ ǿƛǘƘ ǎŎŀƭƛƴƎ ǳǇ ŀƴŘ ǊŜŎƻƎƴƛǘƛƻƴ ōȅ ǘƘŜ ƘǳƳŀƴ 

immune system, numerous species have now been investigated to produce eukaryotic 

proteins (Cregg et al., 2009). Yeast has an array of properties which promotes its use as an 

expression system for foreign proteins, either for research, medicinal or industrial purposes 

(Romanos, Scorer and Clare, 2002). Yeast can be grown quickly and to high cell densities 

using simple media. Moreover, production is relatively cheap and scalable. Ultimately, yeast 

enables easy genetic manipulation associated with single cells, coupled with a capability to 

perform various post-translational modifications (Mattanovich et al., 2011). 
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Table 1.1 Different VLP product platforms, their advantages and disadvantages, and current state 
of commercial development.  

Expression 
System 

Advantages Disadvantages Licensed VLP vaccine 

Bacteria Can be produced 
cheaply and quickly. 
Can be produced at 

large scale. 
Molecular biology and 

biochemistry well-
established. 
 

Unable to mimic 
mammalian post-
translational 
modification. 
Downstream 

processing can be 
complex due to toxins 
and chaperone proteins. 
 

GenHevac B®-HBV 

Mammalian 
Cells 

Authentic VLP 
assembly possible. 
Capable of post-

translational 
modification. 
Preferred platform for 

complex, enveloped 
VLPS. 
Numerous cell lines 

have been used. 
 

Complex construction. 
Higher production 

costs in upstream and 
downstream 
bioprocessing.  
Lower productivities. 

GenHevac B® - HBV 

Yeast Can be grown quickly 
and to high densities 
using simple media. 
Production is cheap 

and scalable. 
Easy genetic 

manipulation. 
Various post-

translational 
modifications. 

Glycan structures differ 
from mammalian and so 
modifications differ. 
Hypermannosylation 

can occur. 
Plasmid loss and lower 

protein yields can also 
be a problem. 
Risk of incorrect folding 

and VLP assembly. 
 

Engerix-B®, Recombivax 
HB®- Yeast 
-Gardasil®- HPV 

Baculovirus Capable of multiple 
post-translational 
modifications. 
Can aid in role of VLP 

self-assembly and 
release. 
Host-derived 

components may 
imitate adjuvants. 
 

Complex purification 
methodologies 
associated with removal 
of co-produced 
baculovirus particles. 

Cervarix® - HPV 

Cell-free Overcomes issues 
associated with cell 
membranes. 
Flexible and amenable  

Relatively high 
associated costs. 

Inflexal® -Influenza A 
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Yeast has been utilised in the production of numerous VLPs, both standalone and chimeric 

design. S. cerevisiae was used to produce Gardasil®, the first HPV vaccine to be approved by 

the United States (US) Food and Drug Administration (FDA). Commercialised by Merck and 

Co., Inc; Gardasil is a VLP based on the recombinant L1 protein of HPV. Prior to this, S. 

cerevisiae was employed as an expression system for a HBV VLP-based vaccine, Recombivax 

HB® (Roldão et al., 2010; Wang and Roden, 2013). Other species of yeast have also been 

investigated. In a study conducted by Watelet et al. (2002). P. pastoris was used for 

expression of HBC resulting in more suitable HBC production for diagnostic assays than 

when the VLPs were produced in E. coli (Watelet et al., 2002). 

1.7. VLP bioprocess development 

1.7.1 Upstream processing: VLP production 

1.7.1.1 Pichia pastoris phenotype 

 

P. pastoris is often employed for production of biopharmaceuticals and enzymes due to its 

tightly regulated promoters and intra- and extracellular protein production capabilities 

(Karbalaei, Rezaee and Farsiani, 2020). P. pastoris, a methylotrophic yeast, was initially 

investigated as a source of single-ŎŜƭƭ ǇǊƻǘŜƛƴǎ ƛƴ ǘƘŜ мфтлΩǎ ōȅ tƘƛƭƭƛǇǎ tŜǘǊƻƭŜǳƳ /ƻƳǇŀƴȅ 

who found the ability to use methanol as the sole-carbon source a desirable characteristic 

in high cell density fermentations. This, however, was prior to the increased costs of 

methane, from which methanol is derived, and therefore the 1973 oil crisis rendered the 

use of P. pastoris economically undesirable (Macauley-Patrick et al., 2005; Ahmad et al., 

2014). The subsequent turning point for P. pastoris utilisation was the development of the 

transformation system, enabling expression of foreign genes (Cregg et al., 1985). Combined 

with the previously defined fermentation process, this cemented the use of P. pastoris as a 

heterologous protein expression system. 
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1.7.1.2 Methanol utilisation  

 

When producing chimeric VLPs it is necessary to consider the effect that different 

phenotypes may have on expression and correct assembly of HBC and hence the impact on 

product yields. P. pastoris, along with yeast from three other genera, Hensenula, Candida 

and Torulopsis are able to utilise methanol as the sole source of energy (Ravin et al., 2013). 

The first step in the methanol utilisation (MUT) pathway (Figure 1.6) is the oxidation of 

methanol to formaldehyde and reduction of oxygen to hydrogen peroxide, catalysed by the 

enzyme alcohol oxidase (AOX) (Cereghino and Cregg, 2000). Following this, formaldehyde is 

further oxidised to CO2 by two cytoplasmic dehydrogenases, providing two molecules of 

reduced nicotinamide adenine dinucleotide (NADH) per molecule of formaldehyde (Krainer 

et al., 2012). 

Whilst most strains of P. pastoris grow on methanol at the wild-type rate, there are in fact 

two other phenotypes available which differ in their methanol utilisation. This is as a result 

of two available enzymes, both of which are capable of catalysing the pathway, encoded for 

by the AOX1 and AOX2 genes and under the control of promoters pAOX1 and pAOX2, 

respectively. These two genes mean that there are actually three phenotypes of P. pastoris, 

with different methanol utilisation abilities, dependent on the deletion of one or both AOX 

genes (Cereghino & Cregg, 2000). The Mut+ (methanol utilisation plus) phenotype relies on 

both genes for alcohol oxidase production and so requires high levels of methanol during 

fermentation. Muts relies on the weaker AOX2 due to gene knockout of AOX1 resulting in a 

slower growing strain. Mut- have both genes disrupted and as a result cannot grow on 

methanol (Hartner and Glieder, 2006). 
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Traditionally, the Mut+ phenotype is employed by most researchers when producing 

heterologous proteins as it tends to have both a higher growth rate and productivity than 

MutS strains (Chiruvolu, Cregg and Meagher, 1997). However, this comes at a cost owing to 

the high oxygen demand, heat production and the formation of hydrogen peroxide as a 

result of methanol oxidation, which can be detrimental to cell viability. As such, a lower 

consumption of methanol may be desirable (Kern et al., 2007), achievable with the Muts 

phenotype. Moreover, research has indicated that slower rates of growth and reduced 

protein synthesis may improve the folding of more complex proteins (Nieto-Taype et al., 

2020).  

1.7.1.3 AOX1 promoter 

 

The use of P. pastoris as an expression system for VLPs and other heterologous proteins is 

essentially based on the tightly regulated AOX1 promoter which can produce high levels of 

the desired product following methanol induction. Whilst there are limitations of this 

promoter, namely associated with methanol use, it does allow for high level expression of 

foreign proteins. In addition, the system of repression and de-repression ensures that a 

suitable cell density is achieved before protein production is initiated. Ultimately, expression 

using this promoter is both straightforward and tightly regulated (Macauley-Patrick et al., 

2005). Despite the popularity and advantages associated with the use of the AOX1 promoter 

there are numerous occasions when this may not be appropriate. In terms of safety, 

methanol is highly flammable, and the copious amounts required for large scale 

fermentations, particularly when using the Mut+ phenotype, may pose a safety risk (Ahmad 

et al., 2014). These limitations must be considered when designing a suitable bioprocess for 

chimeric VLP production. 
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Figure 1.6. Methanol utilisation pathway. Simplified schematic diagram showing only the alcohol 
oxidase pathway. Adapted from Cereghino and Cregg (2000). The peroxisome and cytosol are 
encompassed by the small (inner) and larger (outer) circle respectively. 
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1.7.1.4 Fermentation conditions  

 

The basis of P. pastoris as an expression system is the AOX promoter, repressed by glucose, 

ethanol and glycerol and induced 1000-fold by methanol (Cereghino et al., 2002; Hartner & 

Glieder, 2006). With this in mind, a typical fermentation strategy involves an initial 

cultivation step in media such as glycerol to repress the promoter, followed by an induction 

phase when a suitable biomass is achieved (Charoenrat et al., 2005). 

When producing HBC the induction strategy used is important as it can influence both the 

formation of the VLP and the product yield. A four-stage process is often recommended 

comprising of a batch glycerol, fed-batch glycerol, a transitional mixed-feed, and the final 

fed-batch methanol induction phase (Jahic et al., 2002). Various alterations to this protocol 

have been described, such as eliminating the transition phase and directly inducing with 

methanol (Higgins and Cregg, 1998) and using different methanol feeding or mixed-feed 

induction protocols which impacts expression yields and growth rate directly (Potvin, 

Ahmad and Zhang, 2012). Well defined feeding regimes exist for cultivation, however it is 

understood that processes must be tailored and fine-tuned to suit the construct-host 

relationship and to accommodate difference or improvements in equipment (Looser et al., 

2014). However, the nature of the relationship between feeding strategy and the production 

of chimeric VLPs with different inserts has not been well defined. This will be explored as 

part of this Thesis. 

1.7.2 Downstream processing: VLP recovery and purification 

 

To promote the use of VLPs as vaccine candidates it is necessary to: (i) develop a 

downstream recovery and purification process for a particular VLP vaccine candidate as 

quickly as possible, and (ii) design a downstream process with high yields and short 



51 
 
 

processing times in order to minimise costs associated with large scale manufacture. What 

is more, purity and robustness become critical factors as safety is paramount if VLPs are to 

be employed as vaccine platforms (Vicente et al., 2011). Unfortunately, due to the diversity 

of VLPs, antigen inserts and expression systems used, ǘƘŜǊŜ ƛǎ ƴƻ ΨƻƴŜ ǎƛȊŜ Ŧƛǘǎ ŀƭƭΩ ŀǇǇǊƻŀŎƘ 

to downstream processing (DSP). When designing a purification process for VLPs, aspects 

such as envelope presence, VLP size, propensity to aggregate, surface charge and media 

composition must be accounted for (Negrete, Pai and Shiloach, 2014). 

Additionally, some particles, particularly enveloped VLPs, are susceptible to shear-induced 

damage and vigorous clarification procedures may hinder intact VLP recovery (Pedro, Soares 

and Ferreira, 2008). Current DSP techniques reported in literature include centrifugation, 

sucrose-gradient ultracentrifugation, precipitation, tangential flow filtration (TFF) and 

chromatography; however, not all of these methods are suitable for large-scale production 

(Morenweiser, 2005). As a starting point, the typical processes sequence for production of 

a recombinant intracellular protein product can be considered (Figure 1.7). 

Cell harvesting, irrespective of product cellular location or expression system, is likely to be 

the first step in order to separate cells or VLPs from the media in which they were cultured. 

Following this, initial downstream processing steps largely depend on the expression system 

and where the VLP is secreted. In the case of Tandem Core HBC produced in P. pastoris, the 

VLP is intracellular and therefore primary recovery must incorporate cell lysis or disruption 

(Vicente et al., 2011). Typical mechanical processes used at this stage include 

homogenisation, ultrasonication and French press, the latter of which was found to be 

reproducible and scalable when used to recover HBC from P. pastoris (Freivalds et al., 2011). 

The chosen treatment is partly dependent on the expression system and the nature of the 

VLP (Zeltins, 2013). 
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Figure 1.7 Generic bioprocess flowsheet for downstream recovery and purification of VLP 
vaccine candidates.  
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Following cell harvest and cell lysis, a clarification step is required to remove cell debris and 

other unwanted aggregates. Whilst centrifugation is the technique implemented most 

often, membrane filters offer several of advantages including scalability, low shear and, if 

the filters carry a surface charge, the potential to achieve higher degrees of separation 

(Vicente et al., 2011). In order reduce the volume of process fluid prior to polishing and, in 

turn, reduce costs, a concentration step is likely to be undertaken. The operations generally 

chosen for this step are microfiltration and diafiltration in TFF mode (Pedro, Soares and 

Ferreira, 2008). 

Purification and polishing are the final and arguably most critical steps in VLP DSP and focus 

on the removal of bulk contaminants such as host cell proteins, and the further elimination 

of trace impurities, typically including fragments of the desired protein. This stage must be 

The chosen treatment is tailored to the specific VLP exploiting its specific physicochemical 

properties in order to meet regulatory requirements for purity and removal of contaminants 

(e.g. host cell protein and DNA) and product-related impurities (e.g. incorrectly formed 

VLPs). The VLP-specific nature of these stages mean that the additional work can add to 

development times and will significantly influence ultimate large-scale manufacturing costs. 

Size-exclusion chromatography and ultracentrifugation lend themselves to VLP polishing as 

illustrated by Rolland et al. (2001) who used both in the purification of HBC from E. coli and 

P. pastoris finding that the former enabled higher product recovery whilst the latter enabled 

greater purity (Rolland et al., 2001). 

1.7.3 Recent trends in bioprocessing 

 

Bioprocess development is an essential part of biopharmaceutical manufacture, ensuring 

high levels of the desired product are achieved and retained throughout the final, large-
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scale manufacturing process. By maximising product titres and purity, the manufacturing 

costs are reduced making the product more economically viable. Various aspects of a 

process can be optimised, all of which interact with subsequent unit operations. 

Investigations performed during early and late-stage bioprocess development can therefore 

be time consuming and can often be on the critical path for product development. 

High-throughput methods are often employed early in process development as they enable 

a large number of experiments to be undertaken in a short space of time. The combination 

of miniaturisation and parallel operation is particularly useful in reducing the costs 

associated with large volumes of material and reducing development times (Gronemeyer, 

Ditz and Strube, 2014a; Long et al., 2014). Reducing time to market is critical, for example, 

in the development of prophylactic vaccines in response to a pandemic threat (Ngibuini, 

2014). 

High-throughput and small-scale bioprocessing is desirable since undertaking the same 

development studies at large scale is often more difficult in terms of equipment and 

logistics. Indeed, large scale bioprocessing is generally more labour intensive and carrying 

out many experiments with large volumes of material can be expensive and wasteful (G. J. 

Lye et al., 2009). Large scale operation is, however, the ultimate outcome of bioprocess 

development. Once a process has been optimised at small scale it is necessary to scale it up 

to ascertain if the same results in terms of product quality, yield or characteristics can be 

achieved (Tripathi and Shrivastava, 2019). 

Bioprocess development and optimisation is often coupled with Design of Experiment (DOE) 

methodologies. Unlike traditional One Factor At a Time (OFAT) research, DoE enables rapid 

identification of optimal conditions using a statistical approach (Marini et al., 2014b). This 
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reduces the number of overall experiments and can provide key information regarding 

interactions among process variables (Swalley, Fulghum and Chambers, 2006; Hemmerich 

et al., 2017).  

In order to meet the changing needs of the bioprocessing industry the equipment and 

methodologies used have had to adapt, becoming smaller and increasing in throughput, 

whilst retaining functionality and enabling straightforward process scale-up. These are 

reviewed in the following sections. 

1.7.4 Miniaturised and high-throughput technologies 

 

As mentioned in Section 1.7.3, miniaturisation of upstream and downstream bioprocess 

equipment is currently of considerable interest, increasing experimental throughput, 

reducing material requirements, and lowering overall development costs. A further industry 

trend relates to the use of disposable or single-use systems (Sandle, 2018). Bioreactors are 

typically made from glass or stainless steel, allowing them to be continually re-used. This, 

however, increases production time due to the necessary cleaning, sterilising and assembly 

which occurs between each experiment. This is laborious, labour intensive and less 

productive, resulting in higher operational costs. As well as increasing efficiency, single-use 

reactors reduce the risk of contamination significantly and offer greater process flexibility. 

Whilst single-use technology can be expensive, the efficiency, accelerated process 

development timelines and significant labour and energy savings have led to widespread 

adoption in industry. There are a number of emerging technologies, designed to meet 

modern industry needs. Examples of upstream, miniature bioreactor technologies currently 

on the market are summarised in Table 1.2. 
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The concept of high-throughput or DoE methodologies and techniques are often applied to 

upstream processing, particularly in the identification of fermentation conditions or in 

media optimisation as indicated in Table 1.2. The nutrient composition of the media for 

example, is widely reported to be significant in terms of recombinant protein production in 

microbial systems (Teramoto et al., 2011; Freier et al., 2016; Hemmerich et al., 2017). 

Miniaturisation of experiments is, however, arguably of greater importance in downstream 

processing (DSP), particularly since DSP is considered a bioprocessing bottleneck and the 

DSP can represent 50-80% of the final manufacturing costs of biopharmaceutical products 

(Farid, 2007). DSP is expensive due to: (i) linear scaling of costs, and (ii) equipment limits at 

the high titres now achieved in upstream processing (Gronemeyer, Ditz and Strube, 2014b). 

In contrast to miniature bioreactors, there are fewer miniaturised approaches to the various 

downstream process unit operations (Titchener-Hooker, Dunnill and Hoare, 2008). 

  



57 
 
 

Table 1.2. Comparison of small-scale, single-use HTP upstream process development 
technologies. WV: working volume, MM: mixing mechanism TP: Throughput 

Equipment Description Advantages Disadvantages Reference 

Microwell 
Plates 
Various 

Microwell plates 
are available in 
several formats 
(e.g., deep square 
well). 
WV: various. 
Single use. 

High-
throughput. 
Low cost. 
Low volume. 
Good for early 
parameter 
screening. 

Not readily 
scalable. 
Well-to-well 
variability 
(evaporation). 
Cannot provide 
environmental 
control. 

(Islam, 
Aryasomayajula 
and 
Selvaganapathy, 
2017) 

Shake flasks 
Various 

Available in 
different sizes 
and material. 
Baffled and non-
baffled.  
Reusable. 

High-
throughput. 
Low cost. 
Good range of 
volumes. 
Good for early 
parameter 
screening. 

Not readily 
scalable. 
Cannot provide 
environmental 
control. 

(Maier and 
Büchs, 2001) 

BioLector 
M2p-Labs 

TP: 46 wells. 
WV: 0.8 ς 1.5 
mL/well. 
MM: Orbital 
shaking. 
Single use. 
 

High-
throughput. 
Fluorescence 
monitoring 
enables rapid 
screening.  
Good for early 
parameter 
screening.  

At high shaking 
speeds fluid 
wall climbing 
may reduce 
path length for 
light scattering 
measurements.  
Fluorescent 
proteins can 
interfere  

(Kunze et al., 
2014; Back et 
al., 2016) 
 

µ24 
Microbioreactor 
Pall 

TP: 24 wells. 
WV: 3-7 mL. 
MM: Orbital 
shaking. 
Single use.  

High-
throughput. 
Control at the 
individual-well 
level. 
Good 
reproducibility.  

Lack of 
automation 
Labour 
intensive 
Higher risk of 
contamination 

(Warr et al., 
2013) 

ambr® 15 
Sartorius 
 
ambr® 250 
Sartorius 

TP: 24 or 48 
wells.  
WV: 10-15 mL. 
MM: Agitation. 
Single use. 
TP: 4, 8, 24 or 48 
vessels. 
WV: 
MM:  
Single use. 

High-
throughput. 
Good 
automation. 
Good 
scalability. 
Good 
reproducibility.  

Application to 
microbial 
cultivations still 
limited.  
 

(Velez-
Suberbie et al., 
2020a) 

DASbox Mini 
Bioreactor 
System 
Invitrogen 

TP: 4 vessels. 
WV: 60-250 mL. 
MM: Agitation. 
Reusable.  

Good 
scalability 
Good 
reproducibility 

Low throughput 
Longer 
downtime 
(reusable) 

(Theron et al., 
2020) 
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1.7.4.1 Miniature, single use, stirred bioreactor system: ambr® 250 

 

The ambr® system (Sartorius, Royston, UK) is one of the stirred MBRs that is gaining 

popularity within the bioprocessing industry (Figure 2.3). Combining small working volumes 

and single-use vessels, the system is proving beneficial in early screening and development 

and the parallel operability works well in combination with DoE methodologies (Ellert and 

Vikström, 2014). The ambr® system is available in a range of volumes, vessel numbers and 

formats, and has both mammalian and microbial capabilities. Importantly, fermentations 

performed in the ambr®250 system have been shown to be scalable to pilot and 

manufacturing scales (Xu et al., 2017). For these reasons the ambr®250 system was selected 

for upstream studies of chimeric VLP production in this thesis. To date there are few reports 

of VLP production in ambr2®50 systems. Since the Coronavirus pandemic outbreak Eibl et 

al., (2021) ǊŜǇƻǊǘŜŘ ǇǊƻŘǳŎƛƴƎ ŀ Ψ{ǿƛǎǎ ǾŀŎŎƛƴŜΩ ŦƻǊ {!w{-CoV-2 using VLPs expressed in E. 

coli cultured in an ambr®250 system. Tran et al., (2021) also produced their spike protein 

based nanocovax SARS-CoV-2 vaccine for clinical trial by culturing CHO cells in this system 

(Tran et al., 2021). These recent publications highlight how crucial this technology can be to 

rapid bioprocess development (Eibl et al., 2021).  

1.7.4.2 Miniaturised approaches to cell homogenisation: Adaptive focused acoustics 

 

As discussed in Section 1.8.2, in the case of intracellular protein production, subsequent to 

cell harvesting, which is typically achieved through centrifugation, it is necessary to lyse cells 

to liberate the product of interest. This can be achieved chemically, physically and 

mechanically with high-pressure homogenisation (HPH) being a popular choice for pilot 

scale microbial disruption (Li et al., 2012). Conversely, non-mechanical methods, such as 

sonication and enzymatic lysis, are used less frequently at large scale due to process 
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economics, potential contamination through chemical addition, and more complex 

downstream purification (Harrison, 1991; Grabski, 2009; Dowd and Kelley, 2011).  

Whilst HPH may be the most beneficial at pilot scale, many mechanical methods are not 

easily applied to cell suspensions of less than 5 mL (Grabski, 2009). This is problematic in 

high-throughput process development where small sample sizes are desired. Very little 

work has been done on the miniaturisation of HPH. One of the few approaches reported in 

the literature is the use of the Covaris Adaptive Focused Acoustics®(AFA®) system as shown 

in Figure 5.1 Previous work has shown this device to be a successful small-scale mimic of 

HPH of P. pastoris cells (Bláha, 2017; Bláha et al., 2018) hence it will be used in this thesis to 

evaluate release and recovery of the various chimeric VLP constructs.  

1.7.4.3 Miniaturised approaches to chromatography: PreDictorϰ plates 

 

Similarly, to upstream (Section 1.7.4.1) and primary recovery (Section 1.7.4.2), some 

miniaturised high-throughput systems exist for study of later-stage purification operations. 

The integration of HTP and single-use technologies has further enhanced their significant 

role in early-stage bioprocess development. The same concept applies to downstream 

processing unit operations, such as column chromatography, whereby column cleaning for 

re-use may reduce functional capacity whilst increasing process turn-around times. 

Miniaturisation and automation of technology is also coming into play in chromatography, 

in an effort to improve screening and optimisation, and to reduce the high costs associated 

ǿƛǘƘ 5{tΦ hƴŜ ǎǳŎƘ ǇǊƻŘǳŎǘ ƛǎ ǘƘŜ tǊŜ5ƛŎǘƻǊϰ tƭŀǘŜǎ όD9 Healthcare). These 96-well plates 

are filled with a number of different resins and enable parallel screening of various binding, 

elution and washing conditions. Combining these products with Freedom EVO platforms 

(Tecan) offers an automated high-throughput approach, incredibly useful in a bioprocessing 
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context (G. Lye et al., 2009)Φ Lƴ ǘƘƛǎ ǿƻǊƪ ǘƘŜ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎ ǿƛƭƭ ōŜ ǳǎŜŘ ǘƻ ǊŀǇƛŘƭȅ ŀǎǎŜǎǎ 

changes in the binding and elution conditions of the various chimeric VLP constructs to 

different resins. The predicted separation conditions will then be verified in larger scale 

chromatographic studies as described in Chapter 7. 

1.8 Characterisation of VLPs 

 

VLP characterisation is essential to bioprocess design and a range of complimentary 

techniques must be implemented (Table 1.3) in order to provide a comprehensive overview 

of VLP biology, biochemistry and physical attributes. Engineered VLPs are diverse in both 

structure and function and the analytical tools must account for this. VLP subunits are prone 

to aggregation and therefore analytics play a predominant role in ensuring consistency and 

safety when intended as vaccine candidates (Lua et al., 2014). 

Compositional analysis is often the starting point of VLP characterisation. A commonly used 

tool is Mass Spectrometry (MS) which can determine both amino acid composition and 

molecular weight (MW). MS has proven to be an invaluable tool in VLP characterisation. 

Indeed, Freivalds et al. (2011) applied MS to determine the MW of HBC produced in P. 

pastoris. They concluded that the higher MW found in P. pastoris-derived VLP was likely a 

result of post-translational modifications acquired in yeast and yet absent from E. coli. 

In order to determine protein purity two other biochemical tools are often employed; 

sodium dodecyl sulphate ς polyacrylamide gel electrophoresis (SDS-PAGE) and reversed 

phase ς high performance liquid chromatography (RP-HPLC). The former, SDS-PAGE, is 

frequently used to identify the VLP structural proteins during early VLP screening, typically 

following a precipitation from impurities of lower MW (Zeltins, 2013). This technique is also 

employed in conjunction with Western blot analysis to enable suitable analysis of VLPs with 
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numerous capsid proteins (Li et al., 2003; Bright et al., 2007). SDS-PAGE has merit in 

determining VLP purity it can be laborious and time consuming and as a result RP-HPLC can 

be considered an attractive alternative (Shytuhina et al., 2014). 

Subsequent to, or alongside, early screening and compositional analysis, there are 

numerous biophysical and imaging analysis tools which can provide information regarding 

VLP particle size, morphology and structure. Visualisation tools such as transmission 

electron microscopy (TEM), cryo-EM and atomic force microscopy (AFM) are often used as 

a final confirmation of the VLP structure. TEM is a relatively low cost and efficient way in 

which to assess VLP morphology and size distribution and as such, is used most often (Shi et 

al., 2007). Despite its apparent popularity however, the technique is not without its 

limitations, namely the risk of particle aggregation and deformation caused by sample 

preparation, adsorption to the grid surface and use of stains (Mulder et al., 2012). 

The issues associated with deformation can be negated in both cryo-EM and AFM as the 

VLPs are rapidly frozen allowing visualisation of the VLP in a hydrated, glass-like form (Zhao 

et al., 2013). Cryo-EM has been applied repeatedly in HBC VLP structural studies and was 

used to determine VLP structure from full length (not truncated) HBC to a 3.5 Å resolution 

by Yu et al. (2013). Cryo-EM is primarily useful when analysing icosahedral particles, such as 

HBC, but can be lacking when used on particles with different structures or eccentricities. 

Moreover, a difficulty in penetrating thick particles limits its application in large VLP 

visualisation (Kuznetsov and McPherson, 2011). Further structural studies such as dynamic 

light scattering (DLS), electrospray differential mobility analysis (ES-DMA) and density 

gradient ultracentrifugation are used when a quantitative output is required. DLS, while fast 

and simple, does not resolve polydispersed particles well (Lua et al., 2013). 
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VLPs often mimic native virions and therefore known antibodies exist which can be used to 

help characterise VLPs. In addition, chimeric VLPs which display foreign epitopes can also be 

identified in this manner. An example is the research undertaken by Arora et al. (2012) who 

used a competitive ELISA to assess if HBC VLPs were correctly displaying the envelope 

domain III of dengue virus type 2. Their findings indicated that fusion antigens displayed the 

EDIII-2 moiety and that it is surface accessible and able to bind to specific anti-EDIII-2 

antibodies. ELISAs and other biological assays, however, may identify the proteins in an 

aggregated form and therefore visualisation tools should be implemented to confirm 

correct VLP formation (Zeltins, 2013). For these reasons SDS-PAGE (Section 2.7.3), Western 

Blotting (Section 2.7.4) and TEM (Section 2.7.10) will be used to characterise the VLP 

constructs used in this work during their production and purification. 

1.9 Computational methods and bioengineering 

The production and commercialisation of VLPs as vaccine platforms can only be realised if 

a deeper understanding of how structure relates to formation is achieved (Lua et al., 

2014). It is necessary to comprehend the properties which may cause problems to VLP 

self-assembly to enable predictions of which antigen inserts will be successfully 

incorporated and displayed. Currently, there are a number of characteristics which have 

been identified as having a negative impact on VLP assembly, the most obvious of which is 

insert size. Conversely, the large GFP 232 kDa molecule was inserted into the MIR loop of 

HBC without disruption, as mentioned previously (Kratz, Böttcher and Nassal, 1999). This 

efficiently disproved the notion of a limited capacity within the MIR and led to further 

research which emphasised the role of the GFP structure in correct VLP formation. The 

close N- and C-terminus proximity, coupled with flexible linkers, allowed for easy 

accommodation (Nassal et al., 2008). Further properties corresponding to incorrect 
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formation include disulphide bond formation resulting from the presence of cysteines and 

-̡pleated sheets. Ultimately, the self-assembly of wild-type HBC relies on no interference 

of the domains and therefore steric clashes must be avoided (Janssens et al., 2010). 

A combination of techniques and technology must be employed in order to increase depth 

of knowledge and speed-up VLP development. Whilst imaging techniques such as cryo-EM 

are useful in providing structural information it does not provide information regarding the 

VLP as a dynamic biological system (Joshi et al., 2011). Advances in computational methods 

such as bioinformatics are gaining popularity as complimentary techniques for applications 

in vaccine development (He, Xiang and Mobley, 2010). Thus far, bioinformatics has been 

used as a phylogeny-based tool to help with epitope optimisation for VLP display (Giles and 

Ross, 2011). Homology modelling of epitopes, employed by Schneemann et al, (2012) was 

used to predict immunological results of influenza epitopes to be presented on Flock House 

Virus (FHV) (Schneemann et al., 2012). 

The current emphasis of computational methods is on reducing VLP aggregation by focusing 

predominantly on self-assembly kinetics. Moreover, many multiscale models and capsid 

simulations are based on VLPs as standalone vaccines and not as display platforms (Ding et 

al., 2010). The future application of such techniques, however, will be on establishing VLPs 

as vaccine platforms by enabling predictions of successful epitope insertion and 

immunogenicity (Correia et al., 2014; Zhang et al., 2015). Ultimately, computational analysis 

and understanding of the structure-function relationships will enable rational biomolecular 

design of VLPs (Pattenden et al., 2005). 
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Table 1.3 Characterisation tools available for virus like particles. Adapted from Lua et al., 2013).  

Analytical Tool Function/Role 

Biochemical  

MS Amino acid composition  
Molecular weight 

RP-HPLC Protein purity analysis 

SDS-PAGE Molecular weight 
Protein purity analysis   

Biophysical  

DLS Particle size analysis 

ES-DMA Particle size analysis 

Agarose gel electrophoresis Surface charge 

Density gradient Density 

AUC Molecular weight 
Conformation 

Heterogeneity 

Biological  

ELISA Antibody binding 

SPR Antibody binding 

Imaging  

TEM Visualisation  
Size  

AFM Visualisation 
Size 

Cryo-EM Visualisation 
Size 

Computational  

Bioinformatics Predict/model unknown structures 

Homology Modelling Predict/model unknown structures 
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1.10 Critical appraisal of the literature 

 

Vaccination remains the predominant tool used in the prevention of human disease and can 

therefore, be considered the most appropriate solution against future pathogens and 

infectious diseases (Andreano et al., 2019). In comparison to bacteria, viral pathogens 

represent only a small proportion (54% and 25% respectively) of the pathogens that are 

recorded as infectious disease agents. In spite of this, RNA viruses have been involved in the 

emergence of a number of recent events (Simpson et al., 2020) such as HIV, Influenza, Ebola, 

Zika, and more recently, severe acute respiratory Coronavirus. The lack of preparedness in 

the prevention and eradication of these events, highlights the need for VLP platform 

technologies (Charlton Hume et al., 2019) that can be rapidly redesigned to address new 

pathogens. 

Difficulties in vaccine manufacturing significantly drives up the cost of vaccination, which is 

an issue for developing countries, in particular. As a consequence, The Bill and Melinda 

Gates Foundation have focused their attention on the production of human vaccines at a 

cost of US $0.15 per dose (Brune and Howarth, 2018). Implementing an easily adaptable 

platform could be advantageous in reducing the associated development and 

manufacturing costs of new vaccines. Indeed, a well understood platform base, or as termed 

in this work, vaccine scaffold, which enables high volume vaccine manufacture of a 

multitude of disease targets would theoretically shorten the time to market, thus, saving 

lives and reducing costs (Charlton Hume and Lua, 2017). 

In order to realise their full potential, scaffold technologies would ideally enable the 

development of a standardised manufacturing process (i.e. a platform process) founded on 

the characteristics exhibited by the scaffold (e.g HBC). This, however, has proved difficult in 
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multiple cases owing to the specific optimisation needs of the differing inserts (Charlton 

Hume and Lua, 2017). Conversely, if individual optimisation is needed to some extent, the 

use of a well-characterised base platform could still accelerate development due to its 

established safety profile (Marini et al., 2019). 

A promising and well-studied example of a potential vaccine scaffold is the HBC VLP, found 

by Milich et al (1987) to be around 100-fold more efficient in eliciting antibody production 

and a T-cell response than the previously favoured Hepatitis B surface antigen (Milich et al., 

1987). Despite its apparent potential as an antigen carrier, the marketing of a vaccine has 

not been achieved, primarily due to problems with particle instability and associated 

limitations of differing antigen fusions (Lu et al., 2015). Indeed, it has been reported that 

around 50% of inserted sequences may result in unsuccessful VLP formation. (Billaud et al., 

2005). 

Numerous parameters have been investigated in order to understand their effect on VLP 

assembly. Typically, VLP formation is likely to be maintained with smaller inserts (with some 

exceptions, including the insertion of 238 aa GFP) (Kratz, Böttcher and Nassal, 1999). A 

useful study also for demonstrating that antibody responses could be evoked to display 

antigens, highlighting HBC as a vaccine carrier. 

Research has been conducted to overcome these issues, primarily using spacers or genetic 

linkers to either improve surface accessibility or to minimise steric hindrance (Lachmann et 

al., 1999; Arora et al., 2012). This seems to be particularly necessary for proteins whose N- 

and C- termini are not in close proximity in the tertiary structure. Even so, the long linkers 

may result in irregular particle formation and aggregation (Whitacre, Lee and Milich, 2009). 

Recent advances have moved toward securing the HBC dimers with a genetic linker 
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sequence to prevent dissociation when an antigen is inserted. This so-called Tandem Core 

technology may enable the insertion of a wide range of antigens into the MIR, regardless of 

aspects such as size and hydrophobicity (Peyret, 2014; Ramirez et al., 2018). 

HBC can be produced using a range of prokaryotic and eukaryotic cells, all of which have 

merits and limitations as expression systems. A popular choice for HBC production is yeast, 

specifically P. pastoris, as it is a well-established platform for the expression of recombinant 

proteins and has been utilised to successfully express folded VLPs; including the generation 

of VLPs for HBV and HPV (Freivalds et al., 2011). 

Whilst three insertion sites for antigen display in HBC have been identified in HBC, research 

indicates that the MIR is superior in terms of surface accessibility and therefore, 

immunogenicity (Lachmann et al., 1999). Nevertheless, insertions in this region face various 

challenges regarding correct VLP assembly, potentially as a result of insert characteristics 

such as size, hydrophobicity and steric clashes (Vogel, Vorreiter and Nassal, 2004). A second 

challenge of HBC production, and VLPs in general, is the propensity to aggregate, requiring 

the development of robust DSP and characterisation procedures (Ladd Effio et al., 2016).  

Whilst there has been considerable progress with the Tandem Core technology there remain 

two key unanswered questions; to what extent can the HBC Tandem Core approach be 

considered a generic platform for rapid vaccine manufacture and how does the nature of 

the insert impact on the creation of a platform manufacturing process analogous to those 

achieved with antibody therapies (Center and Scott, 2019). 
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1.11 Aim and Objectives 

 

Based on the considerations described in Section 1.10, the aim of this thesis is to: 

Explore the potential of Tandem Core HBC VLPs as a scaffold for rapid vaccine 

manufacturing through the development of a high-throughput platform process.  

 

HBC is a promising candidate for vaccine development, namely as a result of its ability to 

self-assemble, inherent immunogenicity and ability to display foreign epitopes (Section 

1.3.1). HBC shows excellent promise as an antigen-displaying platform and its ability to 

present foreign epitopes to the immune system is extremely advantageous for diseases in 

which the necessary surface proteins are absent (Grgacic and Anderson, 2006; Whitacre, 

Lee and Milich, 2009). More specifically, Tandem Core technology has the ability to hold two 

different inserts in the MIRs, allowing for the display of multiple epitopes simultaneously. 

This is a clear advantage over conventional VLPs.  

However, research indicates that the position at which the heterologous epitope is inserted 

greatly influences both the immunogenicity and antigenicity (Schödel et al., 1992). This 

means that the particle may be unable to form or may be poorly immunogenic when it does. 

A further problem is often the inability to predict whether the size or structure of the insert 

will negatively impact the VLPs ability to self-assemble (Crisci, Bárcena and Montoya, 2012). 

Whilst the Tandem Core technology was specifically designed to overcome these concerns, 

due to the genetic linkage of the dimers, steric hindrance may still be a problem.  

To explore this, HBC-VLPs with four different epitope combinations (meaning different 

sizes, conformations and physicochemical properties) will be studied to understand if the 

insert necessitates individual processes unique to each VLP. Upstream processing, primary 
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recovery and chromatographic purification will be explored.  Influenza will be used as the 

model organism owing to the current need to produce a new vaccine for every new 

influenza season. As such the 4 different VLP constructs were engineered with differing 

influenza epitopes in the MIR. The properties and relevance of the different constructs are 

described elsewhere (Section 2.1.1). The base Tandem Core VLP, HBC-K1K1 VLP, with 

lysine rich regions and absent insertions, will be used as the benchmark in terms of VLP 

assembly and yield and fit to a platform manufacturing process. 

In a similar manner, VLP commercialisation has also been hindered by various bioprocessing 

aspects, such as expensive or complex purification issues and scale up considerations. The 

use of the VLP as an antigen carrier creates a more complex process development problem 

due to differing characteristics of the antigen(s) of interest (Chen and Lai, 2013). With this 

in mind, this work will address the following question: can a process be developed that is 

able to efficiently produce and purify HBC VLPs in the same way, irrespective of the insert it 

displays?  This would enable HBC to be used as a platform for rapid vaccine manufacturing 

analogous to those available for mAbs.  

In order for HBC to be exploited as a vaccine platform the bioprocessing must be well 

understood. This Thesis starts by characterising the least complex model construct, HBC-

K1,K1 and establishing a baseline methodology from which the series of more complex VLPs 

can be explored. By using a platform of high-throughout bioprocess technologies, the 

possible effects of different inserts on VLP production, protein recovery, and particle 

formation will also be investigated. These will include the ambr®250 parallel bioreactor 

system, AFA® ŦƻǊ ǇŀǊǘƛŎƭŜ ǊŜƭŜŀǎŜ ŀƴŘ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎ ǘƻ ŀǎǎŜǎǎ ŎƘǊƻƳŀǘƻgraphic 

separation conditions. The specific objectives of the project are as follows: 
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¶ Characterisation of the critical process parameters and analytical techniques to 

assess the production and recovery of the model Tandem Core construct HBC-K1,K1. 

This is addressed in Chapter 3. 

¶ Investigation of the effects of epitope variation on upstream process performance, 

specifically biomass and soluble HBC VLP. This is addressed in Chapter 4.  

¶ Determination of key factors at play in miniaturized and high-throughput cell 

disruption, through adaptive focused acoustics. This is addressed in Chapter 5. 

¶ Development of a high-throughput chromatographic method to rapidly assess  the 

extent of purification for HBC VLPs and optimal recovery conditions. This is 

addressed in Chapter 6. 

¶ Appraisal of the small scale, high-throughput development work discussed in this 

Thesis and validation of methods at scale. This is addressed in Chapter 7.  
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2.  Materials and Methods 
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2.1 Chemicals, VLPs and Microorganisms 

 

All chemicals used were of analytical grade or higher. Reverse osmosis and Milli-Q® water 

was used throughout for media preparation. 

2.1.1 DNA Constructs and Yeast Strains 

 

All VLP DNA constructs and P. pastoris KM71H (MutS) transformants utilised in this work 

were designed, modified and provided by IQur Ltd. (London, UK). Four yeast codon 

optimised sequences were designed, all of which had a similar sequence and encoded the 

Tandem Core construct, but contained differing influenza specific antigenic sequences in the 

two major insertion regions. The base construct HBC-K1,K1 (Figure 2.1) included lysine 

linkers in both MIRs and the sequence was cloned into a pPICZC vector (Invitrogen, Carlsbad, 

USA) using the BstBI and AgeI restriction sites. In order to create unique restriction sites in 

both cores, silent mutations were introduced up- and downstream of the two MIRs. The 

resulting plasmid (pPICZC PHe k1, k1) henceforth referred to as HBC-K1,K1 was used as a 

scaffold for the other insertions (Figure 2.2) (Kazaks et al., 2017). The other VLP constructs 

studied were as follows: 

HA2,3M2E ς This construct had the lysine linkers in both core one and core two replaced 

with different influenza specific epitopes. The former, HA2.3, is part of the hemagglutinin 

(HA2) subunit, which forms most of the stem-like structure and, unlike HA1, the globular 

head is highly conserved (Fan et al., 2015). The latter, (M2e)3 is a triplicate sequence of the 

ectodomain of the M2 channel in influenza which is also highly conserved. 

LAH3,K1 ς This construct had the lysine linker sequence in core 1 replaced with a 55 aa 

influenza HA stalk domain sequence codon optimised for yeast. The MIR in core 2 was left 

unchanged (Kazaks et al., 2017).  
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3M2E,K1 ς This construct had the lysine linker in the first core replaced with the triplicate 

sequence of the M2 ectodomain, as mentioned above. The lysine in the second core was 

left unchanged. 

2.2 Media and Buffer Components 

2.2.1 Stock Solutions 

 

10X Yeast Nitrogen Base (YNB) ς This was prepared by dissolving 16.8 g  (YNB) with 

ammonium sulphate in 200 mL RO water. The solution was then filter sterilised and stored 

at 4 °C. 

10X Glycerol ς This was prepared by adding 100 mL glycerol to 900 mL RO water. The 

solution was then heat sterilised in an autoclave and stored aseptically at room 

temperature. 

10X Dextrose ς This was prepared by dissolving 40 g dextrose in 200 mL RO water. The 

solution was then heat sterilised in an autoclave and stored at room temperature 

500X Biotin ς This was prepared by dissolving 20 mg biotin in 100 mL reverse osmosis (RO) 

water. The solution was then filter sterilised and stored at 4 °C. 

10X Towbin Buffer ς This was prepared by dissolving 30.3 g Tris base, and 144 g glycine in 1 

L of RO water. The buffer was stored at room temperature. 

2.2.2 Yeast extract peptone dextrose (YPD) agar medium 

 

In order to prepare YPD agar medium, 10 g of yeast extract, 20 g of bacteriological peptone 

and 20 g of agar powder were dissolved into 900 mL of RO water. Following this, the mixture 

was autoclaved for sterilisation. Once cooled, 100 mL of 10X dextrose was aseptically added 

and the solution distributed evenly in Petri dishes and allowed to set before being sealed 

with parafilm and stored at 4 °C. 
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Figure 2.1 Design of the K1, K1 Tandem Core construct. The red arrows indicate the lysine 
sequences in the major insertion regions of each monomer. These regions were adapted with 
different influenza specific sequences as described in Section 2.1.1. The yellow arrow indicates 
the flexible linker used to fuse the monomers into a covalently linked dimer, hence Tandem Core. 

 

 

Figure 2.2 Plasmid pPICZC PHe7 K1, K1. The yeast codon-optimised sequence was cloned into the 
pPICZC vector using snapgene.  
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2.2.3 Buffered minimal glycerol complex (BMGY) medium 

 

To prepare one litre of BMGY medium, 10 g and 20 g of yeast extract and bacteriological 

peptone respectively were dissolved in 700 mL of RO water before autoclaving. Once cooled, 

the various pre-prepared stock solutions were added as described in Table 2.1. Once mixed, 

the solution was stored at 4°C until required. 

2.2.4 Basal Salts Medium (BSM)  

 

In order to prepare BSM the components from Table 2.2 were dissolved in RO water and 

mixed on a magnetic stir plate for one hour. The medium was pH adjusted to pH 3.0 using 

35 % (v/v) ammonia before being brought to the required volume using RO water. 

2.2.5 PTM1 Salts 

 

The components listed in Table 2.3 were dissolved in RO water. Once mixed, RO water was 

supplemented to a final volume of 1 L. The solution was filter sterilised and stored at 4 °C. 

2.2.6 Lysis Buffer 

 

Lysis buffer composition was varied in individual experiments however, the buffer most 

commonly comprised of: (1) 50 mM Tris pH 7.5, 2 mM 4-(2-aminoethyl) benzene sulfonyl 

fluoride (AEBSF) hydrochloride, 5 mM dithiothreitol (DTT) dissolved in reverse osmosis 

water and titrated with 1 M sodium hydroxide, or (2) 50 mM 3-(Nmorpholino) propane 

sulfonic acid (MOPS) , 2 mM AEBSF, and 5 mM DTT dissolved in RO water and titrated with 

hydrochloric acid.  
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Table 2.1. Components of BMGY medium. 

10X YNB 100 mL 

1M Potassium Phosphate pH 6.0 100 mL 

10X Glycerol 100 mL 

500X Biotin 2 mL 

 

Table 2.2 Components of BSM medium (for 1L). 

Phosphoric acid, 85 %  26.7 mL 

Calcium sulphate 0.93 g 

Potassium sulphate 18.2 g 

Magnesium sulphate 7H2O 14.9 g 

Potassium hydroxide 4.13 g 

Glycerol 40.0 g 

 
Table 2.3. Components of PTM1 trace salts (for 1 L). 

Cupric sulphate 5H20 6.0 g  

Sodium iodide 0.08 g  

Manganese sulphate 7H2O 3.0 g 

Sodium molybdate 2H2O 0.2 g  

Boric acid 0.02 g  

Cobalt chloride 0.5 g  

Zinc chloride 20.0 g 

Ferrous sulphate 7H2O 65.0 g  

Biotin 0.2 g  

Sulphuric acid 5.0 g  
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2.2.7 Transfer (Towbin) Buffer 

 

Transfer buffer was prepared by mixing 100 mL of 10X towbin buffer (Section 2.2.1), 200 mL 

of methanol and 700 mL of RO water. This was typically prepared on the day of transfer and 

stored at 4°C before use.  

2.3 Cell Bank Preparation 

2.3.1 Master cell bank (MCB) 

 

Cells were streaked from an IQur cell stock onto a YPD agar plate (Section 2.2.2) and 

incubated at 30°C for 36 hours. A single colony was then transferred into 5 mL BMGY 

medium (Table 2.1) in a 50 mL Falcon tube and incubated at 30 °C, 250 rpm for 24 hours in 

an orbital shaker (Adolf Kuhner AG, Birsfelden, Switzerland) . Subsequently, 1 mL of culture 

was inoculated in duplicate into 2 L baffled shake flasks containing 250 mL BMGY and 

incubated at 30°C and 250 rpm. Cells were monitored for growth every few hours. Once 

cells had reached mid- exponential phase (~ OD of 15) 100% sterile glycerol was added to 

achieve a 30 % (v/v) final glycerol stock concentration. Glycerol stocks were aliquoted and 

then frozen at -80°C.  

2.3.2 Working cell bank (WCB) 

 

To create WCBs a master cell bank vial (Section 2.3.1) was inoculated into a 2 L baffled shake 

flask containing 250 mL of BMGY. The flasks were grown at 30°C and 250 rpm until the cells 

had reached  mid-exponential phase of growth before the addition of 100% sterile glycerol 

to achieve a 30 % (v/v) final stock concentration. Glycerol stocks were aliquoted and frozen 

at -80 °C. 
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2.3.3 Quality control of cell banks 

 

To qualify the cell bank and ensure homogeneity, morphological characterisation of yeast 

cells was performed. YPD agar plates were spread with cells from each WCB and incubated 

for 72 hours at 30°C. Plates were checked for contamination and colonies were compared 

to ensure homogeneity. To further assess the quality of the cell bank, following a period of 

freezing, an inoculation loop was used to scrape the top of the glycerol stocks and this was 

streaked onto further YPD agar plates. Discrete colonies were again assessed for 

morphology.  

2.4 Small scale fermentations 

2.4.1 The ambr® 250 modular system 

 

ambr® 250 microbial vessels were purchased from Sartorius Stedim (Epsom, UK). Each 

vessel was purchased sterile and individually wrapped, containing an oxygen spot sensor, 

pH electrode, dual 20 mm Rushton impeller, and integrated exhaust gas condenser for 

output to exhaust gas analysis, and a pre-calibrated pH electrode and oxygen sensor. The 

pH probe has a measurement range of pH 2.0 ς 8.5 whilst the DO PreSens spot can measure 

from 0 ς 200%. A septum cap allows for rapid liquid additions. Each bioreactor has 5 liquid 

reservoirs each with its own integrated single use syringe pump, two have a maximum fill 

volume of 125 mL and three with a maximum fill volume of 50 mL. Each reactor seat contains 

a temperature probe which sits in the probe port of the vessel, a pH BNC connector, and a 

head plate that is secured on top of the vessel. 

During a typical run, reactors were set up and media filled before inoculation as the pH 

probes required a minimum of six hours for rehydration prior to use. After which reactors 

were placed into one of four modules available, the head-plate secured and the pH probe 
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attached. On the day of inoculation, the pH was one-point calibrated off-line at operating 

temperature using an offline ThermoFisher pH probe. Once the pH was adjusted to the set-

point, the reactor was inoculated. Reactors were operated at varying conditions depending 

on the experimental parameters. Samples, typically 2 mL with an additional 1 mL of dead 

volume, were removed periodically from the sample port and analysed for optical density 

at a wavelength of 600 nm (OD600), wet cell weight (WCW) and dry cell weight (DCW) as 

described in Section 2.7.1.1, 2.7.1.2 and 2.7.1.3 respectively.  
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Figure 2.3 Picture of the ambr® modular250 modular. Annotated to show key features. 

 

 

 

Figure 2.4 Picture of the ambr® 250 vessel. Annotated to show key features. Image sourced from 
Sartorius webpage. 
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2.4.2 Pure-methanol feed fermentations 

 

The 250 mL ambr® 250 modular system (Section 2.4.1) was used for small scale 

investigations of various Pichia pastoris muts strains. The five reservoirs of the modular 

system were filled in a laminar flow hood as follows:  15 mL of 50 % (v/v) glycerol 

supplemented with 12 mL L-1 of PTM1 trace salts, 50 mL of 10% (v/v) ammonium hydroxide 

solution, 5 mL of 10% polypropylene glycol PPG 2000 antifoam, 10 mL of 8.5% (v/v) 

phosphoric acid and the final reservoir was filled with 100 mL of pure methanol 

supplemented with 12 mL L -1 of PTM1 trace salts. The bioreactors were aseptically filled 

with 100 mL pre-sterile filtered BSM, prepared as described in Section 2.2.4  

Subsequently, the individual reactors were loaded onto the ambr® modular platform and 

heated to 30 °C. Dissolved oxygen and pH were calibrated and adjusted to pH 5.0, the latter 

of which was confirmed through offline pH measurements after probes were allowed to 

hydrate overnight. Once the inoculum, grown in BMGY, had reached early exponential 

phase (OD600 of ~10-20) reactors were supplemented with 0.43 µL PTM1 salts and, once 

DO was stabilised at 100 %, 5 mL of seed was added aseptically through the septum. 

Throughout the fermentation pH was maintained at 5.0 (± 0.25 dead band) and DO 

maintained at 30 % using a cascade control system with agitation rates varied between 

~1000 and 3000 rpm and a constant airflow rate of 0.5 vvm with pure oxygen blended when 

required (up to 40% v/v).  

Following the completion of batch phase, typically 18 -20 hours post inoculation when 

glycerol was depleted, the fed-batch phase was initiated. The start of the fed-batch phase 

could be visualised by a brief spike in DO and was triggered by a 20 % drop in carbon 

evolution rate (CER), which was monitored online. The initial glycerol fed-batch phase 
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involved addition of a 50 % (w/v) glycerol feed, supplemented with 12 mL L -1 PTM1 salts, 

which was fed from reservoir A at a flow rate of 18.15 mL L -1 h -1 for four hours.  

The final feed phase was induction of protein expression by the pure methanol feed; glycerol 

feeding was terminated, the temperature reduced to 25 °C, and induction initiated by 

starting a 100 % methanol feed containing 12 mL PTM1 trace salts per litre of methanol. A 

feed rate of 1 mL L -1 h -1 was used for the first two hours. After this the feed rate was 

increased by 10% increments every 30 minutes until a target feed rate of 3 mL L -1 h -1 was 

reached. 

2.4.3 Mixed-feed fermentations 

 

This feeding strategy involved the same set-up and parameters as described in Section 2.4.1 

up until the end of the glycerol batch phase. However, upon completion of the glycerol batch 

phase, the glycerol fed-batch phase was omitted and methanol induction was initiated 

immediately, but with no temperature shift. Moreover, the induction media was not pure 

methanol, but was instead a mixed feed of 50 % (w/v) glycerol and methanol in a 60:40 ratio, 

supplemented with 12 mL of PTM1 salts per litre of feed.  Additionally, the feed flow rate 

was maintained at a constant flow rate of 5 mL L h -1. 

2.5 Pilot scale fermentation 

2.5.1 30 L BIOSTAT® reactor 

 

In order to study fermentation at pilot scale a 30 L BIOSTAT® C plus (Sartorius, Epsom, UK) 

sterilisable-In-Place (SIP) stainless steel bioreactor was employed at a working volume of 

10.5 L. This bioreactor is designed for microbial cell culture and is made up of: a control 

system, including integrated pumps and aeration system, a supply unit with a temperature 

control system and vessel mount, and a culture vessel with associated equipment and 
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attachments.  During sterilisation the vessel heats via an electric heater and sterilises for 20 

minutes at 121 °C. Ancillary lines including the sample, harvest and inoculum ports are 

sterilised via steam. Figure 2.5 shows a labelled photograph of the bioreactor.  

2.5.2 Pure-methanol feed fermentations 

 

The 30 L BIOSTAT® reactor (Section 2.5.1) was filled with 10 L of BSM, prepared as stated in 

Section 2.2.4 and sterilised in place for 20 minutes at 121°C and a pressure of 1 bar. 

Subsequently, as with the small-scale bioreactor, temperature was set to 30 °C, the DO 

probe was calibrated and the set-point set to 30 %, controlled by a sequence cascade of 

agitation (impeller speed 467 ς 1123 rpm) and, once the upper limit was reached, oxygen 

gas blending (0.5 vvm constant volumetric gas flow rate) in ratio mode. The pH was set to 

5.0 (± dead-bands 0.25). Once at the correct temperature the BSM was supplemented with 

43.5 mL of sterile PTM1 salts, resulting in a temporary drop in DO. Once this re-stabilised at 

100%, the bioreactor was inoculated with 500 mL of inoculum (OD600 of ~10-20). To prepare 

the inoculum 1 mL WCB was inoculated into 200 mL BMGY in a 2 L shake flask and incubated 

in an orbital shaker at 30°C and 250 rpm. The glycerol batch phase ended with the 

exhaustion of glycerol in the media, typically around 18-20 hours, depending on the optical 

ŘŜƴǎƛǘȅ ŀƴŘ ǎǘŀǘŜ ƻŦ ǘƘŜ ƛƴƻŎǳƭŀǘƛƻƴ ŎǳƭǘǳǊŜΦ ¢Ƙƛǎ ǿŀǎ ƛƴŘƛŎŀǘŜŘ ōȅ ŀ 5h ΨǎǇƛƪŜΩ ƛƴŘicated by 

a stalling of cell growth and sharp but brief rise in DO. This stage was also indicated by a 

drop in CER as described for the ambr® modular250 bioreactors (Section 2.4.2) and this was 

used to trigger a fed-batch glycerol phase, during which a 50% (w/v) glycerol feed, 

supplemented with 12 mL L -1 PTM1 salts was added at a constant flow rate of 18.15 mL L h 

-1. After four hours, glycerol feeding was stopped, the temperature was adjusted to 25°C 

and the methanol induction phase was initiated. Methanol induction was conducted using 

one of two methods.   
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Figure 2.5 Labelled photograph of Biostat® CPLUS stainless steel fermenter.  
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2.5.2.1 Multistage Feed 

 

Glycerol feeding was terminated and induction initiated by starting a 100 % methanol feed 

containing 12 mL PTM1 trace salts per litre of methanol. A feed rate of 3.6 mL h L-1 was used 

initially, while the cells adapted to the methanol feed. Once adapted (after approximately 4 

hours) the feed rate was doubled to 7.3 mL h L 
-1 and maintained for 2 hours. The final feed 

rate was adjusted to 10.9 mL h L -1 was maintained for the remainder of fed batch phase. 

2.5.2.2 Progressive Feed 

 

Glycerol feeding was terminated and induction initiated by starting a 100 % methanol feed 

containing 12 mL PTM1 trace salts per litre of methanol. A feed rate of 1 mL L h -1 was used 

for the first two hours. After this the feed rate was increased by 10% increments every 30 

minutes until a target feed rate of 5.5 mL L h -1 was reached. 

2.5.3 Mixed-feed fermentations 

 

This method involved the same set-up and parameters as described in Section 2.5.2 up until 

the end of glycerol batch phase. However, upon completion of glycerol batch phase, the 

glycerol fed-batch phase was omitted and induction was initiated immediately, but with no 

temperature shift. Moreover, the induction media was not pure methanol, but was instead 

a mixed feed of 50 % (w/v) glycerol and methanol in a 60:40 ratio, supplemented with 12 

mL of PTM1 salts per litre of feed. Additionally, the flow rate was not progressive as 

described in Section 2.5.2.2 and was instead maintained at a constant flow rate of 5 mL L h 

-1.  
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2.6 VLP Downstream Processing 

2.6.1 Pichia Fermentation Harvesting 

 

Fermentation broth derived from the ambr®250or 30 L BIOSTAT CPLUS bioreactors 

(Sections 2.4 and 2.5) was harvested at 15,000 g, 20 min and 4°C using a Beckman Avanti J-

25 floor-standing centrifuge (Beckman Coulter, High Wycombe, UK). The supernatant was 

discarded and the wet pellets retained and stored at ς 20 °C. 

2.6.2 Cell Disruption by High Pressure Homogenisation (HPH) 

 

Frozen cell paste (Section 2.6.1) was weighed and re-suspended in appropriate lysis buffer 

as prepared in Section 2.2.6 to achieve a WCW concentration of 50 g L -1 unless otherwise 

indicated. Using a Lab40 High Pressure Homogeniser (APV Gaulin, Lake Mills, USA) 40 mL of 

cell suspension was disrupted for three passes at 500 bar, unless otherwise stated. Sample 

cooling was achieved during homogenisation by the use of a glycol cooling loop. Subsequent 

to homogenisation a 1% (v/v) addition of a 10% (v/v) Triton X-100 stock solution was added 

to enable dissociation of protein from the cell membrane and allowed to incubate for 1 hour 

on ice. Following this 1 % (v/v) 500 mM EDTA was added to each sample.  

2.6.3 Cell disruption by Adaptive Focused Acoustics® (AFA®) 

 

AFA-mediated cell disruption (Li et al., 2012) was undertaken on 1 mL cell suspensions in 

various lysis buffer compositions using an E210 AFA® device (Covaris, Brighton, UK). Samples 

were loaded into milliTUBE vials, each containing an integrated fibre which improves 

disruption. The 4 x 6 rack was placed into the Covaris water bath maintained at 10 °C, 

subsequent to a 30 minute degassing and cooling period. Cell disruption was performed in 

power tracking mode, with each tube moving sequentially above the focal zone of the 
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submerged acoustic transducer for 60 seconds. Following sonication 1 % (v/v) 500 mM EDTA 

was added to each sample.  

2.6.4 Clarification of Disrupted Cell Suspensions 

 

Samples with volumes of either 1 mL or 40 mL, from Section 2.6.2 and 2.6.3 were 

centrifuged at 15,000 or 10,000 g for 20 minutes, respectively. Supernatant was retained 

and filtered through either 0.22 µm or 0.22 µm and 0.45 µm 33 mm PVDF syringe filters 

(Merck Millipore, Watford, UK), again respective of sample volumes. Filtrate was stored at 

-20°C until analysis.  

2.6.5 High-throughput Screening for VLP purification using tǊŜ5ƛŎǘƻǊϰ Plates 

 

±ŀǊƛƻǳǎ tǊŜ5ƛŎǘƻǊϰ tƭŀǘŜǎ ό/ȅǘƛǾŀΣ !ƳŜǊǎƘŀƳΣ ¦ƴƛǘŜŘ YƛƴƎŘƻƳύ ǿŜǊŜ ǳǘƛƭƛǎŜŘ ǘƻ ƛŘŜƴǘƛŦȅ 

suitable resins and bind and elute conditions for the purification of VLP. CIEX and AIEX resins 

were tested for binding and elution at a pH range of 4.0 to 8.0, and an eluting NaCl 

concentration of 0.5 ς 1 M. HIC resins were screened for binding and elution over a pH range 

of pH 5.0 to pH 8.0, a binding ammonium sulphate concentration of 1 M and elution 

concentrations of 0.6 and 0.4 M. A schematic of the method is shown in Chapter 6, Figure 

6.6. Samples were retained at each stage and subjected to the dot blotting and 

immunostaining procedures as outlined in Sections 2.7.5 and 2.7.6. 
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2.6.6 Preparative scale column chromatography 

 

Preparative scale column chromatography was performed using prepacked 5mL columns 

operating with different separation chemistries. A precise methodology and overview of the 

conditions is provided in Section 6.2. Using an &Y¢!ϰ Avant system (Cytiva, Amersham, 

United Kingdom) equipped with a fraction collector (5 mL were collected in each fraction) 

the bind-and-elute chromatography runs were performed. Samples were loaded, volume 

dependent to the chromatography mode, this was followed by the appropriate buffers 

ōŜƛƴƎ ǇǳƳǇŜŘ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ {ǘŜǇ Ŝƭǳǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ōȅ 

changing the gradient of buffers and allowing different combinations to be mixed. The outlet 

of the columns were also equipped with an absorbance detector measuring at 260 and 280 

nm  for protein detection.  

2.7 Analytical Methods 

2.7.1 Biomass Quantification 

2.7.1.1 Biomass Quantification (Optical Density) 

 

Fermentation samples were appropriately diluted with deionised water into 1 mL acrylic 

cuvettes and the light absorption was measured at a wavelength of 600 nm using an 

Amersham Ultrospec 500 Pro spectrophotometer (GE Healthcare Life Sciences; Hatfield, 

UK). All readings were in the range 0.2 to 0.8. 

2.7.1.2 Biomass Quantification (WCW) 

 

In a pre-weighed 2 mL centrifuge tube 2 mL or less of fermentation broth was centrifuged 

at 10,000 g for 10 minutes at 4°C using a benchtop Eppendorf Centrifuge (5415R). The 

supernatant was discarded or immediately 0.22 µM filtered for HPLC analysis (Section 2.7.8) 
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and the pellet weighed. WCW was recorded as the pellet weight minus the initial tube 

weight. Cell pellets were retained for further analysis 

2.7.1.3 Biomass Quantification (DCW) 

 

Microcentrifuge tubes were dried in an oven at 100°C for 24 hours before being weighed. 

The tubes were then stored in the oven until required. Once needed, 1 mL of cell suspension 

was aliquoted into the tube, centrifuged to pellet the cells, the supernatant discarded and 

the tube dried in an oven for 24 hours. The tube was weighed again and the initial weight 

subtracted in order to determine the weight of the pellet. 

2.7.2 Physical characterisation of cells and lysate 

2.7.21 Cell Size Distribution: (CASY) 

 

The average size of cells and cellular debris within the lysate was determined following 

various lysis conditions to examine the effect on particle size. A CASY® cell counter (OMNI 

Life Science, Bremen, Germany) fitted with a 150 µM capillary was used. Samples (5-10 µL) 

were resuspended in 10 mL Casyton buffer and measured five times. The average of these 

measurements was plotted. 

2.7.2.2 Viscosity 

 

Viscosity of cell suspensions and cell lysates was measured a Kinexus, conical plate 

rheometer (Malvern Instruments, Malvern, United Kingdom) (Newton, Vlahopoulou and 

Zhou, 2017). 1 mL of sample was placed onto the lower plate. The upper plate geometry 

used was a conical plate with a 4 ° angle and 40 mm diameter (CP4/40). This geometry has 

a fixed gap distance of 0.4 mm. The temperature was set to 25°C and the viscosity was 

measured at a shear rate of 500 s1 after steady state Torque measurement was achieved. 
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2.7.3 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

 

An XCell Surelock® Mini-Cell (Invitrogen, Carlsbad, USA) was used to carry out 

electrophoresis of protein solutions. Pre-Ŏŀǎǘ bǳtŀƎŜϰ п-12% Bis-Tris gels (Invitrogen) were 

placed into the gel tank and 200 mL of MES running buffer with 500 µL NuPage 

antioxidant was added to the inner chamber and the comb removed.  

ProtŜƛƴ ǎŀƳǇƭŜǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ όонΦр ҡ[ ǇǊƻǘŜƛƴΣ мнΦр ҡ[ bǳtŀƎŜϰ пȄ [5{ ǎŀƳǇƭŜ ōǳŦŦŜǊ ŀƴŘ 

р ҡ[ bǳtŀƎŜϰ млȄ ǊŜŘǳŎƛƴƎ ŀƎŜƴǘύΣ ǾƻǊǘŜȄŜŘ ŀƴŘ ŘŜƴŀǘǳǊŜŘ ŀǘ ул ϲ/Φ 5ŜƴŀǘǳǊŜŘ ǎŀƳǇƭŜǎ 

ǿŜǊŜ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ƎŜƭ ǎƭƻǘǎ ŀǘ ŀ ǾƻƭǳƳŜ ƻŦ мл ҡ[Φ tŀƎŜwǳƭŜǊϰ tǊŜǎǘŀƛƴŜŘ tǊƻǘŜƛƴ [ŀŘŘer 

(Thermo Fisher Scientific) was applied at a volume of 3 µL to aid molecular weight 

determination. The outer chamber of the gel tank was filled with 600 mL MES running buffer 

and electrophoresis was performed at 200V for 35 minutes. Gels were either stained with 

нл Ƴ[ ƻŦ /ƻƻƳŀǎǎƛŜ Lƴǎǘŀƴǘ.ƭǳŜϰ ŦƻǊ ƻƴŜ ƘƻǳǊ ƻǊ ǇǊŜǇŀǊŜŘ ŦƻǊ ²ŜǎǘŜǊƴ ōƭƻǘ ŀƴŀƭȅǎƛǎ ŀǎ 

described in Section 2.7.4. After staining, the gels were washed for a minimum of one hour 

before imaging with an Amersham Imager 600 (GE Healthcare Life Sciences). 

2.7.3.1 Zymograms 

 

To determine protease presence and activity Novex® 10% zymogram plus proteins gels 

(Thermo Fisher Scientific, Waltham, USA) were run. 5 µL of clarified samples were added to 

5 µL of of Tris-Glycine SDS sample buffer. No reducing agent was added and, unlike SDS-

PAGE, the samples were not incubated at high temperature for denaturation. Gels loaded 

with 10 µL of each sample were run at 125 volt for 90 miuntes. Following this, the gel was 

gently agitated at room temperature with 100 mL of zymogram renaturing buffer for 30 

minutes. After discarding the buffer, a developing buffer was added for a further 30 minutes 

at room temperature. Following the removal of this buffer a further 100 mL of developing 
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buffer were added to the gel and incubated 24 hours at 37°C for the reaction to take place. 

¢ƘŜ ƎŜƭ ǿŀǎ ǘƘŜƴ ǿŀǎƘŜŘ ǿƛǘƘ wh ǿŀǘŜǊ ŀƴŘ ǎǘŀƛƴŜŘ ǿƛǘƘ млл Ƴ[ {ƛƳǇƭȅ.ƭǳŜϰ ǎŀŦŜǎtain 

(Thermo Fisher Scientific) for 1 hour. The gel was then imaged with the AmershamTM Imager 

600.  

2.7.4 Western Blot Analysis 

 

For Western Blot analysis, proteins from SDS-PAGE gels (Section 2.7.3) were transferred to 

ƴƛǘǊƻŎŜƭƭǳƭƻǎŜ ƳŜƳōǊŀƴŜǎ ƛƴ ŀƴ ·/Ŝƭƭϰ LL .ƭƻǘ aƻŘǳƭŜ όLƴǾƛǘǊƻƎŜƴύ ǳǎƛƴƎ ¢ƻǿōƛƴ ǘǊŀƴǎŦŜǊ 

buffer (Section 2.2.1) at 30V for one hour. The immunostaining protocol described in 

Section 2.7.6 was then followed. 

Densitometry measurements were carried in ImageJ software (LOCI, Wisconsin, USA).  

2.7.5 Dot Blotting 

 

Samples (lysed, centrifuged and syringe filtered) were applied to nitrocellulose membranes 

at a volume of 2 µL. In some cases, samples were diluted in MOPs buffer to prevent 

membrane over saturation. Membranes were allowed to dry at room temperature for a 

minimum of 15 minutes before the immunostaining protocol (Section 2.7.6) was followed. 

2.7.6 VLP Identification (Immunostaining) 

 

Subsequent to Western or Dot Blotting protocols (Section 2.7.5 and 2.7.6, respectively), 

membranes were blocked in 5% (v/v) skimmed-milk powder PBS-T (0.1% Tween20) for a 

minimum of one hour at room temperature or typically, overnight at 4 °C. Membranes were 

then incubated with anti-Hepatitis B virus core antibody (10E11) (Abcam, Cambridge, UK) in 

a 1:1000 solution in 2.5% skimmed-milk powder PBS-T for one hour. After three washes with 

PBS-T, membranes were incubated with a secondary antibody conjugated to horseradish 
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peroxidase, goat anti-mouse (Abcam, Cambridge, United Kingdom). Finally, membranes 

were washed three more times in PBS to rinse away antibody and residual detergent. Clarity 

Western ECL substrate (Bio-rad, Hercules, USA) was used to develop the membrane 

ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 5ŜǘŜŎǘƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ 

chemiluminescence automatic exposure with colorimetric marker on an Amersham Imager 

600 (Cytiva, Amersham, United Kingdom). 

2.7.7 Protein quantification 

2.7.7.1 Total Protein Analysis ς Nanodrop 

 

Total soluble protein analysis of unclarified, clarified and column purified lysates (Section 

2.6.2, 2.6.4 and 2.6.5) was performed using a Nanodrop 1000 spectrophotometer (Thermo 

Fisher Scientific, tŀƛǎƭŜȅΣ ¦YύΦ !ǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ о ҡ[ ƻŦ ǎŀƳǇƭŜ ǿŀǎ 

applied to the instrument in triplicate and values read at an absorbance of 280 nm.  

2.7.7.2 Total Protein Analysis- Bicinchoninic Acid (BCA) Assay 

 

¦ǎƛƴƎ ǘƘŜ tƛŜǊŎŜϰ ./! Protein assay kit (Thermo Fisher Scientific) the working reagent was 

ǇǊŜǇŀǊŜŘ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ! ōƻǾƛƴŜ ǎŜǊǳƳ ŀƭōǳƳƛƴ ό.{!ύ ǎǘŀƴŘŀǊŘ 

dilution series was also prepared and 25 µL of each was loaded in triplicate into a 96 well 

plate (type and supplier) alongside appropriately diluted samples. To each well 200 µL of 

working reagent was added. The plate was sealed with foil in order to prevent evaporation 

during the subsequent 30 minute, 37°C incubation. Following this, plate reading was 

performed at 562 nm using a Safire II multi-plate reader (Tecan, Reading, UK). The BCA 

calibration curves are shown in Appendix 10.2. 
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2.7.7.3 VLP Particle Size Distribution: (Dynamic Light Scattering, DLS) 

 

Particle size distribution was determined by DLS using a Zetasizer Nano ZS (Malvern 

Instruments Ltd., Worcestershire, UK). This estimates the size distribution of dispersed 

particles in the nm range based on the intensity of light scattered. Brownian motion of 

particles induces rapid fluctuations in light scattering from which the speed of motion and 

in turn, the particle size can be calculated (Malvern, 2018). Following homogenisation and 

centrifugation, samples were syringe- filtered (Millipore) using porŜ ǎƛȊŜǎ ƻŦ лΦпр ˃Ƴ ŀƴŘ 

лΦнн ˃Ƴ ǊŜǎǇŜŎǘƛǾŜƭȅ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ Section 2.6.4. Samples were then diluted 20 X in PBS. 

Ten readings were taken for each sample and the average volumes with standard deviation 

error bars were plotted. 

2.7.8 Methanol Quantification (High Performance Liquid Chromatography, HPLC) 

 

A Dionex UltiMate3000 HPLC (Thermo Scientific, Paisley, UK) system fitted with an Aminex 

HPX-87H column (Bio-rad, Hercules, USA) was used to determine methanol and glycerol 

concentrations during the induction phase of each fermentation. Using 0.1 % trifluoroacetic 

acid (TFA) as the mobile phase the column was run isocratically at 0.6 mL min -1 for 30 

minutes with column temperature maintained at 60 °C. An ERC Refractomax 250 refractive 

index detector was used to monitor the samples (injection volume 20 µL). Quantification 

was performed using external standards. 

2.7.9 VLP Visualisation (Transmission Electron Microscopy, TEM)  

 

In order to visualise VLP morphology by TEM, electron microscopy grids were prepared and 

negatively stained. Briefly, 2 µL of sample was applied to one side of a glow-discharged 

carbon-coated copper mesh grid and allowed to incubate for around 60 seconds. 

Subsequently, excess sample was blotted away and the grid washed with a drop of distilled 
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water applied using a Pasteur pipette before staining with 2 % uranyl acetate. The grid was 

drained of excess uranyl acetate, enabling it to stay wet for 30 seconds, before blotting and 

air drying. The sample was then visualised under a JEOL JEM-1010 transmission electron 

microscope (JEOL, Welwyn Garden City, UK) and imaged using a Gatan Orius camera 

(Abingdon, UK) at a variety of different magnifications.  
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3.  Identification of critical process parameters 

and initial characterisation of HBC-VLP 
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3.1 Introduction 

 

To facilitate the development of HBC as a flexible vaccine platform, it is first necessary to 

characterise the production and purification of protein and VLP (Section 1.7) and create a 

benchmark process from which further hypotheses can be explored. Ultimately, the 

objective of successful bioprocess development is to improve yield, reduce costs or, more 

likely, a combination of both. In addition, there are other important aspects to consider, 

such as quality of the final product, and overall productivity. However, whilst some process 

ƻǇǘƛƻƴǎ Ƴŀȅ ǎŜŜƳ ŀŘǾŀƴǘŀƎŜƻǳǎΣ ǘƘŜǊŜ ƛǎ ƴƻ ΨƻƴŜ ǎƛȊŜ Ŧƛǘǎ ŀƭƭΩ ŦƻǊ ŜǾŜǊȅ ŜȄǇǊŜǎǎƛƻƴ ǎȅǎǘŜƳ 

and subsequent product.  

With this in mind, it is necessary to first identify critical process parameters and establish an 

understanding of the particular expression system and the product of interest. The 

expression system utilised in this thesis is P. pastoris (Section 1.6), and whilst the 

fermentation of P. pastoris has been extensively studied, it is clear from the literature that 

the optimum cultivation process is strain or indeed, product dependent. In Chapter 1, typical 

bioprocess methodologies for recombinant proteins produced in P. pastoris were discussed 

and evaluated and a number of initial research questions relating to upstream processing 

were formed to be addressed in this chapter (Section 1.11). 

Following upstream process development comes an important part of the overall process; 

product recovery. In this work, the protein(s) of interest are VLPs (Section 1.3) which will be 

produced intracellularly and therefore must be released from the cells. Product recovery 

can be difficult and expensive, particularly when the product is intracellular, and 

downstream processing can consume over 50% of total process costs (Farid, 2007). 

Typically, a multistage primary recovery process is used, including separation and 



97 
 
 

concentration of cellular solids from the broth using centrifugation and a lysis step to 

liberate the product from the cells. The various lysis methods were briefly reviewed in 

Section 1.7.2, and can be mechanical, physical or chemical or a combination of these 

techniques. Subsequent to lysis, the product stream is often centrifuged and/or filtered to 

remove cellular debris. Further steps may then be necessary prior to further purification, 

such as solubilisation or precipitation. 

High-pressure homogenisation, a mechanical disruption technique, is a popular choice for 

large scale microbial cell disruption and, in simplistic terms, works by forcing cells through 

a restricted valve at high pressure (Shepard et al., 2002; Li et al., 2012). By altering either 

pressure or pass number it is possible to improve product recovery, however, it also results 

in a large quantity of fine cellular debris which may prove to be difficult to remove in later 

downstream processing stages (Li et al., 2013). An optimal primary recovery step must take 

this into account and therefore a trade-off between maximum product yield and ease of 

recovery is likely (Tam et al., 2012). 

In addition to the method used to lyse the cells, the chemical composition of the buffer used 

at this stage is also important (Islam, Aryasomayajula and Selvaganapathy, 2017). During 

protein purification the buffer system utilised, and the pH of the buffer system, are 

important considerations. It is necessary to select a pH that enables purification throughout 

the downstream processing aligning with the requirements of later chromatography 

processing steps whilst also maintaining protein solubility and stability. As a result, scouting 

of different pH values at the lysis stage is essential to optimise overall protein recovery.  

Finally, the development of a successful VLP process requires an effective analytical toolbox. 

As discussed in Section 1.8, analytics are crucial in process development, enabling processes 
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to be assessed and optimised, and products to be understood, defined and improved.  Early 

process development in general should focus on rapid and easily interpretable results, 

whilst later stage development should employ more in-depth and robust techniques to 

monitor yield, purity and anti- and immunogenicity.  

3.2 Aim and objectives 

 

The aim of this chapter is to establish baseline methodologies and identify critical process 

parameters for the production of HBC-K1, K1 (Section 1.11) in P. pastoris. The output of this 

chapter will be a benchmark process from which the overarching hypothesis of this thesis 

can be further explored. To achieve this, the construct, HBC-K1,K1 will be utilised (Section 

2.1.1). The experimental approach will first involve identifying a suitable fermentation 

protocol, including identifying appropriate media, feeding and induction parameters. 

Following this, an effective primary recovery process will be established. The results of this 

chapter will also provide a benchmark for the creation of high-throughput bioprocess 

development approaches. The key objectives of this chapter are outlined below: 

¶ Establish a baseline fermentation protocol for production of the HBC-K1, K1 VLP in 

P. pastoris including, but not limited to; growth media, induction strategy, duration 

of induction. 

¶ To determine both the sequence of, and operating conditions for, preliminary 

primary recovery techniques for effective lysis and product recovery by conducting 

a pre-screening experiment. 

¶ Identify and establish the analytical techniques necessary to qualitatively and 

quantitatively assess soluble and insoluble HBC-K1, K1 production.  
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3.3 Results and Discussion 

3.3.1 Methanol induction of P. pastoris fermentations to produce HBC - K1, K1 

 

Many VLPs have previously been produced in P. pastoris as published in the literature 

(Section 1.7.1). Moreover, Tandem Core HBC VLPs have been produced in bacteria and in 

plants (Thuenemann, 2010). As such, it may be reasonable to assume the constructs would 

be produced easily using typical, well characterised methodologies. However, literature also 

highlights that the size and physicochemical properties of the inserted sequence may 

influence soluble HBC production and recovery and this has not been widely investigated 

for VLPs made using Tandem Core technology. Certainly, numerous undesirable 

characteristics have already been identified in the search to facilitate VLP vaccine 

development. For example, research highlights the role of high hydrophobicity and cysteine 

residues in particle formation (Janssens et al., 2010; McGonigle et al., 2015). Moreover, the 

disulphide bonds in HBC have been found to be unnecessary for appropriate VLP formation 

and may in-fact sterically hinder chimeric VLP assembly (Whitacre, Lee and Milich, 2009). 

Whilst Tandem Core technology in itself was developed to overcome issues of mis-folding 

and steric hindrance by genetically linking the monomers together, there have been many 

reported failures to produce VLPs (Schumacher et al., 2018; Aston-Deaville et al., 2020; 

Peyret et al., 2020). Initial work was therefore carried out to verify VLP expression and 

formation and to establish baseline protocols which can be used as a benchmark for later, 

more in-depth studies. In order to achieve this, initial work focused on utilising a simple, 

well established Invitrogen cultivation strategy to produce HBC-K1, K1 (Invitrogen, 2002).  

An induction strategy using pure methanol was first implemented as described in Section 

2.4.2 This was carried out using the ambr®250 single-use, parallel bioreactor system 
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(Section 2.4.1), with a working volume of 100 mL and 40 g L-1 glycerol in the medium as the 

initial carbon source during the batch growth phase. The results are shown in Figure 3.1. 

The standard Invitrogen protocol (Invitrogen, 2002) is widely reported in the literature and 

is generally accepted as a good starting point for expression under the AOX promoter. 

However, as outlined by Looser et al. (2015) it is becoming more common to adapt this 

procedure to better suit the protein or to match an otherwise established process or 

equipment. In any case, the assumption that the process is generally applicable proved 

correct and the fermentation stages and online measurements were as anticipated, with 

the exception of an extended batch phase. This was almost certainly a result of the seed 

inoculum as opposed to product or process characteristics.  

The DOT declines as anticipated during the batch phase due to increased cell growth and 

therefore, increased oxygen consumption. Once DOT reached the set-point of 30% it was 

maintained constant by the feedback control loop, illustrated by the rise in stir speed from 

~1300 rpm to the maximum set point of ~3175 rpm throughout the duration of the batch 

phase (Figure 3.1). The maintenance of DOT is important for a successful induction phase, 

as methanol catabolism cannot occur in the absence of oxygen (Zepeda, Pessoa and Farías, 

2018). After approximately 45 hours, a spike in DOT can be observed indicating depletion of 

the carbon source (Bawa et al., 2014). Subsequently, a fed-batch phase of a carbon-limited 

glycerol feed was initiated for four hours prior to methanol induction. During this time, DOT 

is maintained close to the set point as cell metabolism continues. Inherently, medium pH 

and DOT is highly influential on cellular growth and protein synthesis (Naciri, Kuystermans 

and Al-Rubeai, 2008). 
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The second DOT spike at 49h signifies the end of the fed-batch phase, at which point the 

temperature was lowered to 25°C (Figure 3.1A), which, as research suggests, may prove 

beneficial to protein production (Dragosits, Mattanovich and Gasser, 2011; Anasontzis et 

al., 2014). Methanol induction was initiated at a low flow rate of 0.1 mL h -1 to allow the cells 

to adapt and minimise the potential of methanol toxicity after which, the flow rate was 

increased exponentially to a final flow rate of 0.3 mL h -1 (Anasontzis et al., 2014). Induction 

was carried out for 140 hours in order to study the effects on biomass and protein 

production over time. The DOT profile presented in Figure 3.1B remained stable throughout 

the induction phase implying that the cells continued to metabolise at a steady rate. 

Increases in DOT beyond induction would indicate a decreased oxygen uptake rate and, in 

turn, reduced cell metabolism (Naciri, Kuystermans and Al-Rubeai, 2008). Also depicted in 

Figure 3.1B is the carbon evolution rate (CER) which can be useful in indicating metabolic 

activity and is an indirect estimation of biomass. CER essentially depicts the rate of substrate 

combustion and in essence, increased CER is indicative of carbonaceous substrate use at a 

higher rate (Omstead and Greasham, 1989; Meyer and Schmidhalter, 2014a). As such, at 

glycerol depletion the CER dropped rapidly, hence triggering initiation of induction. 

Samples were taken periodically throughout the fermentation and OD600 and WCW 

measurements conducted as described in Section 2.7.1.1 and 2.7.1.2 to monitor biomass. 

The OD600, increased throughout the batch phase, as expected for microbial growth (data 

not shown). The aim of fed-batch operation is to continue increasing biomass whilst de-

repressing the enzymes required to assimilate methanol and, as such, OD values continue 

to increase, albeit more slowly than in exponential phase (Cos et al., 2005; Jungo et al., 

2007).  
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 (A)   

 

   (B)   

Figure 3.1 Initial fermentation of P. pastoris expressing construct HBC-K1, K1. Fermentation 
profile for a three-stage, pure methanol induced fermentation of a Tandem Core HBC construct 
with K1,K1 inserts. Online data showing (A) (φ) pH, and temperature (φ) and (B) (φ) agitation 
rate, (φ) dissolved oxygen tension (DOT) and (φ) CO2 evolution rate (CER). The grey dotted lines 
indicate the end of batch and glycerol fed-batch respectively. Induction is marked by the X. Figure 
legend also included top right. Fermentation was carried out as outlined in Section 2.4.1.  
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During induction, the aim is no longer to increase biomass but instead to initiate protein 

expression, and this is reflected in the OD measurements which indicate only a minor 

increase in optical density, maintaining an almost constant value over time. The collected 

fermentation samples were, following numerous processing steps (Section 2.6.2, 2.6.4, 

2.7.3 and 2.7.4), utilised to monitor total and specific TC-HBC protein expression overtime. 

This data can be seen in Figure 3.2 and is discussed in the following section.  

3.3.2 Effect of induction time on Pichia growth and protein production 

 

Whilst high product titres are a desired outcome of upstream process development, it is not 

the only aspect to consider. In order to enable future commercialisation of a product, it is 

vital to accelerate both upstream and downstream process development. This, in the short 

term, reduces processing time and costs whilst, in the long term, reduces process 

development time scales (Lye et al., 2009).  

Moreover, in the case of HBC-K1, K1, increased protein expression may not correlate directly 

with increased VLP production due to factors such as steric hindrance, formation of 

degradation products and undesirable aggregation (as discussed later in Section 3.3.3.2). 

Therefore, during process development, changes to product quality must be monitored 

throughout the duration of induction. Samples were taken every 24 hours post-induction 

until 140 hours in order to select an optimum induction time. Figure 3.2A shows the SDS-

PAGE gel and western blot of these time-course samples. 

The full-length HBC- K1, K1 can be seen at ~ 45 kDa, and whilst this is the protein of 

interest there are also many truncations of the product in the crude lysate. These 

truncations are not present in the soluble fraction (post centrifugation and 0.22 µm 

filtration) indicating they are insoluble. One explanation for these degradation products is   
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(A)  

(B)  

Figure 3.2 SDS-PAGE and western blot analysis of HBC-K1, K1 production by P. pastoris over the 
course of methanol induction. (A) Coomassie stain of crude, soluble and supernatant samples 
taken over 140 hours post induction. (B) Western blot using antibody 10E11 of crude, soluble and 
ǎǳǇŜǊƴŀǘŀƴǘ ǎŀƳǇƭŜǎ ǘŀƪŜƴ ƻǾŜǊ мпл ƘƻǳǊǎ Ǉƻǎǘ ƛƴŘǳŎǘƛƻƴΦ ΨaΩ ŘŜƴƻǘŜǎ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ƳŀǊƪŜǊΦ 
Following the procurement of the western blot image B the membrane was overexposed to 
better see the protŜƛƴ ƛƴ ǘƘŜ ǎǳǇŜǊƴŀǘŀƴǘ ŀŦǘŜǊ мпл ƘƻǳǊǎΦ ¢Ƙƛǎ ƛǎ ǎƘƻǿƴ ŀǎ ΨƻκŜΩΦ {ŀƳǇƭŜǎ ǿŜǊŜ 
taken from the fermentation shown in Figure 3.1. Following lysis, 100 µL of crude lysate was 
retained and the remainder was centrifuged and filtered as described in Section 2.6.4. 
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proteolytic activity during cell lysis (Gleeson et al., 1998). Alternatively, research conducted 

by Jeng et al, (1991) suggests that HBC produced intracellularly may be more unstable than 

extracellularly produced core particles (Jeng and Changi, 1991). However, given that 

Tandem Core HBC constructs have a genetic linker to hold together the monomers this 

explanation may be insufficient. A further explanation for the truncation may simply be a 

result of improper translation initiation (Jennings et al., 2016). Whilst truncated products 

can complicate the subsequent purification steps these products were easily separated from 

the desired protein and so no further investigation was required at this time. As the HBCς

K1,K1 was produced intracellularly, no protein can be seen in the supernatant during early 

induction. At 140 hours however (Figure 3.2B), faint bands can be observed in the 

supernatant samples, most likely as a result of cell lysis. This observation suggests a shorter 

induction length would be more beneficial. Moreover, one of the advantageous of 

heterologous protein expression in yeast is that high cell density fermentations can be 

completed much faster than that of mammalian expression systems. Whilst process time 

and costs may be insignificant at small scale, in the case of scale-up or product 

commercialisation, a shorter fermentation would be considered beneficial. 

Densitometry analysis (Figure 3.3) indicates only a small increase in protein expression 48 h 

post induction, however while protein expression appears highest after 140 hours this 

increase was only marginal and so this was ruled out due to lysis and time constraints. 

Ultimately, the results show significant protein expression after just 24 hours of induction, 

with band intensity increasing only a little at 48 hours. As a result of these findings a 

maximum induction length of 48 hours was selected as a suitable trade-off between protein 

expression and process time.  
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Figure 3.3 Densitometry analysis of soluble TC-HBC-K,K1 protein post-induction. Densitometry 
analysis was carried out on the bands of interest from the Western blot depicted in Figure 3.2. 
Densitometry performed as described in Section 2.7.4. 
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Ultimately the band intensity in the crude, unclarified and unfiltered samples is much 

ƎǊŜŀǘŜǊ ǘƘŀƴ ǘƘŜ ΨǎƻƭǳōƭŜ ŦǊŀŎǘƛƻƴΩ ƻŦ ǘƘŜ ǎŀƳǇƭŜΦ ¢Ƙƛǎ ŀƭƭǳŘŜǎ ǘƻ ǇƻƻǊ ƛƳǇǊƻǾŜƳŜƴǘ ƛƴ 

soluble VLP recovery. In order to achieve more efficient primary recovery, it is necessary to 

recover more of the insoluble VLP that remains within the cell pellet and this will be 

addressed in greater detail later in Chapter 5. 

3.3.3 Initial product recovery screening of HBC- K1,K1 

 

Section 3.3.2 showed that soluble HBC- K1,K1 can be produced in, and recovered from, P. 

pastoris. The induction strategy utilised can serve as a benchmark for further upstream 

optimisation. Furthermore, a suitable induction time of 48 h was selected, providing a 

satisfactory trade-off between protein production and fermentation length, both of which 

are important aspects to consider; particularly at large scale. The previous work also 

highlighted the necessity of finding an appropriate primary recovery method to achieve 

good soluble protein recovery and limit loss of protein in the insoluble fraction. With this in 

mind, this section aims to address the hypothesis that manipulation of both mechanical lysis 

and buffer conditions characteristics could improve VLP recovery. To test this hypothesis, 

the following questions were addressed: 

1) What impact do homogenisation conditions have on cell lysis and soluble HBC 

recovery? 

2) Do different pressures affect clarification and recovery of soluble HBC? 

3) Does lysis buffer composition  have an effect on soluble protein recovery? 

The data obtained will also provide a benchmark primary recovery process which can be 

used as a foundation for further development. 
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3.3.3.1 Effect of pH and detergent on product recovery 

 

The cell disruption method used for primary recovery of intracellular protein is important, 

as is the composition of the buffer used during this process. It is necessary to select a buffer 

pH that both compliments the protein of interest and allows for proper folding and stability 

whilst also aligning with later downstream purification unit operation requirements. As a 

result, pH scouting is essential to optimise protein recovery at this stage. Detergents are 

also commonly used in protein extraction to assist with permeabilisation of cells and 

solubilisation of released proteins. Detergent-mediated processes allow for efficient VLP 

recovery by enabling separation of proteins from the process stream such as the cell 

membrane and other debris. Triton X-100 (TX100) is one of the most widely used and has 

been effective in various protein recovery methodologies, including for VLPs (Koley and 

Bard, 2010; Sengottaiyan, Ruiz-Pavõn and Persson, 2013; Norkiene et al., 2015). 

An initial screening experiment was therefore performed to investigate the effects of pH, 

homogenisation pressure (bar) and incubation time with Triton X-100 on product yield and 

recovery. Material was generated by mixed-feed fermentation (previously described in 

Section 3.3.2). Samples were re-suspended in lysis buffer at two different pH conditions 

(succinic acid, pH 4.2 or MOPS, pH 7.5). Samples were homogenised (Figure 3.4) for three 

passes at either 300 or 500 bar. Subsequent to homogenisation, samples were incubated in 

TX100 either for 1 hour or 20 hours (Figure 3.5). Analytical techniques implemented to 

assess differences in conditions included SDS-PAGE, Western blotting using 10E11 as 

primary antibody and dynamic light scattering (Section 2.4.1, 2.4.2 and 2.4.3). This pre-

screening study aimed to outline the effects of pH, TX100 and homogenisation pressure on 

primary recovery of HBC-LAH3,K1 from P. pastoris, in order to identify critical processing  
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Figure 3.4 Schematic diagram depicting the experimental workflow of high-pressure 
homogenisation (HPH). Samples are deposited into the reservoir and can be lysed at a pressure 
ranging from 300 to 1200 bar for a number of passes (Pn). When doing consecutive passes 
samples can be taken after each pass and retained for analysis. A detailed method can be found 
in Section 2.6.2. This figure was created using Biorender.com. 

 

 

Figure 3.5. Western blot analysis of primary recovery pre-screen experiment. Lane 1: VLP 2 
reference, Lane 2: pH 7.5, TX100 1 hour, 500 bar, Lane 3: pH 4.2, TX100 1 hour, 500 bar, Lane 4: 
pH 4.2, TX100 1 hour, 300 bar, Lane 5: pH 7.5 TX100 1 hour, 300 bar, Lane 6: pH 7.5 TX100 20 
hours, 500 bar, Lane 7: pH 4.2, 20 hours, 500 bar, Lane 8: pH7.5, TX100 20 hours, 500 bar, Lane 
9: pH 4.2, 20 hours, 300 bar 
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parameters for later optimisation. The parameters for evaluation were; presence and 

solubility of correct protein as determined by SDS-PAGE and Western blot analysis.  

All eight crude samples were ran on the NuPAGE Bis-Tris gel, as well as a partially purified 

sample of HBC-LAH3,K1 supplied by iQur Ltd. which acted as a reference for typical recovery 

efficiency (Figure 3.5). Bands were present in lanes one, two, five, six and eight and absent 

from all other lanes. Lane one corresponds to the reference lane containing material 

provided by iQur and therefore band presence was expected.  

All lanes with visible bands were the samples lysed at a pH of 7.5 whilst all samples lysed at 

pH 4.2 produced no visible bands. This suggests that pH 7.5 enables better product recovery 

from P. pastoris and that pH 4.2 is unsuitable, possibly due to poor solubility at that pH. With 

regards to the pH 7.5 samples, those homogenised at 3 passes and 500 bar appear to 

produce bands which are darker and more intense, suggesting that a higher pressure is 

preferable for efficient protein recovery. 

The faintness of the correct (~58 kDa, between 55 kDa and 70 kDa on the molecular weight 

ladder) band in the 24 h TX100 incubated samples at both pressures (lanes 6 and 8) infers 

the presence of inherent protease activity in the samples which were incubated for 20 hours 

prior to EDTA addition. When quantifying intracellular components from P. pastoris, Garcia-

Ortega et al., (2015) concluded that decreases in protein were as a direct result of longer 

disruption times which enabled proteolytic activity (Garcia-Ortega et al., 2015). Protease 

activity in P. pastoris often negatively impacts heterologous protein yield as a result of 

undesirable proteolysis (Ahmad et al., 2014). To overcome this effect, EDTA, a protease 

inhibitor, can be added prior to purification, but subsequent to detergent extraction so as 

to not prevent the nuclease activity (Demirov et al., 2012). The less intense bands observed 
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in lanes 6 and 8 (Figure 3.10) were potentially exposed to proteases and therefore the VLP 

protein may have been degraded. This will be explored later in Section 3.3.4.1. 

3.3.3.2 Effect of varying HPH parameters on primary recovery 

 

As mentioned in Section 3.1 high pressure homogenisation is one of the most widely used 

techniques for large scale microbial disruption (Islam et al., 2017).  Research indicates, 

however, that the degree of cellular disruption is dependent on sample characteristics, 

intensity or operating pressure and the number of passes through the valve of the 

homogeniser (Comuzzo and Calligaris, 2019). Conversely, some have reported that higher 

pressures can lead to processing difficulties due to the creation of micronized debris (Li et 

al., 2013). It therefore seems likely that there will be a trade-off between protein release 

and ease of purification.  

With this in mind, studies were performed to identify a reasonable window of operation and 

establish if any effects could be seen on clarification and protein recovery. In order to study 

this, frozen P. pastoris pellets obtained from fermentation described in Section 3.3.2 were 

re-suspended in either buffer or water to a final concentration of 5% (wwet/v) solid loading. 

Samples were then passed three times (Pn = 3) through an APV Gaulin Lab40 homogeniser 

at an operating pressure of either 300 or 1200 bar, these being the upper and lower limits 

of the instrument, respectively. An aliquot of 1 mL was taken in between each pass and 

retained on ice until further processing. Samples were then centrifuged and 0.22 µm syringe 

filtered as described in Section 2.6.4. The filtered samples were prepared for SDS-PAGE and 

were ran in duplicate, to allow for both Coomassie staining and Western blotting. The results 

of this experiment can be seen in Figure 3.6. 
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(A)  

(B)  

Figure 3.6 Protein analysis of different homogenisation conditions for HBC-LAH3,K1 
release. (A) Coomassie stained SDS-PAGE gel of soluble protein. (B) Western blot of HBC 
specific protein transferred onto nitrocellulose membrane. Protein samples were 
obtained from a fermentation as outlined in Section 2.6.1. Centrifuged and filtered 
lysates were immunostained as described in Section 2.7.6. 
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The protein bands visible in Figure 3.6 suggest that a higher-pressure of 1200 bar resulted 

in higher protein release irrespective of the resuspension medium. Based on the Coomassie 

stain, this observation holds true for both host cell proteins and HBC- LAH3, K1 indicating 

greater levels of disruption. With regards to the use of water or buffer as a re-suspension or 

lysis medium it seems that protein recovery was higher in Tris pH 7.5 than water at both 

pressures investigated. This could be due to the lower pH of MilliQ water and the lack of 

buffering capacity during protein release.  

The bands that are visible on the Western blot (Figure 3.6B) but are smaller in size indicate 

likely truncation of the desired heterologous protein. Whilst the HBC-LAH3, K1 can be seen 

at around 50 kDa there are numerous degradation bands at a lower molecular weight. These 

bands are not observed in the lower pressure conditions, likely because less protein was 

released overall in these conditions. This truncation effect also appears to increase with 

more passes. 

To better visualise the protein release after each pass at each condition, densitometry 

analysis was carried out on the band of interest on the Western blot and on the Coomassie 

stain. The results of this analyses can be seen in Figure 3.7A and B. The densitometry 

analysis corroborates the finding obtained in Figure 3.6; namely that Pn = 3 results in higher 

total protein and product release. Whilst most of the protein release across all conditions 

appears to occur in the first pass, indicated by the grey bars (Figure 3.7A), a further increase 

in soluble protein did occur after two and three passes. As a result of this increase, and upon 

surveying the literature, three passes were selected as an appropriate baseline condition 

for subsequent studies. Identification of the protein of interest in the SDS-PAGE gel is more 

difficult owing to the many host cell proteins present. It should be noted that whilst these 
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are not directly comparable due to different visualisation protocols the trend will remain 

the same. 

3.3.3.2 Effect of homogenisation conditions on centrifugal clarification 

When optimising a bioprocess, it is essential to take a holistic approach in order to 

understand how each unit operation interacts with the next and is affected by previous 

steps. Following cell disruption, the supernatant is clarified to remove unwanted cellular 

debris and contaminants. It is therefore necessary to understand the effect of varying 

homogenisation conditions would have on subsequent clarification and purification.  The 

ability of centrifugation to clarify the sample was assessed both before and after HPH. Equal 

weights of frozen cell pellet were re-suspended in buffer to a final concentration of 5% 

(wwet/v). These samples were then centrifuged to pellet the cells and the absorbance of the 

supernatant read at 600 nm. Then, samples were lysed at either 300 or 1200 bar for three 

passes through the homogeniser. Both samples were centrifuged again and the resulting 

absorbance readings at 600 nm are shown in Figure 3.8.  

At the lower homogenisation pressure, the supernatant absorbance reading was ~27% 

lower following lysis than in the higher-pressure condition which suggests greater ease of 

clarification. This result was further supported empirically, when each sample was passed 

through a 0.45 µm syringe filter, as the higher-pressure sample proved to be more difficult 

to filter. As mentioned earlier, homogenisation at higher pressure results in micronised 

debris which in turn makes membrane clarification more difficult (Li et al., 2013) due to 

plugging of the membrane pores. In essence, the nature of the debris that is formed during 

homogenisation can negatively impact initial clarification and downstream processing. 

Taking into consideration the need to maximise cell disruption, or rather, maximise soluble 

protein recovery, combined with the requirement to minimise any negative impacts on 
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further downstream processing unit operations, further investigation and lysate 

characterisation was required.  

3.3.3.3 Effect of pass number at varying pressure 

 

Cell disruption using HPH is a function of both pressure and pass number and as indicated 

in Section 3.3.2, and as previously reported in literature, can severely impact subsequent 

unit operations (Cook et al., 1999; Bracewell et al., 2008). As already shown here for HBC-

K1,K1 high pressures and higher pass numbers resulted in better specific product recovery 

but also proved worse in terms of clarification. In order to better understand this, and to 

visualise the possible micronisation of cellular debris, it was deemed useful to quantify the 

average particle size within the cell lysates. Moreover, the previous samples were each lysed 

for three passes through the system, which may contribute to clarification difficulties and 

product truncation.  

Another point of interest is whether pass number is still influential or necessary for cell 

disruption beyond a certain pressure threshold. An experiment was set up exploring 

pressures of 300, 700, and 1100 bar with either 1 pass or 3 passes and a duplicate 1 pass 

lysis at 500 and 900 bar. Samples were also taken in between passes to provide a duplicate 

of the other 1 pass conditions but the data is not shown here due to good reproducibility of 

the samples at 500 and 900 bar. A CASY® cell counter (OMNI Life Science, Bremen, Germany) 

(Depicted in Figure 3.9) was used to count and size the particles; a Malvern Kinexus parallel 

plate rheometer was utilised to determine sample viscosity (as described in Section 2.7.2.1), 

and total protein measurements were carried out on unclarified lysŀǘŜ ǳǎƛƴƎ ǘƘŜ bŀƴƻŘǊƻǇϰ 

мллл {ǇŜŎǘǊƻǇƘƻǘƻƳŜǘŜǊ ό¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎϰΣ ²ƛƭƳƛƴƎǘƻƴΣ 59Σ ¦{!ύΦ 
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(B) 

Figure 3.7 Total protein and specific protein release determined by densitometry analysis of 
Figure 3.5. (A) Graph depicting protein release following different homogenisation conditions. 
Analysis is of the band of interest only and not degradation/truncation products. Grey bars 
indicate first pass, blue bars second pass and orange bars third pass. (B) Total protein as 
determined by densitometry analysis of the SDS-PAGE (white bars), whilst specific protein was 
determined from densitometry analysis of the Western blot (grey bars). Densitometry performed 
as described in Section 2.7.4. 
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Figure 3.8 Absorbance at 600nm of centrifuged cell suspension pre- and post- lysis. Cells were re-
suspended in Tris buffer, centrifuged to pellet the cells and the supernatant absorbance read at 
600 nm. Following lysis at 300 or 1200 bar, the samples were centrifuged under the same 
conditions and the absorbance measured again. The black bar indicates absorbance pre-lysis and 
the grey bar indicates absorbance post-lysis. Absorbance was measured as described in Section 
2.7.1.1.  
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The results in Figure 3.10 depict the particle size distribution of the various conditions tested 

ranging from the lowest pressure of 300 bar in the top panel to 1100 bar in the bottom 

panel. Solid lines indicate one pass through the homogeniser and the dashed line represents 

3 passes. The samples at 900 and 500 bar were duplicated for one pass only and showed 

good reproducibility in the particle size distribution. It is important to note at this stage that 

the only capillary available within the CASY® cell counter had a range of detection from 3 

µm to 150 µm.  

The results indicate that the average particle size is typically higher, approximately 4.8 µm, 

for lower pressure homogenisation and when only one pass is applied to the sample. As 

pressure increases the application of three passes decreases the average size distribution. 

It is important to note that even at the high pressure of 900 bar, one pass is not sufficient 

to alter the average size distribution. At 1100 bar, the highest pressure tested, pass number 

becomes less relevant and one pass is adequate to reduce particle size, with the peak of the 

distribution moving from 5 µm at 300 bar, 1 pass to 4 µm at 1100 bar. 

Further, the more severe lysis conditions resulted in the overall shape of the distribution 

being skewed towards the left, indicating a reduction in particle size.  It should be noted 

that following lysis samples were syringe filtered to remove debris for protein analysis. 

Samples lysed at higher pressures proved more difficult to filter and required numerous 

filters to adequately filter the entire sample. This is likely due to micronized debris which is 

beyond the limit of detection of the CASY®. Research indicates that pass number and 

pressure are linked with increased product recovery, however, the fine cellular debris 

becomes more difficult to clarify (Li et al., 2012; Li et al., 2013).  
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Figure 3.9 Schematic diagram representing working mechanism of CASY® instrumentation used 
for cell lysate characterisation. CASY® diagram depicting components and sample application 
workflow. The CASY® measures particle size distribution by drawing the cell suspension up 
through the pore, enabling contact with the electrodes in the measuring capillary and in the 
sample container. The pore size and particle conductivity and size results in a resistance signal. 
The diagram was created using Biorender.com with the former being adapted from the CASY® 
page of the Cambridge Bioscience webpage (bioscience.co.uk).  
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Figure 3.10 Particle size distribution of HBC lysates prepared under different high pressure 
homogeniser operating conditions. Panels are ordered from (Top) low to (Bottom) high pressure 
(300, 500, 700, 900 and 1100 bar) at either 1 pass, 3 passes or both. Particle size was determined 
using the CASY® instrument as depicted in Figure 3.9. Samples which underwent one pass through 
the homogeniser are represented by a solid line whilst samples which underwent three passes 
are represented by a dashed line. Samples were resuspended in CASY® electrolyte buffer and 
analysed as described in Section 2.7.2.1. 
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Had a capillary with a lower detection limit been available, it is possible that a significant 

volume of particles below 3 µm would have been present as suggested by the filtration 

behaviour of the samples with increasing pressure. As a result, this data is only presented 

as a comparative overview of the effects of pressure and pass number on particle size.  

In order to determine the viscosity of the homogenised samples they were applied to the 

Kinexus rheometer (Malvern Instruments Ltd., Worcestershire, UK). Viscosity is essentially 

how resistant a sample is to flow and can be determined by the following equation: 

[Equation 3.1]     ▪
Ⱳ

♬
 

²ƘŜǊŜ ʹ ƛǎ ǾƛǎŎƻǎƛǘȅ όtŀΦǎύΣ ˍ ƛǎ ǘƘŜ ǎƘŜŀǊ ŦƻǊŎŜ ŀǇǇƭƛŜŘ ƻƴǘƻ ŀ ŦƭǳƛŘ όtŀύ ŀƴŘ ʴ ƛǎ ǎƘŜŀǊ ǊŀǘŜ όǎ-1). 

A rheometer such as the Malvern Kinexus operates by having a sample placed between a 

fixed lower plate and a moving upper plate. The device measures the Torque (N.m) that is 

required in order to move rotate the upper plate, in this instance a conical plate (CP4/40) at 

a specific, pre-determined speed. The torque measurement can then be converted to the 

shear force applied onto the liquid, whilst the shear rate is a function of the rotational speed 

and the distance between the upper and lower plates. The viscosity is then calculated by 

applying Equation 3.1.  

The viscosity readings obtained by the rheometer are shown in Figure 3.11A. In general, 

samples that were lysed for three passes had higher viscosities in comparison to their one 

pass counterparts. In addition, the higher pressures also resulted in more viscous samples. 

This increase in viscosity could be due to increased cell disruption associated with high 

pressure and pass number which results in the release of highly viscous DNA from the cells. 

This is supported in the literature and is the reason why nuclease inhibitors are added to 
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lysis buffers to reduce the impact of intracellular DNA release (Newton, Vlahopoulou and 

Zhou, 2017). 

In order to determine total protein of the crude lysate 2 µL was applied in triplicate to a 

bŀƴƻŘǊƻǇϰ мллл {ǇŜŎǘǊƻǇƘƻǘƻƳŜǘŜǊ ό¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎϰΣ ²ƛƭƳƛƴƎǘƻƴΣ 59Σ ¦{!ύ and 

absorbance was measured at 280 nm. The results (Figure 3.11B) indicated higher levels of 

total protein at the high pressure lysis condition and the lowest protein recovery at the 

lower pressure (300 bar). In all cases three passes resulted in higher total protein 

measurements than one pass alone. However, this effect is less obvious at 1100 bar. 

3.3.3.4.Impact of solid loading on pass number and recovery 

 

The previous section addressed the effects of pressure and passes on various aspects of cell 

disruption, measured through total protein, viscometry and particle size analysis. Before 

assessing the effects on soluble HBC recovery, the solid loading during lysis and how this 

might reduce efficiency was also determined. For this experiment the pressure was 

maintained at 700 bar, the midpoint of the pressure ranges investigated, and the solid 

loading (gwcw L -1) and pass number were varied. The particle size analysis results obtained 

from the CASY counter (Section 2.7.2.1), are shown in Figure 3.12. 

The overall particle count (the area under the curve) for the two bottom panels denote 1% 

(wwet/v) solid loading (10 g L-1 WCW) is lower count than the other conditions. This is due to 

the lower cell loading in the sample. The 1% samples also show a distribution curve skewed 

towards smaller particles indicating good cell disruption, more so than higher loadings. This 

holds true for both the 1 and 3 pass conditions suggesting that at low solids the lysis 

efficiency is good. The three panels above are triplicates of the 5%, 3 passes condition and 

also show a left leaning distribution and the replicates show good reproducibility. 
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(A)  

(B)  

Figure 3.11 Effect of pass number and pressure at a fixed solid loading (g L-1) on HBC K1.K1 release 
from P. pastoris by HPH. Samples resuspended at 5% solid loading, lysed for either 1 or 3 passes 
across three pressures (300, 700, and 1100). (A) Effect on viscosity. (B) Total protein of non-
clarified lysate under the differing operŀǘƛƴƎ ŎƻƴŘƛǘƛƻƴǎ ǳǎƛƴƎ ŀ bŀƴƻŘǊƻǇϰ мллл 
Spectrophotometer. Viscosity measured as outlined in Section 2.7.2.2 and Nanodrop protein 

concentration was estimated as described in Section 2.7.7.1. Dot blot analyses shown in 
Appendix 10.1. 
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Figure 3.12 Particle size distribution of lysates under different solid loading conditions. HPH was 
performed at 700 bar for this comparison and the concentration of solids resuspended in lysis 
buffer (gwcw L -1) was investigated. Panels are ordered from (Top) high solid to (Bottom) low solid 
loading. Particle size was determined using the CASY®. One pass samples are represented by a 
solid line, three passes are represented by a dashed line, and non-lysed (NL) samples are shown 
in a dot and dashed line. Samples were resuspended in CASY® electrolyte buffer and analysed as 
described in Section 2.7.2.1. 

 

0

2400

4800

72000

2400

4800

72000

2400

4800

72000

2400

4800

72000

2400

4800

72000

2400

4800

7200

1 2 3 4 5 6 7 8 9 10

0

2400

4800

7200

1 2 3 4 5 6 7 8 9 10
0

2400

4800

7200

 C
o

u
n

t

Particle Size (mm)

 1% SL; 1P

 C
o

u
n

t

 1% SL; 3P

 C
o

u
n

t

 5% SL; 3P

 C
o

u
n

t

 5% SL; 3P

 C
o

u
n

t

 5% SL; 3P

 C
o

u
n

t

 5% SL; NL

 C
o

u
n

t

 10% SL; 1P

 

 C
o

u
n

t

 10% SL; 3P



125 
 
 

The distribution for the non-lysed 5% (wwet/v) material, highlights a large volume of 5 µm 

particles as expected from the size of Pichia cells cited in literature, ranging between 4 µm 

and 6 µm (Gmeiner et al., 2015). The top two panels indicate 10% (wwet/v) solid loading (100 

g L-1 WCW) where the distribution of particles lies slightly shifted to the left of 5 µm 

indicating poorer disruption, which is still improved through pass number.  

The viscometry data of differently resuspended samples homogenised for the same number 

of passes (PN=3) shown in Figure 3.13 indicates that higher solid loading coincides with 

higher viscosity. This is likely related to the higher cell disruption and corroborates what was 

observed in Figure 3.12. Interestingly, the viscosity of the lysed samples after 1 pass, shows 

that the 1% (wwet/v) solid loading was more viscous than the 10% (wwet/v) 1 pass. This could 

be perhaps due to higher efficiency of disruption and resultant increased release of viscous 

intracellular materials. These findings are in good agreement with previous research. For 

example, Kleinig et al. (1995) found that cell concentration has a strong influence on 

rheology, which in turn contributed to lower disruption efficiencies. In the same publication, 

studying the disruption of E. coli JM101 cell suspensions they also observed an initial 

increase in viscosity after 1 homogenisation pass followed by a viscosity reduction, as was 

observed for the 1% (wwet/v) suspension in Figure 3.13 (Kleinig et al., 1995).  

Ultimately the results imply that lysis efficiency is higher in less concentrated cell 

suspensions. However, lysing large volumes of very dilute samples is time consuming and 

would be impractical to reproduce at large scale due to large liquid volumes and lower 

process efficiency overall. As indicated in their results, Kleinig et al., (1995) they discovered 

that broth dilution was synonymous with higher homogenisation efficiency, but similar to 

this work decided the effect was not high enough to warrant the increase process volumes. 
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Given the results thus far, a number of initial conclusions can be drawn regarding the 

performance of HBC-K1,K1 release from P. pastoris by HPH, namely: 1) The low-pressure 

condition (300 bar) was less effective in terms of total protein release (Figure 3.6 and Figure 

3.11) and cell disruption based on the assumption that smaller particles correspond to more 

efficient cell breakage (Figure 3.10). 2) The high-pressure condition (1100 bar) whilst 

performing admirably in terms of total protein release and particle size and giving the 

potential for reduced pass requirements, proved extremely difficult to clarify and was 

therefore, excluded. 3) Across different pressures and solid loadings, the highest pass 

number of 3 was deemed essential for protein release and good cell breakage, given the 

smaller particle distribution observed  after 1 homogenisation pass. In almost all conditions 

increase in pass number was synonymous with average decreased particle size, which is 

indicative of better cell disruption. 4) The upper and lower range of solid loading were ruled 

out due to low sample specific efficiency and low overall process efficiency respectively.  

Considering the above, alongside the need to maximise cell disruption and soluble protein 

recovery whilst maintaining efficiency and reducing negative impacts on further 

downstream processes, homogenisation conditions were selected. In early screening 

experiments SDS-PAGE and Western blotting had also been undertaken at differing 

pressures and these results were also taken into account. Consequently, the working 

conditions selected were a solid loading of 5% (wwet/v), a working pressure of 500 bar, with 

3 passes through the homogeniser. These operational conditions offer a good compromise 

between those conditions tested thus far and are in line with operational conditions 

suggested in the literature (Garcia-Ortega at al., 2015). These conditions were also set as a 

baseline process for the continuation of this Thesis unless explicitly stated otherwise.  
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Figure 3.13 Effect of solid loading and pass number on viscosity of samples lysed at equal 
pressure. Viscosity measurements of non-lysed samples at 1% and 10% solid loading (NL) are 
shown alongside measurements for homogenised samples. Samples were lysed at 700 bar for 
differing number of passes (1 or 3) and different resuspension levels (1, 5 and 10 % (wwet/v)). Non 
lysed material and 5% lysis samples were lysed and analysed in triplicate. A diagram of HPH can 
be found in Figure 3.4 and a method is found in Section 2.6.2. Viscosity was measured as 
described in Section 2.7.2.2.  



128 
 
 

3.3.3.5 Impact of lysis conditions on nanoparticle size distribution 

 

The material analysed in Section 3.3.3.2 was also measured using Dynamic Light scattering 

(DLS) to determine the effect, if any, on particle size distribution. DLS enables analysis of 

much smaller particles (0.3nm - 10µm) than those measured by resistance signal, such as 

with the CASY® instrument (0.7 ς 150 µm). As such DLS was implemented in an attempt to 

identify the presence of VLPs as opposed to micronized debris. DLS operates by measuring 

the type and extent of scattering caused by light being shone on a sample. The reported 

volume distribution is calculated under the assumption that the particles in the samples are 

homogenous and spherical. As a result of these assumptions, it is important to implement 

this technique in conjunction with others, such as TEM in order to better identify the 

presence of correctly formed VLPs (Malvern, 2011; Tomé-Amat et al., 2014). Western 

blotting previously indicated that pH 4.2 was unsuitable for protein recovery from P. pastoris 

and no bands were visible and therefore DLS analysis was conducted on pH 7.5 samples 

only. The DLS data (Figure 3.14) shows a large volume of particles were within the expected 

size range of 30 to 40 nm reported in the literature for HBC VLPs (Liu et al., 2013; McGonigle 

et al., 2015). 

Whilst there are no major observable differences between the two incubation times of one 

hour in TX100, there does appear to be a small difference depending on the pressure used 

during homogenisation. Samples homogenised at 500 bar appear to have a larger amounts 

of smaller particles whilst samples homogenised at 300 bar tend to have a higher volume of 

larger particles. In addition to this, samples which were homogenised at lower pressure and 

incubated in TX100 for 20 hours appear to have, on average, larger particles than the other 

three conditions; perhaps indicating aggregation.  
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(A)  

(B)  

(C)  

(D)  
 

FIgure 3.14: Particle size data averages using DLS analysis of HBC-LAH3,K1 in MOPS pH 7.5. (A) 
TX100 1 hour, 500 bar (B) TX100 1 hour, 300 bar (C) TX100 20 hours, 500 bar, (D) TX100 20 
hours, 300 bar. Experiments and analysis were performed as described in Section 2.7.2.3. 
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DLS is unable to differentiate between fully formed VLPs and other particles of similar size 

and therefore in a crude sample the size distribution may be dominated by other 

components. As a result, DLS may be better used further downstream in the identification 

of contaminants as opposed to a measure of VLP release efficiency. 

3.3.4 Characterization of analytical methods for HBC K1, K1 VLP resolution and 

comparison 

3.3.4.1 Western blots and zymogram characterization  

 

An important consideration when designing experiments is ensuring that the results can be 

analysed and compared adequately and efficiently. Gel electrophoresis is a commonly used 

and rapid method to separate and visualise proteins of interest and otherwise. However, 

there are a multitude of matrices that enable this to happen and each of these can be 

conducted in numerous ways to gain a broader product understanding.  In the first instance, 

SDS-PAGE was selected for analysis in this Thesis as it is very broadly used in the literature. 

The concentration of the two polyacrylamide components determines the pore size of the 

gel which in turn drives resolution. Often these gels are now pre-cast with a gradient of 

these components which allows for even broader protein separation (Thermofisher Protein 

Separation Technical Handbook). A 4-12% bis-tris gradient was predominantly utilised as the 

separation pattern achievable would allow good resolution of the various constructs to be 

produced in this work. Unless stated otherwise, samples were denatured and reduced to 

visualise the Tandem Core dimers. These gels were run in 2-(N-morpholino) ethane sulfonic 

acid (MES) and this combined with the bis tris gel enables an operating pH of 7.0 in which 

HBC VLPs have been found to be stable (Mohamed Suffian et al., 2017). 

Whilst these gels represent the common protein separation methodology throughout this 

Thesis, Figure 3.15 depicts a range of gels which were trialled during initial construct 
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characterisation to assess native protein formation, and evidence of protease activity. The 

ŦƛǊǎǘ ŀƭǘŜǊƴŀǘƛǾŜ ƎŜƭ ǿŀǎ ŀƴ LƴǾƛǘǊƻƎŜƴϰ bƻǾŜȄϰ ½ȅƳƻƎǊŀƳ ƎŜƭ ǿƘƛŎƘ Ŏŀƴ ŘŜǘŜŎǘ ǇǊƻǘŜŀǎŜ 

activity by providing a substrate on which ǇǊƻǘŜŀǎŜǎ Ŏŀƴ ΨŦŜŜŘΤ ŘǳǊƛƴƎ ŀƴ ƻǾŜǊƴƛƎƘǘ 

incubation period at 37 ° C. Given the degradation products visible on the SDS-PAGE in 

Figure 3.15A potential protease activity could not be ruled out. The electrophoresis was 

ŎƻƴŘǳŎǘŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛnstructions and as described in detail in Section 

2.7.3. 

To begin with, samples not containing lysis buffer or reducing agents were run to see if 

protease activity was an issue and if the protease, if present, could be identified. Two 

standards were ran (thermolysin, 37 kDa and trypsin 19 kDa) to act as reference markers. 

As white bands are visible on the gel it is evident that some protease activity is in present. 

Whist it is possible that the truncation seen in Figure 3.6B is due to protease activity, it is 

also possible that other factors are at play. These alternate factors could further explain why 

the extent of truncation changes with number of homogenisation passes.  

Whilst these gels can provide useful information about a construct or suitability of a 

particular experimental condition, they are also time consuming and therefore were not 

employed routinely throughout the work. Figure 3.15 B indicates a Western blot of the same 

sample range (fermentation time-course samples, Figure 3.6) using two different anti-HBC 

antibodies to select the most appropriate for this work. Since the 10E11 gave the brightest 

resolution, this antibody was used in subsequent analyses. 
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(A)  

 

(B)  

 

Figure 3.15 Differing modes of electrophoresis and resolution for greater sample analysis. (A) 
Zymogram gels for protease activity analysis. Lanes 1 through samples lysed from time-course 
samples analysis in Figure 3.6. (B) Comparison of two anti HBC antibodies on the same samples 
in Western blots. An SDS-PAGE was performed on Fermentation samples (different fermentation 
times), and Western blots using 2 different HBC antibodies were screened. Zymograms and SDS-
PAGE, Western blots and Immunostaining were performed as outlined in Section 2.7.3, 2.7.4 and 
2.7.6.  
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3.3.4.2 Confirmation of VLP formation by TEM 

 

The final objective of this characterisation chapter was to visualise the HBC VLPs produced 

in P. pastoris using TEM. Whilst gel electrophoresis can provide a wealth of information 

regarding the construct dimers, the formation of VLP is not fully addressed or assessed. 

Whilst it is assumed that the constructs provided would readily self-assemble much like 

wild-type HBC dimers this was not certain, in part due to genetic manipulation, under- or 

over-production or unsuitable operating conditions for particle formation. VLP formation 

was therefore confirmed by TEM with samples prepared as outlined in Section 2.7.9 and the 

grids imaged using a JEOL JEM-1010 transmission electron microscope and imaged under a 

Gatan Orius camera. The results at various magnifications (200, 100 and 50 nm) can be seen 

in Figure 3.16.  

The third panel in Figure 3.16 shows particles with a scale of 50 nm in the bottom left corner. 

The particles in the image are slightly smaller than this scale and, as confirmed using ImageJ 

software, represent particle sizes of around 30 ς 34 nm. This finding is consistent with the 

literature (Spice et al., 2020) and the particle size distribution of the homogenate obtained 

in Figure 3.14. This size, could potentially correspond to the t=3 symmetry form, comprising 

of 90 dimers, which is less common in wild type HBC than its larger t=4 symmetry form of 

120 dimers (Rybka et al., 2019), (see Section 1.3.1). These TEM results confirm the 

production of VLPs . 
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(A) 

 
(B) 

 
(C) 
 
Figure 3.16 Negative- stain TEM images of HBC K1,K1 VLPs produced in P. pastoris using three 
different magnifications (200, 100 and 50 nm). Size of bar represents 200 nm for the 200 and 100 
nm magnification (A and B), and 50 nm for the 50 nm magnification (C). TEM was performed as 
described in Section 2.7.9  
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3.4 Summary 

 

The aim of this chapter was to establish baseline methodologies and identify critical process 

parameters for the production of HBC-K1, K1 in P. pastoris. As shown in Figure 3.16 correctly 

formed VLPs of the right size could be produced. 

The first objective was to demonstrate a baseline fermentation strategy for HBC VLP 

formation based on a pure-methanol cultivation strategy. Preliminary work on the upstream 

induction strategy for HBC production has shown that pure-methanol induction was 

successful and can be adopted as the baseline process for further optimisation. The use of 

Basal Salts Medium (BSM) and the operating parameters of the fermentation have been 

demonstrated to successfully produce HBC and importantly, correctly formed virus like 

particles. An appropriate induction length was determined as 48 h (Figure 3.2) and a method 

to visualise these proteins successfully, using Western blotting was shown (Figure 3.15). The 

Western blots also enabled identification of product related impurities including aggregates 

and fragments. 

The second objective was to determine both the sequence of, and operating conditions for, 

preliminary primary recovery techniques for effective lysis and product recovery. 

For the initial high pressure homogenisation step used for cell lysis, pH, number of passes, 

pressure and buffer composition were screened. Unlike pH 7.5, pH 4.2 resulted in no 

detectable product in the lysate (Figure 3.5). Number of passes and homogenisation 

pressure resulted in more protein release. However, at more severe homogenisation 

conditions (higher pressure and more passes) increased truncation was also observed 

(Figure 3.7). The use of a buffer system when compared to a water resuspension provided 

improved recovery (Figure 3.6) further reiterating the importance of the chemical as well as 

physical process parameters for this step. Higher homogenisation pressure and more passes 
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led to better release of protein as well as increased viscosity, likely due to the release of 

viscous DNA into the lysate (Figure 3.11). Though the highest pressure of 1200 bar led to 

increased disruption, samples were more challenging to clarify through filters. This likely 

indicates excessive micronisation of particles and potential challenges when scaling the 

process. 

The effect of solid loading was also examined. A negative correlation between solid loading 

and disruption efficiency was determined by particle size distribution measurements. 

Additionally, the non-lysed samples showed good agreement with literature values for P. 

pastoris size (4-6 µm as described in Section 3.3.4). DLS of lysis samples confirmed a 

presence of nanoparticles in the 30-40 nm size range; which was in agreement with reported 

literature values of HBC VLPs (Figure 3.14). As stated above, these particles were shown to 

be fully assembled through TEM (Figure 3.16). Computational analysis of the TEM imaging 

corroborated the size of the VLPs of approximately 30 nm, suggesting that the HBC-K1,K1 

construct self-assembles into icosahedral particles with a T=3 symmetry. 

In summary, the work presented in this chapter successfully characterised the production 

and primary recovery of HBC-K1,K1 VLPs. Further it demonstrated the ability produce, 

quantify and analyse fully formed VLPs. In the following chapter the focus will be the use a 

small-scale bioreactor system to rapidly compare different VLP constructs, understanding 

whether an individual process is sufficient for all or whether their unique epitopes heavily 

influence their production needs.  
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4. Fermentation bioprocess development for 

rapid production of HBC ς VLP variants 
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4.1 Introduction 

 

In order to explore the potential of Tandem Core HBC VLPs as a platform for rapid vaccine 

manufacture, the upstream bioprocess must first be defined and optimised. As discussed, 

in Section 1.3.1, HBC is an excellent candidate for a flexible vaccine scaffold due to its 

inherent immunogenicity and ability to display different epitopes inserted in the MIR. Some 

inserts have resulted in poor expression or VLP formation due to issues with hydrophobicity 

or particle assembly (Li et al., 2018). The Tandem Core HBC technology was designed with 

this in mind and attempts to assist particle assembly through the use of a flexible linker 

sequence which prevents dissociation of the dimers. 

²Ƙƛƭǎǘ ǘƘŜǊŜ ƛǎ ƴƻ ΨƻƴŜ-size-fits-ŀƭƭΩ ŀǇǇǊƻŀŎƘ ŦƻǊ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ƘŜǘŜǊƻƭƻƎƻǳs proteins, 

utilising yeast as the expression system is an attractive option as it combines both high yields 

and protein productivity, alongside low costs and the ability to post translationally modify 

proteins. More specifically, P. pastoris is an excellent candidate, due to it being a 

methylotrophic yeast, coupling tightly controlled alcohol oxidase promoters and ease of 

growth in an array of conditions (Mattanovich et al., 2012). As shown in Section 3.3.4 it was 

possible to produce intact and correctly assembled HBC-K1,K1 variant in P. pastoris using a 

well established methanol feeding regime (Invitrogen, 2002). 

Due to the manner in which protein production is induced, i.e. the transcriptional activity of 

the AOX promoters in P. pastoris, the induction strategy implemented is critical. Typically, a 

two or three stage fermentation process (Figure 4.1) is used, determined by numerous 

factors such as the desired protein and the phenotype of the P. pastoris strain used (Capone 

et al., 2015). The genome of P. pastoris encompasses two copies of the alcohol oxidase gene, 

AOX1 and AOX2, of which the promoter of the former is responsible for around 85% of AOX 
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production. Three phenotypes exist, Mut+, Muts and Mut- depending on the location of the 

inserted expression cassette (Zhang et al., 2003). Numerous studies have explored the use 

of Mut+ and Muts phenotypes in protein production. Interestingly, the benefit of each varies, 

not only protein-to-protein being expressed but also with regards to other factors, such as 

gene dosage. As a result, there is still considerable uncertainty surrounding which is the 

most suitable for protein expression. 

Mut+ strains are typically associated with higher productivities. Conversely, Krainer et al. 

2012 described higher volumetric productivity and efficiency in a Muts strain producing 

horseradish peroxidase C1, in comparison with a Mut+ strain. Irrespective of productivity 

there are other factors which influence phenotype selection; methanol use being especially 

important. Despite Mut+ ǎǘǊŀƛƴǎ ƘƛǎǘƻǊƛŎŀƭƭȅ ōŜƛƴƎ ŦŀǾƻǳǊŜŘ ƻǾŜǊ ǘƘŜƛǊ ƳǳǘŀǘŜŘΣ ΨǎƭƻǿŜǊΩ 

counterparts, current industry trends are towards a reduction in methanol use, particularly 

at large scales. The reasons for this are threefold. Firstly, methanol is highly flammable and 

therefore, use at large scale is undesirable for safety reasons (Prielhofer et al., 2013). 

Secondly, the relationship between heat production and oxygen consumption is linear; as 

methanol is metabolised heat is produced which, in turn, increases the demand for oxygen 

(Niu et al., 2013). This is important as control of reactor cooling and the transfer of oxygen 

are crucial to successful fermentation (Jungo, Marison and von Stockar, 2007). Thirdly, the 

cytotoxicity of methanol metabolism can result in the formation of by-products such as 

hydrogen peroxide (Bawa and Darby, 2012). With these factors in mind, Muts strains 

become more desirable for industrial use due to the lower rates of methanol consumption.  

In a typical P. pastoris fermentation for heterologous protein production, the process can 

be separated into two primary stages, cell growth and induction of protein expression 

όaŀǊƪƻǑƻǾł et al., 2015). Typically, cells are first grown on glycerol in batch mode                                                                                          
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to increase biomass. After glycerol depletion, the enzymes which assimilate methanol are 

de-repressed through the use of a fed-batch glycerol phase whilst biomass is further 

increased (Cos et al., 2005; Jungo, Marison and von Stockar, 2007). Finally, the induction 

phase that follows consists of either: (1) a pure methanol feed which is often increased over 

time, or (2) a mixed-feed which contains a pre-determined ratio of methanol and a 

secondary carbon source such as glycerol. With the latter induction strategy, the 

intermediate fed-batch phase is sometimes omitted (Brierley et al., 1990; Charoenrat et al., 

2005) reducing process time and leading to higher overall productivities. 

In terms of linking fermentation conditions with phenotype, a two-stage mixed feed process 

using methanol and a second carbon source are useful for Muts;, the former enabling 

induction and the latter, cell growth (Zhang et al., 2003). In contrast, a three-stage process 

comprising an intermediate fed-batch glycerol stage followed by pure methanol induction 

is often employed with Mut+ strains due to their inherent ability to efficiently utilise 

methanol as both a carbon source and inducer. Both strategies have however, been 

implemented in the production of heterologous proteins using the Muts phenotype (Cos et 

al., 2005; Julien, 2006). 

Aside from the P. pastoris phenotype selected, the biophysical properties of the product of 

interest are also an important consideration when selecting an induction method. With 

more complex VLPs, or those which display larger epitopes on the surface, it may be the 

case that over expression of recombinant protein is not optimal due to the physiological 

burden on the cell or steric hindrance during VLP formation (Tripathi and Shrivastava, 2019). 

These factors could result in reduced productivity or formation of incorrectly assembled or 

insoluble protein aggregates incapable of generating an immune response (Jain et al., 2015). 
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Figure 4.1 Schematic overview of the two or three stage P. pastoris fermentation process and the 
different operating conditions investigated. The three-stage process [pure methanol] : (1) glycerol 
batch, (2) glycerol fed batch and (3) methanol induction. The two-stage process [mixed feed]: (1) 
glycerol batch (2) mixed feed induction with both glycerol and methanol. Initial studies (Section 
4.3.1) compared the two feeding/induction regimes, (in orange above), on the production of 
three different HBC VLP variants. Operating conditions were maintained apart from induction 
temperature, which was reduced during the three-stage, pure methanol induction. The next 
series of experiments (Section 4.3.2) formed the DoE screen (blue dotted arrow), during which 
the mixed feeding regime was explored through alteration of feed rate and ratio. The third, 
ΨŀƭǘŜǊƴŀǘƛǾŜΩ ǎŎǊŜŜƴ (Section 4.3.4) (red dotted arrow) was also centred on the two-stage regime 
and explored the alteration of various operating conditions. The final experimental option (blue 
box on the left) is a variation on the three-stage process whereby methanol is increased in three 
fixed steps as opposed to exponential increase (data not shown).  
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4.2 Aim and Objectives 

 

For HBC to be exploited as a vaccine platform the upstream bioprocessing must be well 

understood. This starts with understanding the effects of different inserts on production, 

protein recovery, and particle formation. This chapter therefore aims to address the 

following question: can an upstream process be employed or rapidly developed, that is able 

to efficiently produce VLPs irrespective of the insert that is displayed? Research indicates 

that the position at which the heterologous epitope is inserted greatly influences both the 

immunogenicity and antigenicity (Schödel et al., 1992). This means that the particle may be 

unable to form or may be poorly immunogenic when it does. The predominant issue is the 

inability to predict whether the size or structure of the insert will negatively impact the 

ability of the VLPs to self-assemble (Crisci, Bárcena and Montoya, 2013). This begs the 

question, would a platform even be possible, or would the bioprocessing be fundamentally 

different depending on the insert? 

In this chapter, the effect of insert variation on fermentation processes performance and 

product yields are investigated along with an evaluation of alternative feeding strategies on 

product yield. To study these effects, an ambr®250 bioreactor will be used to facilitate rapid 

evaluation of different feeding strategies and constructs. The parallel and single-use nature 

of the ambr® system supports the wider objective of developing of a high-throughput 

bioprocess development platform. Initial work will build upon the studies described in 

Chapter 3, that provided benchmark fermentation data for production of the simplest 

construct, HBC-K1K1, from which further investigations can be based. These will investigate 

the production of the three influenza tailored VLP constructs using two different 

feeding/induction strategies. All the constructs utilised are of Muts phenotype, as described 

in Section 2.1.1., and were provided by iQur. The cells were transformed with pPICz 
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expression vectors carrying the gene for the genetically linked HBC dimer. These dimers 

contained one of four possible insert combinations as indicated in Table 4.1. 

In terms of fermentation process operation, the impact of induction strategy (mixed versus 

pure methanol feeds), and phenotype and insert variation will be explored, taking into 

account: cell growth (determined by OD600 , wet and dry cell weight) and protein expression 

(primarily assessed qualitatively using SDS-PAGE and Western Blots). Fermentation 

performance will also be monitored through online measurements such as DOT, pH and 

agitation. Additionally, the OUR and CER will be calculated, based on measurement of O2 

and CO2 concentrations by off-gas analysis. 

The specific chapter objectives are as follows: 

¶ Evaluate the extent to which an established Pichia expression protocol can be used 

to produce a range of HBC VLP constructs. 

¶ Explore alternative induction regimes to establish if there is a relationship between 

induction profile and the epitope being expressed. 

¶ Identify if the optimisation of a single construct can be applied to similar products 

due to the scaffold as opposed to the surface epitope. 

¶ Evaluate the use of a single use ambr® microbioreactor system, combined with a 

DoE methodology for integration in a HT bioprocess development platform. 
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Table 4.1 Information regarding the different influenza TC-HBC constructs utilised in this work. 

Construct MW Alternative Description 

HBC-K1,K1 ~44 kDa K1,K1 / ΨemptyΩ Tandem Core 

HBC-HA2,3M2E ~65 kDa VLP1 

HBC-LAH,K1 ~49 kDa VLP2 

HBC-K1,3M2E ~58 kDa VLP3 
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4.3 Results and Discussion 

 

The following studies build upon the work described in Chapter 3 and were carried out to 

investigate if a single fermentation strategy can be successfully applied to the production of 

all HBC VLPs, irrespective of differences in their epitope. Two different induction strategies 

were explored to identify the one most appropriate for both cell growth and protein 

production in all three HBC VLP variants. 

4.3.1 Investigation of different induction strategies 

 

4.3.1.1 Methanol induction experiments  

 

The first comparative study of the constructs explored the effects of using pure methanol 

as the inducer as in Chapter 3. The fermentations were performed at 100 mL working 

volume and used 40 g L-1 glycerol as the primary carbon source. Following the depletion of 

a glycerol, confirmed by an observed DOT spike, a fed-batch glycerol phase was initiated, 

after which a progressive methanol induction commenced (Section 2.4.2) alongside a 

temperature reduction from 30 to 25°C. The results of these fermentations can be seen in 

Figures 4.2 - 4.4.  

In all profiles a rapid decline in DOT is observed from the initial 100% to the minimum 

setpoint of 30% as anticipated, indicating a heathy inoculum and a responsive DOT probe. 

The dissolved oxygen and CER traces for the three constructs are very similar, particularly 

for VLP1 and VLP2 , in which the inoculum in the shake flask had reached the same OD600 of 

15, as opposed to an OD600 of 10 in the VLP3 fermentation. The result of this is that the DOT 

spike, indicating glycerol depletion (Bawa et al., 2014), can be seen at around 18 hours and 

20 hours respectively.  
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(A)   

(B)  

Figure 4.2 Fermentation of P. pastoris expressing construct VLP1 with methanol induction. 
Fermentation profile for Tandem Core HBC-HA2,3M2E (VLP1). (A) Offline and online data 
ƛƴŎƭǳŘƛƴƎΥ ό ύ h5600, (φ) pH, and temperature (φ). (B) Online fermentation data including: (φ) 
agitation rate, (φ) dissolved oxygen tension (DOT) and (φ) CO2 evolution rate (CER). The grey 
dotted lines indicate the end of batch and glycerol fed batch phases respectively. Induction is 
marked by the X. Colours are used to differentiate between VLPs. Figure legend also included top 
right. Fermentation was carried out as outlined in Section 2.4.2. 
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(A)  

(B)  

Figure 4.3 Fermentation of P. pastoris expressing construct VLP2 with methanol induction. 
Fermentation profile for Tandem Core HBC-LAH,K1 (VLP2). (A) Offline and online data including: 
ό ύ h5600, (φ) pH, and temperature (φ). (B) Online fermentation data including: (φ) agitation 
rate, (φ) dissolved oxygen tension (DOT) and (φ) CO2 evolution rate (CER). The grey dotted lines 
indicate the end of batch and glycerol fed batch respectively. Induction is marked by the X. 
Colours are used to differentiate between VLPs. Figure legend also included top right. 
Fermentation was carried out as outlined in Section 2.4.2. 
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(A)  

(B)  

Figure 4.4 Fermentation of P. pastoris expressing construct VLP3 with methanol induction. 
Fermentation profile for Tandem Core HBC-3M2E,K1 (VLP3). (A) Offline and online data including: 
ό ύ h5600, (φ) pH, and temperature (φ). (B) Online fermentation data including: (φ) agitation 
rate, (φ) dissolved oxygen tension (DOT) and (φ) CO2 evolution rate (CER). The grey dotted lines 
indicate the end of batch and glycerol fed batch respectively. Induction is marked by the X. 
Colours are used to differentiate between the VLPs. Figure legend also included top right. 
Fermentation was carried out as outlined in Section 2.4.2. 
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At this point in the fermentation a fed-batch phase of glycerol was undertaken, providing 

carbon limiting conditions to enable adaptation to the methanol phase, ultimately, the 

enzymes which dissimilate methanol are de-repressed whilst biomass is further increased 

(Cos et al., 2005; Jungo et al., 2007). 

4.3.1.2 Mixed-feed induction experiments 

 

Whilst all constructs were produced using the methanol induction an alternative regime was 

trialled. The reason for this was three-fold. Firstly, research indicates that a mixed feed 

regime may be beneficial to improving metabolic activity, increased biomass and product 

synthesis than growth on only methanol (Cregg et al., 1999). Secondly, high levels of 

methanol can be toxic to cells and some strains, particularly Muts which may be susceptible 

to the accumulation of the toxic by-products, such as formaldehyde and hydrogen peroxide 

(Zhang et al., 2003). Thirdly, the mixed feeding regime often omits the adaptation phase and 

as such would reduce processing times and therefore costs at large scale. Ultimately, the 

alternative feeding regime was examined to explore if VLP production would differ based 

on either: (1) induction strategy; (2) the specific construct; or (3) a combination of the two. 

It was hypothesised that (3) would be appropriate in this case owing to differences in 

hydrophobicity, formation kinetics and size. The mixed feed protocol was carried out as 

described in methods section 2.4.3 and the resulting traces are shown in Figure 4.5 - 4.7. 
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(A)   

(B)  

Figure 4.5 Fermentation of P. pastoris expressing construct VLP1 with mixed feed induction. 
Fermentation profile for Tandem Core HBC-3M2E,K1 (VLP1). (A) Offline and online data including: 
ό ύ h5600, (φ) pH, and temperature (φ). (B) Online fermentation data including: (φ) agitation 
rate, (φ) dissolved oxygen tension (DOT) and (φ) CO2 evolution rate (CER). The grey dotted line 
indicates the end of the batch phase. Induction is marked by the X. Colours are used to 
differentiate between VLPs. Figure legend also included right. Fermentation was carried out as 
outlined in Section 2.4.3. 
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(A)   

(B)  

Figure 4.6 Fermentation of P. pastoris expressing construct VLP2; mixed feed induction. 
Fermentation profile for Tandem Core HBC-LAH,K1 (VLP2). (A) Offline and online data including:  
ό ύ h5600, (φ) pH, and temperature (φ). (B) Online fermentation data including: (φ) agitation 
rate, (φ) dissolved oxygen tension (DOT) and (φ) CO2 evolution rate (CER). The grey dotted line 
indicates the end of the batch phase. Induction is marked by the X. Colours are used to 
differentiate between VLPs. Figure legend also included top right. Fermentation was carried out 
as outlined in Section 2.4.3. 
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(A) .  

(B)  

 

Figure 4.7 Fermentation of P. pastoris expressing construct VLP3 with mixed feed induction. 
Fermentation profile for Tandem Core HBC-3M2E,K1 (VLP3). (A) Offline and online data including: 
ό ύ h5600, (φ) pH, and temperature (φ). (B) Online fermentation data including: (φ) agitation 
rate, (φ) dissolved oxygen tension (DOT) and (φ) CO2 evolution rate (CER). The grey dotted line 
indicates the end of the batch phase. Induction is marked by the X. Colours are used to 
differentiate between the VLPs. Figure legend also included top right. Fermentation was carried 
out as outlined in Section 2.4.3. 
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Whilst the batch phase was identical in all cases, at the point of glycerol depletion a 

combined feed of 50% v/v glycerol and methanol was started in a ratio of 60:40 (instead of 

fed-batch and exponential methanol feeding). It was theorised that as glycerol assimilation 

was still possible, methanol acclimatisation was unnecessary. The concentration of PTM1 

salts was retained and the feed rate was fixed at 5 mL L-1 h -1. These feeding regimes are 

depicted in Figure 4.1  for clarity. In addition, the temperature was not lowered as in the 

methanol protocol, as it was hypothesised that continuous glycerol feeding would allow for 

continued biomass accumulation and that reducing temperature would slow the rate of 

growth, possibly resulting in glycerol accumulation and in turn, promotor inhibition or 

reduced induction activity (Capone et al., 2015).  

4.3.1.3 The impact of induction strategy on metabolic activity 

 

During aerobic fermentation cells continually consume oxygen and produce carbon dioxide. 

The rate at which these two activities occur are called the oxygen uptake rate and carbon 

evolution rate respectively, and are of great interest to fermentation scientists (Royce and 

Thornhill, 1992). The traces of these values alongside DOT can infer useful information 

around cell health as well as playing an essential role in the control loop used to initiate 

induction at the end of batch phase.  

The traces of DOT and CER are consistent with the batch phase of the pure methanol 

experiments above, as anticipated. Only one spike is observed here, owing to the lack of the 

adaptation phase. Any differences observed after induction (denoted by the dashed grey 

line) are likely a result of the induction strategy employed. The most visible differences 

between the induction strategies can be observed in the CER and are mirrored in the 

agitation traces. In the case of mixed feed, both CER and stir speed continually increase after 
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the initial drop at the beginning of induction. This contrasts with the same traces for all three 

constructs produced with the methanol regime. In the case of VLP2 for example, the carbon 

evolution rate at the point of harvest for pure methanol and mixed feed is around 8 mmol 

L-1 h-1 and 2 mmol L-1 h-1 respectively. In addition, the stir speed is still increasing, presumably 

due to the requirement of providing a sufficient oxygen transfer rate to maintain DOT at the 

set point. These induction- dependent differences can be observed more clearly in Figure 

4.8 which compares the CER profiles of all the fermentations reported so far in this chapter. 

Critically, DOT is maintained at 30% in all conditions and constructs. This is vital as oxygen 

limitation would have a large impact on the core metabolism of the cells and would 

negatively impact growth due to less ATP availability as cells struggle to sustain their energy 

needs (Baumann et al., 2010).  

Whilst induction strategy seems to play a role in the metabolic processes of P. pastoris, the 

nature of the TC-VLPs expressed seems to have little to no impact metabolically during the 

fermentation. This may not be the case with regard to soluble protein production, however, 

which is shown later in Section 4.1.3.5.  

Evaluating the success of a particular product or process can be based on a multitude of 

factors, which is often specific to the product or due limitations of the process, such as 

equipment availability and other factors such as time, labour intensity and money available. 

For the purpose of this work, the critical outcomes were identified as biomass and soluble 

HBC production. Other factors such as fermentation duration were considered and tested, 

with a desire to keep processing times within a week. Whilst time and costs are not 

significant at this scale, potential manufacturability was considered during process design. 
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(A) (B)  

(C)  

Figure 4.8 Comparison of fermentation CO2 evolution rate profiles for different VLP constructs. 
(A) CER of VLP 1, 2 and 3; mixed feed induction. (B) CER of VLP 1, 2 and 3; methanol induction. 
(C) CER overlay of the three constructs to highlight the differences between feeding strategies. 
Data taken from Figures 4.2 to 4.7. 
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4.3.1.4 The impact of induction strategy on biomass accumulation  

 

To measure the biomass concentration, optical density, WCW and DCW were recorded 

throughout the fermentations.  Given the results above, it was not unexpected that the 

endpoint wet and dry cell weights would be highly induction dependent as opposed to 

showing obvious construct dependent differences. This is evident in Figure 4.9 which 

indicates higher cell weights resulting from mixed feed induction in all cases. This finding is 

in good agreement with literature where carbon-methanol co-feeding methodologies have 

been utilised to improve biomass recoveries (Jungo, Marison and von Stockar, 2007; Niu et 

al., 2013). 

The induction strategy utilised influences both biomass accumulation and product 

formation. Whilst it may be expected that increased biomass is desirable due to the 

simplistic viewpoint that more biomass means more protein it may be that slower protein 

production or fewer cells is beneficial for HBC synthesis. For instance, research by Freivalds 

et al., (2011) found that by altering the growing conditions they were able to double their 

biomass yield but the level of HBC synthesis was three times lower than the other condition. 

4.3.1.5 The impact of induction strategy on protein production  

 

In terms of protein analysis, a Bicinchoninic Acid (BCA) assay was used to evaluate total 

protein in the crude and subsequently clarified and filtered cell lysate. Given that the VLPs 

are produced and retained intracellularly within P. pastoris, this cannot be used as an 

accurate measure of product due to contaminating host cell proteins. All samples were 

normalised to protein available in equal weights of wet cell pellet, resuspended 50 g L -1 in 

40 mL of lysis buffer.   
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(A)  

(B)  

Figure 4.9 Comparison of final biomass and total protein production (after 48 hours) for different 
induction conditions and VLP constructs. (A) Graph depicting endpoint results for both wet and 
dry cell weight. For WCW samples, aliquots were centrifuged, the supernatant removed and the 
pellet weighed and frozen at -20°C. DCW samples were incubated at 100° C for 24 hours in pre-
heated and weighed microtubes. After weighing samples were discarded. (B) Total protein 
obtained from crude and filtered lysate. Frozen samples were defrosted and resuspended in lysis 
buffer at a concentration of 50 g L-1. (5% solid loading). The crude lysate was diluted 1:4 and the 
filtered 1:2 to be within the range of BCA standards. Total protein was calculated using a standard 
curve as depicted in Appendix 10.2 and normalised to milligrams of protein per gram of WCW 
resuspended at 5% solid loading. Samples taken from the fermentations shown in Figures 4.3 to 
4.7. 
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Interestingly, use of a mixed-feed induction did seem to indicate higher protein 

concentration, in spite of normalisation. The reason for this phenomenon is not fully 

understood, unless the increased methanol usage proved toxic to protein production, either 

Tandem Core or otherwise. 

The SDS-PAGE and western blots depicted in Figure 4.10 show the soluble and crude protein 

lysates for mixed feed (A and B) and pure methanol induction (C and D). The band of interest 

for each construct is outlined in red. To attain these samples, the relevant cell pellet was 

resuspended in cold lysis buffer and homogenised as described in Section 2.6.2. Following 

lysis, samples were incubated on ice in 0.1% (v/v) Triton-X to increase protein solubilisation 

from intracellular membranes, prior to the addition of a protease inhibitor. The crude 

samples were taken at this point and retained for further analysis. The remainder was 

centrifuged and filtered as described in Section 2.6.4 to remove the insoluble cell debris. 

For all constructs, protein solubility and degradation require significant improvement, 

through increased soluble recovery and reduced degradation. Interestingly, the bands of 

interest are not easily identifiable using the SDS-PAGE alone. This is likely a result of two 

factors, the number of host cell proteins that are visible and the increased sensitivity of 

Western blotting compared to Coomassie staining.  In all conditions the crude sample is 

significantly more intense than the soluble lysate. This is to be expected, as the crude sample 

encompasses all soluble protein as well as pellet associated/insoluble protein, however, it 

would be preferable to achieve greater band intensity in the soluble sample. 
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(A)  (B)  

(C)  (D)  

(E)  

Figure 4.10 Exploration of soluble and insoluble TC-HBC production for different fermentation 
induction conditions and VLP constructs. SDS-PAGE and western blot analyses of VLP constructs 
1-3 following: (A +B) mixed feeding; (C + D) pure methanol induction; (E) soluble (filtered) TC-HBC 
constructs with arrows indicating expected molecular weight alongside schematic of construct 
design and size. Samples taken from the fermentations shown in Figures 4.2 to 4.7. 
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 As mentioned above, Western blotting can be very sensitive and chemiluminescent 

detection works within a certain range; it may be that the soluble protein recovery is more 

readily observed if ran separately to crude samples which have greater intensity. VLP2 

[HBC-LAH,K1] appears to be the most soluble of all the three VLP constructs across both 

conditions, in particular for the mixed feed induction.  

The results indicate that all constructs were produced to a degree using either feeding 

regime, thus allowing the selection of either regime as a standard process for VLP screening 

or manufacturing. However, it is clear from the above that there are differences in 

fermentation performance that are both construct and induction strategy dependent. 

Essentially all of the products, but primarily VLP1 and VLP3, suffer with insolubility issues, 

with a slight improvement in solubility evident when using the mixed feed induction. 

Ultimately, individual optimisation would be preferable to increase biomass, protein 

expression and solubility. By utilising small scale bioreactors this can be accomplished easily 

and in a high throughput fashion. As such it was hypothesised that it may be possible to 

optimise conditions either individually, or for one construct and apply the improved 

methodology to the other constructs.  

Further study of methanol-only induction was halted at this stage given the previous results 

and results for an alternative 3 staged protocol suggested by Invitrogen (2002) for Mut+ 

strains; this performed less well than the exponential induction, resulting in reduced cell 

viability (data not shown). Whilst this may be due to the knockout of the AOX1 promotor, 

and therefore reduced methanol assimilation capabilities research by Anasontzis et al., 

(2014) devised an exponential feed for their Mut+ strain and found that a low exponential 

feed resulted in an increase of 1.5-fold higher volumetric productivity compared to higher 

feed rates. In addition, despite much exploration into matching the feeding profile 
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specifically to biomass concentration no real improvements were found in the 

concentration of recombinant protein produced. Considering the above it was deemed 

unnecessary to further characterise the feeding rates of methanol for this thesis. 

In contrast, the ratio and flow rate of the mixed feeding protocol was investigated further 

for the purposes of finding the balance between high biomass and improved protein/VLP 

specific productivity. Moreover, glycerol feeding would reduce the oxygen demand and 

produce less heat during induction, another issue during large scale cultivations (Junker, 

2004). 

Table 4.2 Summary of biomass and protein yields for the different induction conditions and VLP 
construct investigated. Data compiled from fermentations carried out in Figures 4.2 to 4.6. 
Protein data was obtained using a BCA assay as described in Section 2.7.7 and represents total 
protein, the crude and soluble fractions and as such is not HBC specific. 

 

Construct Induction: 
WCW  
[g L -1] 

DCW 
[g L -1] 

Protein(Total) 

[mg mL -1] 

Protein(S) 

[mg mL -1] 

VLP1 

(HA2,3M2E) 

Mixed  219 69 2.76 1.35 

Methanol 178 59 1.98 0.49 

VLP2 

(LAH, K1) 

Mixed 226 72 2.26 0.67 

Methanol 169* 46* 2.07 0.56 

VLP3 

(3M2E,K1) 

Mixed 212 68 2.75 0.66 

Methanol 173 56 2.25 0.51 

* issues during harvesting of this bioreactor 
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4.3.2 A small scale platform (ambr® 250) for rapid evaluation of P. pastoris growth 

and VLP production 

4.3.2.1 Application of DoE for process optimisation  

 

The mixed feeding/induction scheme was selected for further study for numerous reasons. 

To reiterate, reduction in methanol use is advantageous for reasons of manufacturing 

safety, decreased chances of cell toxicity through oxidised methanol by-products and 

lowered oxygen demand. Additionally, the omission of the adaptation phase allows for a 

shorter overall fermentation process time. Whilst this may not seem significant at the scale 

used in this thesis, it would significantly reduce costs of large-scale production, the ultimate 

aim of bioprocess development.   

Moreover, through the elimination of the fed-batch phase entirely, it reduces process 

complexity and allows for a reduction in the number of factors to be studied and an 

increased focus on the carbon ratio and optimum feed rate which will be further explored 

here. The ratio of glycerol to methanol was selected for further study in order to better 

understand the relationships between biomass production and specific protein productivity. 

It is likely there will be a trade-off between protein and biomass production. However, what 

remains to be seen is if it is worthwhile producing less protein at a higher biomass, or a large 

amount of product with lower biomass. It may be fair to assume that the best condition will 

be a balance between the two.  

Numerous factors are at play here, including the potential toxicity of methanol and the 

repressive nature of glycerol. Moreover, the feed rate is critical to ensure that cells remain 

healthy and not nutrient deprived throughout the fermentation. In relation to this thesis, 

whilst a one size fits all platform process would certainly be efficient in terms of planning, 

and the potential of employing Tandem Core HBC as a vaccine scaffold, the potential to 
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tailor the induction regime specifically on a case-by case basis is an advantage when using 

small-scale, parallel bioreactor systems. It may be that to exploit HBC as a vaccine platform, 

ǘƘŜ ōŀǎƛŎ ΨƳƛȄŜŘ ŦŜŜŘ ƛƴŘǳŎǘƛƻƴ ǇǊƻǘƻŎƻƭΩ ƛǎ ǎŜƭŜŎǘŜŘΣ ǿƛǘƘ ǇǊƻŘǳŎǘ ǎǇŜŎƛŦƛŎ ǘŀƛƭƻǊƛƴƎ ŀǾŀƛƭŀōƭŜ 

if product titres are inadequate. Table 4.3 indicates the factors and ranges studied in the 

following experiments.  

 Besides total specific protein another aspect to consider is product or protein quality. As 

seen in Chapter 3, and in Section 4.3.1, product related impurities such as degradation 

products and aggregates are also produced alongside the protein of interest. As these are 

unlikely to aid in immunogenicity and removing them downstream would be difficult, time 

consuming and expensive it may be worth identifying if changes at the fermentation stage 

can reduce these. Research by Torres et al., (2019) for example indicates that high 

production rates and overexpression can negatively impact protein formation and folding 

(Torres et al., 2019). This may result in poor protein expression. Moreover, some groups 

have found that higher levels of methanol resulted in more degradation products and 

therefore less specific protein (Vanz et al., 2012; Kastilan et al., 2017). 

The next section aims to explore if minor changes to a base process can improve total 

protein, specific protein, biomass and/ or reduce product related impurities. As such, a small 

DoE screening experiment was undertaken exploring two factors, feed ratio, feed rate and 

a number of responses were evaluated, such as total protein, specific protein, and biomass 

(DCW) (Table 4.3 and Figure 4.11A and B). 
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Table 4.3 List of experiments for 2-factor, 2-level fractional factorial design to optimise the two 
stage, mixed feed regime fermentation for production of the HBC-LAH,K1 (VLP2). Soluble HBC 
was calculated using densitometry signals from western blotting of samples normalised by WCW.  

 
Experiment No. Feed Ratio 

(%) 
Feed Rate  
(mL L-1 h-1) 

Biomass  
(g DCW L-1) 

HBCsol 

1 60 5.0 72 9.01 
2 80 3.5 79 27.88 
3 40 6.5 51 1.12 
4 80 6.5 94 19.33 
5 60 5.0 68 9.53 
6 60 5.0 70 8.94 
7 40 3.5 47 5.51 

 
 
 
 

(A)   

(B)  
 

Figure 4.11 Depiction of experimental design space and experimental conditions. (A) Schematic 
diagram showing the design space. (B) Graphical representation of conditions for each run. The 
blue dashed line indicates the centre point of the DoE, which was explored in triplicate. The grey 
and white bars represent the ratio of 50% glycerol and methanol in the induction feed 
respectively, as per the left axis. The orange dot indicates feed rate as per the right axis. 
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4.3.2.2 Centre point comparison from screening experiment.  

 
The seven experiments were carried out using an ambr® modular with the set up and batch 

phase being undertaken as described in Section 4.3.1. After the observed DOT spike and 

drop in CER, indicating the end of the batch phase, various alterations on the previously 

described mixed feeding/induction scheme were carried out (Figure 4.11). The midpoints 

were carried out in triplicate across different weeks and using different positions in the 

ambr® system. This was to ensure results were not skewed by batch-to-batch variability and 

eliminate the effects of potential operator error owing to differences in cell OD and seed 

viability. The first set of graphs in Figure 4.12 depicts the respiratory quotient (RQ) and CER 

of the midpoints. These provide information about the viability and metabolism of cells 

during fermentative growth. The CER traces are almost identical across the three runs. The 

RQ however, whilst starting with minor differences, does recover quickly and is very stable 

from about 8h onwards. RQ is used to characterise the physiological state and metabolic 

pathways being used by the cells (Zhang et al., 2016) and is calculated from the ratio of 

CER/OUR. It has been reported (Unrean, 2014) that RQ values ~0.5 indicate that methanol 

is being metabolised as observed in these fermentations.  

The time course profiles of WCW and DCW of these midpoint runs are plotted alongside 

OD600 in Figure 4.13. The DCW is represented as grey bars within the transparent WCW 

bars on the same scale (g L-1). Time is measured from inoculation to harvest, with time 0 

being the point of induction. The error bars are small, indicating good reproducibility across 

the growth of the midpoint conditions. As a result of the good reproducibility, regardless of 

run week, batch variability or position in the ambr® 250 modular the results from the full 

experimental design can be attributed to changes in factor levels with confidence. 
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(A)  

(B)  
 

(C)  
Figure 4.12 Comparison of online and offline measurements for triplicate two stage, mixed feed 
P. pastoris fermentations at the DoE centre point. (A) CER and RQ comparison. (B) Dissolved 
oxygen and stir speed. (C) pH, temperature and offline OD measurements. Error bars represent 
one standard error about the mean. Fermentations performed as described in Section 2.4.3. 
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Figure 4.13 Comparison of triplicate two stage, mixed feed P. pastoris fermentations with a focus 
on cell weights and OD600 over time. The grey bars indicate average dry cell weight and the white 
bars wet cell weight (g L-1). The red error bars indicate standard error of the mean. The OD600 
measurements are the average with blue error bars representing the standard error of the mean. 
Fermentations performed as described in Section 2.4.3. 
  

-20 -10 0 10 20 30 40 50

0

50

100

150

200

250

C
e
ll 

w
e
ig

h
t 
(g

/L
)

Time (h)

1

10

100

1000

O
D

6
0

0



168 
 
 

The triplicate runs were carried out across two weeks on the ambr® modular system and 

utilised a different position in the system. The data of all seven runs are depicted in Figure 

4.14, 4.15 and 4.16. These figures explore, in turn, fermentation traces with a focus on stir 

speed and DOT, base addition and feed rate against residual methanol, and wet and dry cell 

weight data over time post induction. Panels have been labelled 1-7 for simplicity and are 

colour coded where possible for easier comparison between graphs and factors. A summary 

of the findings focused on various responses can be viewed in Table 4.4. 

4.3.2.3 Effect of factor manipulation on cell growth and process control variables 

 
The DOT and agitation traces are nearly identical for the duration of the batch phase, as 

anticipated. At this stage all bioreactors were running at the same conditions (starting 

inoculation ~ OD600 of 1.0; pH 5.0 ±0.3; T = 30°C, initial glycerol concentration 40 g L-1). The 

reason for this was two-fold; firstly, allowing any differences observed to be more easily 

related to the manipulation of factors as opposed to either bioreactor or operator error. 

Secondly, the work throughout this chapter primarily focuses on the method of induction 

and how this may differ depending on the characteristics of the VLP insert. There are some 

minor differences in in profiles during batch growth, namely some noise in the DOT trace 

for panels 5 and 6, (corresponding to runs 5 and 6) and the ramping up of agitation speed, 

increasing at a greater rate than most of the other runs. These differences could be due to 

differences in inoculum and the resulting foaming or, vessel variability due to use of 

different batches of ambr® vessels.  

Following the DOT spike, observed at around 18 - 20 hours post inoculation, more marked 

differences can be seen. This is particularly true for panel 3 which corresponds to the top 

right corner of the design space where the highest glycerol concentration and the highest 
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flow rate explored. The stirrer speed is much higher throughout this culture, owing to the 

greater oxygen demand associated with higher cell growth. This is further supported by the 

results in Figure 4.14 with this condition (labelled as run 4) indicating the highest carbon 

evolution rate and having the greatest base addition in comparison to other conditions.  

The CER measured in all experiments is compared in Figure 4.15(A). Run 4 has the highest 

evolution rate and corresponds to the high glycerol, high flow rate condition. This is not 

surprising as the cells were provided with high carbon throughout and therefore, 

predictably, resulted in the highest biomass. Likewise, the low carbon- low flow rate factor 

settings used in condition 7 resulted in the lowest CER. Whilst it is clear the biomass can be 

easily manipulated and increased the same may not be true for protein production and 

solubility. During aerobic yeast cell growth, cells continuously produce acidic by-products 

and therefore, require steady base additions to maintain the set-point. As such, increased 

base requirements may be synonymous with a successfully growing culture (Meyer and 

Schmidhalter, 2014b).  

Samples were taken throughout the induction phase to enable off-line analysis of cell 

growth, protein and residual methanol. Following centrifugation, samples were weighed to 

ascertain WCW and then stored at -20 °C for later analysis. The supernatant was 

immediately filtered and stored for HPLC analysis. The residual methanol is plotted in Figure 

4.15C alongside the total feed pumped over time. Condition three, has the highest residual 

methanol and corresponds to one of the high methanol conditions as well as high flow rate 

of feed.   
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Figure 4.14 Summary of DOT and agitation data for each of the two stage, mixed feed P. pastoris fermentations explored in the DoE screening experiments. 
Figures are labelled with corresponding run number conditions as per the graph (inset). Panels are arranged in order to group midpoints and are not in numerical 
run order. Image of design space also included.  
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This excess methanol and lower cell weight indicate that the cells were unable to consume 

and adapt to the methanol they were fed. Condition two, on the other hand, shows no 

residual methanol, which is predictable due to being the high glycerol condition combined 

with the lowest feed rate explored. The midpoint of the design space, which was used to 

compare the strains in Section 4.3.1 does result in some residual methanol which may 

negatively impact cell growth.  

4.3.2.4 Effect of factor manipulation on cell biomass 

 

It is clear from the wet and dry cell weight data that glycerol concentration has a strong 

positive effect on biomass formation. In particular, the high glycerol and high feed flow rate 

condition resulted in the highest cell weights. Run two also resulted in high biomass despite 

a low flow rate, owing to the large residual concentration of glycerol. The worst performing 

run, in terms of biomass formation, corresponds to run 3, which was operated with high 

levels (20:80) of glycerol: methanol at the highest flow rate tested, 6.5 mL L-1 h -1, suggesting 

possible methanol toxicity. This is further supported by run 7, which also had a higher 

methanol percentage but at a lower feed rate of 3.5 mL L-1 h -1.  

Ultimately, the observations regarding cell growth are consistent with the published 

literature on the influence of glycerol and methanol. The real response that is of interest 

then, is protein produced and whether the relationship between increased biomass mirrors 

that of protein production.  
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Figure 4.15 Differences in online measurements over time for each set of conditions investigated 
during mixed induction DoE. (A) CER variation over time. (B) Base additions over time. (C) Feed 
volume pumped and residual methanol over time. A set of graphs to demonstrate the effect of 
altering feed rate and ratio on metabolism, control loops and residual inducer (methanol) 
concentration.  
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Figure 4.17(A) depicts the SDS-PAGE and Western blot analysis of the seven conditions 

tested, portraying both the soluble and crude lysate. Samples 2 and 4 have the strongest 

intensity in the soluble fraction visible by eye, both corresponding to the 80:20 glycerol to 

methanol feed at differing flow rates of 3.5 and 6.5 mL L-1 h-1 respectively. Interestingly, this 

condition features the highest glycerol and lowest methanol levels. Data for all samples 

were normalised based on WCW and therefore it is conceivable that higher methanol may 

result in higher specific protein production. The weakest band of all those tested appears in 

lane three, corresponding to both high levels and high flow rates of methanol (6.5 mL L-1 h-

1 and 40:60 glycerol:methanol). This result is particularly interesting as high cell biomass and 

high protein production appear to be correlated, even when normalised to g L -1 WCW, which 

would be the best outcome from a bioprocess design viewpoint. However, as soluble HBC 

was chosen as a factor for the DoE, densitometry using imageJ software was carried out on 

the soluble fractions.  

The Full Factorial DoE screen was used to validate the importance of the selected factors 

and ranges and their interactions. The DoE results validated the biomass findings depicted 

in Figure 4.16, and Figure 4.18A, indicating that a high glycerol concentration in the feed 

and high feed rates would result in maximum biomass. Indeed, condition 4 resulted in a 34% 

improvement over the average midpoint condition. In terms of the protein response, 

maximum protein was achieved in condition 2, corresponding to the high glycerol low flow 

rate condition.  The statistical models generated for both biomass and protein responses 

were found to be significant (Figure 4.19); the analyses and effect summaries are shown in 

Figures 4.18 and 4.19 respectively. 
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(A)  

(B)  

Figure 4.16 The impact of factor manipulation on cell weight response throughout mixed feed 
induction. (A) Wet cell weight for each set of conditions over the course of induction. (B) Dry cell 
weight for each set of conditions over time. Samples were aliquoted into pre-weighed tubes and 
centrifuged as descibed in Section 2.6.4 for WCW and DCW. Following centrifugation WCW 
samples were weighed and retained for further analysis. DCW samples were heated at 100°C for 
24 hours (to ensure stability over time) before being weighed and discarded.  
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(A)  

(B)  

 
Figure 4.17 SDS-PAGE and Western Blot analysis of HBC produced in P. pastoris using altered two-
stage mixed feeding regimes. Lanes are simply labelled 1-7 to denote run number. Crude lysate 
refers to samples post disruption without any further clarification steps. Soluble lysate is obtained 
from the crude lysate following centrifugation and 0.22 µM filtration. The disruption, clarification 
and gel analysis methods were carried out as described in Sections 2.6.2, 2.6.4, 2.7.3, 2.7.4 and 
2.7.6.  
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(A)  

(B)  

(C)  

Figure 4.18 DoE response analysis for conditions tested during two-stage, mixed feed regime 
optimisation. (A) Wet and dry cell weights at 48 hours post induction/point of harvest. (B) Total 
crude and soluble protein as determined by BCA assay. (C) Soluble HBC-LAH,K1 as determined by 
densitometry. Analytical methods as described in Sections 2.7.1 and 2.7.6-7. 
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(A)  

(B)  

(C)  

 

Figure 4.19 Response analysis for two step, mixed feed feeding regime DoE screening. Actual 
versus predicted plots for (A) Biomass and (B) Protein. (C) Effect summary. DoE analysis 
performed using JMP software. 
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Both feed rate and ratio were found to be significant, with the most significant factor being 

feed ratio. The maximum biomass predicted by the model is located at the edge of the 

design space indicating that the parameters could have been widened in the first instance. 

Insufficient extension of the design space is a common problem when conducting screening 

DoEs due to reluctance to push the limits far enough. Whilst a high glycerol concentration 

had a positive effect on both responses (Figure 4.22) the performance optima for X2; feed 

rate, were not aligned for the two responses. By altering the prediction profile from 

midpoint settings to maximise desirability, the optimum conditions are given (Figure 4.22). 

Figure 4.23 illustrates the parameters of each factor and their significance. The equations 

for Biomass content and protein content in coded terms (from -1 to +1) are reported in 

Equation 4.1 and Equation 4.2. As the positive effect of feed ratio on biomass was greater 

than the negative effect on protein (the terms were +4.75 for biomass and -3.235 for 

protein) and that the negative effect was not significant, the optimum parameters were 

most closely aligned with run 4, the high glycerol high flow rate condition. 

[Equation 4.1]  

ὄὭέάὥίί Ὣ φψȢχ ρψȢψz ὢρ τȢψz ὢς ςȢψz ὢρz ὢς  

[Equation 4.2]  

ὖὶέὸὩὭὲ ὈὩὲίὭὸέάὩὸὶώ ίὭὫὲὥὰρρȢφ ρπȢρz ὢρ σȢςz ὢ ρȢπz ὢρz ὢς 

 

  



179 
 
 

 

(A)  

(B)  

Figure 4.20 Prediction profilers for the two stage, mixed feed induction regime DoE. (A) Midpoint 
of design space. (B) Maximised desirability. DoE analysis performed using JMP software. Response 
data taken from Table 4.4.  
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(A)  

 

(B)  

 

Figure 4.21 Parameter estimates for mixed feed induction regime fermentation DoE screening. 
(A) Parameters for biomass estimation. (B) Parameters for protein estimate. DoE analysis 
performed using JMP software.  
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Table 4.4 Comparison table of response criteria at 48 h induction from the VLP2 mixed feed 
induction regime DOE screen.  

 

 WCW(g/L) DCW(g/L) OD600 Protein(Total) Protein(Specific) HBCsol 

Run 1 

[60:40] 

5 mL L-1 h-

1 

227 72 370 2.30 0.65 9.01 

Run 2 

[80:20] 

3.5 mL L-1 

h-1 

248 79 402 2.01 0.83 27.88 

Run 3 

[40:60] 

6.5 mL L-1 

h-1 

160 51 266 2.03 0.48 1.12 

Run 4 

[80:20] 

6.5 mL L-1 

h-1 

315 94 477 2.04 0.83 19.33 

Run 5 

[60:40] 

5 mL L-1 h-

1 

228 68 365 2.57 0.62 9.53 

Run 6 

[60:40] 

5 mL L -1 

h-1 

229 70 376 2.23 0.61 8.94 

Run 7 

[40:60] 

3.5 mL L-1 

h-1 

162 47 258 2.03 0.53 5.51 
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4.3.3 Application of optimal process to alternative TC-HBC construct production 

 

In order to validate the optimum conditions in the previous section, the ambr® modular 

system was again used to validate the optimum fermentation conditions in duplicate for 

both VLP1 and VLP3 production. These corresponded to a feed ratio of 80:20, 50% glycerol 

:methanol with a feeding rate of 6.5 mL L-1 h-1 at the point of induction. No further 

optimisation was undertaken as the improved biomass and protein production was deemed 

adequate for the purpose of this work. 

Given that the underlying premise of this thesis is to explore the potential of TC-HBC as a 

vaccine scaffold (Sections 1.5 and 1.11) one objective was to identify if a single set of process 

conditions could be used to produce all VLP candidates, irrespective of their differing 

surface-displayed epitopes. If this is possible, the optimisation of one construct should, upon 

application to other constructs used in this work, lead to improvement. To test this 

hypothesis, the run four conditions were applied to TC-VLP1 (HA2,3M2E) and TC-VLP3 

(3M2E,K1).  

These experiments were performed in duplicate using the ambr®250 as described 

previously. For clarity, one data set from each construct in shown compared to the original 

mixed feed induction protocol, as described in Section 4.3.1 and employed as the midpoint 

of the screening experiment in Section 4.3.2. Figure 4.22 shows the DOT and stir speed 

fermentation traces of original against optimal in panels (A) and (B) for VLP 1, (C) and (D) 

for VLP2 and (E) and (F) for VLP 3. Panel (F) in the centre overlays the CER for each, with the 

dashed line corresponding to the original and the solid line the optimised runs. The colours 

match the stir speed colours of the corresponding VLP but for clarity; green is VLP1, blue is 

VLP2 and purple is VLP3.   
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Figure 4.22 DOT, agitation and CER data for the application of optimised feeding regime conditions to three Tandem Core VLP variants. (A, C and E) represent 
initial mixed feed induction conditions [60:40 gly:MeOH, 5 mL L-1 h-1] (Section 4.3.1) for VLP1,VLP2 and VLP3, respectively. (B, D and E) represent optimised 
mixed feed induction conditions [80:20 gly:MeOH, 6.5 mL L-1 h-1] as established in the DoE screen and applied to VLP1, VLP2 and VLP3, respectively. (F) The CER 
traces of the three VLP variants using the initial (dashed line) and optimised (solid line) feeding conditions. The colours in the CER graph match the agitation 
trace of the corresponding VLP. For clarity; Green = VLP1, Blue = VLP2 and Purple = VLP3.   

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100
 DOT

D
O

T
 (

%
)

Time (h)

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100
 DOT

D
O

T
 (

%
)

Time (h)

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100
 DOT

D
O

T
 (

%
)

Time (h)

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100

D
O

T
 (

%
)

 DOT

Time (h)

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100
 DOT

D
O

T
 (

%
)

Time (h)

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100
 DOT

D
O

T
 (

%
)

Time (h)

1000

1500

2000

2500

3000

3500
 RPM

A
g

ita
tio

n
 (rp

m
)

1000

1500

2000

2500

3000

3500
 RPM

A
g

ita
tio

n
 (rp

m
)

1000

1500

2000

2500

3000

3500
 RPM

A
g

ita
tio

n
 (rp

m
)

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100

120

C
E

R
 (

m
m

o
l L

 h
r-1 )

Time (h)

(A) (B)

(C) (D)

(E) (F)

(F)
1000

1500

2000

2500

3000

3500
 RPM

A
g

ita
tio

n
 (rp

m
)

1000

1500

2000

2500

3000

3500
 RPM

A
g

ita
tio

n
 (rp

m
)

1000

1500

2000

2500

3000

3500
 RPM

A
g

ita
tio

n
 (rp

m
)



184 
 
 

The traces of the duplicate fermentations of VLP1 and VLP3 were in congruence,  

emphasising further the reproducibility of the fermentative process (data not shown). What 

is more the three CER traces from the initial mixed feed regime fermentations (Section 

4.3.1.3 and dashed lines, Figure 4.22) are similar to each other, as are the three from the 

optimal feed conditions (solid lines, Figure 4.22), irrespective of the VLP expressed. This 

further demonstrates the impact of available carbon source on metabolism of the cells. The 

cell weight data presented in Figure 4.23 shows a marked improvement in final biomass in 

the optimised condition; this is true for both wet and dry cell weight and for all three 

constructs.  

Samples from the new feeding regime process were normalised and lysed before SDS-PAGE 

and Western blot analysis and comparison against the previous samples at the DoE 

midpoint. The results presented in Figure 4.24 clearly show a marked improvement in 

soluble protein, comparative to the initial runs. This is a good result given that the run 

criteria were optimised for biomass production as opposed to soluble HBC recovery. A 

comparison of the endpoint data for the optimised versus initial feeding regimes can be 

found in Figure 4.25.  

In summary, the results presented in this section have clearly demonstrated the feasibility 

of the ambr® HTP microbioreactor in rapid process optimisation, particularly when used in 

conjunction with a DoE methodology. Furthermore, the results sufficiently demonstrated 

the ability to apply optimum performance criteria for production of one HBC construct, for 

the improvement of alternative constructs. Given the ease of use and speed of this study, 

the ambr® system could also be applied for further optimisation of specific constructs.   
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Figure 4.23 Cell weight comparison of optimal versus initial two stage, mixed feed P. pastoris 
fermentation conditions for the three influenza TC-HBC constructs. The patterned section 
denotes dry cell weight and the unfilled section denotes WCW. Colour is used for emphasis of the 
optimum conditions for each run and corresponds to the appropriate colour as used in Figure 
4.21. 

 

 

Figure 4.24 Western blot analysis of optimal versus initial two stage, mixed feed P. pastoris 
fermentation conditions for the three influenza TC-HBC constructs. I = initial and O = optimal. 
Samples were normalised through equal lysis of wet cell pellet at a concentration of 50 g L-1 in 40 
mL of lysis buffer. Western blot performed as described in Sections 2.7.4 and 2.7.6.  
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Table 4.5 Comparison of endpoint biomass data derived from initial and optimal experimental 
runs for two stage, mixed feed P. pastoris fermentations. Values taken offline from fermentations 
shown in Figure 4.22. 

 

Construct Process conditions 
WCW 
[g L -1] 

DCW 
[g L -1] 

VLP1 

(HA2, M2Ex3) 

Initial 219 69 

Optimal 326 101 

VLP2 

(LAH, K1) 

Initial 228 72 

Optimal 315 94 

VLP3 

 (M2ex3, K1) 

Initial 230 70 

Optimal 317 96 
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4.3.4 Case study on the use of ambr® systems for rapid evaluation of alternative 

operating conditions or induction medium   

4.3.4.1 Effect of alternative fermentation operating parameters 

 

This chapter initially aimed to identify if a single fermentative process could be defined for 

HBC constructs irrespective of the epitope displayed on the particle surface. Following 

implementation of the commonly employed Invitrogen protocol alongside a glycerol co-

feeding regime, the effects of insert and induction on biomass and protein production (both 

soluble and insoluble) was assessed. It was concluded that all processing strategies were 

feasible for all constructs however, the construct differed significantly in terms of soluble 

protein expression. Namely, more complex VLPs produced little soluble protein, whereas 

ǘƘŜ ΨŜƳǇǘȅΩ ŎŀǇǎƛŘ ŀƴŘ ǘƘŜ ƭŜǎs complex VLP2 resulted in more available protein. It was 

concluded that a single process could indeed be used for initial production and construct 

screening but ideally, each construct would benefit from focused optimisation.  

Glycerol co-feeding was selected as a candidate process moving forward due to improved 

safety and solubility features. The single-use and highly reproducible nature of the ambr® 

system means it lends itself well to high throughput, rapid screening of many constructs, or 

to optimise and explore best case conditions for a single construct, perhaps with a DoE 

approach. To test this, VLP2 and the two stage, glycerol co-feeding induction regime was 

selected with the view to alter both the rate of feed and the ratio of methanol and glycerol 

in the feed. The results have been reported previously in Section 4.3.2. Other factors that 

ŎƻǳƭŘ ōŜ ŜȄǇƭƻǊŜŘ ƘƻǿŜǾŜǊ ŀǊŜ ǘƘŜ ƳƻǊŜ ΨǘȅǇƛŎŀƭΩ ǇǊƻŎŜǎǎƛƴƎ ǇŀǊŀƳŜǘŜǊǎΣ ǎǳŎƘ ŀǎ ǇI ŀƴŘ 

temperature. Whilst these were not studied in the first instance, the possible effect on  

soluble protein was still of interest. Moreover, given this Chapter has largely focused on 

improving the two-stage induction methodology, thus moving away from the traditional 
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pure methanol Invitrogen protocol, further exploration into induction was of interest. 

Namely, the complete elimination of methanol as the inducer. To explore these parameters, 

three additional runs were conducted with the aim of identifying if altering process 

conditions can improve soluble HBC production. As VLP2 has been of the most interest 

throughout this Chapter, the three experiments were framed around its production. The 

initial two-stage feeding regime (Section 4.3.1) was selected to better observe any effects 

of altered operating conditions. Table 4.6 indicates the condition similarities and differences 

of the three additional runs. 

 

Table 4.6 Experimental conditions of alternative parameter screen of VLP2 using two stage, mixed 
feed P. pastoris fermentations. Similarities across all three are indicated in green, two in amber 
and the difference is highlighted in red. All other parameters were fixed. Fermentations 
performed as described in Section 2.4.3. 

 

 Feed rate 

(mL L h -1) 

Glycerol 

ratio 

Inducer Induction 

Temp. (° C) 

Induction 

pH 

(+/- 0.25) 

pH shift 

A+D) 

5 60 Methanol 30 3.5 

Formate 

B + E 

5 60 Sodium 

formate 

30 5.0 

Temp. 

C + F 

5 60 Methanol 25 5.0 
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Figure 4.25 shows the online data for the different conditions tested. The bioreactors were 

inoculated from the same seed train and were subject to the same feeding/induction 

regime, as outlined in the initial mixed feed regime method Section 2.5.3. The only 

differences between the fermentation conditions, was a pH shift or a temperature shift at 

the point of induction.  Panels A and D represent the pH shift condition and Panel C and F 

the temperature shift. A pH shift was identified as a point of interest owing to examples in 

the literature and the possibility of reduced protease activity (Zhang, Liu and Wu, 2007; 

Velez-Suberbie et al., 2020b). Whilst the HBC VLPs are produced intracellularly in this work, 

it is possible that insufficiently washed cell pellets could result in unwanted protease activity 

following resuspension and cell disruption (Burgard et al., 2020). Temperature on the other 

hand, was selected to enable a direct comparison between the two stage, mixed feed 

induction and the three stage, pure methanol induction regime used in Section 4.3.1. The 

latter regime included a temperature shift during induction to counteract the excessive heat 

generation associated with methanol cultures (Wang, 2019).  

The results show that metabolically, the traces of agitation and DOT are very similar, 

providing yet more evidence that the carbon source and feed ratio is paramount to cell 

growth and metabolism. For comparative analysis, the 48 hour post induction samples were 

processed as for the samples derived from the fermentations in Section 4.3.1. Samples were 

loaded in equal volume onto the SDS-PAGE (Section 2.7.3) prior to Western blotting and 

immunostaining (Sections 2.7.4 and 2.7.6). Figure 4.26A and B depict the resulting images. 

Interestingly, both the pH and temperature shift conditions produced similar soluble HBC to 

the initial mixed feed condition and significantly more than the pure methanol condition, 

even when normalised to gwcw L -1. The pH condition appears to be the most favourable, 

perhaps as a result of reduced protease activity.  
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(A) (B) (C)  

(D) (E) (F)  

Figure 4.25 Fermentations to explore alternative induction operating parameters implemented with two stage, mixed feed induction regime. (A + D) 
pH shift from 5.0 to 3.5.  (B + E) Non-methanol induction using sodium formate. (C + F) Temperature shift from 30° C to 25° C. All fermentations were 
carried out using P. pastoris producing construct HBC-LAH3,K1 with the initial mixed feed induction regime as outlined in Section 2.4.3.  Operating 
parameters were the same across the batch phase until glycerol depletion at which point induction was initiated.  
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A)  

(B)  

(C)  

Figure 4.26 Biomass and HBC expression achieved from P. pastoris mixed feed fermentation 
exploring altered induction process conditions. (A) Wet and dry cell weight time course analysis 
from point of induction. (B) Soluble and crude protein samples at 48 hours post induction. 
Analysis was carried out as described in Sections 2.7.1, 2.7.3-4 and 2.7.6. 

0 10 20 30 40 50

0

40

80

120

160

200

240

280
DCW:

 pH

 form.

 temp.

WCW:

 pH

 form.

temp.

C
e

ll 
w

e
ig

h
t 

(g
/L

)

Time (h)



192 
 
 

In terms of final biomass, the WCW and DCW (Figure 4.26C) shows that the pH and 

temperature experiments yielded similar results in terms of final biomass. A small effect of 

reduced biomass accumulation due to low temperature can be seen, however, this effect is 

reduced in the DCW comparison. These results are interesting and provide a basis for future 

investigation of operating conditions to improve soluble protein production and recovery. 

The final results subsection of this Chapter investigates the potential of an alternative 

inducer to methanol. 

4.3.4.2 Sodium formate as a potential inducer of the AOX promoter 

 

As discussed throughout this thesis, the issues associated with methanol-only induction 

protocols are numerous, particularly at large scales where flammability and heat generation 

could become a safety concern (Vogl et al., 2018). As a result, this Thesis, and many in 

literature (Capone et al., 2015; Woodhouse, 2015; Wang, 2019)  have explored the 

development and optimisation of a two-stage mixed-feeding regime. The rational being 

both the reduced methanol requirement, as well as shorter process time.  

The results in Section 4.3.1 signified that mixed feed induction was infact superior in terms 

of biomass and production of the VLP variants. Following this, the screening study in Section 

4.3.2 was able to optimise the feeding rate and ratio for HBC-LAH3,K1 construct, resulting 

in higher final biomass (Figure 4.18) and soluble HBC dimer production (Figure 4.17). This 

optimised process, which was then successfully applied to the other HBC VLP variants 

(Section 4.3.3), comprised a greater glycerol concentration and reduced methanol 

concentration. 

Whilst minor reductions in methanol requirement can be considered a success, particularly 

for large scale vaccine manufacture, this raised the question of whether methanol could be 
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eliminated entirely. The methanol assimilation and dissimilation pathways have been 

studied extensively in methylotrophic bacteria and yeasts and has resulted in some 

fascinating research regarding Pichia induction.  Research conducted by Singh and Narang, 

(2020) explored the potential of two methanol by-products, formaldehyde and formate, to 

induce PAOX1. They found that all three were capable of PAOX1 expression. This finding was 

further supported through the successful expression in Mut-, which lacks the appropriate 

pathways to synthesize methanol from formate or formaldehyde (Singh and Narang, 2020). 

Further research from Tyurin and Kozlov (2015) showed that in the absence of the 

formaldehyde dehydrogenase gene, FLD, induction still occurs and therefore is not a result 

of formate reduction to methanol (Tyurin and Kozlov, 2015). 

 
These findings are interesting as they enhance our understanding of the AOX promotor 

whilst potentially offering a methanol free induction process. To explore this, the initial two-

stage, mixed feed process was employed, with sodium formate substituted for methanol.  

Sing and Narang, (2020) utilised a defined medium with potassium formate and alanine 

however, previous works had also explored the use of sodium formate. One such study, by 

Sahm et al., (1973) used methanol and formate in a ratio of 5:1 and thus the molar 

concentration of methanol utilised in the  standard two stage process was utilised to 

calculate the concentration of sodium formate  (0.98 and 0.2M) (Sahm and Wagner, 1973).  

The results indicated that the used of sodium formate had no significantly negative effect 

on cell growth or biomass production (Figure 4.26A) compared to the typical mixed feeding 

protocol, producing around 70 g L -1 DCW in 48 hours of induction. The addition of PTM1 

salts to the sodium formate and glycerol did result in a deeper colour and some 

precipitation, however PTM1 salts were considered important to maintaining similarities 
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across experiments. The results of the Western blot (Figure 4.26C) indicate lower soluble 

HBC comparative to other conditions both in the soluble and insoluble fractions, as denoted 

by band intensity. However, the presence of a band in the sodium formate induced 

condition provides potential for future exploration into this as a novel, methanol free 

induction regime.  

4.4 Summary  

 

For a vaccine candidate to be successful it needs to be able to be produced in high cell 

density cultures. To attain high yields, cultures at larger scales are typically run using fed-

batch protocols. P. pastoris is typically induced with methanol, which acts both as a carbon 

source and inducer. However, there is interest in reducing the amount of methanol used in 

large scale fermentations. In this chapter, use of a pure methanol feed/induction regime 

was compared to a 60:40 feed (50% glycerol : methanol) on all 3 VLP constructs (Table 4.1). 

VLPs were expressed in all fermentations performed, however, differences between 

constructs in terms of biomass and protein production were measured. Despite this, in all 

three constructs a mixed feed strategy resulted in both higher biomass and higher protein 

(Figure 4.9 and 4.10).  Moreover, whilst the most complex construct, VLP1 (HBC-HA2,3M2E) 

would have been of the most interest as a vaccine candidate due to the inclusion of two 

influenza specific epitopes, it proved to be the least soluble and produced low yields as 

determined by Western Blot.  

Following this, the combination of a DoE approach with use of the ambr® microbioreactor 

was explored to enhance further VLP2 production using a two stage, mixed feed regime. 

Feed ratio and feed rate were manipulated as factors and biomass and soluble protein 

expression were measured as responses. The models obtained for both responses were 
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significant (Figure 4.19) and revealed that increasing the glycerol component in the mixed 

feed ratio (i.e. more glycerol, less methanol) resulted in higher biomass  and protein 

expression. Meanwhile, feed flow rate was found to positively affect biomass, whilst 

negatively affecting protein content over the range investigated (Figure 4.20) .  

A desirable feature of a platform process would be the ability to translate trends and 

results observed during the production of one product to similar, or separate products. 

The ambr®250 results demonstrate effectively the ability to employ the single-use system 

as a high throughout platform, as well as demonstrating how HBC VLP variants may be 

optimised in tandem, based on what unifies them (expression host) and not their 

differences (surface epitopes). The optimised conditions obtained in Section 4.3.2 on VLP2 

were applied to VLP1 and VLP3, resulting in improved biomass (Figure 4.23) and to a lesser 

extent,  soluble HBC dimer production (Figure 4.24). These results indicate that a two 

stage, mixed feed regime could be applied to production of any VLP constructs produced 

in P. pastoris, largely due to the flexibility that remains inside the regime allowing for 

tailoring to harder to express proteins. However, protein production and solubility seems 

to be largely construct dependent. As such, constructs may benefit from minor individual 

process tweaks, for example, alterations in pH and temperature, which may provide 

improvements on a construct basis. A single use microbioreactor system, either in 

conjunction with a DoE methodology (Section 4.3.2) or without (Section 4.3.4), would 

largely benefit this activity.  

Finally, sodium formate was investigated as a potential replacement inducer, eliminating 

the need for methanol altogether, and resulted in successful expression of HBC VLP, 

though at lower levels than observed with methanol.  
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Further study of formate products and concentrations may derive positive results in future 

studies. 

Following the development of a methodology for the production and expression of different 

VLP constructs at small scale, the establishment of miniaturized downstream unit 

operations is necessary to create of a high-throughput platform to enable rapid VLP process 

development. In the next chapter the miniaturization of the critical cell lysis step, through 

the use of adaptive focused acoustics, will be investigated.  
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5.  Cell lysis method development for primary 

VLP recovery  



198 
 
 

5.1 Introduction 

 

Chapter 4 focused on the implementation of the ambr®250 modular bioreactor to 

characterise and understand the feasibility of HBC as a vaccine scaffold and subsequently 

the use of the system as part of a high-throughput screening platform for HBC or other 

vaccine candidates. For both applications, a small-scale primary recovery methodology is 

necessary in order to handle the smaller process volumes enabled by high-throughput 

fermentation systems. The strains used in this work (Section 2.1.1) all require cell lysis to 

liberate the assembled HBC VLP which is produced intracellularly. Given that volumes are 

small, and that time-course analysis can be useful in order to optimise cell growth and 

protein expression, it is essential that lysis can be conducted in a way that allows parallel 

processing of small volume samples. 

Furthermore, this work is centred around vaccine development with the aim of establishing 

processes that could be readily scaled up to manufacturing scale. As such, some lysis 

techniques were ruled out due to either cost, safety, or lack of applicability to large scale 

employment. In particular, sonication and chemical lysis methods were deemed 

inappropriate for these reasons. As highlighted in the Introduction (Section 1.7.2) and in 

early characterisation studies in Chapter 3, HPH is an excellent method for intracellular 

product release owing to its popularity and scalability (Drévillon et al., 2019; Pekarsky et al., 

2019; Rodríguez and Vaneechoutte, 2019; Nemer et al., 2021). However, HPH has sample 

size limitations with a minimum volume of 40 mL in the smallest available HPH devices 

(Section 2.6.2). Diluting the sample in lysis buffer could potentially circumvent this but 

would cause changes in disruption effectiveness as highlighted in Section 3.3.3.4; dilution 

would also add expense and lead to further processing issues downstream in terms of liquid 

handling, purification and protein concentration, identification and analyses.  
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A technique that can mimic HPH at small scale, i.e. with sample volume of 0.1 ς 1 mL, 

predicting total disruption, protein recovery, purity or any other defined performance 

criteria would be highly beneficial. In previous work, Blaha et al (2018) were able to 

demonstrate this capability using Adaptive Focused Acoustics® (AFA®) a focused 

ultrasonication disruption method. Critically, they reported results comparable to HPH in 

several key performance metrics when samples were supplemented with addition of an 

enzyme, lyticase, which is able to hydrolyse glucan in yeast cell walls. The enzyme addition 

might be considered a disadvantage of the approach owing to the disparity across the scales 

(not required for HPH), increased complexity in the purification process (for enzyme 

removal) and increased cost (if used at scale).  

Regardless of these limitations, the comparability of this method to large scale process 

operations promotes use of this technique in this thesis. At best, it can be considered as a 

small-scale mimic of large scale HPH performance while, at worst, it still provides a fast, 

efficient lysis technique for rapid construct screening and high throughput analysis of 

miniature bioreactor samples (Chapter 4). Further exploration of this technique was 

therefore deemed useful for rapid analyses of ambr® fermentation samples of different 

Tandem Core HBC VLPs and potential application as HTP primary recovery step, bridging the 

gap between fermentation (Chapter 4) and chromatography screening (Chapter 6). 
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5.2 Chapter aims and objectives 

 

The aim of this chapter is to explore miniaturised cell disruption adaptive focused acoustics 

for rapid VLP release from small volume fermentation samples . DoE techniques will be used 

to reliably evaluate which conditions lead to effective product release using both the 

milliTUBE (1 mL) and microTUBE (130 µL) cell lysis vessels. Firstly, the conditions such as 

buffer composition and incubation times will be explored in the milliTUBE, following this the 

influence of the AFA® operating parameters will be explored in the microTUBE. The key 

objectives of this chapter are outlined below: 

¶ To study the impact of sample preparation factors, such as buffer composition, solid 

loading and incubation time on the effectiveness of cell disruption using milliTUBE 

vials.  

¶ To establish the potential of the high-throughput 96-well microscale microTUBE for 

P. pastoris cell lysis.  

¶ To determine AFA® parameters for optimal VLP release in the high-throughput 96-

well microscale microTUBE format. 
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5.3 Results 

5.3.1 Method development for milli -scale lysis 

5.3.1.1 Effects of buffer composition and solid loading on lysis efficiency 

 

AFA® treatment involves the application of high-frequency acoustic waves to a sample, 

occurring as a series of bursts, followed by a zero-power state. The acoustic energy is a 

focused and non-invasive way to disrupt cells, enabling lysis, as shown in Figure 5.1A and B. 

This process generates the shear forces necessary to disrupt cells as a result of bubble 

formation, oscillation and collapse (Covaris, 2021). Numerous operational parameters can 

be changed in AFA®, including the alterations to frequency tuning, treatment time and the 

application of acoustic energy. These settings are selected based on the sample properties, 

the vessel used and experimental investigation being performed.  

Previous work has studied the impact of operating parameters extensively and so these 

were fixed at the optimum (and incidentally maximum) values for duty cycle, cycles per 

burst and intensity with the acoustic time set to 60 seconds, after which no improvement in 

lysis was observed (Blaha et al., 2017). Whilst operational parameters were not the focus of 

this investigation, for clarity, these terms are defined and illustrated in Figure 5.1C. Briefly; 

duty cycle is the percentage of time within the treatment time that acoustic energy is 

applied (the maximum of 20% was used in this study) intensity is the amplitude and 

therefore energy of each acoustic wave, and cycles per burst (Cpb) is how many waves are 

generated within each burst. 
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 (A) (B)  

 

(C)  

 

Figure 5.1 Principle of Adaptive Focused Acoustics® (AFA®) cell lysis method. Schematic diagram 
indicating the focused acoustic waves emitting upwards from the transducer with the signal 
directed at: (A) small scale (1 mL) milliTUBE vials utilised throughout Sections 5.3.1 and (B) 
microscale (130 µL) vials fixed in a 96-well plate format used in Section 5.3.2. The Blue arrow on 
A indicates the rod-like cavitation fibre, present in both milli and micro scales. (C) Depiction of 
the different operating parameters of the system. The system operates for a particular treatment 
ǘƛƳŜ ǇŜǊ ǿŜƭƭκǾƛŀƭ ώǘнϐΣ ǿƛǘƘƛƴ ǿƘƛŎƘ ǘƘŜ ǘǊŀƴǎŘǳŎŜǊ ŜƳƛǘǎ ōǳǊǎǘǎ ώǘмϐΦ ¢ƘŜ ŘǳǊŀǘƛƻƴ ƻǊ ΨŎȅŎƭŜǎΩ ƻŦ 
each burst is defined as well as amplitude, dictated by the intensity. Duty factor [t1/t2] is the % 
of time the transducer is on within the treatment. Figure produced using Biorender.com and 
adapted from Covaris.com.  
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The focus of this work was to investigate the suitability of AFA® for primary recovery method 

development and to identify optimal lysis buffer conditions for HBC-LAH3, K1 VLP recovery 

from P. pastoris. The factors selected for investigation were sample solid loading (g wcw L-

1) buffer concentration (mM), Triton X-100 (TX-100) concentration (% v/v), 4-(2-aminoethyl) 

ōŜƴȊŜƴŜǎǳƭŦƻƴȅƭ ŦƭǳƻǊƛŘŜ ƘȅŘǊƻŎƘƭƻǊƛŘŜ ό!9.{Cύ ŎƻƴŎŜƴǘǊŀǘƛƻƴ όƳaύΣ .ŜƴȊƻƴŀǎŜϰ ƴǳŎƭŜŀǎŜ 

concentration (U mL-1) and incubation time (post AFA® treatment). All lysis buffer 

compositions included the redox reagent, Dithiothreitol (DTT) and lyticase in equal 

concentration (Section 2.6.3). Table 5.1 provides a brief description of these factors, the 

rationale of why each was selected for study and the expected impact on soluble VLP 

recovery. Frozen cell paste was weighed and resuspended at the defined solids loading 

(Table 5.2) and common components added prior to aliquoting into microcentrifuge tubes 

for addition of unique components, limiting weighing and pipetting inconsistencies.  

Once in their respective buffers, samples were transferred to the glass vials each containing 

an AFA® fiber, a thin rod-like tube that assists with cavitation. Samples were subjected to 60 

seconds of treatment each and were left to incubate on ice for 1 hour before either being 

centrifuged and filtered through a 0.22 µm membrane or incubated at RT for 12.5 or 24 

hours. Samples were stored in the freezer until the completion of all lysis conditions, after 

which they were thawed and prepared for SDS-PAGE and Western Blot analysis.  A 

calibration curve was prepared using known concentrations of Recombinant HBC Antigen 

(ab49014) from Abcam (Cambridge, UK) and one reference sample was run on each gel and 

Western Blot. After immunostaining (Section 2.7.6) densitometry of the correct MW band 

was conducted using ImageJ software (Section 2.7.4) and the resulting concentrations were 

utilised as response values in the experimental design (Appendix 10.3). 
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Table 5.1 Factors explored in AFA® method development with reasons for selection and proposed 
impact on cell disruption and VLP release.  

 

Factor Description Justification/Reasoning 

Solid loading 
gWCW L-1 of cells 

resuspended in lysis buffer 

Solid loading is known to have an effect 

on HPH performance (Section 3.3.3.4) 

Buffer 

concentration 

Concentration of MOPs 

buffer Buffering ability and detergents could 

impact solubility as seen in (Section 

3.3.3.2) TX-100 

concentration 
Detergent 

AEBSF Protease inhibitor 

Presence of proteases could affect 

product recovery and have an impact on 

product quality e.g. by truncation 

Benzonase Nuclease 

DNA release from cells could impact 

disruption effectiveness due to increase 

in sample viscosity 

Incubation time 
Time after lysis but before 

clarification 

Increase opportunity for detergent to 

solubilise released intracellular product 
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The responses chosen in this study, normalised densitometry measurements (i.e. 

densitometry measurement divided by solid loading), were selected to account for the 

inevitable differences in band intensity when using solid loadings spanning an order of 

magnitude. The resulting effect estimates and prediction profiles are shown in Figure 5.2A.  

The DoE model established from this initial screen was found to be significant (p<0.0092), 

with solid loading (WCW), lysis buffer concentration (mM), and the interaction between the 

two ([WCW]*[Buffer conc]) found to be significant at p< 0.0001, p=0.0233, and p=0.0463, 

respectively. Similarly to previously published findings with HPH (Section 3.3.3.4), solid 

loading had an important impact on disruption effectiveness also when using 

ultrasonication. Interestingly, Benzonase®, TX-100 concentration, post-lysis incubation time 

and AEBSF were not found to have a significant effect on the released protein concentration 

over the ranges investigated (Table 5.2). 
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Table 5.2 Experimental design for a six-factor, two- level fractional factorial experiment with three 
centre points to evaluate the effect of different lysis buffer components. The factors selected are 
listed below and detailed, along with some justification for study, In Table 5.1. Frozen cell pellets 
were resuspended in their respective lysis buffers to a final solid loading of 1, 5 or 10% [10, 55 or 
100 g L-1). Samples were transferred into to the milliTUBE, each  containing the rod-like fiber. 
Tubes were secured in the rack and processed under identical operating conditions as described 
in Section 2.6.3.  

 

Factor Buffer conc. 

(mM) 

Solid 

loading  

(gWCW L-1) 

TX-

100 

(%) 

AEBSF 

(mM) 

Benzonase 

(U mL -1) 

Inc. time 

(h) 

Range 10, 100 10, 100 0,0.2 0, 4 0, 10 1, 24 

 

(A)  

 

(B)  

Figure 5.2 Milli-scale DoE screening results for lysis buffer optimisation. (A) Parameter estimates 
of reduced model for HBC-LAH3, K1 VLP release from P. pastoris. (B) Prediction Profiler of reduced 
model. Model established from response data shown in  Appendix 10.3. 
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In Section 3.3.4 the solubility of the construct as well as the presence of proteases as 

determined through zymograms (Figure 3.15) were discussed. As such, it was expected that 

incubation with AEBSF and TX-100, along with modulation of the post-lysis incubation time 

could have an effect on product recovery. Despite this not being the case in this study, it is 

possible that these factors could have an effect with other VLPs, as solubility differences 

between HBC-K1,K1; HBC-HA2.3,(M2e) (VLP1); HBC-LAH3,K1 (VLP2); and HBC-K1,(M2e)3 

(VLP3) were quite marked (Section 4.3.1). Also, at the highest solids loadings, it is possible 

that the resulting bands were near the saturation point of the blot imager, resulting in 

inaccurate densitometry measurements. If this were the case it could have magnified the 

solids loading effects as higher protein content would not have been quantified accurately.  

As such, in future iterations of this initial screening experiments, loading samples onto SDS-

PAGE gels should be done to match the solids loading (i.e. 10 times smaller sample for a 10 

times larger solids loading). A further improvement could be the addition of a second 

response to better assess the effect of Benzonase®. Benzonase was added to reduce the 

effect that released DNA, through increased sample viscosity, could have on overall protein 

release. Measurement of viscosity or DNA quantification (through qPCR, for example) could 

therefore be used as further responses. 

Conversely, TX-100 was used in further studies as its importance is highlighted in literature. 

For example, research conducted by Kee (2009) demonstrated the effectiveness of TX-100 

on HBsAg recovery, and many others have reported its use as a lysis buffer component to 

improve cell disruption and protein extraction (Nicholson and McMurray, 1986; Kee, 2009; 

Koley and Bard, 2010b; Feitelson, 2012). 
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5.3.1.2 Reduced factor milli-scale DoE investigation 

 

Section 5.3.1.1 highlighted the importance of solid loading and buffer concentration on the 

release of soluble VLP proteins. However, possible challenges in accurate protein 

quantification were raised due to differing solid loading. As such, a more focused DoE screen 

was designed, again using HBC-K1,K1. The solids loading was fixed at 50 g L-1 which was 

found in Chapter 3 to be a good compromise between cell disruption and ease of 

clarification using HPH. Incubation time (post- AFA® lysis, pre-clarification) was included 

with an upper limit of 12 hours, after which little to no effect was observed when maximising 

desirability (Figure. 5.2B), and TX-100 was considered again due to its importance described 

in literature. AEBSF was also included given that the reason for inclusion as a lysis buffer 

component was to mitigate apparent protease activity evident in Chapter 3 (Figure 3.15A). 

A protease inhibitor screening study was run concurrently to this study to identify more 

directly if AEBSF was having the intended effect. The resulting zymogram from this 

concurrent study is depicted in Figure 5.3. 

A lyticase incubation time (pre-AFA® lysis) was added as a new factor in the DoE design as it 

was hypothesised that weakening the cell wall prior to AFA® would enable greater 

disruption. Research conducted by Rodriguez and Vaneechoutte (2019) found that 1 hour 

of lyticase incubation was sufficient for 95% cell lysis (Rodríguez and Vaneechoutte, 2019) 

and thus a maximum of 2 hours was selected here. A summary of the factors and their 

corresponding ranges can be viewed in Table 5.3. The response was again limited to soluble 

HBC recovery using densitometry of Western blotting, as that was sufficient for the purposes 

of this study i.e. evaluation of the AFA® -milliTUBE system for rapid, small-scale screening of 

HBC VLP vaccine candidates.  



209 
 
 

 

(A)  

 

(B)  

 

Figure 5.3 Zymograms exploring the effect of different protease inhibitors on protease activity. 
(A) Evaluation of a range of inhibitors in isolation and in combination. Samples were lysed in lysis 
buffer containing either an individual inhibitor (Lanes 1-3) or a mix of two inhibitors (Lanes 4-6). 
Lysis buffer containing the three-inhibitor mix was used as the negative control (Lane 7), and lysed 
pellet in the absence of inhibitors was used at the positive control (Lane 8). (B) Zymograms with 
inhibitors added during incubation. Proteases were added during the incubation stage (37°C 
overnight). For each gel: Lane 1; protease standard, Lane 2; a sample lysed and incubated in the 
specified inhibitor, Lane 3; a positive control. Zymograms were performed as described in Section 

2.7.3.1. 
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Table 5.3 Design space for a 5-factor, Central composite design with 5 centre points to evaluate 
the use of milliTUBEs for lysis buffer optimisation. cell paste was resuspended in corresponding 
lysis buffer at a solid loading of 5% (w/v). At this stage pellets were left to incubate for either 2 
hours, 1 hour or immediately subjected to focused acoustics (lyt. Inc). Following lysis, samples 
were left for 1, 6.5 or 12 hours, (1 h on ice and the remainder at 4 ° C) prior to clarification as 
described in Sections 2.6.3-4. Lyt. Inc = lyticase incubation [pre cell disruption, T, inc. = incubation 
time [post cell disruption].  

 

 

 

 

 

 

Figure 5.4 Effect Summary of reduced factor milli-scale DoE screen. Factors are arranged in 
descending order of significance and the most (and only statistically significant value) is 
highlighted in blue (p= 0.05). The blue dotted line indicates the threshold for significance. Lyt. Inc 
= lyticase incubation [pre cell disruption], T, inc. = incubation time [post cell disruption].  

 

 

 

 

 

 

Factor Buffer conc. Lyt. Inc.(h) TX (%) AEBSF 

(mM) 

T. inc. (h) 

Range 10,100 0,2 0,0.2 0, 2 1, 12 
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The effect summary of this investigation is shown in Figure 5.4. The model was found to be 

significant with a P value <0.0001. Lyticase incubation was the only significant factor (P < 

0.00022) with increased pre-incubation resulting in higher HBC detection. 

The effect of TX-100 and AEBSF were again insignificant. This was further supported by the 

zymogram results in which bands of protease activity appeared on the gels irrespective of 

addition of AEBSF, EDTA and a commercial protease inhibitor cocktail. In the second trial, 

the protease inhibitors were added at various points in the incubation and protease activity 

was still evident regardless of their presence. Buffer concentration, which was shown to 

have an effect in the previous trial, was no longer found to be significant. This could be 

explained by the confounding effect caused by the inaccurate readings at higher solid 

loadings. 

Ultimately these experiments demonstrated the capabilities of the 1 mL vials for mid- 

throughput process development and could conceivably be used to study the HBC VLPs and 

improve recovery. However, experimental set up was relatively time consuming, relying 

heavily on operator precision and would be difficult to implement with high-value samples, 

high sample numbers and low volume samples. In addition, only 24 vials can be utilised at 

once and there was no ability to automate the process. As such, no further work was 

undertaken in the 1 mL tubes and instead smaller AFA® vials in a 96- well plate format 

became the focal point for implementation into a platform process.  
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5.3.2 Further miniaturisation, increasing throughput and platform development 

 

The previous results section focused on applying the lysis methodology employed by Blaha 

et al (2018) to lysis buffer optimisation. Whilst this was useful and could lend itself well to 

analysis of 24-well microwell plate samples, the sample preparation and vial handling was 

relatively tedious and would be ill suited to larger sample numbers. A 96-well plate format, 

on the other hand, would enable higher throughput, smaller volumes and easy liquid 

handling through multichannel or automated pipetting.  

What is more, samples could be directly transferred into filter plates for easy cell debris 

removal and then into 96-well, chromatography resin plates (Section 2.6.5) to enable rapid 

chromatography screening studies. This idea was first explored in an ordinary 96-well plate 

with a simple lysis screen to identify a suitable lysis duration and to understand consistency 

across the plate. However, this is not advised by the manufacturer owing to uncontrolled 

sample heating and so, following this, the AFA® microTUBES (Covaris, Brighton, UK) were 

selected, allowing sample volumes of 130 µL and containing the same rod-like cavitation 

enhancing fibre as in the 1 mL milliTUBE vials. 

In the first instance it was deemed essential to characterise the operational parameters and 

not assume the same operational settings as implemented in the larger vial. This was 

supported by Blaha et al. (2018) whose study highlighted very different responses based on 

vial geometries. Figure 5.5 shows initial PSD distribution data of identical samples at various 

positions in the 96-well plate that were disrupted using the same conditions to ensure good 

consistency in response across the plate, irrespective of position. Well-to-well 

inconsistencies would diminish the use of this technology as an appropriate cell lysis or 

process development method.  
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(A)  

 (B)  

Figure 5.5 Initial characterisation of particle size distribution in 96-well AFA® microtube plates. 
(A) Overlay of particle size distribution of samples after AFA®. All samples were loaded at 5% 
(wwet/v) solid loading and lysed using the same operational settings. (B) Panel view of particle size 
distribution of AFA® ƭȅǎŜŘ ǎŀƳǇƭŜǎΦ ! /!{¸ϰ/Ŝƭƭ ŎƻǳƴǘŜǊ ǿŀǎ ǳǎŜd for particle size analysis as 
described in Section 2. 7.2.1.  
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Particularly as this was intended as an intermediate stage prior to chromatography 

screening. Furthermore, the implementation of this method to clone screening would 

require good well-to well consistency so viable clones could be adequately selected. 

Fortunately, the data indicates good equivalence across the plate. 

An experimental screen of mechanical parameters was conducted. For simplicity, all 

microTUBES were filled with 120 µL sample (50 g wcw L-1) and chemical buffer components 

were omitted, given the lack of significance found in Section 5.3.1.2. The operational 

ǇŀǊŀƳŜǘŜǊǎ ǿŜǊŜ ǎŜƭŜŎǘŜŘ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƎǳƛŘŜƭƛƴŜǎ ŀƴŘ ŜȄǇŜǊƛŜƴŎŜ ǿƛǘƘ ǘƘŜ 

milliTUBES in Section 5.3.1. The microTUBES were not compatible with the higher end of 

acoustic energy achievable by the ultrasonicator, as such the range was reduced. To counter 

this reduction, the burst duration was extended from 60s to 120s. Table 5.4 indicates the 

factors and design of the screening study. Given the challenges in obtaining accurate protein 

concentrations from densitometry the nine runs were repeated in random order in 

triplicate, yielding a total of 27 runs. The Dot blot, which included also a calibration curve 

using purified recombinant hepatitis B protein, was used for densitometry analysis is shown 

in Figure 5.6. 

 Irrespective of the DoE analysis, it Is possible to identify intense dots on the nitrocellulose 

membrane and cross reference these with the results in Table 5.5 and the averaged and 

ordered results in Table 5.5 to identify the importance of particular conditions. This is 

immediately advantageous when considering the aims of this thesis. The ability to rapidly 

identify best conditions by eye, without the need for laborious analytics is extremely useful 

in early screening and process development. Given that the premise of the Tandem Core 

VLPs is to serve as a scaffold displaying n number of different inserts, directed to different  
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Table 5.4 Factor selection of the four factor, 3- level fractional factorial with lower, mid- and 
upper performance ranges. Each condition was randomised and run in triplicate.  

Factor Duty Cycle (%) CPB  Intensity (mV) Time (s) 

Ranges 1,5, 10 10, 100, 200 0.1, 5, 10 10, 60, 120 

 

 

Table 5.5 Averaged Factor and responses of triplicate conditions. Sorted in ascending order of 
Duty Cycle, Intensity, Cycles per burst and Time (s). Standard deviation and percent error also 
reported. Full response table can be found in Appendix 10.4. 

Run 
Numbers 

Pattern 
Duty 
cycle 

Intensity 
(mV)  

CPB  

Time 
(s) 

Conc.  
(µg mL -1) 

Std. Dev 
(µg mL -1) 

Error 
(%) 

3, 9, 24 ҍҍҍҍ 0.1 0.1 50 10 5.43 0.12 2.3 

5, 6, 19 ҍ000 0.1 5 100 60 5.87 0.05 0.8 

7, 13, 21 ҍ+++ 0.1 10 200 120 6.00 0.16 2.7 

1, 11, 20 лҍлҌ 5 0.1 100 120 5.60 0.29 5.3 

10, 17, 25 ллҌҍ 5 5 200 10 7.80 0.00 0.0 

4, 14, 23 лҌҍл 5 10 50 60 13.13 3.17 24.2 

2, 8, 27 ҌҍҌл 10 0.1 200 60 5.47 0.05 0.9 

15, 18, 22 ҌлҍҌ 10 5 50 120 22.03 1.46 6.6 

12, 16, 26 ҌҌлҍ 10 10 100 10 12.10 0.22 1.8 
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Figure 5.6 AFA® lysis condition screen in microtube plate format. Lanes 1-3 are triplicate 
recombinant hepatitis B protein dilution standards running from high (500 µg mL-1) to low (3.91 
µg mL-1) concentrations from A to H. Lanes 5-8 contain samples lysed using different focused 
acoustic operational settings. Samples were placed on the Dot Blot in reverse order (Run 1 = A8, 
нҐ.уΣ оҐ/уΧнтҐ/рύΦ 5ƻǘ ōƭƻǘ ŀƴŘ ƛƳƳǳƴƻǎǘŀƛƴƛƴƎ ǇŜǊŦƻǊƳŜŘ ŀǎ ƻǳǘƭƛƴŜŘ ƛƴ Section 2.7.5 and 
2.7.6. 
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disease targets; rapid development and manufacturing methods are essential to reduce 

costs and time to market.  

The percentage error and standard deviations are suitably low with the exception of one set 

of averaged results (4, 14, 23) which seem to have been skewed by a single outlier result, 

likely as a result of operator error. The removal of this data point increases the R squared 

value from 0.73 to 0.77, indicating a good fit and in either case the model is significant. The 

predicted model (P = <0.0001) resulted in equation (Equation 5.1) which models the desired 

response in terms of coded factors enabling rapid and easy estimation of important terms 

and their effects.  

[Equation 5.1] 

 

The factors identified as most significant were duty cycle, Cpb and intensity, in that order 

(Figure 5.7A). The factors provided by the equation model indicates that duty cycle and 

intensity have a positive effect on the response, whereas Cpb has a negative effect on the 

response. Understanding this from an operational viewpoint, it is logical that duty cycle is 

significant given that low duty cycles mean limited application of acoustic power during the 

treatment time. Similarly, the energy input of the acoustic wave was likely to impact cell 

disruption. Maximising desirability using the Prediction Profiler (Figure 5.7B) shows both at 

the upper limit of that explored in the design space. Given that these limits were due to the 

design constraints of the microTUBES increasing them further was not a possibility. Time 

was not significant but did exhibit a small positive effect on HBC. Considering the above, the 

conditions that will be used for future work incorporating the AFA® microTUBE lysis method 

are outlined in Figure 5.7B.  

Ὄὄὅ ‘Ὣ άὒ ψȢωχωσȢχρωzὢρ ςȢττςzὢς σȢςπρzὢσ ρȢτσπzὢτ 
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(A) 

(B)  

Figure 5.7 Analysis of milliTUBE AFA® DoE study for HBC-K1.K1. (A) Effect summary. (B) Prediction 
profiler. Factors are listed in decreasing order of significance. Statistically significant factors (at 

0.95 confidence level) are highlighted in blue.  



219 
 
 

5.4 Summary 

 

The aim of this chapter was to explore existing and novel small-scale methods capable of 

high-throughput Tandem Core construct recovery and potential incorporation into a 

platform process for rapid vaccine bioprocessing. Initial studies employed an AFA® method 

described in literature to investigate lysis buffer components whilst evaluating the method 

in terms of throughput, ease of use and product recovery (Section 5.3.1). The factors studied 

were found to be largely insignificant, with lyticase (enzyme) incubation time being one of 

the few notable significant factors, in line with the literature (Figure 5.4). Ultimately, the 

mid-throughput nature of the method, coupled with the need for additional chemicals to 

aid lysis and the inability to automate resulted in the elimination of the milliTUBE vials from 

further study. However, smaller microTUBE sample vials were also available and given the 

success of AFA® ultransonication they were selected for investigation of operating 

procedures given the new geometry. Enzymatic lysis was omitted, in spite of its significance 

in the prior study due to processing constraints that would be encountered at large scale. 

The results of the microscale experiment indicated good well-to-well and condition 

reproducibility (Figure 5.5) and highlighted key operating parameters for sufficient HBC 

recovery were defined for microscale lysis experiments going forward (Figure 5.7).  

Ultimately, primary recovery was not a focal point of this thesis, particularly as much of the 

work aims to understand epitope effects on key unit operations. Given that HBC-VLPs are 

produced intracellularly and all within P. pastoris, differences in cell disruption due to 

epitope differences were not anticipated. However, given the ease of use, high-throughput, 

reproducibility, and adequate HBC recovery it was decided it would work well for small-scale 

fermentation sample analysis and as part of the high-throughput platform process. Further 

usage of the method in conjunction with other unit operations is explored in Chapter 6.   
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6. Rapid establishment of chromatographic 

methods for purification of VLP variants 
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6.1 Introduction 

6.1.1 High throughput DSP development 

 

The development of methods for protein purification is critical for the field of biotechnology 

and the manufacture of vaccines and other biopharmaceuticals. Chromatography is used 

extensively in biopharmaceutical process development and commercial manufacture of 

biological medicines. A typical downstream process includes one or more orthogonal 

chromatographic steps to remove impurities and further purify the protein of interest. 

There are numerous chromatographic techniques available, which use different principles 

or selectivities to achieve purification. 

The basis of most chromatographic separation for protein purification is the differential 

partition of proteins between the stationary and the mobile phase; the former being the 

chromatographic medium and the latter being the solution containing the product mixed 

with impurities (Coskun, 2016). The differences between the various liquid chromatography 

techniques is therefore dependent on the type of stationary phase selected. Commonly 

used techniques in protein purification (Table 6.1) are hydrophobic interaction, ion 

exchange and affinity chromatography.  

As chromatography utilises the differing physicochemical properties of a protein in order to 

separate product and impurities, it stands to reason that HBC proteins with different inserts 

may require different purification methodologies, either in the type of stationary phase 

employed, or, in alterations to the mobile phase to enable better separation. Furthermore, 

within each technique there are a variety of resins available with differing characteristics 

which will affect how well a mixture of proteins in a solution is resolved. 
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DSP can be a bottleneck in bioprocessing as a result of advances in upstream bioprocess 

development. Higher biomass and protein concentrations achieved in bioreactors have in 

some cases overpowered the capacity of purification processes (Sandner et al., 2018).  

Moreover, developing robust purification strategies which do not compromise on product 

quality or cost can be a resource intensive endeavour. High-throughput screening methods 

are growing in popularity in biotechnology research and development as they enable 

process screening and optimisation to be conducted in both a timely and cost-effective 

manner. Whilst these technologies may not perfectly mimic the process as operated at large 

scale, they can serve as a useful tool for initial screening and process characterisation. 

tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎΣ ŀƴŘ ƻǘƘŜǊ ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ фс-well filter plates containing samples 

of chromatographic resins, are a good example of a high-throughput screening tool which 

can be used to rapidly identify suitable chromatography media as well as defining initial 

binding and elution conditions for further study (Figure 6.1).  

In the context of this work, it is possible to assume the epitope modifications (Table 6.2) will 

alter either the size or surface properties of the HBC VLP, all of which could result in differing 

purification needs. Whilst in silico, dynamic simulation and computational methods are 

being utilised to better predict particle formation, surface hydrophobicity and charge 

(Mobini et al., 2020b; Zhang et al., 2021), most work is still largely empirical. If a HBC vaccine 

scaffold is to become a reality, a uniform purification methodology or a high-throughput 

adaptable workflow is needed to rapidly screen candidates and facilitate large scale 

manufacturing (Li et al., 2010).  
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Table 6.1. Common chromatographic methods used for protein purification. Adapted from 
Jansen (2011). 

 

Chromatographic Methods Principle of Separation 

Hydrophobic interaction Surface hydrophobicity 

Reversed phase chromatography Hydrophobicity 

Ion - exchange Net charge / charge distribution 

Affinity Biological function /  bio-specific 

affinities 

Gel filtration/ size exclusion Size and shape 

Chromatofocusing Isoelectric point 

 

Table 6.2 VLP variants used in this work and estimated variation in dimer sequence as a result of 
molecular engineering to produce a potential influenza vaccine. VLP variants described further in 
Section 2.1.1. Information obtained from IQur Ltd. 

 

  

VLP variant % HBC % Influenza 

HBC-K1,K1 

(Empty Tandem Core) 

100 0 

VLP1 [HBC-HA2,3M2E] 

(Hemagglutinin stalk & M2e) 
  

55 45 

VLP 2[HBC-LAH,K1] 

(Hemagglutinin stalk, empty) 

70 30 

VLP3 [HBC-3M2E,K1) 

(M2E, empty) 

70 30 
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Figure 6.1 Schematic diagram outlining the stages involved in a typical purification process and 
the trade-off between product recovery and purity. Early stages of chromatography are usually 
concerned with low resolution separation and high efficiency product capture. Throughout the 
process the resolution must increase and contaminants must be removed. Product loss is 
inevitable throughout this process and therefore optimising each step and minimising total 
number is imperative to retain high product titres. Adapted from GE healthcare, tǊŜ5ƛŎǘƻǊϰΦ 
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tǊƻŘǳŎǘǎ ǎǳŎƘ ŀǎ ǘƘŜ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎ ŀǊŜ ŀǾŀƛƭŀōƭŜ ŦƻǊ ŀ ƳǳƭǘƛǘǳŘŜ ƻŦ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅ 

modes and can be purchased in a number of pre-filled formulations or personalised to suit 

the needs of the consumer or product. The 96-well plate format allows for small sample and 

media volumes and filling steps can be readily automated to enhance throughput. 

Moreover, in choosing to use these plates in this work, it was hypothesised that the 

chromatographic separation conditions identified could be readily scaled to benchtop 

columns, given that the mode of operation should have no bearing on the selectivity of the 

ligand. 

6.1.2 Aims and objectives 

Given the importance of an efficient downstream purification strategy for the success of a 

vaccine platform process, the aim of this chapter is to develop a high-throughput 

chromatographic method to rapidly assess the extent of purification for HBC VLPs and 

optimal recovery conditions. Moreover, it builds upon work describing cell lysis and primary 

VLP capture described in Chapter 5. 

The specific objectives of this chapter were as follows: 

¶ 9ǎǘŀōƭƛǎƘ ŀ ƳŜǘƘƻŘƻƭƻƎȅ ŦƻǊ ǳǎŜ ƻŦ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎ ǘƻ ǊŀǇƛŘƭȅ ŜȄǇƭƻǊŜ ±[t 

separation conditions. 

¶ Identify chromatography resins, and initial binding and elution conditions, suitable 

for VLP purification using high-throughput screening techniques. 

¶ Identify if resin requirements, or mobile phase conditions, differ dependent on the 

differing inserts in the major insertion region of the HBC VLPs. 

¶ Develop an initial chromatographic purification method for HBC VLP purification.  
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6.2 High throughput PreDictorϰ plate method development 

 

Due to the range of resins, buffers and conditions needing to be evaluated for VLP 

separations, a systematic approach and workflow for use of ǘƘŜ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎ ǿŀǎ 

ƛƴƛǘƛŀƭƭȅ ŜǎǘŀōƭƛǎƘŜŘΦ ¢ƘŜ Ŧƛƴŀƭ ǇǊƻǘƻŎƻƭ ŦƻǊ ǳǎŜ ƻŦ ǘƘŜ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎ ƛǎ ŀƭǊŜŀŘȅ ƻǳǘƭƛƴŜŘ ƛƴ 

Section 2.6.5 however, this section elaborates on the sequence of operations and the 

considerations involved at each step. These are presented here in both tabular (Table 6.3) 

and diagramatic form (Figure 6.2).  

It has already been stated that chromatographic protein separations are influenced by the 

nature of the mobile phase hence a wide variety of buffers (BIS TRIS, CITRATE, HEPES, MES, 

MOPS, TRIS) were tested in initial screens at varying buffer concentrations (20 mM ς 50 

mM), pH ranges (5.0 ς 8.0) and salt concentrations (0 ς 2 M NaCl and (NH4)2SO4.  The exact 

buffers used in particular separations will be specified in the text when discussing relevant 

figures. A diagram depicting buffers, their pH buffering range and the chromatography 

mode in which they were implemented is available in Figure 6.10. 

Similarly, the nature of the resin itself is important hence approximately 14 different resins 

spanning three chromatography separation techniques were investigated. These were: 

cation exchange chromatography (CIEX); anion exchange chromatography (AIEX); and 

hydrophobic interaction chromatography (HIC) as these were considered most suitable for 

purification of whole VLPs in their native state (as would be required in a final formulated 

vaccine). Within each mode of chromatography resins can still differ greatly. For example, 

the chemistry of the resin can change through the use of different ligands and spacers, 

whilst physical characteristics of resins can be different due to different base materials being 

used. The resins used in this work are comprised entirely of agarose-based resins, widely 
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used in biopharmaceuticals owing to ease of manufacture and adaptability (Nweke et al., 

2017).  

In order to evaluate the resins, and to work towards the inclusion of high throughout 

chromatography screening methods in a rapid manufacturing platform, a qualitative dot bot 

method was utilised. The reasons for this were numerous. Namely, dot blotting provides a 

simple and relatively fast way in which to verify HBC expression, eliminating the need even 

for SDS PAGE. Moreover, the nature of the system is almost binary, whereby the presence 

and absence of a black dot can be used to infer success of differing bind and elute conditions. 
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Table 6.3 Experimental workflow employed for chromatography screening experiments. The text 
in blue emphasises each stage at which the eluent was retailed for dot blot analyses. Guidelines 
are provided by the manufacturer.  

 

Steps Description 

Sample Prep 
Retain [Ini.] 

Samples lysed in selected binding buffer. Minor pH and salt 

adjustments made as needed before loading. 

Plate Prep 
Discard  

PreDictorϰ plates brought to room temperature before inverting 

~20 times to rehydrate the resin.  

Foil removed and plate placed over collection plate.  

Equilibration [x3] 
Discard 

Equilibration buffer (same as binding buffer) added (200 µL) 

Mixing using orbital shaker (5 mins, 1100 rpm)   

Centrifugation (1 min, 500 x g) 

Sample Binding 
Retain [FT] 

Sample loaded onto PredDictor plate (150 µL) 

Incubation [RT] and mixing using orbital shaker (1 hour, 1100 

rpm) Centrifugation (1 min, 500 x g)                                                     

Wash [x3] 
Retain [W1-3]  

Plates washed with binding/equilibration buffer (200 µL) 

Mixing using orbital shaker (5 mins, 1100 rpm) 

Centrifugation (1 min, 500 x g) 

Elution [x3] 

Retain [E1-3] 

Elution buffer added (200 µL)  

Mixing using orbital shaker (5 mins, 1100 rpm) 

Centrifugation (1 min, 500 x g)  

Final wash [x3] 
Retain [FW1-3] 

Wash all wells with 50mM MOPs pH 7.5 

Wash x3 with 200 µL 

Incubate 5 min on shaker (1100rpm), spin 1 min 500 x g 
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CƛƎǳǊŜ сΦн 5ŜǇƛŎǘƛƻƴ ƻŦ ǘƘŜ ǿƻǊƪŦƭƻǿ ŘŜǾŜƭƻǇŜŘ ŦƻǊ ǳǎŜ ƻŦ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎ όttύ ƛƴ ±[t ōƛƴŘ ŀƴŘ 
elute studies. For each of the chromatography modes tested (HIC, CIEX and AIEX) the 
experimental procedure remained largely the same. PPs were prepared by inverting to rehydrate 
the resins and the storage buffer was removed using centrifugation. Equilibration involved 3 
washes with appropriate binding buffer. The binding stage required 1 hour of mixing at room 
temperature. Subsequent wash and elute stages were again undertaken in triplicate. Mixing was 
carried out at 1100 rpm for 5 minutes unless otherwise stated. Centrifugation conditions were 
500 x g for 1 minute. At each stage the collection plate under the PP was changed and the flow 
through retained for dot blot and absorbance analyses as described in Sections 2.7.5 and 2.7.6, 
respectively. 
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Table 6.4 Details of the resins screened in VLP bind-elute studies to identify initial 

chromatographic separation conditions. All resin plates supplied by Cytiva. C-LA = cross linked 

agarose. 

 

 

Resin Class Resin Specification 

Anion exchange 
chromatography 

Capto Q Highly C-LA, spherical, strong 
anion  

Capto DEAE Highly C-LA, spherical , weak anion 

Q Sepharose Fast +++Flow C-LA, 6%, spherical, strong anion 

Capo Adhere Multimodal, strong anion  

Cation exchange 
chromatography 

Capto S Highly C-LA, spherical, strong 
cation 

SP Sepharose FF  C-LA, 6%, spherical, strong cation 

/ŀǇǘƻ aa/Ω Highly C-LA, spherical 
Multimodal weak cation  

Hydrophobic 
interaction 
chromatography 
(High) 

Capto phenyl 
(high sub) 

Highly C-LA, spherical, phenyl l 

Phenyl Sepharose 6 FF (low 
sub) 

C-LA, 6%, spherical, phenyl 

Capto butyl Highly C-LA, spherical, butyl  

Phenyl Sepharose 6 FF 
(high sub) 

C-LA, 6%, spherical, phenyl 

Hydrophobic 
Interaction 
Chromatography 
(Low) 

Butyl-S Sepharose 6 FF Highly C-LA, 6%, butyl S 

Octyl Sepharose  

4 FF 

C-LA, 4%, spherical, octyl 

Butyl Sepharose  

4 F 

C-LA, 4%, spherical, butyl 

Capto Octyl Highly C-LA, spherical, octyl 
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6.3 Results 

6.3.1 Cation exchange resin screening 

6.3.1.1. Cation exchange method development for HBC-K1,K1  

 

Chromatography is the core purification technology in protein manufacture (Armstrong et 

al., 2021) with IEX being one of the most utilised chromatographic methods. This is because 

of its high resolving power and high binding capacity (Jungbauer and Hahn, 2009). 

Moreover, these types of resin are relatively cheap, particularly in comparison to affinity 

resins, and can be very effective in reducing the concentration of aggregates, host cell 

proteins (HCPs) and DNA (Liu et al., 2010). 

The two types of ion exchange resins available, cation and anion, with their differences in 

charged groups, modes of operation and ranges in operability, offer high versatility for many 

products and processes. The basis of this technique is the electrostatic attraction that exists 

between the charged groups on the stationary phase, and the ionic species in the mobile 

phase. The strength of this interaction is dependent on several factors, including: the charge 

of the protein, competing ions and the ion exchange resin, non-electrostatic interactions, 

and buffer characteristics such as temperature and pH (Mukherjee, 2019). Protein 

adsorption generally occurs when the overall net charge of the protein is opposite to that 

of the ion exchanger. Whilst a range in pH can be used to improve binding capacity it can 

also be employed to facilitate elution by changing the net charge of the surface of a protein 

to be the same as the ion exchange resin. More commonly however, protein elution is 

achieved by increasing the salt concentration in the mobile phase. This increases the 

competition for binding with the ion exchanger, between the protein and similarly charged 

ions, leading to the protein being released (Fekete et al., 2015).  
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¢ƘŜ ŦƛǊǎǘ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ ŜȄǇŜǊƛƳŜƴt was designed to encompass various binding and 

elution conditions across three cation exchange resins, by altering pH and salt (NaCl) 

concentration. To establish a simple process that could be incorporated into a high-

throughput platform, a rational design approach was desirable, whereby the buffers and pH 

ranges were intended to be compatible with other process conditions; thus reducing the 

need for buffer exchange steps between chromatographic stages. However, the ranges 

selected had to be compatible with the mechanism of CIEX, which typically favours binding 

at low pH. A rapid cell lysis screen was therefore conducted at pH 4.0 - 6.0 and samples run 

in duplicate on a dot blot to confirm adequate protein detection. This was important since 

analysis for the chromatography plates would be based on qualitative blots. Figure 6.3B 

shows no detection of soluble VLP in the lysate at pH 4.0, which agrees with the lysis 

experimental results in Section 3.3.3.1. This could be due to protein aggregation induced by 

the low pH, resulting in the removal of aggregates during clarification (Mazzer et al., 2015). 

The lack of detectable protein led to elimination of a pH 4.0 binding buffer from the 

experimental design.  

The overall experimental design employed for cation exchange resin screening can be seen 

in Figure 6.3A. Samples were prepared by re-suspending and lysing pellets in the 

appropriate buffers, with minor adjustments made as necessary after clarification. The resin 

plates were rehydrated and equilibrated with binding buffer as described in Table 6.3 and 

150 µL of sample was pipetted into each well using a multichannel pipette. After  one-hour 

binding (1100 rpm on an orbital shaker, at room temperature), the wash and elution steps 

were carried out as outlined in Figure 6.2.  
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(A)   

(B)  

(C)     

Figure 6.3 Screening plate designs for CIEX plates. (A) Initial process plan. (B) Condition limit 
testing results. (C) Revised process plan. The CIEX initial plate designs aimed to explore a range of 
different pH binding buffers, leaning towards the use of more acidic buffers considering the 
mechanism of cation exchange. A simple elution strategy was designed, utilising the lowest and 
highest binding pH, supplemented with 0.5 or 1 M NaCl. To avoid buffer exchange steps at this 
stage, cell pellets were to be lysed using the buffer for binding, and pH altered as necessary in 
case of drift upon intracellular product release. Given the results using pH 4.2 in Section 3.3.3.1, 
a fast lysis experiment was carried out and no product was detected at pH 4.0. As such the lower 
limit of the study was increased to pH 5.0 accordingly. The revised method utilised for Figures 6.4 
and 6.5 is depicted in (C). 
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In the first instance, absorbance readings of eluted solutes in the collection plates at 280 

and 260 nm was selected for analytical purposes, owing to the ease of sample processing 

and high- throughput nature. However, this proved ineffective at identifying differences in 

HBC binding/elution, due to the presence of HCPs and other contaminants released during 

cell disruption that absorbed at these wavelengths. Conceivably, extracellular products 

would be better suited to this analysis. Instead, dot blotting was used as a rapid, visual and 

high-throughput method of analysis as described in Section 2.7.3. This enabled easy 

identification of resins as well as outlining conditions suitable for HBC binding and elution. 

This would not allow for the monitoring (and ideally reduction) of impurities, however, the 

advantages of a simple visual approach, in the context of a high-throughput platform cannot 

be overstated. More detailed analyses could always be implemented once the experimental 

space and sample number had been reduced. 

The eluent at varying stages was selected for investigation; initial, unbound, the third 

washing stage, and the first and second elution. The first two dots (Ini. and FT) can be used 

to qualitatively infer binding capabilities or used more quantitatively with densitometry and 

protein assays to calculate static binding capacity. The third wash step (W3) was included to 

ensure that any dots present in the elution fractions were not simply due to protein 

overloading and were instead a response to the elution condition used. The images in Figure 

6.4 show the results of HBC-K1,K1 binding to CIEX screening and polishing plates. Because 

each condition resulted in 5 samples to analyse (initial, flow through, third wash, first and 

second elution) one plate resulted in 4 dot blots. These are the 4 panels in Figure 6.4: (A) 

pH 5.0; (B), pH 6.0; (C) pH 7.0; and (D) pH 8.0. The results shows that SP Sepharose was the 

superior resin at this stage due to the dots present at E1 (highlighted in orange) and E2.  
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(A) (B) 

(C) (D) 

CƛƎǳǊŜ сΦп /L9· {ŎǊŜŜƴƛƴƎ ŀƴŘ tƻƭƛǎƘƛƴƎ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ Řƻǘ ōƭƻǘ ǊŜǎǳƭǘǎ ŦƻǊ I./-K1,K1 
purification. The four panels depict different equilibration/binding buffer conditions, which can 
be cross referenced with Figure 6.3 (C) for clarity. (A) Samples bound using Citrate buffer pH 5.0, 
rows A and B (B) Samples bound using Citrate buffer pH 6.0, rows C and D (C) Samples bound 
using MOPS pH 7.0 rows (E and F) and (D) Samples bound using Tris pH 8.0 rows G and H. The 
same amount of sample, derived from lysing 40 mL of 50 g wet cell paste L-1 in the corresponding 
buffers was applied to the plate using a multichannel pipette. Elution was conducted at either 0.5 
or 1 M NaCl in Tris pH 8.0 or Citrate pH 5.0 . Abbreviations in the above figures are as follows: Ini 
= initial, FT = flowthrough (unbound) W3 = wash 3, E1 = elution 1, E2 = elution 2. The first elution 
step is highlighted in orange on the dot blot as it was considered the most important result at this 
stage.  
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The protein in the unbound fraction is relatively high in most conditions, either due to sub-

optimal binding or too high a protein content for the binding capacity of the resin. However, 

at the lower pH range there are faint or absent bands in the unbound eluent for both SP 

Sepharose and Capto MMC, suggesting good binding was achieved. It appears that for the 

latter the binding was perhaps too strong given the lack of dots visible in the Capto MMC 

E1, E2 lanes (Figure 6.4A). This was considered a good first result which also suggested that 

protein binding/capacity issues could be further improved at a later stage. Furthermore, it 

ŀƭǎƻ ƘƛƎƘƭƛƎƘǘŜŘ ǘƘŜ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ƻŦ ǘƘŜ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎ ŀǎ ŀ ƘƛƎƘ-throughput technology 

for chromatography screening. 

As stated above, dot blots were used qualitatively for the most part, however it was decided 

that performing an SDS-PAGE and Western Blot analysis at this early stage of development 

would be useful before exploration of the other VLP variants. Thus, following the dot blot, 

wells of interest were selected and analysed via SDS-PAGE and Western blot (Figure 6.5). 

Moreover, it enabled a closer look at any VLP degradation products; a common issue 

throughout this study and ideally one that could be partly resolved during purification. The 

results indicate that the samples lysed and bound at pH 5.0 had less HBC protein visible on 

the Western blot. This could be due to the pH differences close to the matrix, which can vary 

by up to 1 unit meaning the sample could have been exposed to around pH 4 (Mukherjee, 

2019). Detection at pH 4.0 has already been explored with a negative result. Despite also 

showing fewer truncation products, the absence of a band in the E1 fraction meant pH 5.0 

may not be suitable for further study.    
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(A) (B) 

(C) (D) 

Figure 6.5 SDS-tŀƎŜ ŀƴŘ ²ŜǎǘŜǊƴ ōƭƻǘ ŀƴŀƭȅǎƛǎ ƻŦ ǎŀƳǇƭŜǎ ŦǊƻƳ ƛƴƛǘƛŀƭ /L9· tǊŜ5ƛŎǘƻǊϰ tƭŀǘŜ 
screening. Initial, flowthrough, elution 1 and elution 2 fractions were selected from the SP 
Sepharose resin only. (A) and (B) correspond to collected fractions which were bound under 
different conditions to the resin at [pH 5.0, 6.0, 7.0 or 8.0] but all eluted at pH 8.0, 1 M NaCl. (C) 
and (D) shows fractions which were all bound at pH 8 but eluted at either pH 5.0 or pH 8.0 and at 
either 0.5 M NaCl or 1 M NaCl.  
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In the other conditions very faint protein bands can be observed in the first elution in the 

Western blot but are seemingly absent from the SDS-PAGE. This may be due to the increased 

sensitivity of antibody immunodetection in comparison to Coomassie staining (Goldman, 

Harper and Speicher, 2016). In Figure 6.5 (C) and (D) the binding pH was maintained at pH 

8.0, with the elution conditions varying in both pH (5.0 or 8.0) or salt concentration  (0.5 M 

or 1 M NaCl). At both salt concentrations pH 8.0 appears to be the most suitable for elution 

with 1 M NaCl providing the most intense band in the elution lanes. At this stage it is unclear 

what else is binding to the resin but even so elution at a lower salt concentration would be 

preferable as late eluting products can often be lost to the cleaning and regeneration stages. 

The appropriate elution conditions would of course depend on the PI of the protein of 

interest and the need to elute separately to any HCPs that may be bound. This first result 

enabled the selection of at least one resin for purification of Tandem Core VLP and began 

outlining suitable buffer characteristics.  The key findings thus far were as follows; of the 

three CIEX resins tested Sepharose SP FF results in elution of the most protein in the first 

elution fraction. Buffer pH had an effect on both binding and elution with elution at pH 8.0 

giving the greatest response.  

6.3.1.2 CIEX chromatography method application to VLP variants 

 

Typically, in bioprocess development these results would be used to reduce the 

experimental space and further define conditions, prior to scale up. However, the wider aim 

of this thesis is in understanding epitope effects on bioprocessing. As such, the same 

conditions were applied to the purification screening of the three influenza-specific HBC 

VLPs, to investigate if different effects would be observed. Cell pellets were resuspended at 

50 g L -1 in lysis buffer, lysed by HPH, centrifuged and clarified as previously described in 

Section 2.6. For this series of experiments, the analysis was approached in two ways. First, 
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ŀǎ Ŝƭǳǘƛƻƴ ŦǊƻƳ ǘƘŜ ǇǊŜŘƛŎǘƻǊϰ ǇƭŀǘŜ ǊŜǎƛƴǎ ǿŀǎ ƭŀǊƎŜƭȅ ōŜƛƴƎ ǳǘƛƭƛǎŜŘ ŀǎ ǘƘŜ ƳŜŀǎǳǊŜ ƻŦ 

success, the entire elution plate for each run was dot blotted in Figure 6.6. This has the 

advantage that detection is not skewed by the more intense dots that would be visible if ran 

against the initial protein sample applied to the resin, visible in the initial samples. However, 

as the VLP constructs may also have different epitope-dependent binding preferences, a 

second dot blot analysis was also conducted as in Figure 6.4 showing FT, W3 and E1-2 

(Figure 6.7) only for binding at pH 6.0.  

Looking first at the screening plate results in Figure 6.6 (A, C, E and F) some minor, possibly 

construct-dependent differences can be seen. VLP2 (E) for example elutes at both pH 5.0 

and pH 8.0 primarily from Sepharose resins but with a faint response for elution from Capto 

MMC, both at 0.5 M NaCl. On the other hand, HBC-K1,K1 preferentially elutes at pH 8.0, 

again for both resins but at both salt concentrations. 

It appears that the resins in the polishing plates are superior to the screening ones in terms 

of either protein binding or elution from the membrane, demonstrated by more intense 

protein dots on the membrane. The reasons for this difference are unclear, particularly as 

the polishing plates are not recommended by the manufacturer at this stage of process 

development. The second observation is the poorer quality images derived during the HBC-

Influenza epitope experiments (Figure 6.6 C-H) in comparison to the clear HBC-K1,K1 image. 

This is probably due to a need for overexposure using the imager, an action typically 

synonymous with lower protein available for detection. This result is consistent with findings 

reported in Chapter 4 where the increased insolubility of complex constructs is apparent, 

causing issues with soluble detection. 
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(A) (B)   

(C) (D)  

(E) (F)       

(G) (H)  

Figure 6.6 CIEX Plate method development using HBC VLP variants. (A and B) HBC-K1,K1 
screening/polishing (C and D) HBC-HA2,3M2E/(VLP1) screening and polishing, (E and F) HBC-
LAH3,K1/ VLP2 screening and polishing (G and H) HBC-K1,3M2E/VLP3 screening and polishing.  
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VLP 3 (G) again has faint dots for  both Capto resins (albeit less obvious than Sepharose) at 

elution pH 8.0 and both salt concentrations. VLP1, the double epitope construct which 

characteristically suffers from insolubility issues in this work, resembles more closely the 

salt elution habits of VLP2. In fact, the dot blot profiles of HBC-K1,K1 seems to be most like 

VLP3, and VLP1 to VLP2. This could be because LAH epitopes (VLP2) are derived from the 

HA2 (VLP1) stem (Adachi et al., 2019) .  

The results also indicate that the washing steps are adequate at removing unbound protein 

ŀǎ ƴƻ Řƻǘǎ Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ ǘƘŜ ΨǿоΩ ŜƭǳŜƴǘ ƛƴ Figure 6.7 (A), (B), and (C).  In image (A), the 

protein intensity is lower in the flow-through dot for the Capto MMC resin, perhaps 

indicating that binding was successful and that the lack of protein in the eluent was due to 

unsuccessful elution. This could be because the protein is binding too tightly to the resin 

and as such different conditions are required to successfully elute it. Again, this holds true 

for both VLP1 and VLP2 whilst no obvious effect can be seen in the case of VLP3. Ultimately, 

in all cases Sepharose SP seems to be the resin of choice, with binding at pH 6.0 and elution 

at pH 8.0 working well for all four VLP variants.  

6.3.2 Hydrophobic Interaction Chromatography resin screening 

 

HIC was investigated as an alternative or orthogonal chromatographic separation method 

to CIEX. HIC is also an inherently popular chromatographic mode, with operation at 

favourable buffer pH ranges which help to reduce the complexity of downstream 

processing. 
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(A) (B)  

(C)  

 

CƛƎǳǊŜ сΦт /L9· {ŎǊŜŜƴƛƴƎ ŀƴŘ tƻƭƛǎƘƛƴƎ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ ǊŜǎǳƭǘǎ ǇǳǊƛŦȅƛƴƎ I./ ǾŀǊƛŀƴǘǎΦ ό!ύ VLP1. 
(B) VLP2. (C) VLP3. Samples bound using citrate buffer pH 6.0. The same amount of sample, 
derived from lysing 40 mL of 50 g wet cell paste L-1 in corresponding buffers was applied to the 
plate using a multichannel pipette. Elution was conducted using either 0.5 or 1 M NaCl in Tris pH 
8.0 or Citrate pH 5.0. Abbreviations in the above are as follows: Ini = initial, FT = flowthrough 
(unbound) W3 = wash 3, E1 = elution 1, E2 = elution 2. The first elution step is highlighted in 
orange on the dot blot as it was considered the most important result at this stage.  
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From a downstream process design perspective, the requirement for binding at high ionic 

strength would enable use of HIC after a high salt elution step such as that required in CIEX. 

As with CIEX screening (Section 6.3.1), the premise of this investigation into HIC resins is 

first and foremost to establish an appropriate purification based on the HBC core and 

secondly, based on the specific physicochemical properties of the influenza based antigens 

displayed on the particle surface.  

HIC is based on the hydrophobic interactions that exist between the protein surface and the 

column to which they bind. As HIC is largely reliant on Van der Waals forces, the interaction 

is weak enough so as not to damage the protein (GiaŎƻƳŜǘǘƛ ŀƴŘ WƻǎƛŏΣ нлмоύ. By coupling 

the non-denaturing characteristics of salt precipitation with chromatography, HIC is able to 

achieve high product recovery (Mukherjee, 2019). This is of particular interest to this work, 

owing to the frequent use of (NH4)2SO4 to facilitate binding and the relatively common use 

of ammonium sulphate precipitation in VLP recovery, able to alter solubility with little to no 

impact on VLP formation (Zhang et al., 2021). Indeed, (Kazaks et al., 2017) have previously 

described an ammonium sulphate precipitation method for purifying HBC VLPs. Given that 

1 M (NH4)2SO4 is not equal to 1 M NaCl in its ability to salt out proteins (Yang, 2009), a 

precipitation screen was conducted from 0 M to 1 M to ensure that protein detection was 

possible and that total precipitation of the protein did not occur. The results of this screen 

are shown in Figure 6.8 along with the screening design as it was set up for this study. The 

full bind to elute and elution plate results from the HIC chromatography screen are shown 

in Figures 6.9 and 6.10. 
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(A)  

(B)   

(C)    

Figure 6.8. Considerations and screening plate design for HIC. (A) Ammonium sulphate 
precipitation screen (B) High hydrophobicity design. (C) Low hydrophobicity design. As with the 
previous CIEX plate designs (Figure 6.3) a range of different salt concentrations were tested for 
elution due to the mechanisms of HIC. Again, to avoid buffer exchange steps, cell pellets were 
resuspended and lysed in the buffer used for binding and pH adjusted as needed. To ensure 
samples did not entirely precipitate at high salt concentrations a simple screen was carried out. 
As such, proteins were bound at high (NH4)2SO4 (1 M) and eluted at either 0.4 or 0.6 M. Samples 
were lysed and clarified prior to salt adjustment with a 3 M solution. The experimental method 
was performed as depicted in Figure 6.2.   
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(A) (B)  

CƛƎǳǊŜ сΦф IL/ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ ǊŜǎǳƭǘǎΣ ǇǳǊƛŦȅƛƴƎ I./-K1,K1. (A)  High hydrophobicity. (B) Low hydrophobicity. The results above represent a fraction of the 
conditions tested as the effect shown was representative. Binding occurred at 1 M (NH4)2SO4 and elution was conducted at either 0.4 or 0.6 M. Abbreviations 
in the above are as follows: Ini = initial, FT = flowthrough (unbound) W3 = wash 3, E1 = elution 1, E2 = elution 2. The first elution step is highlighted in orange on 
the dot blot as it was considered the most important result at this stage.     
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The dot blots of the HIC experiment were divided again by binding pH and a representative 

sample of results for high and low hydrophobicity resins is shown. The elution fraction is 

highlighted by an orange rectangle. The results show a positive protein response in the 

elution fractions of all of the resins to varying extents. This could be a result of overloading 

protein to the resins, a possibility supported by the faint protein signal seen in the wash 

step. This indicates that the wash step was not sufficient to remove all unbound protein and 

could affect the integrity of the elution results. However, given the intensity of some of the 

dots in the elution fraction comparative to the wash dots it is unlikely that the elution effects 

are false. The different buffers and pH ranges utilised seem to have had far less effect than 

in CIEX chromatography (compared to Figure 6.4) as anticipated. Product elution occurs as 

low as 0.6 M salt concentration and is therefore also eluted at 0.4 M. A closer look at 

contaminants and the use of a gradient or stepwise elution would be required to identify 

optimal elution conditions. 

The same methodology was applied to the other HBC variants to examine the effectiveness 

of HIC for each construct. The results in Figure 6.10 show the first elution plates for these 

experiments with high hydrophobicity resins on the left (B, D) and low hydrophobicity resins 

on the right (A, C, E). Interestingly, there is no blot for VLP1 purified using the high 

hydrophobicity resin as there was no detection, even at high exposure and the response 

using low hydrophobicity resins was low. This is in contrast to the other constructs, all of 

which have a protein response to both high and low resins. These differences are likely 

epitope dependent, either as a result of different, inherent solubilities or less interaction 

between the influenza epitopes and the chromatography ligand.  Over exposure of the blots 

for the VLP1 construct with low hydrophobicity resin (Appendix 10.5) does highlight the two 

butyl resins as the most favourable options. 
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The results for VLP2 and VLP3 show protein in the eluents across numerous resins, as with 

HBC-K1,K1. VLP3 in particular, is responsive to many of the low hydrophobicity resins, a 

finding that is mirrored in the HBC-K1,K1 elution fractions in Figure 6.10. Clearly, construct 

dependent differences are at play and arguably different resins may be more suitable for 

each construct with some manipulation of binding and elution conditions. In the 

exploitation of HBC as a vaccine scaffold, if one HIC resin had to be selected to enable a 

platform approach to purification of  all HBC VLPs, at this stage the best choice would likely 

be Butyl S Sepharose FF.  

6.3.3 Enhanced screening through fine-tuning of binding and elution conditions and 

improved upstream processing  

 

As the upstream processing methodologies were improved (Chapter 4) and the soluble 

protein recovery increased (per gram of WCW) a set of experiments were designed to fine 

tune the chromatography screening conditions. Beginning with CIEX, careful consideration 

was given to conditions at this stage, taking into account previous findings coupled with 

research reported in the literature.  

To begin with, binding pH was fixed at pH 6.0 using MES buffer; this was a change from using 

citrate buffer owing to the greater buffering range (Figure 6.11) and hence the ability to 

better explore elution conditions. Secondly, two lanes were selected for binding at 0.1 M 

salt concentration, given that the prior results indicated that the VLP may be bound too 

tightly to the resin.  
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(A)  

(B) (C)  

(D) (E)  

Figure 6.10 Elution plate results of HIC initial process method applied to influenza HBC-VLPs. (A) 
HBC-HA2,3M2E (VLP1) low hydrophobicity (B and C) HBC-LAH3,K1 (VLP2) high and low 
hydrophobicity (E and F) HBC-K1,3M2E (VLP3) high and low hydrophobicity. Cell pellets were 
resuspended and lysed using HPH in their designated buffers. Following clarification (Section 
2.6.4) the ionic strength of samples was increased to 1 M (NH4)2SO4 using a 3M solution and final 
adjustments to pH were made prior to binding.  
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(A)  

 

(B)  

Figure 6.11 Overview of the different mobile and stationary phases utilised for VLP purification. 
Summary of: (A) the buffer types and pH ranges explored in this work, and (B) their impact on the 
operation of chromatographic separations using different resins. Figure created using 
BioRender.com. 
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From a scale up perspective, reducing the affinity of binding may prevent product loss in 

resin washing and regeneration (Burden et al., 2012). This approach can also be useful if 

contaminants compete for binding in the salt free condition enabling them to be washed 

away in the flow through. Both NaCl and (NH4)2SO4 were studied in this respect (rows B and 

D of the plate respectively). The second salt was introduced to see if it was possible to 

identify overlapping/common operating conditions between CIEX and HIC which would 

enable these to be used in succession without the need for buffer exchange in between. 

For elution, a range of conditions were used to explore: (1) increased pH and salt elution 

(MOPS pH 7.8 at 0.5 M NaCl and (NH4)2SO4), (2) pH-only elution at the binding pH (control) 

and increased pH (MOPS pH 7.8), and (3) salt only elution at fixed binding pH (MES pH 6.0) 

with 0.5 M NaCl or (NH4)2SO4. The protein samples used in this study were clarified VLP1 and 

VLP2 obtained from the optimised fermentation strategy devised in Chapter 4.  The results 

of this screen are shown in Figure 6.12. 

The first observation is that there is little protein seen on the blot when eluted with the 

binding buffer (Row E), providing a level of confidence in the observations. The higher pH 

elution condition by comparison demonstrates a good elution response for both constructs 

(Row F). Secondly, whilst VLP2 is still more visible than VLP1 in most cases, the response of 

VLP1 appears to be much stronger than in previous CIEX studies (Figure 6.6 D and E). This 

could either be due to success of the improved protein expression achieved during upstream 

optimisation or the purification. In any case the result is positive. Notably, the VLP1 response 

when purified using the  Capto S resin sems to outperform VLP2 (columns 1+2 compared to 

3+4).   
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CƛƎǳǊŜ сΦмн /L9· tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎ ǿƛǘƘ ŎƻƴǎǘǊǳŎǘǎ ŦǊƻƳ ƻǇǘƛƳƛǎŜŘ ŦŜǊƳŜƴǘŀǘƛƻƴ ǊǳƴǎΦ VLPs obtained from the optimised fermentation protocol described in 
Chapter 4, Section 4.3.2 were purified using modified conditions on CIEX plates containing three different resins. Samples were lysed in MES pH 6.0, centrifuged 
and 0.22 µm filtered. Prior to application to the resin, samples in rows B and D were adjusted to 0.1 M NaCl and 0.1 M (NH4)2SO4 respectively. Plate experiments 
were conducted as depicted in Figure 6.2. For elution, a range of different pH and salt combinations were trialled, (above right). Rows A - C were eluted with 
MOPS pH 7.8 with either 0.5 M NaCl (A+B) or (NH4)2SO4 (C+D). Rows E, G and H were eluted using MES pH 6.0 with; E - No salt (control), G - 0.5 M NaCl and H - 
0.5 M (NH4)2SO4. Row F was eluted with high pH (MOPS pH 7.8) no salt. For analysis, a multichannel pipette was used to remove 2 µL from each well of the first 
elution plate (eluted with reduced salt (0.5 M) binding buffer) and applied to a nitrocellulose membrane. Membranes were processed according to the 
immunostaining protocols described in Section 2.7.5. 
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As anticipated, the protein response on the blots using the Sepharose resin are the 

strongest, however protein is also seen to be present in the eluent from the two alternative 

resins.  Both salts effectively eluted protein (Rows A-D) from the resin and as such can be 

explored in conjunction with HIC for orthogonal chromatography method development. 

Furthermore, binding at 0.1 M of either salt did not seem to negatively impact the binding 

capability of either protein and in fact, may have improved binding for both VLP 1 and 2 as 

inferred from the darker dots in lane B and D. Interestingly, binding at 0 M NaCl and eluting 

at 0.5 M NaCl, which was largely used as the condition in the previous study, seems 

comparatively poor in comparison to other conditions. 

Following the improvement in the CIEX methodology, a similar approach was taken to 

improve HIC conditions (Figure 6.13), again utilising the soluble clarified protein variants 

from the optimised fermentations (Section 4.3.3). Given that excessive binding seemed to 

be the biggest issue in the previous study (Figure 6.10), alternative elution conditions were 

studied using two different buffers and two different salts at 0.5 M (Figure 6.13). In terms 

of practically carrying out these studies, rapid implementation of elution conditions across 

the whole plate was achieved by pipetting using a multichannel pipette. The establishment 

of different binding conditions was more complex and time consuming, however, due to 

each well requiring its own combination of buffers and salts. To avoid uneven binding times, 

a preparatory plate was used where each well had the desired solutions pre-prepared; a 

multichannel pipette was then used to enable their rapid transfer into the PreDictor® plate.  
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(A)  

(B)  

CƛƎǳǊŜ сΦмо IL/ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ ǊŜǎǳƭǘǎ ǿƛǘƘ ŎƻƴǎǘǊǳŎǘǎ ŦǊƻƳ ƻǇǘƛƳƛǎŜŘ ŦŜǊƳŜƴǘŀǘƛƻƴ ǊǳƴǎΦ ό!ύ 
High and (B) low hydrophobicity resins. VLPs obtained from the optimised fermentation protocol 
described in Section 4.3.2 were purified using modified conditions on HIC plates. Samples were 
lysed in MOPS pH 7.8 or Tris pH 8.0 buffer, centrifuged and 0.22 µm filtered. Prior to application 
to the resin, samples were salt and pH adjusted (above left, grey font). Plate experiments were 
then conducted as described in Section 2.6.5 and depicted in Figure 6.2. For analysis, a 
multichannel pipette was used to remove 2 µL from each well of the first elution plate (eluted 
with reduced salt (0.5 M) binding buffer) and applied to a nitrocellulose membrane. Membranes 
were processed according to the immunostaining protocols described in Section 2.7.6. 
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The results from the second HIC investigation are again promising for VLP1, with evidence 

of binding and elution across both high and low plates, unlike the previous study (Figure 

6.10). In this study, salt concentration for binding was increased to 2 M to see if this 

improved VLP adsorption, whilst NaCl was added as a second salt option. 1 M NaCl did not 

facilitate good VLP binding to the resin, as indicated by Row B and Row F of both 

membranes. Conversely, 2 M NaCl did facilitate binding but  to a lesser extent than 1 M 

ammonium sulphate. This suggests that increasing the NaCl concentration further may be 

needed to improve binding. This finding is in agreement with the literature as sodium 

chloride is more neutral than the kosmotropic ammonium sulphate and therefore, in 

research conducted by Xia et al. (2004), ammonium sulphate was used at a third the 

concentration of NaCL in order to maintain constant ionic strength, as calculated using the 

Debye-Huckel equation (Xia et al., 2004). The Butyl resins remain the best performers for 

both constructs at both salt types, again in agreement with research in the literature for 

VLPs (Li et al., 2018). Moreover, TRIS pH 8.0 appears marginally better than MOPs at pH 7.8.  

Ultimately, both screening studies reported in this section seemed to outperform the initial 

studies reported in Section 6.3.1-2 due to improved method development using the 

PreDictorϰ plates and as a result of improved protein recovery owing to an optimised 

upstream fermentation method development (Section 4.3.3). These data highlight the 

advantages of these small scale high-throughput methods, both in isolation and in series.  

6.3.4 Combining HTP downstream processing methods for VLP recovery (AFA®) and 

purification (Predictorϰ plates)  

 

The final experiments in this chapter aimed to combine the findings of Chapter 5, using the 

optimised AFA® conditions to connect the unit operations and complete the small scale 

downstream processing platform. A previously unexplored (in this work) AIEX plate was 
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selected for use with HBC-K1,K1 along with a set of simple parameters to test as outlined in 

literature (Kazaks et al., 2017; Ng et al., 2007). Anion exchange resins carry a net positive 

charge, unlike cation exchange resins, and so have an affinity to molecules with a net 

negative surface charge (Figure 6.11). The buffers selected were tris-HCL pH 8.0 for binding, 

to ensure the protein was negatively charged and could bind to the resin. Biological proteins 

typically carry a negative charge at physiological values of pH 6.0 ς 8.0 (Mukherjee, 2019). 

Elution was carried out using bis-tris pH 6.0 (for the opposite purpose, to enable a change 

in surface charge and subsequent removal from the column). Other conditions tested were 

elution in the same buffer as for binding and equilibration (a negative control as no elution 

should occur) as well as variations of the salt and pH used for elution.  

Critically, the cell lysis methods used to recover the VLPs to be loaded onto this plate 

included both HPH, as in the previous studies, and the AFA® methodology discussed in 

Chapter 5. Samples from the latter were transferred directly from the 96-well AFA® 

microTUBES and clarified using a 0.22 µm 96- well filter plate to remove debris before 

ǘǊŀƴǎŦŜǊ ǘƻ ǘƘŜ !L9· tǊŜŘƛŎǘƻǊϰ ǇƭŀǘŜΦ ItI ƭȅǎŜŘ ǎŀƳǇƭŜǎ ǿŜǊŜ ŎƭŀǊƛŦƛŜŘ ŀƴŘ ŀŘŘŜŘ ǘƻ ǘƘŜ 

plate as usual (Section 2.6.2).  The outcome of this study is shown in Figure 6.14. 

The results from this dot blot show that eluting from the AIEX resins in the absence of any 

salt was not successful even when performed in conjunction with a pH shift (rows A, C, and 

E). This is in contrast to the results found for CIEX in which a pH change to facilitation elution 

proved successful. A pH shift in conjunction with salt worked fine, obviously entirely due to 

NaCl. No differences were observed between pH and salt conditions. Importantly, the 

results from samples clarified from AFA® disrupted cells appear to show a good match to 

the samples lysed by HPH. This agreeability in protein intensity at the same conditions, 

coupled   
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CƛƎǳǊŜ сΦмп !L9· tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ ǊŜǎǳƭǘǎ ǿƛǘƘ I./-K1,K1 obtained from HPH and AFA®. Samples were lysed as described in Section 2.6.2 or using optimised 
AFA® conditions as outlined in Chapter 5. Samples were resuspended in the appropriate lysis buffer (left) and a small volume removed for AFA® before 
homogenisation. HPH samples were centrifuged and 0.22 µm filtered. AFA® samples were transferred by multichannel pipette into centrifugal filter plates (0.22 
ҡƳύ ōŜŦƻǊŜ ōŜƛƴƎ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎΦ {ŀƳǇƭŜǎ ǿŜǊŜ ŀǇǇƭƛŜŘ ŀǘ ƘƛƎƘ ǇIΣ ƴƻ ǎŀƭǘ ŎƻƴŘƛǘƛƻƴǎ όaht{ ǇI тΦу ŀƴŘ ¢wL{ pH 8.0). Plate experiments were 
conducted as described in Section 2.6.5 and depicted in Figure 6.2). For elution, a range of different pH and salt combinations were trialled, (above right). Rows 
A, B, E-F were eluted with low pH BIS TRIS pH 6.0, as is (A, E) or 0.5 M NaCl (B, F, G, H). Rows C and D were eluted with their binding buffer (Tris pH 8.0) with no 
salt and 0.5 M NaCl respectively. For analysis, a multichannel pipette was used to remove 2 µL from each well of the first elution and applied to a nitrocellulose 
membrane. Membranes were processed according to the immunostaining protocols described in Section 2.7.6.  
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with the high throughput nature of the method and ease of transfer, promote the use of 

AFA® as a part of a HTP platform process. 

6.4 Summary  

 

The objectives of this chapter were to identify and investigate chromatography resins 

suitable for HBC VLP purification, whilst understanding the effect of epitope 

physicochemical properties on the resin or parameter selection. In order to achieve this, 

initial work focused on establishing the 96-ǿŜƭƭ ǇǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜ ƳŜǘƘƻŘƻƭƻƎȅ ŀƴŘ 

designing straightforward but comprehensive bind and elution conditions to evaluate 

potential chromatographic separation conditions based on the use of  rapid qualitative 

immunostaining analyses. The initial experiments explored the use of two modes of 

chromatography, CIEX and HIC and worked to identify a set of operating conditions to test 

the affinity and resolution of HBC-K1,K1. 

Within the CIEX screen (Figure 6.4), SP Sepharose was identified as the most promising resin, 

with evidence of both binding and elution through the absence and presence of protein 

detection on the dot blots. Other resins showed promise with binding but had a 

comparatively poor elution response. Once the experimental design had been realised, the 

same conditions were applied to chromatographic screening of alternative HBC constructs 

as a simple way of identifying differences In purification needs as a result of epitope 

variation (Figure 6.6). Differences were observed at this stage, with minor but visible 

differences between HBC-K1,K1 and VLP3, and VLP1 and 2, two epitopes derived from the 

hemagglutinin stalk region of influenza. In spite of these differences, Sepharose SP identified 

as being a suitable resin for use with all constructs, with binding at pH 6.0 and elution at 0.5 

M salt and pH 8.0 giving good results (Figure 6.5). 
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A similar approach was used for investigation of VLP construct purification using HIC resins 

(Section 6.3.2). Butyl resins were identified as the most promising, with binding needing 

further investigation either due to capacity or poor interaction. Three of the constructs were 

also able to interact with some high hydrophobicity resins, with the exception of VLP1. 

These differences were deemed construct dependent owing to fundamental differences in 

their solubility.  

Following this, VLP samples obtained as a result of fermentation optimisation studies in 

Chapter 4 were trialled with fine-tuned conditions drawing from the literature and results 

from the earlier studies. This enabled improved recovery of the product in both CIEX and 

HIC, particularly for VLP1 which was able to interact with both high and low hydrophobicity 

resins (Figure 6.13). This second round of investigation also explored different salts within 

each plate, with the view that future tandem-column work may be desirable. It was found 

that both salts enabled elution and binding for CIEX and HIC respectively, but that salt 

concentration would need to be adjusted to match the binding strength of ammonium 

sulphate for HIC resins.  

Finally, the feasibility of establishing a microwell-based, HTP development platform was 

demonstrated based on sample transfer from AFA®-lysis (Section 5.3.2) to centrifugal filter 

ǇƭŀǘŜΣ ŦƻǊ ŎŜƭƭ ŘŜōǊƛǎ ǊŜƳƻǾŀƭΣ ǘƻ  tǊŜ5ƛŎǘƻǊϰ ǇƭŀǘŜǎ ŦƻǊ ŎƘǊƻƳŀǘƻƎǊŀǇƘƛŎ ǎŜǇŀǊŀǘƛƻƴǎΦ ¢ƘŜ 

results were compared against VLP samples prepared by conventional HPH lysis and 

clarification methods (Section 2.6.2 and 2.6.4). The results shown in Figure 6.14 indicate a 

similar level of VLP recovery using the same buffer and salt conditions for AFA® as for HPH 

which is an important result. In the next chapter the results of Chapters 4-6 are summarised 

and a high throughput screening platform process workflow is proposed, detailing the 

critical data which supports the platform implementation.   
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7. Demonstration and scale-up verification of 

high-throughput VLP development platform 
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7.1 Introduction 

 

The underlying objective throughout this work has been platform development; referring 

both to the HBC and its potential as a vaccine scaffold for rapid vaccine manufacturing, and 

also the creation of a high-throughput platform process, to enable easy exploration and 

optimisation of process conditions. Numerous small-scale methods were explored, spanning 

the unit operations from upstream processing (Chapter 4) to product purification (Chapter 

6). The advantages of both a product and process platform (the vaccine scaffold and the 

scaled down processes, respectively) is to speed up vaccine development by shortening 

experimentation times, minimising material costs and maximising process understanding. 

By achieving this, the platform could in turn reduce vaccine time to clinic and therefore to 

market as platform approaches have already achieved for monoclonal antibody 

therapeutics (Petersen and Kristensen, 2011). This would significantly reduce costs and 

would be highly beneficial in the face of unknown pathogens, such as SARS-CoV-2.  

However, in order for this platform to be realised, the methods developed must be a good 

mimic or predictor of results at large scale (Section 1.7). There is no advantage to data which 

does not support reliable translation to large scale manufacture if the process has to be 

reoptimised at each scale. Validation, at scale, of the small scale and high-throughput 

methods developed in this thesis is of great importance if they are to have industrial impact.  
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7.2 Chapter Aims and Objectives 

 

The aim of this chapter is to conduct an overall appraisal of the small scale, HTP 

development work conducted throughout this thesis and to validate the results obtained 

across the bioprocess sequence at pilot scale.  

The specific chapter objectives are as follows: 

¶ To summarise the overall project aim by drawing together the results presented in 

the previous chapters to illustrate  the concept of the proposed HTP platform. 

¶ To validate the small-scale upstream fermentation data by demonstrating successful 

scale up of VLP production to 20 L pilot scale. 

¶ To validate the chromatography resin screening and separation method 

development approaches to chromatographic VLP purification in preparative scale 

5 mL columns. 
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7.3 Results and Discussion 

7.3.1 Summary of Tandem Core VLP designs and workflow overview  

 

HBC is a promising candidate for use as a vaccine scaffold but is somewhat limited by 

processing difficulties as a result of the surface epitopes (Section 1.5.1). A single process 

workflow, able to purify the VLPs based on the physicochemical properties of HBC, and not 

the surface displayed epitopes it carries, would be ideal. However, given that the surface 

epitopes can account for a large proportion of the whole construct it is likely that any 

platform process would need minor modification to operating conditions to account for 

epitope-dependent differences. A common workflow, capable of rapid screening and 

optimisation based on these properties would be advantageous. Alternatively, a defined 

process that is suboptimal for any individual given product but holistically adequate for a 

multitude of candidates may be also acceptable (Dowd and Kelley, 2011). These concepts 

align well with the definition of a platform outlined in Section 1.5.3. 

To study the effect of the insert on HBC process development, and to develop a series of 

methods to achieve this, four HBC Tandem Core VLP variants were used. Given that that the 

platform (again, both scaffold and process) was designed with rapid vaccine manufacture in 

mind, the industrial relavance of exploring universal influenza epitopes was considered 

advantagous, taking steps towards a much needed universal inluenza vaccine.   

Figure 7.1 shows how the different Tandem Core VLPs were designed. As shown by the 

Western blot, though similar in design, and inherent ability to self-assemble, the VLP dimers 

present as different sizes (kDa) with different solubilities, highlighting the need stated in 

Section 1.10 for bespoke process development. After initial fermentation scoping 

experiments (Chapter 4) the need for improvement to culture conditions was clear and thus 
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a DoE-based approach to feeding regime optimisation was established using a HTP 

microbioreactor system. Although the ambr®250 system used in this work was modular, 

comprising of only 4 parallel vessels, there are already commercially available systems which 

allow for up to 24 bioreactors in parallel (Section 1.7.1). 

However, whilst these  HTP USP methodologies can overcome the time and resource 

limitations associated with the running of larger, low-throughput vessels, it can end up 

shifting the bottleneck towards sample processing and data analysis (Sandner et al., 2018). 

By coupling these systems with 96-well plate based lysis and purification techniques, the 

work presented in Chapters 5 and 6 showed that this limitation can be avoided. This enables 

simultaneous process development in which upstream conditions can be evaluated 

throughout, not only in terms of conventional cell culture metrics (OD600, WCW, DCW, titre) 

but also for their effect on downstream processing steps (e.g. ease of lysis and clarification, 

solubility and aggregation, or binding capacity during chromatographic separations). This 

holistic approach to bioprocessing ensures that the end product is cost effective 

(Mukherjee, 2019). 

Given the increasing popularity of such HTP microbioreactors, and the need to process the 

micro-milliliter scale samples obtainable, the need for minaturised disuption platforms 

becomes paramount. However, being small enough does not equate to being good enough, 

particularly if methods are laborious or not relevant to industrial scale processes. The AFA® 

equipment and method used in Chapter 5, Sectiion 5.3.1 has been cited in literature as 

being a comparable mimic of high pressure homogenisation (Bláha et al., 2018); the gold 

standard for industrial cell disruption. Given this, and the continued reduction in sample 

volume requirements, use of this ultrasonication equipment was explored for this work.  
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(A)  

 

(B)  

 

Figure 7.1 Summary of Tandem Core dimer designs explored in this thesis. (A) From sequence to 
formed VLP: A-DNA sequence of construct, depicting two HBC monomers genetically fused by a 
flexible linker. Each MIR can be coded for different epitopes. B-Wild type monomer. C- Wild type 
dimer. E-Tandem Core dimer. D-Wild type VLP. F-Units forming an icosahedral VLP. (B) Schematic 
diagram of the constructs with differing epitopes in the MIR. Molecular weight and corresponding 
Western blot image of soluble VLPs provided. Red arrows indicate the anticipated band for each 
construct. MF = mixed feed, PM = pure methanol. 
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A series of DoE methodologes were applied to the mid-throughput 1 mL scale and high-

throughput 130 µL 96 well-plate conformations, during which they were evaluated for a 

number of key criteria, including ease of use, sufficient disruption and potential for 

automation. Whilst the former proved useful it was deemed too low in throughput and too 

difficult in sample preparation. The microplate vials however, faired favourably in terms of 

the aforementioned criteria and improved operational conditions were defined. 

Purification can be expensive, particularly given the range of conditions which can affect 

protein binding and elution characterisitcs. Typical screening would need to examine a 

range of resins alongside various pH, salt and operating characterisitics such as mobile phase 

flow rate and binding/elution regimes. Sample volumes and cost increase rapidly and thus 

miniaturising this stage can significantly speed up vaccine bioprocess development. The 

analyses implemented can vary in their complexity, however, given the number of factors 

that would need to be investigated the advantages of rapid purification screening would be 

dimished if evaluating the experimental output is difficult. Dot blots can provide rapid and 

user friendly qualitatative or semi-quatitative analysis at this stage as shown earlier (Section 

5.3.2). SDS-PAGE, Western blots, and, though not discussed here, ELISAs can then be used 

to study the most promising conditions in more detail without requiring excessive amounts 

of material (<100 µL of sample size). 

Once the experimental space has been reduced, promising recovery and purification 

conditions and methods can be readily scaled to the bench/pilot scale techniques used 

throughout this thesis; this includes HPH, using the Gaulin APV (working volume 40 mL) and 

bench scale chromatography columns. The full upstream-recovery-purification workflow 

ultimately implemented and explored in this thesis is shown in Figure 7.2. A collection of 

findings which support the usage of these methods in succession is displayed in Figure 7.3.  



266 
 
 

Whilst the advantages of each component have been demonstrated at small scale the need 

for validation at larger scale is necessary to ensure the high-throughput system can 

accurately predict process parameters at larger scale e.g. for production of material for 

clinical trials or commercial supply. Given that cell disruption was not a focal point of this 

work, particularly in terms of exploring epitopes and processing of the HBC scaffold, no scale 

up work was implemented for this unit operation. However, both fermentation and 

chromatography methods were explored at a larger scale. 

7.3.2 Method validation at scale  

Data collected from small scale, HTP microbioreactors can be extremely valuable in the 

design of commercially viable processes, reducing the risk to manufacturers thereby 

enabling the transition from lab to production scale. However, scaling from gram to kilogram 

quantities can be difficult and the process may require additional modification. Larger scale 

equipment such as litre-scale bioreactors or millilitre packed columns can provide further 

insights into conditions obtained from small scale data. Moreover, given the small sample 

volumes associated with microscale bioreactors, there may be constraints on investigated 

factors.  

Thus, large scale fermentations may be implemented to explore factors more thoroughly, 

adding value and more in-depth analyses to experimentation. For example, during this 

research sampling volumes were limited and the volume taken was largely used for OD600 

and DCW measurements, both of which are sample sacrificial techniques given the 

intracellular nature of the VLP. Therefore, by employing a larger scale process, increased 

sample volumes could have been used to provide further insights to aspects such as protein 

solubility over time to complement harvest point expression data Section 3.3.2.  
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Figure 7.2 Diagram of the proposed platform process for rapid vaccine bioprocess development. Platform consists of: (1) HTP small scale fermentation. (2) 
Focused ultrasonic cell disruption in 96-well plates. (3) Chromatography resin filter-plate purification screening. (4) Analysis through dot blot immunostaining 
protocols. Following initial screening, methods can be scaled to bench and subsequently pilot scale for continued optimisation and proof of concept. Created 
with BioRender.com. 
























































































