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Abstract 

The traditional “one-size-fits-all” mass production model commonly used in 

biologics manufacturing is insufficient to accommodate the advent of personalised 

medicines and the necessity of on-demand production. The design and validation 

of novel manufacturing platforms is necessary for on-demand and personalised 

medicines production.  

To address this, an E. coli-based cell-free protein synthesis (CFPS) 

manufacturing platform was developed and applied to self-assembling particles for 

vaccine and gene therapy production. This in-house CFPS system consistently 

produces over 400 μg/mL superfolder green fluorescent protein (sfGFP) in 4 hours. 

A three-step process development strategy that can be completed in under 48 

hours was designed and then validated with two products. Using this strategy, 

sfGFP production was improved by 38% and hepatitis B core antigen (HBcAg) 

production by 190%.  

The CFPS system was then used to produce self-assembling products and 

iterate upon their construct design. Two tandem-core HBcAg virus-like particles 

(VLPs), called VLP3 and VLP1, that have been modified to display influenza 

antigens as universal influenza vaccine candidates were produced and assembled. 

Using a minimal plasmid backbone designed for CFPS improved titres by 1.8 times 

over the original VLP1 construct and 1.4 times over the original VLP3 construct. 

Titres were further increased to over 100 μg/mL for VLP3 when the linkers around 

the influenza inserts were shortened, although improvements in particle quality 

were not seen. Further, any constructs with the C-terminal arginine-rich region 

removed resulted in asymmetric particles of poor quality. Additionally, the three 

capsid proteins of the adeno-associated virus were produced, which have been 

shown to form particles in vitro and can be used for the delivery of genetic material, 
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potentially as a gene therapy treatment. Taken together this shows the potential 

for CFPS systems in the on-demand manufacture of self-assembling vaccine and 

gene therapy products.   
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Impact Statement 

Producing self-assembling particles via E. coli-based cell-free protein synthesis 

has led to:  

1. A novel process development strategy for cell-free protein synthesis 

platforms that can be completed in as little as 48 hours. This strategy is 

based on a robust understanding of the effects of myriad process 

parameters and how they might be manipulated to rapidly improve titres in 

any cell-free protein synthesis platform.  

2. An increased understanding of the importance of plasmid design and 

protein design for complex products expressed in cell-free protein synthesis 

platforms, like tandem-core hepatitis B core antigen virus-like particles. 

Improvements in plasmid and protein design will lead to the expression of 

products with fewer lower molecular weight product related impurities and 

increased titres. 

3. A novel synthesis method for tandem-core hepatis B core antigen virus-like 

particles and adeno-associated virus serotype 2 virus-like particles allowing 

for quick and easily scalable deployment of newly designed vaccines and 

gene therapy products. This would be particularly useful for on-demand 

production of similarly complex products for personalised medicines or 

situations where rapid manufacturing is vital like disaster relief, pandemic 

response, or battlefield delivery.  
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1. Introduction and Background 

This doctoral research project was a part of the work supported by the 

Future Targeted Healthcare Manufacturing (FTHM) Hub. The FTHM Hub is a 

consortium of universities, vendors, government agencies, industrial 

biomanufacturers, and innovation centres examining the manufacturing, business, 

and regulatory challenges that accompany the development and production of new 

targeted biologic medicines in a quick and cost-effective manner (Figure 1.1). For 

decades, the biomanufacturing industry has taken a “one-size-fits-all” approach for 

biologic medicines development. With the advent of new targeted therapies, 

particularly stratified and personalised medicines, the current approach to drug 

discovery, process development, and manufacturing will no longer be sufficient 

(Figure 1.2). New manufacturing strategies will be needed to generate these 

medicines that will significantly improve patient care and quality of life. That was 

the goal of this doctoral research project: to establish a novel manufacturing 

system that could be used to produce self-assembling particles for vaccine 

production and gene therapy on-demand.  

 

Figure 1.1 The Future Targeted Healthcare Manufacturing Hub Members (Hub, 
2016)The Future Targeted Healthcare Manufacturing Hub consists of members involved in three 

spokes: research, translation (from research to industry) and user groups (industry and/or 
government). Used with permission from (Hub, 2016).  
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Figure 1.2 Traditional, Stratified, and Personalised Medicines (Hub, 2016)  

Traditional medicines are often manufactured with large patient populations in mind. Stratified 
medicines are administered to subgroups of patients with similar drug responses and disease 
profiles while personalised medicines are administered based on and individual patient’s disease 
profile, epigenetic factors, and environmental exposure. Traditional manufacturing methods will 
need to be adjusted to accommodate more targeted therapies like stratified and personalised 
medicines. Used with permission from (Hub, 2016). 

 

Vaccines and the Need for On-Demand Manufacturing 

According to a report by the World Health Organization (WHO) over 2.5 

million lives are saved annually due to vaccines (WHO, 2013). Vaccines are 

biological agents designed to stimulate an immune response to protect against an 

infectious disease. They typically consist of a live-attenuated version of the virus, 

an inactivated version of the virus, a toxoid, or a subunit from the virus – although 

nucleic acid vaccines may also enter the market soon (Francis, 2018). In the United 

States alone, there are currently over 80 vaccines licensed by the United States 

Food and Drug Administration (FDA) vaccines and over 3000 ongoing clinical trials 

investigating various vaccines (FDA, 2020, ClinicalTrials.gov, 2020). As new or 

more potent infectious diseases emerge, high quality vaccine products will need to 

be generated quickly and consistently. 

Gene Therapy and the Need for On-Demand Manufacturing 

Gene therapy is a type of personalised medicine. Personalised medicines 

are sometimes considered a subset of stratified medicines which are treatments 

given to subgroups of patients with similar drug responses and disease profiles in 

order to optimise outcomes. Stratified medicines range from antibodies like 

Herceptin, which is used to treat HER2-positive breast and gastric cancer patients, 



Noelle A. Colant 2020 
 

 24 

to immune checkpoint inhibitors and cancer vaccines based on genetic analysis 

(Krzyszczyk et al., 2018). For a personalised medicine, the treatment is engineered 

specifically for that patient based on their individual disease profile, epigenetic 

factors, and environmental exposure; it may even include some of their own cells 

or genetic material.  

More specifically, gene therapy is a type of biologic medical treatment in 

which a gene is either introduced, knocked out, or replaced with a healthy copy 

inside of a patient. Many of the gene therapy products in development are chimeric 

antigen receptor T cell (CAR-T) gene therapies. In CAR-T therapies, T cells are 

removed from the patient’s blood stream. They are isolated and inactivated before 

being engineered with a specific chimeric antigen receptor and allowed to 

proliferate. Later, they are purified and returned to the patient. The United States 

FDA has approved two CAR-T gene therapies: Novartis’s Kymriah 

(tisagenlecleucel) and Kite’s Yescarta (axicabtagene ciloleucel). Kymriah is a 

treatment for patients under 25 years of age who have acute lymphoblastic 

leukaemia (ALL). Yescarta is used to treat non-Hodgkin lymphoma. While these 

treatments are no doubt life-changing, it can take several weeks to obtain T cells, 

modify them, and return them to the patient. This makes on-demand manufacturing 

significantly more challenging. Instead, this project  focused on vector-based gene 

therapies.  

In vector-based gene therapies, a vector, usually a virus, is used to transport 

genetic material directly to the patient’s cells. These treatments are currently 

focused on simple, single-gene defects that result in severely life-limiting 

conditions for which no viable alternative remedy exists. In December 2017, Spark 

Therapeutics’ Luxturna (voretigene neparvovec-rzyl) was the first vector-based 

gene therapy to be approved by the United States FDA. It is a drug designed to 
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treat patients with biallelic RPE65 mutation-associated retinal dystrophy, a rare 

form of inherited vision loss than has the potential to lead to complete blindness 

(FDA, Decemeber 19, 2017). Luxturna delivers a normal copy of the RPE65 gene 

to retinal pigment epithelial cells using a modified version of a naturally occurring 

adeno-associated virus (AAV) (FDA, Decemeber 19, 2017). Another AAV vector-

based gene therapy, Avexis’s Zolgensma (onasemnogene abeparvovec-xioi), was 

approved by the United States FDA in 2019. Zolgensma is used to treat children 

less than two years old with spinal muscular atrophy (SMA) by delivering a copy of 

the SMN1 transgene to boost production of SMN protein, which is deficient in SMA 

patients (AveXis, 2020). With a ~45% increase in cell and gene therapy clinical 

trials between 2018 and 2019 and 89% of in vivo treatments using AAV, more 

attempts at FDA approval of AAV gene therapies can be expected in the upcoming 

years (Catapult, 2019).  

Advances in On-Demand Manufacturing 

On-demand production of vaccines and gene therapy is critical in situations 

like pandemic response, where larger quantities of vaccine products are needed 

swiftly, or production at a regional pharmacy or hospital bedside to reduce cost and 

length of hospital stay for gene therapy patients. Advances that would allow for the 

release of on-demand medicines are just now coming forward. The Integrated 

Scalable Cyto-Technology (InSCyT) system developed at Massachusetts Institute 

of Technology uses a benchtop manufacturing scheme to produce over 100 doses 

of clinical grade drug product in under 100 hours (Crowell et al., 2018). A team at 

the University of Maryland, Baltimore County invented a portable briefcase-sized 

system to produce a single dose of drug product in less than 24 hours called Bio-

MOD for Biologically-derived Medicines on Demand (Adiga et al., 2018). The 

University of Utrecht’s magistral drug manufacturing strategy significantly 
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decreases costs for patients who require continual treatment with biologic 

medicines (Schellekens et al., 2017). Similar systems are also emerging in the 

industrial space, for example, the NevoLineTM developed by Univercells employs 

an integrated and automated modular platform for rapid deployment of viral 

products (Univercells, 2020). In addition to pandemic response and bedside 

delivery as mentioned above, these systems have been designed to address 

battlefield delivery where cold chain logistics are difficult, disaster relief where 

stockpiles are depleted quickly and need to be rebuilt, and production at regional 

pharmacies to minimise delivery costs. In all cases, these systems decentralise 

the manufacturing process and decrease the delivery time to the patient. The  

system developed in this project likewise needed to be rapid and robust, as well 

as flexible so that it can accommodate a variety of personalised medicines.  

1.1 Developing an On-Demand CFPS Manufacturing System 

1.1.1 Introduction to Cell-Free Protein Synthesis 

The on-demand personalised medicines manufacturing system in this 

project  was an Escherichia coli-based cell-free protein synthesis (CFPS) platform. 

In CFPS methods of protein production, living cells are not engaged as part of the 

expression system. Instead, this in vitro production technique engages cell 

transcription and translation machinery to facilitate recombinant protein 

expression. CFPS was first used in 1961 to determine the codon for the amino acid 

phenylalanine (Nirenberg and Matthaei, 1961). Since then it has been employed 

as a technique to generate a variety of therapeutic proteins, including antibodies, 

vaccine candidates, and protein biologics [Reviewed in (Ogonah et al., 2017)]. The 

transcription and translation machinery required in CFPS reactions is derived in 

one of two ways. Traditionally, it is harvested from cells and formulated into an 

extract used as one of the raw materials for the CFPS reaction. CFPS extracts 
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have been generated from a variety of different host organisms including: E. coli, 

wheat germ, rabbit reticulocyte lysate, insect cells (Spodoptera frugiperda), Pichia 

pastoris, Saccharomyces cerevisiae, Chinese hamster ovary (CHO) cells, HeLa 

cells, Tobacco, Neurospora crassa, Streptomyces, Vibrio natriegens, Bacillus 

subtilis, Arabidopsis, Pseudomonas Putida, Bacillus megaterium, Archaea, and 

Leishmania tarentolae [Reviewed in (Gregorio et al., 2019)]. In the past decade, 

another method of CFPS has been developed in which the transcription and 

translation components have been derived from their Purified Recombinant 

Elements (PURE) as found in E. coli (Shimizu and Ueda, 2010). Although this gives 

a more predictable and consistent reaction environment because it lacks proteases 

and nucleases, the PURE system is far more expensive than traditional CFPS 

using crude extract, and to date, lacks the productivity of the latter (Hong et al., 

2014).  

CFPS reactions are typically operated in small scale batch reactions in 

microcentrifuge tubes or micro-well plates. The reactions can also be operated 

continuously using continuous exchange cell-free (CECF), where the reaction is 

kept in a central chamber contained by a dialysis membrane surrounded by a 

reagent-rich solution so that the supply of energy source molecules can be 

refreshed and by-products, in particular, inorganic phosphate, are able to exit 

(Stech et al., 2014). Continuous flow cell-free (CFCF), where a substrate rich feed 

is continuously pumped into the reaction chamber and the products and by-

products exit through a semi-permeable membrane, has also been tested (Endo 

et al., 1992). Additionally, CFPS reagents can be lyophilised which has led to 

applications such as just-add-water protein production systems, paper-based 

biosensors, and educational kits (Hunt et al., 2017, Dopp and Reuel, 2018, 

Thavarajah et al., 2020, Pardee et al., 2014, Pardee et al., 2016, Stark et al., 2018).  
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Because of the open environment, CFPS reactions are easily manipulated 

which is beneficial for a variety of applications. Non-standard amino acids can be 

more readily incorporated into proteins in an open environment (Zimmerman et al., 

2014). The lack of cell membranes is advantageous for the expression of proteins 

that have previously been considered difficult to synthesise like membrane proteins 

and toxic proteins (Junge et al., 2011, Xu et al., 2005). Translational machinery 

can be more easily studied; other research groups have experimented with 

labelling or mutating ribosomes, producing synthetic ribosomes, hybrid ribosome 

systems, and replacement or removal of tRNAs (Ahn et al., 2006, Yokogawa et al., 

2009, Panthu et al., 2018, Jewett et al., 2013). Rapid metabolic pathway 

engineering for the production of commodity chemicals and natural products has 

been achieved as well (Jiang et al., 2018).  

Although CFPS has numerous applications, there has been relatively little 

adoption by industry. Several life sciences companies provide pre-made CFPS 

reaction kits including Arbor Biosciences, Bioneer, Creative Biolabs, Jena 

Bioscience, LenioBio, New England Biolabs, Promega, Qiagen, and 

ThermoFisher. The number of organisations currently using CFPS to manufacture 

their product is noticeably less. Sutro Biopharma is the present industry leader in 

CFPS of recombinant proteins and monoclonal antibodies. They currently produce 

three CFPS-manufactured antibody-based products with non-standard amino 

acids, two of which are in phase 1 clinical trials (Biopharma, 2019). Greenlight 

Biosciences and EnginZyme each take a slightly different approach to production 

using CFPS. Greenlight Biosciences uses a cell-free synthesis platform to produce 

RNA products for biologically derived pesticides for the agricultural industry 

(Biosciences, 2020). EnginZyme uses enzyme cascades mimicking cellular 

processes in a packed bed reactor for chemical production (EnginZyme, 2020). 
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With the onset of the COVID-19 pandemic in the past few months, Swiftscale 

Biologics has emerged which uses E. coli-based CFPS to screen and characterise 

potential antibody therapeutics (Biologics, 2020).  

There are three major components in a CFPS reaction: the cell extract, the 

concentrated reaction mixture, and the genetic material (Figure 1.3). The cell 

extract contains important transcription and translation machinery like ribosomes, 

elongation factors, initiation factors, release factors, etc. E. coli-based crude 

extract CFPS was chosen because it is the most prevalent and well-characterised 

system present in the research community, and it has been used successfully in 

industry by Sutro Biopharma. Several different E. coli strains have been used to 

generate CFPS extracts. Some of the most common are modified A19 strains (a 

derivative of E. coli K12) and the BL21 (DE3) strain and its variants, like BL21 

StarTM (DE3) and RosettaTM (DE3); their significance derives from the fact that they 

are commercially available expression strains and they have been engineered to 

express T7 RNA polymerase, an important component for transcription in the 

CFPS reaction (Liu et al., 2005, Kwon and Jewett, 2015, Sitaraman et al., 2004). 

Other strains of interest include ClearColi® BL21 (DE3), a strain with modifications 

to the lipopolysaccharide that result in no endotoxin production, and SHuffle T7, 

which promotes disulphide bond formation (Wilding et al., 2019, Dopp and Reuel, 

2019).  
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Figure 1.3 Cell-Free Protein Synthesis Reaction 

A cell extract containing transcription and translation machinery like ribosomes, tRNAs, 

polymerases, elongation factors, and initiation factors, a concentrated reaction mixture containing 

the other necessary components for transcription and translation like amino acids, nucleotides, 

energy source for ATP regeneration, and crowding reagents, and a DNA plasmid are combined in 

a CFPS reaction where metabolism, transcription, translation, and protein folding will occur. 

Created with Biorender.com. 

 

Cell extracts can be prepared in a variety of ways. The following is a general 

outline of the most common process used for E. coli crude lysate CFPS. Cell 

extracts are prepared from E. coli batch cultivations in either shake flasks or 

fermenters in medium with excess glucose, which results in more productive 

extracts (Carlson et al., 2014, Jewett and Swartz, 2004, Zawada et al., 2011). Cells 

are grown to relatively high density, normally with OD600 measurements in the 

range of 4 to 6, when the cells are transitioning from growth phase to stationary 

phase, and then pelleted by centrifugation and frozen. The cells are resuspended 

in buffer and lysed. A number of different lysis techniques have been successfully 

utilised for extract production including high pressure homogenisation, French 

press, sonication, nitrogen cavitation, freeze thaw, and bead beating [Reviewed in 
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(Gregorio et al., 2019)]. The extract is centrifuged at high speed to remove 

remaining cell contaminants – usually at 30,000g, from which the name of “S30 

extracts” is derived. The extract is aliquoted and flash-frozen with liquid nitrogen or 

lyophilised. Run-off reactions at 37C for up to 90 minutes are performed to remove 

native transcripts and increase extract activity, although some E. coli strains, in 

particular BL21 (DE3) and its derivatives, have shown a decrease in productivity 

when subjected to a run-off reaction (Krinsky et al., 2016). 

Although E. coli is usually considered to be a relatively simple host 

organism, E. coli extracts have been manipulated to allow for more complicated 

products. Disulphide bonds can be formed by pre-incubating extracts with 

iodoacetamide (IAM) and introducing disulphide bond isomerase (DsbC) into the 

reaction mixture (Knapp et al., 2006). Recently, glycosylation was achieved in 

CFPS using glycotransferase and nanodiscs as a scaffold for protein folding 

(Schoborg et al., 2018).  

The next component is the concentrated reaction mixture. The concentrated 

reaction mixture contains the necessary components for sustaining transcription 

and translation including: amino acids, nucleotides, energy substrates, salts, T7 

RNA polymerase for transcription, additional E. coli tRNAs for translation, 

molecular crowding agents, and, if necessary, chaperones to assist in protein 

folding (Carlson et al., 2014). Concentrated reaction mixtures are formulated 

depending on the energy source they use for ATP regeneration (Figure 1.4). Most 

cell-free protein synthesis platforms use glycolysis to generate ATP where the 

cofactors coenzyme A (CoA) and nicotinamide adenine dinucleotide (NAD) are 

supplied along with 3-phosphoglycerate (3PGA), phosphoenolpyruvate (PEP), or 

pyruvate, although some systems use oxidative phosphorylation with glutamate as 

the main energy source [Reviewed in (Dopp et al., 2019b)]. Phosphorylated energy 
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sources result in the accumulation of inorganic phosphate (iP); if the iP 

concentration in the system exceeds 40-50 mM, the magnesium ion concentration 

will decrease and protein synthesis will stop (Kim et al., 2006a). Accumulation of 

iP can be mitigated by adding maltose to the reaction to help with iP recycling 

(Caschera and Noireaux, 2014). In this project, two of the more common reaction 

systems, the PANOx-SP System, which relies on glycolysis beginning with PEP, 

and the Cytomim System, which is intended to mimic the cell cytoplasm and relies 

on oxidative phosphorylation using glutamate for energy, were tested (Kwon and 

Jewett, 2015, Cai et al., 2015).  

 

Figure 1.4 Adenosine Triphosphate Regeneration from Different Energy Sources 

ATP regeneration in cell-free protein synthesis is supplied by glycolysis using 3-phosphoglycerate, 

phosphoenolpyruvate, or pyruvate as the main energy source, shown in red. Oxidative 

phosphorylation can also be used for ATP regeneration where glutamate is the main energy source, 

shown in blue. The two systems used is this work are shown in the boxes. The PANOx-SP system, 

a more complex mix, is shown in the box with the red dotted lines. The Cytomim system, a more 

minimal mix, is shown in the box with the blue dotted lines. This figure has been adapted from 

(Dopp et al., 2019b, Caschera and Noireaux, 2014, Jewett et al., 2008). 

 

The genetic material is the third and final major component of the reaction 

mixture. In this project, plasmid DNA was used because it is easy to prepare using 
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commercially available kits and because plasmids that have been created for in 

vivo cultivations can be transferred to the CFPS system. Just as in in vivo 

processes, plasmid design can impact the titre achievable. While plasmids of any 

size can be used in CFPS, smaller plasmids have been designed specifically for 

CFPS reactions that allow high concentrations of plasmid to be added to the 

reaction (Stark et al., 2018). The preparation of the plasmids is also critical for its 

performance in a CFPS reaction. Kits from different suppliers use different buffers 

and may result in plasmid of varying quality (Strychalski and Romantseva, 2020). 

Many kits use ethanol washes and/or isopropyl alcohol precipitations to purify 

DNA. If there are still residual amounts of those reagents present when the plasmid 

is added to the reaction, they may be inhibitory to protein production. Many groups 

have started using PCR clean up kits alongside their plasmid preparation 

processes to improve the purity of the plasmid in the reaction.  

By developing a better understanding of the three major components in a 

CFPS system, a better understanding of the CFPS bioprocess as a whole can be 

achieved (Figure 1.5). This process is the combination of four integrated 

processes: cell extract preparation, concentrated reaction mixture preparation, 

plasmid preparation, and the CFPS reaction for protein production. Each individual 

process is explained greater detail in Chapter 2. 
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Figure 1.5 Cell-Free Protein Synthesis Bioprocess  

The CFPS bioprocess requires cell extract preparation, concentrated reaction mixture preparation (amino acids and T7 RNA polymerase should be prepared separately 
from the rest of the components), and DNA plasmid preparation. The cell extract and the 2.5x reaction mixture are stored at -80°C. The 50 mM amino acids (no 
methionine), the 75 mM methionine, the T7 RNA polymerase, and the plasmid DNA are stored at -20°C. These three major components will be combined for the 
reaction, which can then be analysed and purified. Created with Biorender.com
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1.1.2 Advantages of CFPS 

E. coli-based CFPS was chosen as the foundation for the on-demand 

personalised medicines manufacturing scheme developed in this project because 

it has three distinct advantages: flexibility, speed, and scalability.  

CFPS systems are incredibly flexible. In a traditional cell-based system, 

plasmid DNA containing the gene of interest would need to be incorporated into 

the host cell for expression. This would result in a number of clones that would 

need to be cultivated and compared so that the highest producing clone could be 

taken forward. In CFPS, there is no cloning necessary. The genetic material is 

simply added into the reaction. It is not necessary that this genetic material be 

plasmid DNA. PCR products and mRNA can also be used to express products 

(Hansen et al., 2016, Schinn et al., 2016). This means that multiple products can 

be produced at the same time. There is no need to fundamentally change the other 

reaction components, namely, the cell extract and the concentrated reaction 

mixture, although some minor modifications may allow for a improvements in titre 

(this will be examined more closely in Chapter 4). 

CFPS reactions are also very quick. Most reactions only take a few hours 

and still generate relatively high titres because the energy in the system is being 

used primarily for protein production rather than cell growth and maintenance 

(Rosenblum and Cooperman, 2014). For example, titres of 1.3 mg/mL 

chloramphenicol acetyl transferase was produced with an E. coli-based CFPS fed-

batch system in 2 hours (Kim et al., 2006a). To date, the highest titre achieved in 

an E. coli-based system is 2.3 mg/mL deGFP was produced in batch mode in 10 

hours (Caschera and Noireaux, 2014).  

CFPS reactions scale linearly provided that the surface area to volume ratio 

allows for proper oxygen exchange (Voloshin and Swartz, 2005). CFPS reactions 
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are typically done at small scales, usually less than a few millilitres. However, Sutro 

Biopharma Inc. was able to produce over 0.7 mg/mL of various model proteins in 

a 100 L bioreactor in 10 hours while demonstrating consistent scaling starting from 

250 L (Zawada et al., 2011).  

1.1.3 Disadvantages of CFPS 

 Although CFPS reactions have several advantages, it is also worth 

recognising the current disadvantages: cost of the system, lack of established 

downstream processing knowledge, and regulatory concerns. However, 

improvements are being made in each of these areas.  

 E. coli-based CFPS reactions are currently estimated to cost twice the 

amount of a CHO cell-based system because they require expensive reagents like 

the T7 RNA polymerase used for transcription and the phosphorylated energy 

sources required to sustain the reaction (Stamatis, 2020). In order to cut down on 

these costs, it has become common practice to produce the T7 RNA polymerase 

in the lab, rather than purchasing them from a supplier (Dopp and Reuel, 2018). 

Several E. coli strains can also be induced to express T7 RNA polymerase; when 

these cells that have been induced to express T7 RNA polymerase are formulated 

into a cell extract, that T7 RNA polymerase remains present in the reaction (Ozawa 

et al., 2005). Costs can also be decreased by using alternative energy sources like 

oxidative phosphorylation rather than the phosphorylated energy sources (Cai et 

al., 2015).  

While traditional downstream processing schemes have been used in 

combination with CFPS reactions, there has been very little work done on 

optimising these systems for compatibility with CFPS. Many CFPS reactions are 

performed on a small scale, usually less than a millilitre, where purification would 

be very difficult. Titres are usually estimated based on fluorescence, if a fluorescent 
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protein is being produced, or radiolabelled amino acids, where one of the amino 

acids added to the CFPS reaction, usually leucine or methionine, contains a 

radioactive isotope of carbon. More complex products, like virus-like particles or 

bacteriophages, tend to use complex purification schemes involving steps like 

ultracentrifugation that are not scalable and cannot be incorporated into an on-

demand manufacturing scheme (Bundy et al., 2007). However, there is a great 

opportunity for downstream processing of CFPS reactions. Although intended to 

mimic the cell, CFPS reactions are significantly more dilute than cell cytoplasm 

which should allow for a simpler purification strategy (Underwood et al., 2005). It 

is possible to imagine a versatile system where several products are generated via 

CFPS using the same extract and reaction mix. With such a similar background, it 

is conceivable that the downstream process could be the same (or nearly the 

same) for each product. Some groups are already working towards this goal by 

designing small scale chromatography columns that would be compatible with low-

volume CFPS reactions (Andar et al., 2019).  

 At the moment, there are no products on the market that are manufactured 

using CFPS, and therefore there is no regulatory precedent. In setting this 

precedent, there are a number of concerns that will need to be addressed, 

particularly with regard to maintaining consistency of the process and the product. 

A recent study performed by the US Army Combat Capabilities Development 

Command Chemical Biological Center demonstrated that CFPS reaction titres vary 

greatly depending on the laboratory and the operator (Cole et al., 2019). However, 

more automated systems with better environmental controls may be able to 

mitigate these fluctuations (Georgi et al., 2016, Quast et al., 2015, Caschera et al., 

2011). Still, this relies on consistency of the reaction reagents. While establishing 

detailed standard operating protocols to minimise batch-to-batch variation for the 
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cell extract, the concentrated reaction mixture, and the genetic material is no doubt 

a step in the right direction, additional measures of activity or purity may need to 

be developed in order to adhere to regulatory standards (Dopp et al., 2019a). 

Hopefully, these areas of concern will be addressed as Sutro Biopharma continues 

with its clinical trials.  

1.2 Designing a Process Development Strategy for CFPS system 

To rapidly deploy new biologic medicines on-demand, a robust and reliable 

process development strategy is needed. Process development strategies are 

critical for ensuring the consistency and maximal titre output in any 

biomanufacturing process. The strategy designed in this project was informed by 

the principles of Quality by Design (QbD). This means identifying critical quality 

attributes (CQAs) and critical process parameters (CPPs). A CQA is a “physical, 

chemical, biological, or microbiological property or characteristic that should be 

within an appropriate limit, range, or distribution to ensure the desired product 

quality” and a CPP is a “a process parameter whose variability has an impact on a 

critical quality attribute and therefore should be monitored or controlled to ensure 

the process produces the desired quality” (ICH, 2009). 

Because CFPS systems are just now being used as manufacturing 

schemes, there has been relatively little work done on devising appropriate 

process development strategies. In other words, the relevant CPPs for the system 

and their impact on the corresponding CQAs is largely unknown. In this project, 

those CPPs and CQAs have begun to be elucidated. The plasmid design, the 

composition of the concentrated reaction mixture, and the strain of the cell extract 

were key areas of focus. For simplicity’s sake, the same preparation protocol was 

followed for all cell extracts that were produced, regardless of the E. coli strain 

being used – as long as the preparation methods were consistent no dramatic 



Noelle A. Colant 2020 
 

 39 

differences in cell extract activity should be expected (Cole et al., 2019). However, 

other groups suggest optimising magnesium and potassium concentrations for 

each batch of extract and adjusting the lysis conditions depending on the volume 

of extract being prepared which may improve yield by up to 30% (Zubay, 1973, 

Shin and Noireaux, 2010, Kwon and Jewett, 2015). The components in the 

concentrated reaction mixture were not examined individually as several other 

groups have already provided guidance in this area. A full history of reaction 

mixture formulations for E. coli-based CFPS reactions with specific focus on more 

recent attempts to drive down cost and simplify the system can be found in (Dopp 

et al., 2019b). The impact of the concentration of the plasmid, the amount of cell 

extract, the pH of the concentrated reactions mixture, the temperature of the 

reaction, and the length of the reaction on product titre were also observed.  

The process development strategy designed in this project is a starting 

place for risk management in CFPS systems because changes will be made as 

CPPs and CQAs are better understood. This strategy was designed to be flexible 

so that new information could be easily incorporated. At the moment, the CQAs 

and CPPs are largely dependent on the product of interest. If the desired product 

requires the incorporation of non-standard amino acids, then the concentration of 

non-standard amino acids in the reactions would be an important process 

parameter. Likewise, if the product required disulphide bonds, the amount of 

iodoacetamide (IAM) incubated with the extract, the length of IAM incubation, and 

the concentration of disulphide bond isomerase (DsbC) in the reaction would all be 

worthwhile parameters to observe.  

A QbD-based approach will also require the use of systematic analyses to 

better understand the impact of certain CPPs on CQAs. By using tools like 

multivariate data analysis (MVDA) and design of experiments (DoE), the 
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interactions among several process parameters cannot only be examined, but the 

process development timeline may also be shortened, which can reduce the 

overall time to market. In this project, MVDA was used to examine which process 

parameters have the most significant impact on titre and then DoE was applied to 

optimise for the maximum titre.  

Multivariate data analysis (MVDA) is an analysis approach in which several 

input variables and output variables are simultaneously monitored. Using this 

approach, the input variables that are dependent on other input variables and how 

those interactions affect output variables can be better understood. For example, 

MVDA has been used previously to examine cell line and bioreactor operating 

conditions in order to determine the root cause of trisulphide bond formation in an 

antibody-peptide fusion product (Goldrick et al., 2017). Because there is a 

multitude of process parameters that can be examined in a CFPS platform, MVDA 

is a useful tool for normalising across parameters and determining which 

parameters have the greatest impact on the  output parameter of interest, titre. 

This allows for the selection of the parameters that are most influential that can 

then be optimised further.  

MVDA goes hand-in-hand with design of experiments (DoE). DoE is a 

strategy often used in biomanufacturing in which multiple input variables are 

simultaneously manipulated within a given design space to minimise the number 

of experiments performed. The design space is constrained by an upper and lower 

bound for each input variable. An analysis of variance (ANOVA) is completed to 

identify which input variables have the most significant impact on the output 

variable and whether there are interactions between the input variables. Several 

DoE optimisations have been performed with CFPS reactions to improve titres. 

One group was able to double the titre of wild type green fluorescent protein (GFP) 
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attained in their system by using a central composite design (CCD) to optimise 

amino acids and energy substrate concentrations in the concentrated reaction 

mixture (Pederson et al., 2011). A face-centred cubic (FCC) CCD was used to 

optimise the induction time and cultivation time for BL21 StarTM (DE3) extract 

preparation so that it could be completed in a single workday (Dopp and Reuel, 

2018). Another group used a machine learning algorithm to perform evolutionary 

DoE and boost eGFP titres by ~350% (Caschera et al., 2011). DoE strategies have 

also been used previously to optimise IAM incubation and DsbC concentrations for 

improved disulphide bond formation in therapeutic proteins, antibody fragments, 

and vaccine fusion proteins (Goerke and Swartz, 2008). 

1.3 Using the CFPS system to produce Virus-Like Particles 

1.3.1 Introduction to VLPs 

Due to their ability to secure, transport, and deliver genetic material, viruses 

like AAV have long since been of interest to researchers. Their applications range 

from materials science and nanotechnology to virotherapy and biopharmaceutical 

development. However, most of the viruses utilised in these technologies need to 

be non-infectious and should not contain their own DNA or RNA. This has 

stimulated exploration into the manufacture of virus-like particles (VLPs). VLPs are 

self-assembling conformational epitopes of viral structural proteins. These particles 

resemble viruses in many ways, but unlike viruses, they lack pathogenicity as well 

as replicative abilities because they do not contain their own genetic material 

(although they may carry non-native nucleic acids). Due to their similarity in 

structure to their corresponding viruses, VLPs have the ability to invoke strong B 

cell and T cell responses even when delivered in low doses (Bachmann and 

Jennings, 2004). This also makes them valuable vaccine candidates because their 

efficacy could result in a reduction in vaccine costs due to the fact that only a small 
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amount of material is necessary to generate a strong immune response, even in 

the absence of adjuvants (Bachmann et al., 1993). Additionally, most VLPs are 

relatively small, less than 40 nm in diameter, making their uptake into lymphatic 

vessels and subsequent detection by the immune system more likely compared to 

larger particles (Oussoren et al., 1997). Existing vaccines on the market that utilise 

VLPs include Merck’s Recombivax HB and GlaxoKlineSmith’s Engerix, both of 

which use hepatitis B surface antigen (HBsAg) VLPs to confer protection against 

the hepatitis B virus, as well as Merck’s Gardasil and GlaxoKlineSmith’s Cervarix, 

which prevent human papilloma virus (HPV) infection using a series of HPV VLPs 

of the most high-risk strains (Roldão et al., 2010, Ramqvist et al., 2007). Currently, 

over one hundred VLPs for over forty different viruses, including the human 

immunodeficiency virus (HIV), the influenza virus, the Ebola virus and the Zika 

virus, are being explored as potential vaccine candidates [Reviewed in (Zeltins, 

2013, Roldão et al., 2010, Boigard et al., 2017)]. They have been produced in a 

variety of different hosts including bacteria, yeast, insect, plant, and mammalian 

cells [Reviewed in (Zeltins, 2013)].  

However, cell-based production processes can take a substantial amount 

of time, anywhere from a few days to a few weeks, and even in high producing 

processes, the VLPs may have an inconsistent architecture and composition 

(Pattenden et al., 2005). Additional variation can be seen when cell-based 

processes are transferred to larger scales. These issues may be mitigated by using 

a CFPS platform which should allow for the generation of higher product titres over 

a shorter length of time, the production of more consistently assembled particles, 

and the development of more scalable processes.  

VLPs are purified using a number of different techniques. The assembled 

particles can be precipitated using ammonium sulphate or polyethylene glycol 
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(PEG) to remove host cell proteins. Ultracentrifugation is typically used at the lab-

scale to remove product related impurities from small volume processes. This 

technique is performed with sucrose gradients or caesium chloride (CsCl) 

gradients. At larger scales, chromatography is often used. Depending on the 

product and its properties, size exclusion chromatography (SEC), ion exchange 

chromatography (IEX), hydrophobic interaction chromatography (HIC), or affinity 

chromatography may be employed. An additional filtration step may be necessary 

depending on the purity required. However, in many cases the VLPs are 

disassembled into their monomeric form, purified (usually via a chromatographic 

method), and reassembled to ensure consistency.  

Following purification, a variety of characterisation techniques are used 

depending on the properties of the VLPs. Assays like western blots, ELISAs, and 

Ouchterlony’s double radial immune diffusion can be used to demonstrate the 

presence of the VLPs. Electron microscopy can be used to establish visual proof 

of the particles. Mass spectrometry can be used to measure molecular mass and 

identify differences in post-translational modifications. Particle size and size 

distribution can be determined with dynamic light scattering (DLS) or asymmetric 

flow field‐flow fractionation (AF4) (Chaun et al., 2008). 

1.3.2 VLPs as Vaccine Products 

Not only can VLPs be administered as vaccines to their corresponding virus, 

but they can be used as scaffolds to display other antigens. These epitopes are 

either fused genetically to VLP subunit proteins or attached by covalent or 

noncovalent mechanisms to the VLP surface (Bachmann and Jennings, 2004). 

Viral coat proteins for well-studied viruses like murine polyomavirus (MPyV), 

bacteriophage Qβ, bacteriophage AP205, hepatitis B virus, and HPV have been 

used to display structural and non-structural proteins from more complex viruses 
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and cancer-related proteins in order to provoke an immune response against viral 

infection, to induce a T-cell response to prevent the formation of viral tumours, and 

to prevent the formation of cancer of non-viral origin by inciting an immune 

response to a self-antigen [Reviewed in (Ramqvist et al., 2007)]. In one study, 

nicotine derivatives were covalently coupled to Qβ VLPs in order to lower nicotine 

levels in the brain and reduce the smoking habits of patients (Maurer et al., 2005). 

However, some foreign antigens are too large or too hydrophobic and can cause 

the structural disintegration of the VLP when attached. This has led to the design 

of hepatitis B tandem-core VLPs as an attempt at a universal influenza vaccine. 

1.3.2.1 Traditional Influenza Vaccines 

One of the first documents to detail what was most likely influenza was 

written in the fifth century BC. Since then, several influenza pandemics have swept 

across the globe. In 1933, the cause of the disease was identified as a virus (Smith 

et al., 1933). There are four types of influenza: A, B, C, and D (Hause et al., 2014, 

Palese and Shaw, 2007). In this project, vaccines for the influenza A virus (IAV) 

were examined. IAV is an enveloped virus in the Orthomyxoviridae family that 

contains a negative sense RNA segmented genome encoding viral genes for 11 

proteins: haemagglutinin, neuraminidase, matrix 1, matrix 2, nucleoprotein, non-

structural protein 1, non-structural protein 2, polymerase acidic protein, 

polymerase basic protein 1, polymerase basic protein 2 and polymerase basic 

protein 1-F2 (Palese and Shaw, 2007). The haemagglutinin, neuraminidase, and 

matrix 2 proteins make up the lipid bilayer that forms the viral envelope and they 

are supported by the matrix 1 protein (Samji, 2009). Inside of the matrix 1 protein 

shell are the eight viral ribonucleoprotein (vRNP) complexes composed of viral 

RNA wrapped around a nucleoprotein and bound by the viral polymerase which 
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consists of polymerase acidic protein, polymerase basic protein 1 and polymerase 

basic protein 2 (Dou et al., 2018).  

Currently, influenza vaccines are made by tracking antigenic variation 

across species, especially humans, pigs, and birds, in the haemagglutinin and 

neuraminidase proteins found on the influenza virus (Gerdil, 2003). The WHO 

established an international surveillance network in 1947 that meets biannually to 

determine the vaccines that will be dispatched in the northern hemisphere and the 

southern hemisphere (Gerdil, 2003). This allows for a six-month vaccine 

production cycle. In 2003, an estimated 250 million doses were brought to market 

in over 100 countries (Gerdil, 2003). In 2019, over 162 million doses were 

manufactured for use in the United States alone (Prevention, 2019). The vaccine 

contains two strains of influenza A (H1N1 and H3N2) and at least one strain of 

influenza B. It is made in embryonated chicken eggs; the virus is grown, harvested, 

inactivated using formalin or (beta)-propiolactone, purified by ultracentrifugation, 

and split (Gerdil, 2003). It is then tested in clinical trials in Europe and released.  

 Although the inactivated virus from the egg-based manufacturing process is 

the most common vaccine on the market, there are now several other influenza 

vaccines generated by a range of available production methods. A vaccine using 

a live attenuated virus, which is often administered by nasal spray, is also 

manufactured in eggs (Carter and Curran, 2011). In 2012, the United States FDA 

approved the first cell-based vaccine, Flucelvax (also known as Optaflu) in which 

viruses are manufactured in Madin-Darby canine kidney (MDCK) cells and then 

inactivated (Manini et al., 2015). A recombinant influenza vaccine composed 

entirely of genetically designed haemagglutinin molecules called Flublok has also 

been approved by the United States FDA (Cox and Hollister, 2009).  
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 All of the vaccines mentioned in the preceding paragraph are based on the 

haemagglutinin subunit present in the virus, specifically the head of the 

haemagglutinin globule, often referred to as HA1. Because the HA1 region is so 

variable, new vaccines are needed each year and there is no guarantee that the 

vaccine will have high efficacy given that the predicted strain may or may not match 

the emergent seasonal strain. Attempts to create more potent and less strain 

dependent vaccines have included DNA vaccines, peptide-based vaccines, vector-

based vaccines, and virus-like particle vaccines (Carter et al., 2019, Francis et al., 

2015, Hoelscher et al., 2006, Rezaei et al., 2013). The tandem-core VLP-based 

universal IAV vaccine, which targets less variable regions of IAV, the matrix 2 

protein ectodomain (M2e) and the haemagglutinin stalk globule (HA2), was 

examined in this project. 

1.3.2.2 Tandem-Core Influenza Vaccines 

In the tandem-core VLPs developed, a linker protein consisting of a 

repeated glycine-glycine-serine sequence fuses two hepatitis B core antigen 

(HBcAg) monomers together, stabilising the dimer and allowing for the insertion of 

larger or more hydrophobic proteins in the insertion region (Peyret et al., 2015). 

The HBcAg tandem-core VLP scaffold is a flexible platform that could present any 

number of antigens for future therapeutics treatments.  

The typical hepatitis B virus has a capsid shell composed of surface antigen 

(HBsAg) with a core antigen lattice underneath (HBcAg) (Figure 1.6A). HBcAg 

VLPs were the first VLPs to be visualised underneath a microscope (Cohen and 

Richmond, 1982). Since their discovery, they have been used as a model VLP in 

several studies. The virus appears in eight alphabetically labelled genotypes of 

different nucleotide sequence homology and four serotypes based on the type of 

epitopes found in the envelope protein. Serotypes are determined by group-
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specific antigenic determinant ‘a’ and two pairs of mutually exclusive subtype 

specific determinants, ‘d/y’ and ‘w/r’. Certain serotypes only appear in certain 

genotypes; ayw is present in all genotypes except ‘C’, adw occurs in all genotypes 

except ‘D’ and ‘E’, and serotypes ayr and adr can only be found in genotype ‘C’ 

(Acharya and Batra, 2005). Serotypes adw and ayw were both used in this project. 

 In the HBcAg VLP, 90 dimers or 120 dimers (composed from individual 

HBcAg monomers) self-assemble into a T=3 or a T=4 icosahedral capsid shell 

through trimeric and pentameric intermediates (Holmes et al., 2015, Ludgate et al., 

2016). These shells are quasi-equivalent and demonstrate a very small difference 

in size, 31.8 nm in diameter for the T=3 shell and 34.8 nm in diameter for the T=4 

shell (Zlotnick et al., 1999). In HBcAg tandem-core VLPs, two HBcAg monomers 

form a dimer and are linked by a poly-glycine-serine linker protein (Figure 1.6B) 

(Ramirez et al., 2018). All of the VLPs used in this project contain a linker with 

seven repeats of glycine-glycine-serine sequence, although constructs with 

different numbers of repeats exist. The linker stabilises the dimer and assists in 

assembling other dimer units into a VLP (Ramirez et al., 2018). The VLPs can be 

formed of homo-tandem dimers or hetero-tandem dimers. The homo-tandem 

dimers are composed of two C-terminally truncated molecules terminating at amino 

acid 149 while the hetero-tandem dimers have one truncated molecule and one 

full length molecule with an arginine-rich nucleic acid binding sequence extending 

to amino acid 185, which affects particle assembly and stability (Figure 1.6C and 

Figure 1.6D) (Peyret et al., 2015). Generally, the hetero-tandem dimer constructs 

result in more homogenous particles than the homo-tandem dimer constructs 

(Peyret et al., 2015). In each dimer, there are two major insertion regions (MIRs), 

where antigens from various other viruses can be bound. Because the linker 
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protein gives the particle more stability, larger and more hydrophobic antigens can 

be incorporated into the VLP.  

 

 

Figure 1.6 Tandem-Core Hepatitis B Structure  

(A) Hepatitis B virus with surface antigen (HBsAg) in orange, core protein (HBcAg) in red and blue, 

and viral DNA in purple (B) HBcAg tandem-core dimer with glycine-glycine-serine linker shown in 

green and MIRs labelled (C) Difference between homo-tandem core and hetero-tandem core 

modified from Peyret et al. (D) Surface rendered views of the hetero-tandem core VLP (red), the 

homo-tandem core VLP (green), and the difference between the two (hetero-minus-homo) (blue) 

modified from Peyret et al. The VLPs are ~35 nm in diameter. Used with permission from (Peyret, 

et al., 2015). 

 

For the tandem-core universal IAV vaccine, the IAV matrix 2 protein 

ectodomain (M2e) and haemagglutinin stalk globule (HA2) have been incorporated 

into the MIRs (Figure 1.7A). The matrix 2 protein is an ion channel protein found in 

the envelope of IAV and it is relatively consistent across influenza A strains. M2e 

is the outermost segment of the matrix 2 protein; in nature, these proteins are 

joined together as a tetramer, but they are display individually in the tandem-core 

constructs (Figure 1.7C). In previous studies, mice immunised with M2e were 

protected against the influenza A virus (Mozdzanowska et al., 2003, Neirynck et 

al., 1999). However, M2e exhibits low immunogenicity on its own; it is much more 
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potent when fused with a carrier (Lega et al., 2016). The three M2e proteins used 

in the MIR of  tandem-core VLPs in this project correspond to the H1N1, H5N1, 

and H11N9 variants (Ramirez et al., 2018).  

HA2, occasionally referred to as the long alpha-helix (LAH), is a helical 

subunit of the haemagglutinin stalk globule that is very similar across all influenza 

strains. Mice who were infected with a carrier protein presenting the HA2 antigen 

exhibited resistance to three different influenza strains (Fan et al., 2015). At a 2017 

workshop held by the National Institute of Allergy and Infectious Disease, inclusion 

of the HA2 stalk protein was recommended for a future universal influenza vaccine 

as that would allow protection across different HA subtypes (Paules et al., 2017). 

The HA2 stalk proteins are normally joined together as a trimer, but a single 

monomer is displayed in the tandem-core constructs (Figure 1.7B).  
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Figure 1.7 Influenza A Virus Membrane Proteins 

(A) The influenza A membrane proteins include neuraminidase (NA), matrix protein 2 (M2) and 
haemagglutinin (HA) which if consists of two proteins, the globule (HA1) and the stalk (HA2). 
These membrane proteins are associated with other viral proteins including matrix protein 1 (M1) 
and ribonucleoprotein (RNP). This figured has been modified from (Pielak and Chou, 2011). (B) 
The structure of the haemagglutinin stalk protein trimer. Each individual monomer is shown in a 
different colour. Used with permission from (Lu et al., 2018). (C) The structure of the matrix 
protein 2 (M2) tetramer, which forms an ion channel. Each individual monomer is shown in a 
different colour. Used with permission from (Martinez-Gil and Mingarro, 2015). 

 

There are four tandem-core VLPs. that are of particular interest to this 

project (see Figure 1.8). The first is the K1K1 VLP which contains a single amino 

acid, lysine, in its MIRs rather than an antigen, making the MIRs essentially 

“empty”. VLP 3 contains three M2e antigens from different IAV strains in one MIR 

– the other MIR is empty, it does not contain a lysine. VLP 3 has been successfully 

produced, purified, and quantified on multiple occasions (Ramirez et al., 2018). 

Much like VLP 3, VLP 1 contains three distinct M2e antigens in one MIR, but it also 
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has a single HA2 antigen in the other MIR. This combination of antigens should 

allow for a more potent vaccine. Unfortunately, because of the number and size of 

antigens present in VLP 1, it has yet to be produced with the same level of success 

seen with VLP 3. In a recent study, mice immunised with both VLP 1 and VLP 3 

separately had a 100% survival rate when infected with an H1N1 IAV, although the 

vaccine did not result in sterilising immunity (Ramirez et al., 2018). Finally, a 

tandem-core VLP with GFP in one of its MIRs (the other is empty) is also of interest 

as its fluorescent properties allow for a large variety of analytical approaches for 

titre and assembly determination.  

 

Figure 1.8 Schematic representation of recombinant protein capsomere constructs 

adapted from Ramirez et al. 2018. 

Wild type hepatitis B virus core antigen (HBcAg) (A) self assembles into a virus like particle. 

Tandem-core (B) is made up of two HBcAg linked together and expressed as a single protein, this 

construct is also known as the K1K1 variant. VLP 1 (C) incorporates HA-stalk antigen (HA2) from 

a H1N1 strain in the first major insertion region (MIR) and three variants of M2e antigen in the 

second MIR. VLP 3 (D) contains three variants of the M2e sequence in one MIR. (E) Tandem-core 

VLP with a GFP insert in one MIR. Adapted from (Ramirez et al., 2018) 

 

The tandem-core technology is currently licensed to iQur Ltd.; their 

production scheme utilises a Pichia pastoris expression system. Many of their 
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VLPs have shown assembly issues in P. pastoris, forming “lumps” which do not 

allow for antigens to be displayed properly and leading to less effective VLPs. 

These assembly issues may be due to steric effects cause by the influenza inserts 

in the MIRs. Both the hemagglutinin stalk protein and the matrix 2 ectodomain 

protein are part of multiprotein structures in nature. Those interactions may be 

occurring to some extent even when these proteins are incorporated into a larger 

VLP structure which may lead to aggregation and irregular particle formation. 

These assembly issues will need to be remedied if the production of this VLP-

based IAV vaccine is required to operate at a larger scale.  

1.3.3 VLPs as Gene Therapy Products 

Although the VLPs focused on in the project are predominantly vaccine 

candidates, there are many other therapies for which VLPs may be utilised. VLPs 

are being explored as possible treatments for rheumatoid arthritis and Alzheimer’s 

disease (Chackerian et al., 2001, Chackerian, 2010). Due to their ability to hold 

antigens on their surface as well as protect genetic material inside of their capsid 

shell, VLPs have been used to transport peptides, DNA, siRNA, and other small 

molecules (Shirbaghaee and Bolhassani, 2016). They have been employed as 

drug delivery mechanisms for a variety of treatments including anticancer 

antibiotics, chemotherapeutic drugs, and oncogene inhibitors (Zdanowicz and 

Chroboczek, 2016). Because they have the ability to contain genetic material and 

transduce it into cell genomes, VLPs have been explored as a possible route for 

gene therapy (Seow and Wood, 2009). Both JC polyomavirus VLPs and MPyV 

VLPs have been used to transport plasmid DNA and transfer it into mouse cells 

(Chao et al., 2016, Tegerstedt et al., 2005). Because adeno-associated virus (AAV) 

is one of the most common vectors for gene therapy, AAV VLPs are of particular 

interest as potential gene therapy products.  
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1.3.3.1 Traditional Adeno-Associated Virus Gene Therapy  

Adeno-associated virus (AAV) is a small nonenveloped virus composed of 

three capsid proteins in a symmetrical icosahedral arrangement that contains a 

single-stranded DNA (ssDNA) genome of 4.7 kb. AAV is a promising candidate for 

gene therapies because it has the ability to transport short ssDNA sequences 

without integrating them into the host genome. There are currently over 50 clinical 

candidates for recombinant AAV therapies to treat an assortment of disorders with 

genetic markers including haemophilia, Alzheimer’s disease, and Parkinson’s 

disease (Naso et al., 2017). Two of the gene therapy products currently available, 

Spark Therapeutics’ Luxturna and AveXis’s Zolgensma, use AAV as the delivery 

vector.  

AAV serotype 2 (AAV2) is the most well-studied serotype of the twelve AAV 

serotypes. The AAV2 genome consists of two open-reading-frame (ORF) 

cassettes. One ORF cassette codes for the non-structural proteins which aid in 

DNA replication, regulate transcription, target specific sites for gene integration and 

packaging of DNA into the capsid; these proteins are referred to as Rep 78, Rep 

68, Rep 52, and Rep 40 (Ward et al., 2003, Pereira et al., 1997, Surosky et al., 

1997, King et al., 2001). The other ORF cassette codes for the structural capsid 

proteins, VP1 (87 kDa), VP2 (73 kDa), and VP3 (62 kDa), and the assembly-

activating protein (AAP) which promotes capsid protein interaction and improves 

stability (Rose et al., 1971, Maurer et al., 2018). The three capsid proteins are fairly 

similar in sequence; they are produced by alternative splicing so they only differ in 

their N-terminus (Becerra et al., 1988). The splicing and the leaky expression of 

the alternative reading frame for VP2 results in a molar ratio of 1:1:10 

VP1:VP2:VP3 (Becerra et al., 1988).  
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The current method of recombinant AAV production uses triple transfection 

of a mammalian host cell, typically HEK293 (Figure 1.9). The host cell is first 

infected with a plasmid containing essential adenovirus genes to mediate AAV 

replication. Previously, an adenovirus would be introduced to the host cell to enable 

replication, but this requires that the adenovirus be purified out further downstream. 

By using a plasmid with the adenovirus genes, the presence of an additional virus 

can be circumnavigated altogether. Next, the host cells are transfected with a 

plasmid containing recombinant AAV genes to create the AAV itself and a plasmid 

for the gene therapy product. This method has been used to produce over 100 viral 

genomes per cell. However, production is limited by the fact that HEK293 cells are 

usually cultivated in adherent cultures. Currently, research is being undertaken to 

cultivate HEK293 cells in suspension in order to increase the volume of cells 

transfected and, consequently, the amount of recombinant AAV viral genomes 

produced (Blessing et al., 2018). This process also results in significant 

heterogeneity from process and product related impurities (Wright, 2014).  

 

Figure 1.9 Overview of Triple-Transfection Strategy for Adeno-Associated Virus 
Production from Vigene Biosciences 2019 

“This approach eliminates the need for a ‘helper’ adenovirus by introducing key genes in a DNA 
plasmid (top), accompanied by two other plasmids. The three plasmids are transfected into the 
production cell line (middle), which produces mature AAV capsids containing the transgene of 
interest. Once purified (bottom), these viral particles can infect patient cells to deliver their DNA 
payload but cannot replicate further.” Used with permission from (Biosciences, 2019) 
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The recombinant AAV gene therapy product is introduced to the patient 

through local intramuscular injection, systemic delivery, central nervous system 

delivery, cardiac delivery, or pulmonary delivery (Naso et al., 2017). The exact 

mechanism of gene transfer is summarised in the literature [Reviewed in (Wang et 

al., 2019a)]. Briefly, the recombinant virus binds to a glycosylated cell receptor and 

is internalised into an endosome which traffics the virus to the nucleus. The cargo 

is released, converted to double-stranded DNA (if it is not double-stranded 

already), and undergoes transcription. This genetic material will remain in the 

nucleus as circularised episomal genomes or it may integrate into the host cell 

genome.  
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Figure 1.10 Diagram of Recombinant Adeno-Associated Virus Transduction 
Pathway from Wang et al, 2019a 

In order to transfer the genetic material that it carries to a patient, AAV binds to glycosylated cell 
surface receptors. It enters the cell via endocytosis and is trafficked through the endosome to the 
cell’s nucleus. There the virus undergoes uncoating and its cargo is unloaded. The virus may be a 
single-stranded AAV (ssAAV), in which case its genetic material must be converted to double-
stranded DNA prior to transcription, or a self-complementary AAV (scAAV), in which case its genetic 
material is already double-stranded. This genetic material will form circularized episomal genomes 
that remain in the nucleus or it will be integrated into the host genome. If the AAV does not reach 
the nucleus, it will undergo proteolysis by the proteasome. Used with permission from (Wang et al., 
2019a). 

 

1.3.3.2 Adeno-Associated Virus Capsid Protein VLPs  

 AAV VLPs are empty shells formed only from the three capsid proteins. The 

first AAV VLPs assembled in vitro were formed from capsid proteins expressed by 

baculoviruses and purified separately that were then combined in a HeLa extract 

(Steinbach et al., 1997). AAV VLPs have also been produced in HEK293, 

Saccharomyces cerevisiae, and E. coli cells (Nieto et al., 2012, Backovic et al., 

2012, Le et al., 2019). MemproTM, a Creative Biostructure company, currently 
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manufactures AAV VLPs using a mammalian expression system (Biostructure, 

2020). 

AAV VLPs have been used for a variety of applications as both a scaffold 

for antigen display for vaccination and as a delivery mechanism for genetic material 

(Nieto et al., 2012). AAV VLPs have been filled with ssDNA with the help of the 

Rep52 and Rep40 proteins (King et al., 2001). They have also been demonstrated 

to transport siRNA to cancer cells (Shao et al., 2012). Additionally, empty capsids 

can be formed from VP3 alone, although VP1 is necessary for the formation of 

infectious capsids (Smuda and Carter, 1991). AAV VP3 VLPs have been modified 

both on the C-terminus with foreign peptides and on the N-terminus with a FLAG 

tag for easier purification (Le et al., 2019, Hoque et al., 1999). Antigen display on 

AAV VLPs could open the door not only to AAV VLP-based gene therapy products, 

but more targeted therapies in general.  

 While AAV VLPs have their advantages for packaging and delivery of 

genetic material, traditional AAV viruses are currently more desirable because they 

are easier to produce and better able to reach the cell nucleus (Le et al., 2019). 

Additionally, in vitro assembly is a difficult process that requires not only the correct 

ratio of the three capsid proteins but optimal temperature, pH, ionic strength, and 

presence of additives for proper assembly (Le et al., 2019). In an open CFPS 

system, these properties may be more easily monitored and manipulated as 

needed.  

1.3.4 CFPS of VLPs 

Cell-free protein synthesis has the potential to greatly improve VLP 

production. Because CFPS reactions are open, the reaction mixture can be 

modified to allow for conditions not typically used in vivo, like extreme pH levels or 

higher levels of ionic strength which may result in improved VLP assembly, or 
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improved redox conditions that may allow for better disulphide bond formation 

(Ceres and Zlotnick, 2002, Bundy and Swartz, 2011). CFPS would also allow for 

non-standard amino acid click-chemistry to attach antigens to the surface of the 

VLPs (Patel and Swartz, 2011).  

While CFPS platforms are growing as a method of recombinant protein 

production, there has been little work done in the realm of VLP expression via 

CFPS. Over a decade ago, the first E. coli-based CFPS platform was used to 

produce VLPs; MS2 bacteriophage coat protein VLPs and truncated HBcAg VLPs 

were expressed in 30 µL and 1 mL culture volumes with titres of approximately 400 

µg/mL in 12 hours for both species (Bundy et al., 2007). More recently, human 

norovirus-like particles were produced in an E. coli-based cell-free protein 

synthesis platform at roughly 600 µg/mL in 4 hours and the encephalomyocarditis 

virus was synthesised in a mammalian cell-based CFPS system at a rate of 1000 

plaque forming units (pfu)/mL over the course of 24 hours (Sheng et al., 2017, 

Kobayashi et al., 2012). These experiments have only occurred on a very small 

scale – in volumes of less than 1 mL. While these small volumes allow for rapid 

screening of products, in order to use CFPS as a production method, larger 

volumes will need to be explored and optimised.  
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1.4 Aims and Objectives 

 The main aim of this project was to establish a novel manufacturing system 

that could be used to produce self-assembling particles for vaccine production and 

gene therapy in under a day. Vaccines are critical in the management of existing 

and emerging diseases. In pandemic situations, they will need to be developed 

and produced rapidly. The advent of gene therapy products (and other 

personalised and stratified medicines) will require manufacturing systems that not 

only result in high titres in short timescales but are flexible and robust. This will 

allow for the consistent production of a variety of products.  

In order to achieve this goal, the following objectives were accomplished:  

1. Develop an on-demand manufacturing system at UCL. This system 

needed to be rapid, robust, and flexible; therefore  an Escherichia coli-based 

cell-free protein synthesis (CFPS) platform was chosen. This was the first 

CFPS platform to be developed at UCL. A variety of cell extracts from 

different E. coli strains, concentrated reaction mixtures, and plasmid 

designs were created and tested to determine the conditions that allowed 

for the highest titres. The most productive reaction conditions were used to 

demonstrate consistent scale up. 

2. Design a process development strategy for the manufacturing system. 

Once the E. coli-based CFPS platform was developed, a deeper 

understanding of the critical process parameters in the system was needed 

to enable the design of a process development strategy. There is currently 

a lack of process development protocols for CFPS systems. . Critical 

process parameters (the concentration of the plasmid, the amount of the 

cell extract, the pH of the concentrated reaction mix, the temperature of the 

reaction, and the length of the reaction) were manipulated and  analytical 
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tools like multivariate data analysis (MVDA) and design of experiments 

(DoE) were used to rapidly improve titre. Using the information gathered 

and the tools mentioned above, a process development strategy specific to 

CFPS was designed.  

3. Demonstrate production of vaccines and gene therapy products in the 

E. coli-based CFPS system. Model self-assembling products were used to 

develop a robust manufacturing system that could be used with a variety of 

newly developed biologic medicines. An ideal model product would be a 

complex, multi-domain product capable of displaying antigens or delivering 

genetic material. Virus-like particles (VLPs) were chosen because they fit 

the criteria and they have applications as both vaccine and gene therapy 

products. The tandem-core hepatitis B core antigen (HBcAg) VLPs 

developed. as an attempt at a universal influenza vaccine and on adeno-

associated virus serotype 2 (AAV2) VLPs which have been shown to 

transport genetic material potentially as a new form of gene therapy were 

the main focus of this project (Shao et al., 2012, King et al., 2001). In 

addition to using the CFPS platform to produce tandem-core HBcAg VLPs 

and AAV2 VLPs, product quality, specifically product related impurities, 

were observed and new iterations of the products were rapidly designed 

and produced.  
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2. Materials and Methods 

2.1 Chemicals and Media 

 All chemicals were purchased from Sigma Aldrich (Dorset, UK) unless 

otherwise noted. Milli-Q water was used for buffer and media preparation.  

2.2 E. coli cell extract strains and cell bank preparations 

The following E. coli strains were used for extract preparation: BL21 (DE3) 

(Thermo Fisher Scientific, Paisley, UK), BL21 StarTM (DE3) (Thermo Fisher 

Scientific), RosettaTM (DE3), ClearColi® BL21 (DE3) (Lucigen, Middleton, WI, 

USA), and SHuffle T7 (New England Biolabs, Ipswich, MA, USA). Cell banks were 

prepared for each strain. LB-agar plates were prepared by pouring ~20 mL of 

freshly autoclaved LB-agar (10 g/L peptone, 10 g/L yeast extract, 10 g/L sodium 

chloride, and 15 g/L agar) into a 90 mm SterilinTM plastic Petri dish from Thermo 

Fisher Scientific and allowing the LB-agar to cool for at least 1.5 hours at room 

temperature. The E. coli aliquots purchased were spread on the LB-agar plates 

and incubated overnight at 37°C in a Galaxy R CO2 incubator from Eppendorf 

(Stevenage, UK). A colony was selected from the plate and incubated in 5 mL of 

Lysogeny broth (LB) media (10 g/L peptone, 10 g/L yeast extract, and 10 g/L 

sodium chloride) in a 50 mL Greiner conical tube (Greiner Bio-One, Kremsmünster, 

Austria) for ~16 hours in a Kühner ISF1-X Climo-Shaker shaking incubator (Basel, 

Switzerland). The cultured cells were then combined in a 1:1 ratio with sterilised 

80% v/v glycerol in 1.5 mL microcentrifuge tubes from Star Labs (Milton Keynes, 

UK) and frozen at -80°C for future use.  

2.3 Plasmid Design and Preparation  

2.3.1 GFP Plasmids 

Commercial CFPS kit suppliers recommend using a plasmid which has 

been optimised for cell-free expression although plasmids typically employed for 
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cell-based expression can be used as well (2011). Two green fluorescent protein 

(GFP) plasmids were selected: pJL1, a superfolder GFP (sfGFP) plasmid, pJL1 

was a gift from Michael Jewett (Addgene plasmid # 69496 ; 

http://n2t.net/addgene:69496 ; RRID:Addgene_69496), and pET14b-GFP, a 

plasmid developed by Martin Warren’s group at the University of Kent used for E. 

coli expression of GFP+ with a 6x histidine tag. Plasmid pJL1 has been optimised 

for CFPS. It is a much smaller plasmid (2486 bp) that contains only the gene of 

interest (sfGFP in this case), the T7 promoter, the T7 terminator, a gene for 

kanamycin resistance and an origin of replication. The pET14b-GFP plasmid has 

not been optimised for cell-free protein synthesis and has not been codon-

optimised for E. coli. It is also somewhat large compared to the pJL1 plasmid, 5389 

bp. 

2.3.2 HBcAg VLP Plasmids  

All VLP plasmids were received from iQur Ltd. (London, UK). They were all 

designed for in vivo production. The monomeric construct was obtained from a lab 

at the Latvian Biomedical Research and Study Centre that is partnered with iQur 

Ltd. It is a plasmid for HBcAg subtype ayw under the T7 promoter in a pETDuet-1 

backbone. Its exact sequence is unknown, but it is ~5900 bp long. The protein 

sequence for the monomeric construct is shown in Appendix A.  

All of the tandem-core constructs are serotype adw. They are in kanamycin 

resistant pET28b plasmids. The K1K1 VLP is a hepatitis B tandem-core protein 

VLP with a single lysine in each MIR. It was received as a pPICZA plasmid, which 

is typically used for expression in P. pastoris. In order to keep the new K1K1 VLP 

plasmid as similar as possible to the other tandem-core plasmids, the K1K1 gene 

was codon-optimised for E. coli production and inserted into a pET28b vector; this 

plasmid was 6412 bp long. The protein sequence for K1K1 is found in Appendix A. 
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Once the K1K1 VLP plasmid synthesis was completed, it was transformed into 

chemically competent JM109 cells from Promega (Madison, WI, USA) and cell 

banks were prepared as explained above. 

Plasmids for VLP 3, which has three matrix 2 ectodomain protein (M2e) 

variants in one MIR while the other MIR is empty, and VLP 1, which has a 

haemagglutinin stalk protein (HA2) in one MIR and three variants of M2e in the 

other MIR, were also prepared. These plasmids were 6637 bp and 6847 bp long 

respectively. Annotated versions of these sequences and the modified sequences 

mentioned in Chapter 5 can be found in Appendix A.  

2.3.3 AAV2 Capsid Protein Plasmids 

 Plasmids were prepared for the three AAV2 capsid proteins called VP1, 

VP2, and VP3. The gene sequence for each plasmid was optimised for E. coli 

expression and inserted into the pJL1 vector. They were prepared both with and 

without N-terminal 6x histidine tags. The plasmid expressing VP1 was 4007 bp 

long (3971 bp without the 6x histidine tag). The plasmid expressing VP2 was 3596 

bp long (3560 bp without the 6x histidine tag). The plasmid expressing VP3 was 

3401 bp long (3365 bp without the 6x histidine tag). These sequences can be found 

in Appendix A.  

2.3.4 Preparation of Plasmids for Cell-Free Protein Synthesis Reactions 

The Qiaprep Spin Miniprep Kit and the HiSpeed Plasmid Maxi Kit, both from 

QiagenTM (Manchester, UK), were used to prepare plasmids for CFPS reactions. 

The protocol for the Qiaprep Spin Miniprep Kit was followed as specified in the kit 

with the exception of the final step: 35 µL of elution buffer was used instead of the 

recommended 50 µL in order to better concentrate the DNA. When preparing cells 

to be used for the Qiaprep Spin Miniprep Kit, 50 µL of previously prepared cell bank 

containing the plasmid of interest and the appropriate antibiotic depending on the 
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plasmid (either 100 µg/mL ampicillin or 50 µg/mL kanamycin) vector were added 

to 5 mL of LB media in a 50 mL Greiner conical tube and incubated at 37°C and 

250 rpm overnight. For the HiSpeed Plasmid Maxi Kit, two overnight cultures were 

prepared each with 50 µL of previously prepared cell bank containing the 

appropriate plasmid, antibiotic depending on the plasmid vector, and 2 mL LB 

media in a Greiner conical tube. In the morning, the 2 mL cultures were transferred 

to two 250 mL baffled glass shake flasks containing antibiotic and 300 mL LB 

media. The 300 mL cultures were incubated for 24 hours before being harvested 

for the HiSpeed Plasmid Maxi Kit. Both the 2 mL overnight cultures and the 300 

mL cultures were incubated at 37°C and 250 rpm. The HiSpeed Plasmid Maxi Kit 

was performed as specified in the kit protocol with the volumes of buffers P1, N2, 

and N3 doubled. For both preparation protocols, the final DNA concentration was 

determined by placing 1 µL on the platform of a NanodropTM 2000c 

Spectrophotometer from Thermo Fisher Scientific and reading the concentration 

based on the absorbance at 260 nm.  

2.4 CFPS Reactions 

2.4.1 Cell-Free Extract Preparation 

The extracts were derived from the BL21 (DE3) (Thermo Fisher Scientific), 

BL21 StarTM (DE3) (Thermo Fisher Scientific), RosettaTM (DE3), ClearColi® BL21 

(DE3) (Lucigen,), and SHuffle T7 (New England Biolabs) E. coli strains using the 

method outlined previously (Figure 2.1) (Hong et al., 2015). Briefly, a small volume, 

approximately 100 µL, of bacterial glycerol stock was used to inoculate 50 mL fresh 

LB medium pH 7.4 in a 250 mL baffled shake flask. The cultures were incubated 

overnight at 34°C (37°C for the ClearColi® BL21 (DE3) strain) and 250 rpm. The 

following morning, approximately 16 hours later, 25 mL of the overnight culture was 

transferred to 500 mL of 2xYTPG medium pH 7.2 (16 g/L tryptone, 10 g/L yeast 
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extract, 5 g/L NaCl, 7 g/L K2HPO4, 4.3 g/L KH2PO4 and 18 g/L glucose; adjusted 

pH to 7.2 with potassium hydroxide) in a 2 L baffled shake flask. The culture was 

incubated at 34°C (37°C for the ClearColi® BL21 (DE3) strain) and 220 rpm until 

OD600 ≈ 2 was achieved at which point 500 µL of 1 M potassium hydroxide was 

added to prevent acidification of the culture (as recommended by Hong et al. 2015) 

and the incubation continued (Hong et al., 2015). When OD600 ≈ 4 was achieved, 

the culture was harvested by centrifugation at 5,000g and 4°C for 15 minutes; the 

cells should be entering stationary phase. Contrary to popular methods of 

harvesting during the mid-late log phase, Failmezger et al. showed that high 

performing extract can be produced from E. coli in the stationary phase; as such, 

their method of extract production was adopted to simplify the workflow 

(Failmezger et al., 2017).  

The culture was then harvested by centrifugation at 5,000g and 4°C for 15 

minutes using JA-10 rotor in a Beckman Coulter Avanti® J-20XP centrifuge (High 

Wycombe, UK). The supernatant was discarded and the pellets were kept on ice 

whenever possible. Each pellet was washed with ~25 mL of S30 buffer (pH 8.2 10 

mM Tris acetate, 14 mM magnesium acetate, 60 mM potassium acetate, and 1 

mM dithiothreitol) and resuspended by vortex. The resuspended pellet was 

pelleted by centrifugation at 9,000g and 4°C for 10 minutes in an Eppendorf 5910R 

centrifuge. The pellet was washed, resuspended, and pelleted by centrifugation 

again. Excess supernatant was discarded. Pellets were stored at -80°C following 

this step. Pellets were resuspended in 1.0 mL of S30 buffer per 1.0 g of pellet. The 

pellet was thawed on ice with S30 buffer for at least one hour prior to resuspension. 

The resuspended cells were homogenised via single pass at 1000 bar through an 

APV Gaulin Micron Lab40 Homogeniser (Lubeck, Germany). The homogenised 

lysate was clarified by centrifugation at 30,000g and 4°C for 30 minutes using a 
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JA-17 rotor in a Beckman Coulter Avanti® J-20XP centrifuge. (The speed of this 

centrifugation step is what give S30 lysates their name.) The supernatant was 

recovered and pelleted by centrifugation again. The supernatant from the second 

centrifugation was decanted and separated into 1 mL and 200 µL aliquots in Star 

Labs microcentrifuge tubes. Aliquots were flash frozen with liquid nitrogen and 

stored at -80°C until use. 

The extract preparation method was not optimised or varied for different 

strains, as no evidence of any strain or product specific impact from extract 

preparation methods was found in the literature. While this protocol was chosen 

based on the equipment and reagents available,  it is important to recognise that 

numerous groups have thoroughly examined the extract preparation protocol and 

optimised conditions such as length of time for cell growth, length of time for 

induction, and media for cell culture (Dopp and Reuel, 2018, Wilding et al., 2019, 

Zawada and Swartz, 2006, Levine et al., 2019, Bremer and Dennis, 2008).  

In addition to the extracts prepared above, the SHuffle T7 extract and 

another BL21 StarTM (DE3) extract were prepared following the protocol above with 

the addition of 500 µL of 1 M IPTG when the 500 mL shake flask cultivation had 

achieved OD600 ≈ 0.6. This induction was done to increase the amount of T7 RNA 

polymerase in the extract which has been demonstrated to improve expression 

(Des Soye et al., 2019). Unlike the other strains, these cells were incubated at 

37°C. 

A Bradford assay was used to determine total protein concentration for each 

extract; all extracts gave values of 30-50 mg/mL as expected based on previous 

literature (Kwon and Jewett, 2015, Caschera and Noireaux, 2015a). The total 

protein concentrations were as follows: 38 mg/mL for BL21 StarTM (DE3), 35 

mg/mL for the BL21 (DE3), 34 mg/mL for RosettaTM (DE3), 41 mg/mL for 
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ClearColi® BL21 (DE3), 40 mg/mL for IPTG-induced SHuffle T7, and 44 mg/mL 

for the IPTG-induced BL21 StarTM (DE3). 

 

 

Figure 2.1 Cell Extract Preparation 

Extract preparation involves cell growth, lysis via high pressure homogenisation, clarification, and 
storage. Created with Biorender.com.  
 

2.4.2 Cell-Free Concentrated Reaction Mixture Preparation 

A cell-free concentrated reaction mixture based on the protocol used by 

Kwon and Jewett (2015) often referred to as the PANOx-SP system was prepared 

(Kwon and Jewett, 2015). The cell-free reaction included the following: 1.2 mM 

ATP, 0.85 mM each CTP, GTP, UTP, 1.5 mM spermidine, 1 mM putrescine, 33 

mM phosphoenolpyruvate (PEP), 4 mM sodium oxalate, 0.27 mM coenzyme A 

(CoA), 0.33 mM nicotinamide adenine dinucleotide (NAD), 34 µg/mL folinic acid, 

170 µg/mL tRNA from E. coli MRE 600, 90 mM potassium glutamate, 10 mM 

ammonium glutamate (MP Biomedicals, Eschwege, Germany), and 12 mM 

magnesium glutamate (Kwon and Jewett, 2015). A highly similar mixture has 
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previously been used with BL21 StarTM (DE3) based extracts and K12 MG1655 

(strain C495) based extracts to achieve ~500 µg/mL sfGFP in 4 hours (Kwon and 

Jewett, 2015). 

Another concentrated reaction mixture considered to be a simplified minimal 

mixture based on the protocol by Cai et al. (2015) was also prepared (Cai et al., 

2015). This mixture included the following: 1.2 mM AMP, 0.86 mM each CMP, 

GMP, UMP, 1.5 mM spermidine, 4 mM potassium oxalate, 15 mM phosphate buffer 

pH 7.0, 260 mM potassium glutamate, 8 mM magnesium glutamate, and 2 mM 

oxidised glutathione (Cai et al., 2015). This mixture is based on what is often 

referred to as the “Cytomim” mixture because it was originally designed to mimic 

the cytosol environment in E. coli cells (Jewett and Swartz, 2004). Instead of using 

expensive phosphorylated energy sources, this mixture relies on oxidative 

phosphorylation and avoids the accumulation of inorganic phosphate and dramatic 

shifts in pH level over the course of the reaction (Jewett and Swartz, 2004, Jewett 

et al., 2008). The optimised version of this mixture employed by Cai et al. (2015) 

reduced reagent costs by 95% while still producing over 1 g/L trastuzumab single-

chain fragment variable (scFv) (Cai et al., 2015).  

Each concentrated reaction mixture was prepared as a 2.5x concentrated 

solution (without amino acids or T7 RNA polymerase). Potassium hydroxide was 

added to the complex concentrated reaction mixture to solubilise the components. 

2.5x concentrated reaction mixture solutions were stored at -80°C until use. A 75 

mM methionine solution and a 50 mM solution containing the remaining nineteen 

amino acids were prepared separately and added to the reaction to a final 

concentration of 1.25 mM of each amino acid except methionine for which the final 

concentration was 1.5 mM. 50 U/µL T7 RNA polymerase (Catalogue number: 

18033019) was purchased from ThermoFisher ScientificTM and added to the 
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reaction to a final concentration 500 U/mL T7 RNA polymerase. Amino acids 

solutions and T7 RNA polymerase were stored at -20°C until use.  

2.4.3 Cell-Free Protein Synthesis Reaction Ratios 

For a typical CFPS reaction, 10 µg/mL plasmid (depending on the plasmid 

used, the molar concentration will also be noted in the text), 20% v/v cell extract, 

40% v/v concentrated reaction mixture, 2% v/v 75 mM methionine solution, 2.5% 

v/v 50 mM amino acid (-methionine) solution, and 1% v/v 50 U/µL T7 RNA 

polymerase (Thermo Fisher Scientific, Catalogue number: 18033019) were 

combined. Nuclease free water from Thermo Fisher Scientific was used to make 

up the remaining volume. For the first 30 minutes of the reaction, only the following 

were added: 10 µg/mL plasmid, 20% v/v cell extract, 20% v/v concentrated reaction 

mixture, 1% v/v 75 mM methionine solution, 1.25% v/v 50 mM amino acid (-

methionine) solution, and 1% v/v T7 RNA polymerase solution. Reactions were 

incubated at 30°C for an additional 4.0 hours at 300 rpm in a shaking incubator or 

1200 rpm in an Eppendorf Thermomixer® C. These conditions were used for all 

reactions unless otherwise specified. Reactions were stored for future use and 

analysis at -20 °C. 

2.4.4 Adjusting Process Parameters 

Each of the following process parameters were examined in isolation in 

order to determine their impact on titre: plasmid concentration, amount of extract, 

temperature, pH of the concentrated reaction mixture, and length of reaction. 

Plasmid concentration was adjusted by altering the volume of concentrated 

plasmid added to each reaction. Final concentrations of 1.0 µg/mL, 5.0 µg/mL, 10 

µg/mL, 20 µg/mL, and 50 µg/mL (0.61 nM, 3.1 nM, 6.1 nM, 12.2 nM, and 30.5 nM 

for sfGFP and 0.26 nM, 1.3 nM, 2.6 nM, 5.1 nM, and 12.8 nM for HBcAg) were 

prepared. Amount of extract was likewise adjusted by volume. Reactions with 5% 
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v/v, 10% v/v, 15% v/v, 20% v/v, 25% v/v, 30% v/v, and 35% v/v extract were 

prepared. The pH level of 2.5x complex concentrated reaction mixture was 

adjusted using small volumes of 18 M hydrochloric acid or 12 M sodium hydroxide. 

Below pH 5.5, the components began to fall out of solution. The following pH levels 

were tested: 5.0, 5.5, 6.0, 6.5, 6.8, 7.0, 7.5, 8.0, 8.5, and 9.0. Temperature was 

adjusted on each thermomixer; reactions at 15°C, 20°C, 25°C, 30°C, 32°C, 35°C, 

37°C and 40°C were tested. The following reaction lengths were assessed: 0.5 

hours, 1 hour, 2 hours, 4 hours, 6 hours, 8 hours, 12 hours, 22 hours, and 24 hours. 

For sfGFP, the typical reactions conditions were 6.1 nM (10 μg/mL) plasmid, 20% 

v/v non-induced BL21 StarTM (DE3) extract, complex concentrated reaction mixture 

at pH 6.8, 20°C, and 4 hours. Reactions adjusting the parameters were performed 

in triplicate and a total of 105 reactions were performed: typical reactions conditions 

(9 reactions), plasmid concentration at 4 levels (12 reactions), amount of extract at 

6 levels (18 reactions), pH at 8 levels (24 reactions), temperature at 7 levels (21 

reactions), and reaction length at 7 levels (21 reactions). Based on the sfGFP 

results, some reaction conditions were omitted for HBcAg. For HBcAg, the typical 

reactions conditions were 2.6 nM (10 μg/mL) plasmid, 20% v/v non-induced BL21 

StarTM (DE3) extract, complex concentrated reaction mixture at pH 6.0, 20°C, and 

4 hours. Reactions were performed in duplicate and a total of 48 experiments were 

performed: typical reaction conditions (2 reactions), plasmid concentration at 4 

levels (8 reactions), amount of extract at 5 levels (10 reactions), pH at 4 levels (8 

reactions), temperature at 4 levels (8 reactions), and reaction length at 6 levels (12 

reactions).  

2.4.5 ExpresswayTM Cell Free Expression System 

The CFPS platform as developed was compared to the ExpresswayTM Cell 

Free Expression System sold by ThermoFisher ScientificTM. For a 100 µL reaction, 
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20 µL E. coli slyD- extract, 20 µL 2.5x IVPS E. coli reaction buffer (concentrated 

reaction mixture), 1 µL 50 U/ µL T7 RNA polymerase, 1 µL 75 mM methionine, 1 

µL 50 mM amino acids (-methionine), and 1 µg DNA template were combined in a 

microcentrifuge tube. Nuclease-free water was added to a final volume of 50 µL. 

The tubes were incubated at 30°C and 300 rpm for 0.5 hours – for the Eppendorf 

Thermomixer® C, 300 rpm is achieved when the shake rate is set to 1200 rpm. 

After 0.5 hours incubation, 25 µL 2.0x IVPS E. coli reaction buffer (concentrated 

reaction mixture), 1 µL 75 mM methionine, 1 µL 50 mM amino acids (-methionine), 

and 22.75 µL nuclease-free water were added to each tube for a final volume of 

100 µL. The tubes were incubated at 30°C and 300 rpm for an additional 4.0 hours 

(for a total of 4.5 hours). Reactions were analysed immediately and stored at -

20°C. 

2.4.6 Vessels and Scales for CFPS Reactions 

 A range of reaction platforms were used in this project. 100 µL reactions 

were performed in Star Labs microcentrifuge tubes agitated in an Eppendorf 

Thermomixer® C and Corning Costar® black well, clear flat bottom microwell 

plates (Amsterdam, Netherlands) agitated in a BMG Labtech (Aylesbury, UK) 

FLUOStar OPTIMA spectrophotometer. 1 mL reactions were performed in deep-

well flower plates sold by m2p-labs (Baesweiler, Germany) agitated in an 

Eppendorf Thermomixer® C. 10 mL reactions were performed in 250 mL baffled 

shake flasks and Sarstedt tissue culture T-75 flasks (Nümbrecht, Germany) 

agitated at 200 rpm in a Kühner ISF1-X Climo-Shaker shaking incubator. 100 mL 

reactions were performed in an Eppendorf DASbox Mini Bioreactor System. An 

agitation rate of 500 rpm and a sparge rate of 1 vvm (6 L/h) was used in order to 

ensure that the reaction was well-mixed. 
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2.5 Analytical Methods 

2.5.1 Fluorescence Analysis to Determine GFP titre  

For GFP analysis, it is assumed that all GFP proteins that have been 

produced are correctly folded and emit with the characteristic fluorescence 

intensity for that GFP variant. Titre was measured through fluorescence intensity 

measurement on a BMG Labtech FLUOStar OPTIMA spectrophotometer at an 

excitation wavelength of 485 nm and an emission wavelength of 520 nm and 

compared to a standard curve of rTurbo GFP from Evrogen (Moscow, Russia). The 

range of the standard curve was 80 µg/mL to 1.6 µg/mL. To dilute into this range, 

all CFPS reactions were diluted ten-fold [20% v/v non-induced BL21 StarTM cell 

extract diluted in Milli-Q water]. This dilution should also mitigate the difference in 

the pH of the CFPS reactions. For different GFP variants, fluorescence intensity 

was scaled based on quantum yield and extinction coefficient using the following 

equation where “F” is the measured fluorescence of a sample, “φ” is the quantum 

yield for that variant, “I0” is the intensity of the incident light, “ε” is the extinction 

coefficient for that variant, “l” is the optical path length, and “c” is the concentration 

of a sample. 

𝐹 =  𝜑𝐼0(1 − 10−𝜀𝑙𝑐) 

The quantum yields for rTurbo GFP, sfGFP, and GFP+ are 0.53, 0.65, and 

0.72 respectively (Evrogen, 2020, FPbase, 2020b, FPbase, 2020a). The extinction 

coefficients for rTurbo GFP, sfGFP, and GFP+ are 70000 M-1cm-1, 83300 M-1cm-1, 

and 82,400 M-1cm-1 respectively (Evrogen, 2020, FPbase, 2020b, FPbase, 2020a). 

CFPS GFP samples were also analysed via sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). Samples were reduced with 

NuPAGE Sample Reducing Agent (Thermo Fisher Scientific) and NuPAGE MES 

Sample Buffer (Thermo Fisher Scientific). The samples were not boiled because 
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that would completely denature the protein and destroy fluorescence; previously, 

groups have used this method to visualise fluorescent proteins in SDS-PAGE gels 

(Bird et al., 2015). Samples were diluted four-fold with Milli-Q water and the 

appropriate buffers and then applied to the lanes of a NuPAGE 12% Bis-Tris gel 

(Thermo Fisher Scientific) at 200V for 50 minutes. Gels were imaged under blue 

fluorescent light (460 nm) on the GE AmershamTM Imager 600 (Pittsburgh, PA, 

USA). The gels were then stained with InstantBlueTM Coomassie Protein Stain and 

imaged again under white light.  

2.5.2 Total Protein Analysis with Bradford Assay 

The protein concentration of a sample can be determined with a Bradford 

assay. The Coomassie Brilliant Blue G-250 dye in the Bradford reagent binds to 

the proteins in the sample which results in a blue colour change. When compared 

to standard curve of proteins of known concentration, the protein concentration of 

a sample can be calculated. 

The Quick StartTM Bradford Protein Assay protocol and Quick StartTM 

Bradford 1x Dye Reagent from Bio-Rad (Hercules, CA, USA) were used. Bovine 

serum albumin standards were prepared at the following concentrations: 2.0 

mg/mL, 1.0 mg/mL, 0.75 mg/mL, 0.50 mg/mL, 0.25 mg/mL, 0.125 mg/mL, and 0 

mg/mL. 5 μL of each standard and sample were added to a single well on a clear 

96-well plate. 250 μL of Quick StartTM Bradford 1x Dye Reagent was added to each 

well. The plate was incubated for 5 minutes at room temperature. The absorbance 

of each well at 595 nm was measured using a CLARIOStar® Plus plate reader 

from BMG LabTech. Each standard and sample was measured in triplicate. 

2.5.3 SDS-PAGE Analysis 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

is a common method of protein separation that involves denaturing the proteins 
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with SDS, which also gives the proteins a negative charge, before placing them on 

a polyacrylamide gel and applying an electrical current. This causes the proteins 

to migrate through the gel toward the anode. Smaller molecules migrate faster than 

larger molecules allowing for separation based on molecular weight. 

Samples were reduced with 4x SDS-PAGE sample loading buffer before 

being boiled at 90°C for 10 minutes. 4x SDS-PAGE sample loading buffer contains 

50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 1% -mercaptoethanol, 12.5 mM 

EDTA, and 0.02% bromophenol blue. Samples were diluted two-fold with Milli-Q 

water and the appropriate buffer and then applied to the lanes of a NuPAGE 12% 

Bis-Tris gel at 200V for 50 minutes. The gels were then stained with InstantBlueTM 

Coomassie Protein Stain and imaged using the GE AmershamTM Imager 600. 

2.5.4 Dot Blot Analysis 

Dot blots are useful in quickly determining the presence of the product in a 

sample, especially when several samples are being collected, like fractions from a 

chromatography run or an ultracentrifugation procedure. Dot blots are limited in 

that they only provided information about whether or not a species that 

corresponds to the primary antibody is present. Truncated products or product 

related impurities might also contribute to a positive signal on a dot blot.  

A standard curve of recombinant HBcAg (ab49014) from Abcam 

(Cambridge, UK) was prepared at the following concentrations: 250 μg/mL, 125 

μg/mL, 62.5 μg/mL, 31.3 μg/mL, 15.6 μg/mL, and 0 μg/mL. 2 µL of each standard 

and sample were applied as a “dot” on an 8 mm x 8 mm nitrocellulose membrane. 

Standards and samples were measured in triplicate. The membrane was blocked 

in Tris-Buffered Saline with Tween 20 and milk powder (TBST-M) for 45 minutes. 

The membrane was incubated with the primary antibody (Table 2.1 shows the 

antibodies used with each product) diluted 1:1000 in TBST-M for two hours. The 
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membrane was washed with TBST three times before being incubated with the 

secondary antibody, an anti-mouse HRP-conjugated antibody [HAF007] (R&D 

Systems, Abingdon, UK), diluted 1:1000 in TBST-M for one hour. The membrane 

was washed with TBST twice and TBS once. The membrane was incubated with 

the Thermo Fisher Scientific Pierce ECL Western Blotting Substrate for 1-2 

minutes in darkness then exposed and imaged using the GE AmershamTM Imager 

600. The image was analysed using ImageQuant software and the quantification 

of the samples was determined with four-parameter logistic (4PL) fitting.  

 

Table 2.1 Mouse Primary Antibodies for Dot Blots and Western Blots 

Antibody name Corresponding region 

Anti-Hepatitis B Virus Core Antigen antibody 
[10E11] (ab8639)* 

Amino acids 1-10 on HBcAg 

Anti-Hepatitis B Virus Core Antigen antibody 
[14E11] (ab8638)* 

Amino acids 135-141 on 
HBcAg 

Anti-Influenza A Virus M2 Protein antibody [14C2] 
(ab5416)* 

N-terminal of the Influenza A 
Virus M2 Protein 

Anti-6X His tag® antibody [HIS.H8] (ab18184)* Any 6x histidine tag  

Anti-Adeno-associated Virus / AAV (VP1+ VP2 + 
VP3) Monoclonal Antibody (clone: B1)** 

Amino acids 726-733 on all 
three AAV capsid proteins 

*from Abcam (Cambridge, UK) **from Generon 

 

2.5.5 Western Blot Analysis  

In CFPS, where there are so many proteins present that SDS-PAGE gels 

provide little information on the product of interest, western blots are essential to 

determine the presence of a particular protein in the reaction. For a western blot, 

the proteins in the polyacrylamide gel are transferred to a membrane using an 

electrical current. The membrane is then blocked and incubated with a target 

specific antibody. Next, the membrane is incubated with a second antibody that is 

specific to the first antibody. The secondary antibody is conjugated to another 
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molecule that allows for easy detection, for example, biotin or horseradish 

peroxidase. This results in the detection of specific proteins at specific molecular 

weights. For a given product, there may be a variety of primary antibodies to 

choose from. By applying different antibodies to a single protein sample, the nature 

of cleavage products or product related impurities can be better understood.  

While western blots provide an easy way to understand whether or not a 

particular protein is present, because the proteins are reduced in SDS-PAGE, this 

technique provides no information on the assembly of the particle. Furthermore, 

while densitometry can be performed with various known concentrations of the 

protein of interest in a western blot, this is an inexact method of determining 

product titre. Additional techniques are required for more definitive titre and 

assembly analysis.  

 SDS-PAGE was performed as stated previously. The gels were transferred 

to an 8 mm x 8 mm nitrocellulose membrane using the Bio-Rad Trans-Blot® 

TurboTM Transfer System. After transfer, the membrane was stained with Ponceau 

S for 5 minutes, de-stained with Milli-Q water and imaged. The stain was removed 

with TBS. The membrane was blocked in TBST-M for 45 minutes. The membrane 

was incubated with the primary antibody diluted 1:1000 in TBST-M for two hours. 

The membrane was washed with TBST three times before being incubated with 

the secondary antibody, an anti-mouse HRP-conjugated antibody, diluted 1:1000 

in TBST-M for one hour. The membrane was washed with TBST twice and TBS 

once. The membrane was incubated with the Thermo Fisher Scientific Pierce ECL 

Western Blotting Substrate for 1-2 minutes in darkness then exposed and imaged 

using the GE AmershamTM Imager 600.  
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2.5.6 Densitometry Analysis 

A densitometry analysis of an SDS-PAGE analysis image can be used to 

estimate the size of each band compared to other bands in that same lane. The 

percentage of protein in each band can then be compared to the overall protein 

concentration determined via Bradford assay to approximate the concentration of 

protein in a single band on the SDS-PAGE analysis.  

This technique was used to determine the titre of the tandem-core hepatitis 

B core antigen (HBcAg) virus-like particles (VLPs) in Chapter 6. An SDS-PAGE 

analysis and a western blot analysis were performed on each sample. The images 

from both analyses were then aligned to determine which bands on the SDS-PAGE 

corresponded to the full-length product as shown on the western blot. The 

densitometry of the SDS-PAGE image was analysed using ImageQuant software 

to determine the percentage of protein in each of the previously identified bands. 

That percentage was applied to the results of a Bradford assay performed on each 

sample to calculate titre of that sample.  

2.5.7 ELISA 

Enzyme-linked immunosorbent assays (ELISAs) can be used to determine 

the titre of a specific protein within a sample. ELISAs are performed in 96-well 

plates. A capture antibody specific to the protein of interest is bound to the bottom 

of the 96-well plate. The sample containing the protein of interest is applied and 

incubated. A secondary antibody specific to the protein of interest is added to the 

96-well plate. This secondary antibody may be conjugated to an enzyme or a third 

enzyme-conjugated antibody that binds the secondary antibody may be added. A 

substrate is added that is converted by the enzyme to create an absorbance, 

fluorescence or luminesce signal that can be detected and correlated against a 

standard curve of the protein of interest of known concentrations.  
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Because ELISAs are very specific, this technique was used in this project 

to determine yield even in a crude CFPS reaction sample. However, there is no 

way to determine the proportion of monomers, dimers, aggregates, and assembled 

particles in the reaction. The reaction sample would need to be purified using 

another analytical technique before an ELISA could be used to determine the titre 

of assembled product.  

For the HBcAg VLPs, the QuickTitreTM Hepatitis B Core Antigen (HBVcAg) 

ELISA Kit from Cell Biolabs (San Diego, CA, USA) was used according to the 

recommended protocol. The exact antibodies used in this protocol are unknown so 

it is highly likely that some form of product related impurities are contributing to the 

reported yields.  

2.5.8 Ammonium Sulphate Precipitation of VLPs 

The solubility of particles in a solution can be decreased by increasing the 

ionic strength of that solution. This causes the particles to become insoluble and 

precipitate. Ammonium sulphate is typically used to precipitate particles because 

it is highly soluble and because the ions it disassociates into, ammonium and 

sulphate, have been shown to stabilise protein structure (2014). 

The VLPs produced in this project were purified via ammonium sulphate 

precipitation. Either the soluble fraction or the resuspended pellet (also referred to 

as the insoluble fraction) obtained from the reaction was incubated with 1.9 M 

ammonium sulphate for 5 minutes. After the particles were pelleted by 

centrifugation at 15,000g for 10 minutes, they were resuspended in renaturing 

buffer, 0.1 M tris buffer pH 8.7, 1 mM EDTA, 0.15 M NaCl.  

2.5.9 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is an analytical technique in which 

an image is formed by electrons being transmitted through an ultrathin sample. 
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TEM allows for the observation of particles at sub-nanometre resolutions. It is the 

only way to tell with absolutely certainty that the virus-like particles have assembled 

correctly. Several authors have demonstrated assembly of their VLP products 

using TEM imaging (Bundy et al., 2007, Holmes et al., 2015, Peyret et al., 2015). 

But TEM is not without its concerns. Samples need to be purified and dried before 

they can be examined on the microscope which may distort particles and make it 

more difficult to accurately determine the concentration and size of the particles. 

TEM is one the best techniques available to observe particle assembly, but it 

should be compared with other techniques to ensure that the precision of the 

information obtained. 

The samples were applied to a carbon/formvar-coated copper 300 mesh 

grids purchased from Generon (Slough, UK) for 1 minute. The grid was washed 

with water for 5 seconds and then negatively stained with 2% v/v uranyl acetate in 

water for 30 seconds. The grids were imaged at UCL with the assistance of Mark 

Turmaine under a JEOL JEM-1010 transmission electron microscope (Welwyn 

Garden City, UK) and imaged under a Gatan Orius camera (Abingdon, UK). The 

grids were imaged at the University of Kent with the assistance of Ian Brown using 

a JEOL JEM‐1230 microscope and imaged under a Gatan multiscan digital 

camera.  

2.5.10 Nickel-Nitrilotriacetic Acid Resin Binding for Histidine-Tagged Proteins 

 Nickel-nitrilotriacetic acid (Ni-NTA) resin is an agarose resin charged with 

Ni2+ ions. It binds proteins with a 6x histidine tag. These proteins can then be eluted 

from the resin by decreasing the pH or adding a competing substance that also 

binds to the resin, like imidazole.  

1 mL of Ni-NTA resin in ethanol (Thermo Fisher Scientific) was transferred 

to a 2 mL Star Labs microcentrifuge tube. The resin was pelleted by centrifugation 
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at 7000 rpm for 2 min in an Eppendorf 5427 R centrifuge. The liquid was decanted 

and 1 mL of Milli-Q water was added to the tube. The tube was inverted several 

times. The resin was pelleted by centrifugation at 7000 rpm for 5 min. The liquid 

was decanted and 0.5 mL binding buffer (20 mM Tris-HCl, 500 mM NaCl, 5 mM 

imidazole, pH 8.0) was added to the tube. The tube was inverted several times. 

The resin was pelleted by centrifugation at 7000 rpm for 2 min. The liquid was 

decanted and 0.5 mL binding buffer was added to the tube. The tube was inverted 

several times. The resin was pelleted by centrifugation at 7000 rpm for 5 min. The 

liquid was decanted and 0.4 mL of protein in Renaturing Buffer (0.1 M Tris, 1 mM 

EDTA, 0.15 M NaCl, pH 8.7) was added to the tube. The resin and the sample 

were incubated at 4°C overnight on a shaking platform.  

In the morning, approximately 16 hours later, the resin was pelleted by 

centrifugation at 7000 rpm for 2 min. The liquid was decanted and 0.5 mL binding 

buffer was added to the tube. The tube was inverted several times and incubated 

at 500 rpm, room temperature, for 5 min. The resin was pelleted by centrifugation 

at 7000 rpm for 2 min. The liquid was decanted and 0.8 mL wash buffer 1 (20 mM 

Tris-HCl, 500 mM NaCl, 50 mM imidazole, pH 8.0) was added to the tube. The 

tube was inverted several times and incubated at 500 rpm, room temperature, for 

5 min. The resin was pelleted by centrifugation at 7000 rpm for 2 min. The liquid 

was decanted and 0.8 mL wash buffer 2 (20 mM Tris-HCl, 500 mM NaCl, 100 mM 

imidazole, pH 8.0) was added to the tube. The tube was inverted several times and 

incubated at 500 rpm, room temperature, for 5 min. The resin was pelleted by 

centrifugation at 7000 rpm for 2 min. The liquid was decanted and 0.4 mL elution 

buffer (100 mM Tris, 1 mM EDTA, 500 mM NaCl, 250 mM imidazole, pH 8.7) was 

added to the tube. The tube was inverted several times and incubated at 500 rpm, 

room temperature, for 5 min. The resin was pelleted by centrifugation at 7000 rpm 



Noelle A. Colant 2020 
 

 81 

for 2 min. The liquid was decanted. All decanted liquid was stored in separate 

microcentrifuge tubes. The samples and resin were stored at -20°C 

2.5.11 Multivariate Data Analysis 

MVDA was used to evaluate the results from the reactions detailed in 

section 2.4.4 to determine which combination of conditions would maximise titre 

and to gain a better understanding of each variable’s contribution on titre for both 

products investigated. Data manipulation and analysis for the multilinear 

regression (MLR) model was performed using MATLAB R2019b (MathWorks, Inc., 

Natick, MA). MLR was used to predict a single dependent variable – titre – from a 

series of independent inputs – plasmid concentration, amount of E. coli extract in 

the reaction, pH of concentrated reaction mix, temperature of reaction, and length 

of reaction. In this manner, the contribution of each independent parameter 

towards titre can also be determined. The variables of importance were found by 

creating multiple MLR models that studied the influence of each parameter that 

was removed during the development of models that considered linear, quadratic, 

polynomial (squared terms and cubed terms), and interactions. Separate models 

were created for sfGFP and HBcAg titres. The prediction performance of the MLR 

was quantified using the coefficient of determination which is calculated as: 

𝑅2 =  
∑(𝑦𝑖̂ − 𝑦̅)2

∑(𝑦𝑖 − 𝑦̅)2
 

Where, yi is the product concentration for run i, 𝑦̅, is the product 

concentration mean and 𝑦𝑖̂ is the predicted product concentration for run i. The 

MLR model terms were chosen based on a stepwise regression approach 

implementing both forward addition and backward elimination of terms based on 

their p-value which ensured a robust and statistically valid model. The selection 

criteria for the finalised model was based on maximising the coefficient of 
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determination between the model predictions and the experimental product 

concentrations. 

2.5.12 Design of Experiments for Process Parameter Analysis 

Following the “one-variable-at-a-time” analysis detailed in the previous 

section, a DoE study was performed for each product to better understand the 

interactions between different process parameters and the subsequent impact on 

titre. This exercise was done to demonstrate how titre might be maximised using 

DoE and to validate its use as part of this process development strategy. It is not 

the intention to optimise titre, although that could be done by expanding the design 

space in subsequent DoE studies. A different DoE approach was used for each of 

the two products. For sfGFP, a face-centred central composite design consisting 

of 9 runs with 2 centre points was used. The following conditions were chosen: 

temperature – 32°C, 34°C, 36°C; pH of concentrated reaction mixture – 5.5, 6.0, 

6.5. BL21 StarTM extract was used with 6.1 nM (10 µg/mL) plasmid and 20% v/v 

cell extract for 4.0 hours. For HBcAg, a face-centred central composite design 

consisting of 27 runs with 2 centre points was used. The following conditions were 

chosen: temperature – 32°C, 34°C, 36°C; plasmid concentration – 3.8 nM, 7.7 nM, 

11.5 nM (15 µg/mL, 30 µg/mL, 45 µg/mL); amount extract – 15% v/v, 20% v/v, 25% 

v/v. BL21 StarTM extract was used with 10 µg/mL plasmid and 20% v/v cell extract 

for 4.0 hours. These reactions were performed with an induced BL21 StarTM extract 

with pH 7.0 concentrated reaction mixture for 4.0 hours.  
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3. Developing a CFPS Manufacturing System for On-Demand Production 

 The on-demand manufacturing system in this project was an E. coli-based 

cell-free protein synthesis (CFPS) system. In developing this CFPS system, the 

three major components - the cell extract, the concentrated reaction mixture, and 

the plasmid for the product of interest - were carefully considered. Five different E. 

coli strains for cell extract production were examined and it was determined  that 

three of these strains resulted in similarly high yields.  A complex concentrated 

reaction mixture using phosphorylated energy sources for ATP regeneration, 

rather than oxidative phosphorylation, gave higher yields. A shorter plasmid 

backbone optimised for CFPS production performed better than a backbone 

designed for in vivo production, but optimisation was not a requirement for 

achieving detectable titres. In the end, the CFPS system in this project consists of 

a BL21-StarTM (DE3) extract, a concentrated reaction mixture based on the 

protocol in Kwon and Jewett, 2015, and a plasmid expressing superfolder green 

fluorescent protein (sfGFP) in a backbone optimised for CFPS production. Scale 

up of this platform from 100 μL to 100 mL was demonstrated. sfGFP production 

was also used to benchmark the activity of different batches of cell extract to 

monitor batch-to-batch variation. Now that this CFPS manufacturing platform has 

been developed and an understanding of the three major reaction components has 

been achieved, other process parameters can be manipulated to improve titre and 

a process development strategy can be designed.  

3.1 Introduction 

The first objective in developing an on-demand manufacturing scheme for 

this project was  to design a platform that uses cell-free protein synthesis (CFPS) 

to rapidly produce self-assembling particles. There are three major components in 

a CFPS platform: the cell extract, the concentrated reaction mixture, and the DNA 
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plasmid. An E. coli-based extract was chosen because of the large quantity of 

literature regarding E. coli-based extracts for CFPS and the relatively quick and 

cost-effective cultivations required. There are several E. coli strains to choose 

from, each with their own properties that may be advantageous for a CFPS 

platform. A typical E. coli expression strain, BL21 (DE3), and its variants, BL21 

StarTM (DE3), RosettaTM (DE3), and ClearColi® BL21 (DE3) which have been used 

previously for CFPS extracts were selected (Krinsky et al., 2016, Kwon and Jewett, 

2015, Kim et al., 2006b, Wilding et al., 2019). The SHuffle T7 strain was also 

selected as a candidate due to the interest in disulphide bond formation in E. coli 

extracts. For the concentrated reaction mixture, there are a multitude of 

formulations based on different energy sources to sustain the CFPS reaction that 

can be chosen. A minimal mixture proposed by Cai et al. (2015) called the Cytomim 

system was examined because it is one of the more cost-effective mixes in the 

literature and it contains fewer components compared to other mixes. The reaction 

mixture used in Kwon & Jewett (2015) known as the PANOx-SP system, which has 

been used successfully in several other publications, was also chosen (Lu et al., 

2015, Salehi et al., 2016, Smith et al., 2012).  

Plasmid design and its potential impact on titre was also explored. CFPS 

reactions do not require that a full plasmid be used to generate protein. In fact, 

protein has been produced in CFPS reactions from a variety of genetic material 

including linear DNA and mRNA (Wu et al., 2007, Hansen et al., 2016). Plasmid 

DNA was selected as the source of genetic material for protein production because 

it is easy to generate large amounts of plasmid DNA in vivo and purify it using pre-

made kits. Using a minimal plasmid, like the pJL1 plasmid designed by the Jewett 

Lab at Northwestern University, may streamline resources for transcription that 
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might be otherwise occupied when a plasmid for typical in vivo protein production 

is used.  

Once the CFPS platform was designed, its effectiveness was demonstrated 

at a variety of scales. CFPS reactions are typically done at the sub-millilitre scale; 

however, Sutro Biopharma recently demonstrated consistent scaling from 250 μL 

reactions in microcentrifuge tubes to 100 L reactions in bioreactors while achieving 

titres above 700 μg/mL (Zawada et al. 2011). Although CFPS reactions are 

typically more expensive than traditional in vivo cultivations, proven scale up of 

CFPS reactions has two major benefits. First, by establishing linear scaling across 

reaction volumes, more confidence can be placed in scale down CFPS reactions. 

Due to the high throughput nature of CFPS, thousands, if not millions of reaction 

conditions can be tested in a very short timescale for any given product. Second, 

large scale CFPS reactions open the door to mass production of previously difficult-

to-express products like membrane proteins, toxic proteins, and proteins that have 

been incorporated with nonstandard amino acids (nsAAs) that might not otherwise 

have found a viable path to market.  

3.2 Comparing Commercially Available Strains for Cell Extract 

Five different commercially available E. coli strains for the cell extract were 

examined: BL21 (DE3), BL21 StarTM (DE3), and RosettaTM (DE3), ClearColi® 

BL21 (DE3), and SHuffle T7 (Table 3.1) (Doron). The BL21 (DE3) strain is a widely 

used, high expression strain that allows for expression of recombinant genes under 

the T7 promoter. The BL21 StarTM (DE3) strain is a derivative of the BL21 (DE3) 

strain with reduced levels of endogenous RNases resulting in more stable mRNA 

and enhanced protein expression. The RosettaTM (DE3) strain is a variation on the 

BL21 (DE3) strain that supplies tRNAs that are not naturally expressed at high 

levels in E. coli to allow for increased production of eukaryotic proteins. The 
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ClearColi BL21 (DE3) is a genetically modified version of BL21 (DE3) with seven 

mutations affecting lipopolysaccharide (LPS) by deleting the oligosaccharide chain 

from the LPS and removing two of its six acyl chains; these modifications to LPS 

result in no endotoxin production by the strain. Endotoxins result in an innate 

immune response in humans that can lead to septic shock if LPS levels are too 

high (Sampath, 2018). Current methods of protein production with E. coli often 

require additional purification steps to remove endotoxins. Removing them at the 

source allows for a simplified purification train and a safer product. SHuffle T7 is 

an engineered E. coli K12 strain that promotes disulphide bond formation in the 

cytoplasm. It also constitutively expresses disulphide bond isomerase (DsbC). This 

should allow for improved expression of proteins with disulphide bonds. 

 

Table 3.1 E. coli strains for Extract Preparation (Doron) (Lucigen, 2018) 

Bacterial Strain Features 

BL21 (DE3) Contains T7 polymerase upon IPTG induction; deficient of lon 

and omp-t proteases; suitable for expression of non-toxic 

genes 

BL21 Star (DE3) Contains T7 polymerase upon IPTG induction; contains a 

mutated RNAse E to reduce RNAse degradation and boost 

protein expression 

Rosetta (DE3) Contains T7 polymerase upon IPTG induction; supplies tRNA 

for the codons AUA, AGG, AGA, CUA, CCC, and GGA to 

enhance expression of eukaryotic proteins 

ClearColi (DE3) Contains T7 polymerase upon IPTG induction; contains a 

genetically modified lipopolysaccharide to eliminate 

endotoxins 

SHuffle T7  Contains T7 polymerase upon IPTG induction; promotes 

disulphide bond formation in the cytoplasm and constitutively 

express DsbC 

 

 

The cell extracts were used in CFPS reactions with the concentrated 

reaction mixture based on Kwon and Jewett (2015) and 6.1 nM (10 μg/mL) of the 
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pJL1 plasmid. The procedure used to set up these reactions can be found in 

Section 2.4.3. The reactions were analysed based on sfGFP production. The 

highest titres, an average of 506 g/mL sfGFP, were achieved with the Shuffle T7 

extract, although the BL21 StarTM (DE3) extract and the ClearColi® BL21 (DE3) 

were also high producing, an average of 497 g/mL sfGFP and 492 g/mL sfGFP 

respectively (Figure 3.1). The BL21 (DE3) and RosettaTM (DE3) extracts produced 

significantly less, 283 g/mL and 131 g/mL respectively. This suggests that 

mRNA stability plays a key role in protein production via CFPS, although significant 

protein production can still be achieved without the mutated RNAse E found in 

BL21 StarTM. The inclusion of eukaryotic tRNAs has an adverse effect on protein 

production, as seen with the RosettaTM (DE3) extract. However, this extract may 

be useful for the production of other proteins of eukaryotic origin in future. Overall, 

the varied sfGFP titres achieved with the different strains suggests that choosing 

the appropriate strain for the product of interest is important to achieving high titres. 

Due to the high performance of the BL21 StarTM (DE3) extract, it was used in the 

subsequent screening studies. 
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Figure 3.1 E. coli Extract Comparison 

Extracts were prepared from five different strains and combined with concentrated reaction mixture 

based on Kwon et al. (2015) and the pJL1 plasmid. Error bars represent plus or minus one standard 

deviation for n = 3 biological replicates, each represented as a single data point. In typical reactions, 

the concentrated reaction mix was combined with 6.1 nM (10 µg/mL) pJL1 plasmid and 20% v/v 

cell extract and then incubated at 30°C for 4.0 hours. 

 

 3.3 Evaluating Complex and Minimal Concentrated Reaction Mixtures 

Two concentrated reaction mixes, a complex mixture based on the work 

shown in Kwon and Jewett (2015) sometimes called the PANOx-SP system and a 

minimal mixture based on the work shown in Cai et al. (2015) referred to as the 

Cytomim system were prepared (Kwon and Jewett, 2015, Cai et al., 2015). For the 

CFPS reactions, these concentrated reaction mixes were combined with the non-

induced BL21 StarTM (DE3) extract and 6.1 nM (10 μg/mL) of the pJL1 plasmid. 

The reactions were analysed based on sfGFP production. The complex mixture 

gave titres over three times greater than the minimal mix, an average of 497 μg/mL 

compared to an average of 146 μg/mL (Figure 3.2). This may be due to a depletion 

of energy sources in the minimal mix; the complex mixture contains more energy 
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sources, in particular phosphoenolpyruvate (PEP), coenzyme A (CoA), and 

nicotinamide adenine dinucleotide (NAD+), that may allow for prolonged ATP 

regeneration (Dopp et al., 2019b). The complex mixture also utilises nucleotide 

triphosphates instead of nucleotide monophosphates, as used in the minimal mix, 

which may allow for better ATP regeneration as well as higher rates of transcription 

and translation, especially when paired with additional E. coli tRNAs, which are 

also absent from the concentrated minimal mix. However, it is worth noting that 

CFPS reactions have been shown to be able to generate nucleotide triphosphates 

from nucleotide monophosphates in both crude cell lysate CFPS and the PURE 

system (Cai et al., 2015, Wang et al., 2019b). Based on these results, the complex 

concentrated reaction mixture was therefore used in subsequent screening 

studies. 
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Figure 3.2 Concentrated Reaction Mixture Comparison  

A complex concentrated reaction mixture based on the protocol in Kwon and Jewett (2015) and a 

minimal concentrated reaction mixture based on the protocol in Cai et al. (2015) were prepared and 

combined with the BL21 StarTM (DE3) extract and the pJL1 plasmid. Error bars represent plus or 

minus one standard deviation for n = 3 biological replicates, each represented as a single data 

point. In typical reactions, the concentrated reaction mix was combined with 6.1 nM (10 µg/mL) 

pJL1 plasmid and 20% v/v cell extract and then incubated at 30°C for 4.0 hours. 

 

3.4 Examining Plasmids for In Vivo Expression and Plasmids Optimised for 

CFPS 

Before using the CFPS system to produce more difficult products, it was 

important to know whether the system was capable of expressing detectable 

amounts of protein when a plasmid that had previously been used for in vivo 

expression was utilised in the in vitro CFPS reaction or if modifications to the 

plasmid were critical for expression. Two plasmids were used: pJL1, a CFPS-

optimised plasmid created by the Jewett Lab at Northwestern University for sfGFP 

production, and pET14b-GFP, a plasmid design for in vivo expression of GFP+ 

with a 6x histidine tag originally developed by Martin Warren’s group at the 

University of Kent. In order to compare these two different versions of GFP, the 
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fluorescence readings were normalised based on the extinction coefficient and the 

quantum yield of each protein as described in Section 2.5.1. Both plasmids were 

used in CFPS reactions at a concentration of 3 nM where all other conditions were 

the same. The non-induced BL21 StarTM (DE3) extract and the complex 

concentrated reaction mixture based on the protocol in Kwon and Jewett (2015) 

were used. The reactions were analysed based on sfGFP and GFP+ production. 

The reactions with the pJL1 plasmid achieved over double the titre achieved with 

the reactions using the pET14b-GFP plasmid: an average of 227 μg/mL compared 

to an average of 106 μg/mL (Figure 3.3). 

This demonstrates that detectable amounts of protein can be achieved with 

a traditional plasmid designed for in vivo production using the CFPS system which 

means optimisation is not necessary before using a plasmid in the CFPS system. 

This is not entirely unexpected as other groups have used plasmid backbones 

typically used in vivo in the past (Krinsky et al., 2016). However, traditional 

plasmids may not perform as well as a plasmid optimised for CFPS. Care should 

be taken, however, not to assume that this is generally true (Chizzolini et al., 2017, 

Iskakova et al., 2006, Jewett et al., 2016a, Jewett et al., 2016b). The value in first 

screening alternative plasmids comes also from the need to confirm the quality of 

the plasmids and their suitability for in vitro transcription and translation before 

undertaking the more extensive range of experiments which follow; it has been 

seen, for example, that plasmid purification may have a substantial effect on 

subsequent in vitro reactions (Strychalski and Romantseva, 2020).  

The pJL1 plasmid was chosen for the subsequent experiments involving 

GFP for the sake of easier detection and easier plasmid preparation. The pJL1 

plasmid expresses superfolder GFP (sfGFP), which folds more readily and is 

brighter than the GFP+ produced using the pET14b-GFP plasmid (Pedelacq et al., 
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2006, Overkamp et al., 2013). This means that the fluorescence readings for sfGFP 

are generally stronger. In addition, the pJL1 plasmid is 2486 bp in size while the 

pET14b-GFP plasmids is 5389 bp in size. Using plasmid preparation kits, often 

times more pJL1 plasmid (~400-500 ng/μL, ~240-300 nM) than pET14b-GFP 

plasmid (~150-250 ng/μL, ~40-55 nM) was produced. 

 

Figure 3.3 Plasmid Comparison 

The pJL1 plasmid developed in the Jewett Lab at Northwestern University specifically for CFPS 

expression of sfGFP purchased from Addgene (unpublished) and the pET14b-GFP plasmid used 

for GFP expression in E. coli in the UCL Biochemical Engineering department were combined with 

the BL21 StarTM (DE3) extract and the complex concentrated reaction mixture based on the protocol 

in Kwon and Jewett (2015). Error bars represent plus or minus one standard deviation for n = 3 

biological replicates, each represented as a single data point. In typical reactions, the concentrated 

reaction mix was combined with 20% v/v cell extract and then incubated at 30°C for 4.0 hours. 

 

3.5 Comparison to Commercial E. coli-based CFPS Kit 

 The combination of extract, concentrated reaction mix, and plasmid that 

gave the highest average titre was the BL21 StarTM (DE3) extract, the complex 

concentrated reaction mixture based on the protocol in Kwon and Jewett (2015) 

and 6.1 nM (10 μg/mL) of the pJL1 plasmid. This CFPS platform was compared to 
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the commercial kit sold by ThermoFisher ScientificTM, the ExpresswayTM Mini-Cell 

Free Expression System (2011). The reactions were analysed based on sfGFP 

production. This platform, which gave an average titre of 497 μg/mL, performed as 

well as the commercial kit, which gave an average titre of 493 μg/mL (Figure 3.4). 

 

Figure 3.4 Comparison to ExpresswayTM Mini-Cell Free Expression System 

The UCL platform which combines the BL21 StarTM (DE3) extract, the concentrated reaction mixture 

based on the protocol by Kwon and Jewett (2015) and the pJL1 plasmid was compared to the 

ExpresswayTM Mini-Cell Free Expression System sold by ThermoFisher ScientificTM. Error bars 

represent plus or minus one standard deviation for n = 3 biological replicates, each represented as 

a single data point. 

 

3.6 The Effect of IPTG-Induction in Cell Extract Preparation 

While constitutive promoters like σ70 promoter can be used in CFPS, the 

gene of interest is under the T7 promoter in all the DNA plasmids used in this study 

(Failmezger et al., 2017, Silverman et al., 2019). The BL21 StarTM (DE3) strain, as 

with all DE3 strains examined in this study, can be induced with isopropyl β-D-1-

thioglatopyranoside (IPTG) to induce the E. coli RNA polymerase (Figure 3.5) 

(Studier and Moffat, 1986). This allows for production of T7 RNA polymerase which 

results in the expression of the target gene. T7 RNA polymerase is an essential 
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component in the CFPS reaction; by increasing the concentration present in the 

crude cell extract, the amount of this expensive reagent in the reaction may be 

significantly decreased. An induced extract was prepared using the BL21 StarTM 

(DE3) strain and compared to the non-induced BL21 StarTM (DE3) strain, with and 

without additional exogenous T7 RNA polymerase in the reaction. The reactions 

were analysed based on sfGFP production as measured based on fluorescence 

(Figure 3.6) and further verified with a fluorescent-image of an SDS-PAGE (Figures 

3.7). It was demonstrated that induced strains do not require additional T7 RNA 

polymerase, but non-induced strains do require additional T7 RNA polymerase. 

However, induced strains, with and without the additional T7 RNA polymerase, 

gave somewhat lower titres – an average of 357 μg/mL with additional T7 RNA 

polymerase and 379 μg/mL without additional T7 RNA polymerase – than the non-

induced with additional T7 RNA polymerase – an average of 497 μg/mL. This 

suggests that induction may put some additional strain on the transcription and 

translation mechanisms in the CFPS reaction. It is important to be aware, however, 

of the substantial batch-to-batch variability which may be seen in extract 

production, as shown by the three additional batches of IPTG-induced extract in 

Figure 3.11 (Strychalski and Romantseva, 2020, Dopp et al., 2019a). While the 

batch-to-batch variation is not unreasonable by current standards in the art, it is 

still substantial relative to the titre difference. Consequently, for the pJL1 plasmid 

the difference in titre between the induced and non-induced extract with addition 

of T7 RNA polymerase is not statistically significant. The non-induced BL21 StarTM 

(DE3) extract was used in subsequent experiments with the pJL1 plasmid. 
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Figure 3.5 pET Plasmid Expression Under the T7 Promoter with IPTG Induction  

Isopropyl -D-1-thioglatopyranoside (IPTG) inhibits E. coli RNA polymerase resulting in the 

expression of T7 RNA polymerase for transcription of the target gene in a pET plasmid. Used with 

permission from (Novagen, 2018). 
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Figure 3.6 IPTG-induced and Non-induced BL21 StarTM (DE3) Extracts with and 

without Additional T7 RNA Polymerase 

A non-induced and an induced BL21 StarTM (DE3) extract were combined with the pJL1 plasmid 

and the concentrated reaction mixture based on the protocol by Kwon and Jewett (2015) with and 

without additional T7 RNA polymerase. Error bars represent plus or minus one standard deviation 

for n = 3 biological replicates, each represented as a single data point. 
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Figure 3.7 Fluorescent Image of SDS-PAGE of CFPS Reactions  

An SDS-PAGE analysis of four CFPS reactions with either non-induced or induced BL21 Star (DE3) 

extract with or without additional T7 RNA polymerase (“+T7” or “-T7”) with the concentrated reaction 

mixture based on the protocol from Kwon and Jewett (2015) and the pJL1 plasmid and a fifth 

reaction with the pJL1 plasmid using the ExpresswayTM Mini-Cell Free Expression System from 

ThermoFisher ScientificTM. CFPS reaction samples were diluted 1:3 in Milli-Q water, NuPAGE 

Sample Reducing Agent, and NuPAGE MES Sample Buffer. (A) The analysis was imaged under a 

blue fluorescent light (460 nm). (B) The analysis was imaged under white light.  

 

3.7 Scale up of CFPS Reactions to 100 mL 

Previously reactions were only performed at the 100 μL scale. Here, 1 mL, 

10 mL and 100 mL reactions were attempted. Reactions were performed in 

microcentrifuge tubes, deep well plates, baffled shake flasks, T-flasks, and 

DASbox bioreactors. An IPTG-induced BL21 StarTM (DE3) E. coli-based extract 

was used so that additional T7 RNA polymerase would not need to be added to 

the reactions. 6.1 nM (10 μg/mL) of pJL1 plasmid was used to produce sfGFP. 

Titre analysis was based on fluorescence.  

First, the current process was scaled up ten-fold in flower plates - deep-well 

plates shaped like hexagonal flowers which act as baffles to improve mixing in the 

wells. Although mixing is improved with deep-well flower plates, temperature 

transfer is more difficult due to the thick plastic layer of the bottom of the plate. The 

plates were pre-warmed to mitigate potential temperature issues. Reactions of 10 
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mL in volume were performed in 250 mL shake flasks and Sarstedt tissue culture 

T-75 flasks. Two different vessels were used for this volume of reaction in order to 

determine whether or not the geometry of the vessel had a significant impact on 

titre (no significant difference was observed). These vessels were fastened 

securely inside of a Kühner ISF1-X Climo-Shaker shaking incubator. The DASbox 

bioreactor system was used for 100 mL CFPS reactions. The use of bioreactors 

allowed for monitoring of pH and dissolved oxygen over the course of the reaction. 

Temperature was maintained at 30°C. The impeller speed was set to 500 rpm to 

ensure that the reaction was well-mixed.  

 The titres achieved across all five reactions vessels were very similar 

(Figure 3.8). Reactions in the microcentrifuge tubes yielded an average of 640 

μg/mL. Those in flower plates, shake flasks, and T-75 flasks gave titres of 639 

μg/mL, 627 μg/mL, and 627 μg/mL respectively. Only the bioreactors had a slightly 

lower titres, an average of 601 μg/mL. This suggests that the system scales linearly 

as expected, and that vessel geometry and size does not impact titre in a 

considerable way for the CFPS platform designed in this project. In the future, 

processes to express products of interest can be designed by first determining the 

appropriate conditions in microcentrifuge tubes and then scaling up to the desired 

volume depending on the amount of material needed.  
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Figure 3.8 Scale up of sfGFP production over three orders of magnitude  

An induced BL21 StarTM (DE3) extract was combined with the pJL1 plasmid and the concentrated 

reaction mixture based on the protocol by Kwon and Jewett (2015) without additional T7 RNA 

polymerase. Error bars represent plus or minus one standard deviation for n = 18 technical 

replicates from 6 biological replicates for the 0.1 mL and 1 mL reactions, and n = 9 technical 

replicates from 3 biological replicates for the 10 mL reactions and n = 6 technical replicates from 2 

biological replicates for the 100 mL reactions, each represented as a single data point. (More 

replicates were run for the smaller volume reactions because these results were collected as part 

of the Pilot Plant Week for UCL Biochemical Engineering undergraduate students and each of the 

six students on the team was given the opportunity to assemble and run a reaction.) 

 

 

Figure 3.9 Images of sfGFP production 

These images show the sfGFP that was produced in the vessels. The tubes in the left image contain 

the material harvest from all of the reaction vessels: 100 μL reactions in microcentrifuge tubes, 1 

mL reactions in flower plates, 10 mL reactions in 250 mL shake flasks and T-75 flasks, and 100 mL 

in DASbox bioreactors. The centre image shows three T-75 flasks before harvest. The right image 

shows the DASbox bioreactor before harvest.  
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Reactor 1      Reactor 2 

       

Figure 3.10 pH and DO levels of bioreactors  

The diagrams show the pH of the entire reaction in blue and the DO levels in red for each vessel. 
The pH of the entire reaction began at around pH 7.3 when the first half of the reaction was put in 
the bioreactor. The level rose to pH 7.65 when the second part of the reaction was added after 30 
minutes, shown with the dotted line. The DO levels in both reactors rose to ~10% with the addition 
of the second part of the reaction and then plummeted to 0% for the rest of the reaction. In the 
second vessel, one of the filters was fouled around 2h, shown with an asterisk (*) and the DO levels 
proceeded to be erratic after that time.  

 

In addition to demonstrating the scalability of the CFPS system, performing 

CFPS reactions in a bioreactor allowed for better monitoring of the conditions of 

the reaction. Over the course of the 4-hour reaction, the pH steadily declined from 

pH 7.6 to pH 7.2. CFPS reactions also consume a lot of oxygen. The DO levels of 

the reactors were at 0% for nearly the entire run. However, it does not appear that 

the reactions are oxygen limited, as the geometry and mixing of each of the 

platforms used was slightly different, but the titres were not dramatically different. 

3.8 Examining IPTG-Induced BL21 StarTM (DE3) Cell Extract Batch-to-Batch 

Consistency 

 Because the extract preparation protocol requires several steps that may 

ultimately impact the activity of the extract, each extract batch was tested by 

expressing sfGFP in the typical reaction conditions at the 100 μL scale. The most 

commonly used extracts are the BL21 StarTM (DE3) non-induced and induced 

extracts. For both extracts, if the titre falls between 400 μg/mL and 600 μg/mL 



Noelle A. Colant 2020 
 

 101 

sfGFP, the extract will continue to be used. Otherwise, it will be discarded, and a 

new batch of extract will be prepared. Figure 3.11 demonstrates a test of three 

BL21 StarTM (DE3) induced extracts prepared on 7 June 2019, 24 July 2019, and 

11 March 2020 that achieved titres of 490 μg/mL, 428 μg/mL and 440 μg/mL 

respectively. Because the titres achieved with these three extracts fall in the 400-

600 μg/mL they were all saved for future use.  

 

Figure 3.11 BL21 StarTM (DE3) Induced Extract Consistency Test 

BL21 StarTM (DE3) induced extract prepared on three different dates was tested in a reaction with 
concentrated reaction mixture based on Kwon et al. (2015) and the pJL1 plasmid. Error bars 
represent plus or minus one standard deviation for n = 3 biological replicates, each represented as 
a single data point. All extracts gave average titres in the 400-600 μg/mL range. 

 

3.9 Conclusion 

 In this section, an in-house CFPS platform has been designed and 

demonstrated to scale up in a variety of reactor vessels. Extract strain, 

concentrated reaction mixture formulation, and plasmid design were examined. 

Higher titres were achieved with BL21 StarTM (DE3), ClearColi® BL21 (DE3), and 

SHuffle T7 extracts than with BL21 (DE3) and RosettaTM (DE3) extracts. This 
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suggests that the more stable mRNA achieved with the BL21 StarTM (DE3) extract, 

the lack of endotoxin achieved with the ClearColi® BL21 (DE3) extract, and the 

constitutive expression of DsbC in the SHuffle T7 extract have a positive impact 

on protein production. For the concentrated reaction mixture, while the minimal 

mixture may be more cost-effective, the complex mixture results in higher titres, 

most likely because there are more potential energy sources in the complex 

mixture that allow the reactions to be sustained for longer. Using a plasmid design 

specifically for CFPS also boosts titre; however, detectable titres can be achieved 

with a typical plasmid for in vivo expression which means they can be used for 

proof of concept reactions. Additionally, scale up over three orders of magnitude is 

possible with this CFPS platform using vessels like deep-well flower plates, baffled 

shake flasks, T-75 flasks, and small-scale bioreactors. Extract activity has also 

been validated based on a simple sfGFP production test to minimise batch-to-

batch variation as much as possible. In the future, small scale reactions in 

microcentrifuge tubes will be used to determine the reaction conditions for new 

products before the reaction volume is increased to generate the appropriate 

amount of material.  
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4. Designing a Process Development Strategy to Improve Titres of CFPS 

Reactions  

A CFPS platform that performs as well as commercially available CFPS kits 

was developed in the previous chapter. Robust methods were needed to determine 

the appropriate reaction conditions for expression in the CFPS systemso a process 

development strategy for E. coli-based CFPS reactions that can be completed in 

as little as 48 hours was designed. In the previous chapter, it was observed that 

the most dramatic increases in titre were due to the E. coli strain for the cell extract. 

Therefore, identifying a high-producing cell extract for the given product of interest 

was recommended as a first step. Next, the plasmid concentration, amount of 

extract, temperature, concentrated reaction mixture pH levels, and length of 

reaction were manipulated. The influence of these process parameters on titre was 

evaluated through multivariate data analysis (MVDA). The process parameters 

with the highest impact on titre were subsequently included in a design of 

experiments (DoE) enabling the optimum reaction conditions that maximise titre in 

a given design space to be determined. This proposed process development 

strategy resulted in superfolder green fluorescent protein (sfGFP) titres of 0.686 

g/L, a 38% improvement on the existing operating conditions, and hepatitis B core 

antigen (HBcAg) titres of 0.386 g/L, a 190% improvement. Now that this process 

development strategy has been validated with two model products, production can 

be expanded to more complex products that are representative of personalised 

medicines.  

4.1 Introduction 

Although CFPS has many advantages and applications, little work has been 

done on process development for these reactions. Current process development 

strategies for a typical biopharmaceutical in a mammalian cell host involves lengthy 
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cell line development schemes that can take 60-90 days (Castan et al., 2018). 

While this process may be shorter for microbial hosts like Escherichia coli and 

Pichia pastoris, it is still cumbersome and requires cloning and selection from 

several strains. The fact that CFPS reactions can produce good titres in a matter 

of hours and do not necessarily require any cloning steps, as PCR products can 

be used, allows for the use of high-throughput methodologies to design a process 

development strategy (Schinn et al., 2016).  

This was achieved by examining the impact of process parameters, in 

particular cell extract strain, on product titre. Certain E. coli strains that have been 

engineered to have more stable mRNA or more eukaryotic tRNAs may result in 

better translation and increased yields for certain products. Similarly, the impact of 

induction on product titre in IPTG-inducible BL21 StarTM (DE3) E. coli cells has 

been observed. Induction of the E. coli cells prior to extract preparation should 

result in an increased concentration of T7 RNA polymerase, an enzyme vital to 

transcription. Adding T7 RNA polymerase into the CFPS reaction is commonly 

found in the literature as T7 RNA polymerase is highly selective for its own 

promoter sequences and it has a transcription rate that is higher than endogenous 

E. coli RNA polymerase (Tabor, 1990).  

Because CFPS reaction conditions are no longer constrained by the needs 

of maintaining metabolically active cells, CFPS reaction parameters can be 

extended to greater extremes which may aid in the synthesis of difficult-to-express 

proteins and self-assembly processes (e.g. virus-like particles) (Jin and Hong, 

2018, Bundy et al., 2007, Sheng et al., 2017). By adding more of the potentially 

limiting components for example, plasmid DNA or cell extract, the reaction 

equilibrium may be shifted to increase product yield. However, as both plasmid and 

extract preparation are time-consuming and labour-intensive processes, it is critical 
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that the system not use more than what is required for either component. As the 

reactions are no longer limited by cell growth, the pH of the concentrated reaction 

mixture can be decreased or increased far beyond typical physiological levels. 

However, pushing the pH of the reaction too far may have an adverse effect on the 

molecules required for transcription and translation of the product (ribosomes, 

polymerases, enzymes, etc.) or could result in the precipitation of other reaction 

components. Because the polypeptide elongation rate in E.coli cells is enhanced 

at higher temperatures, increasing the reaction temperature should increase 

production, although too much of an increase may lead to protein degradation 

(Farewell and Neidhardt, 1998). Additionally, lower temperatures may be beneficial 

as CFPS reactions are considered less thermostable than their corresponding host 

cells because they are more dilute; lower temperatures may also aid in protein 

folding and prevent aggregation (Schumann and Ferreira, 2004). The length of the 

reaction should be long enough to allow for the expression of high titres of protein 

but should not be so long that inhibitors like inorganic phosphate saturate the 

system (Kim and Swartz, 1999).  

The work presented here investigates the impact of the aforementioned 

process parameters on product titre. The E. coli strain used for the cell extract, two 

compositions of the concentrated reaction mix, and the plasmid selection were 

examined in the previous chapter. Here, multivariate data analysis (MVDA) was 

used to generate a model based on the titres resulting from reactions where the 

plasmid and cell extract concentration, pH of the concentrated reaction mix, 

reaction temperature, and length of reaction were manipulated individually. (A 

comparison of two concentrated reaction mixtures was chosen rather than an 

investigation of the individual components of the concentrated reaction mixtures 

because this has already been examined in some depth elsewhere (Cai et al., 
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2015, Dopp et al., 2019b).) By performing a multilinear regression (MLR), 

combinations of parameters were predicted that result in the highest titres within 

the robust operating space defined. The process parameters with the largest 

influence on titre were further evaluated through a design of experiments (DoE) 

approach enabling the operating conditions to a significant increase in product titre 

to be identified. Several other groups have used DoE previously to examine 

multiple parameters at once while using a minimal amount of reaction material in 

order optimise parts of the CFPS system including extract preparation, chaperone 

and salt concentrations for expression of proteins with disulphide bonds, and the 

ratio of heavy chain expressing plasmid to light chain expressing plasmid for 

antibody expression (Dopp and Reuel, 2018, Goerke and Swartz, 2008, Zawada 

et al., 2011, Yin et al., 2012). Here DoE was used for titre maximisation in a given 

design space, rather than optimisation, to demonstrate how this process 

development strategy might be used with two different proteins.  

4.2 Examining a Variety of Process Parameters Using sfGFP 

The influence of varying the following process parameters on sfGFP titres 

were examined: plasmid concentration, amount of extract, temperatures, pH of the 

concentrated reaction mix, and lengths (Figure 4.1). Each parameter was initially 

examined in isolation. The initial values were chosen based off the 

recommendations made in the ThermoFisher ScientificTM, the ExpresswayTM Mini-

Cell Free Expression System handbook (2011). For a standard reaction, the 

following conditions were used: 6.1 nM (10 μg/mL) plasmid, 20% v/v extract, 30°C, 

a concentrated reaction mixture at pH 6.8, and 4 hr long reaction. The BL21 StarTM 

(DE3) extract without IPTG induction, the complex concentrated reaction mix, and 

the pJL1-sfGFP plasmid were used.  
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Commercial CFPS kits recommend 10 μg/mL plasmid and 20% v/v extract 

(2011). However, the processes for plasmid and extract preparation are laborious, 

time-consuming, and expensive. Therefore, minimising the amount used in each 

reaction would enable more experimental conditions to be evaluated faster and 

more economically. However, if reactions with higher plasmid or extract 

concentrations resulted in significantly higher titres this would be beneficial 

knowledge for process development. With that in mind, plasmid concentrations 

from 0.61 nM (1 μg/mL) to 30.4 nM (50 μg/mL) and amounts of extract from 5% v/v 

to 35% v/v were examined. It was observed that increasing the concentration of 

plasmid and the amount of extract improved sfGFP titres, but that the increase in 

titre eventually plateaus (Figure 4.1A and B). Reactions with amounts of above 

20% v/v extract and concentrations of plasmid above 6.1 nM (10 μg/mL) resulted 

in very similar titres (~450 μg/mL sfGFP). It is likely that other resources 

(polymerases, amino acids, nucleotides, etc.) are depleted and plasmid or extract 

is no longer the limiting reagent.  

Commercial kit suppliers recommend reaction temperatures between 30°C 

and 37°C (2011). This range was expanded to test  reactions at temperatures from 

15°C to 40°C. Titres peaked with a reaction temperature of 35°C (Figure 4.1C). 

The data suggest that a temperature between 32°C and 35°C is the ideal 

temperature for production of sfGFP via CFPS. Although 32-35°C may maximise 

sfGFP production, other products may require higher or lower temperatures. Lower 

temperatures might be preferable for more complex molecules with solubility 

issues as this tends to reduce the formation of inclusion bodies (de Groot and 

Ventura, 2006).  

Previous studies have indicated that pH is one of the most critical process 

parameters in CFPS reactions (Caschera and Noireaux, 2015a, Caschera and 
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Noireaux, 2015b). In sfGFP production, this was also observed to be true; as the 

pH of the concentrated reaction mixture decreased, the product concentration 

increased (Figure 4.1D). Titres of over 700 μg/mL were achieved with a 

concentrated reaction mixture of pH 5.5. This is likely because the other 

components in the CFPS system are basic in nature, in particular the concentrated 

solutions of amino acids that are added separately to the reaction, which must be 

kept at pH 12 in order to remain soluble (Dopp et al., 2019a). By using the 

concentrated reaction mixture to decrease the overall pH, the reaction as a whole 

was closer to a more neutral pH which may be ideal for the transcription and 

translation machinery in the extract. For example, the pH of the entire reaction that 

had had a concentrated reaction mixture of pH 5.5 was measured after it reached 

completion (4 hours) and its pH level was 7.2. Reactions at even lower pH values 

might be achieved in the future by preparing the extract with an acidic buffer and 

minimising the addition of base required to keep the amino acids in solution. Also, 

it is important to note in interpreting these results that while sfGFP is a pH sensitive 

protein, it has been demonstrated to display negligible differences in fluorescence 

intensity in the pH 5.3-9.4 range and the reaction is diluted 10-fold with 20% extract 

before measurement which should minimise the effects of the slight differences in 

overall pH between the reactions (Roberts et al., 2016, Stepanenko et al., 2014).  

Reaction length is highly variable amongst previous studies: batch reactions 

from 2 hours to 24 hours have been examined (Kim and Swartz, 1999, Stark et al., 

2018). In my own studies, I observed a visible green tint to the CFPS reactions 

after only 0.5 hours of incubation; therefore, reaction lengths from 0.5 hours to 22 

hours were examined. In observing the length of the reactions, titres stabilised after 

4 hours (Figure 4.1E). However, sfGFP is known to fold efficiently with good folding 

kinetics (Pedelacq et al., 2006). Other products with known assembly issues may 
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require longer reaction times. Alternatively, certain amino acids and nucleotides 

may be depleted after 4 hours of reaction. To replenish these reagents, a 

concentrated solution of amino acids and nucleotides could be fed into the reaction 

or continuous reactions could be used instead of the batch method employed here 

(Kim and Choi, 1996).  

4.3 Further Analysis Using Hepatitis B Core Antigen  

In order to understand the interaction between process parameters in CFPS 

reactions and product type, the study was extended to self-assembling hepatitis B 

core antigen (HBcAg) virus-like particles (VLPs). First, HBcAg production was 

observed in CFPS reactions with the non-induced BL21 (DE3), BL21 StarTM (DE3), 

and RosettaTM (DE3) and the induced BL21 StarTM (DE3) cell extracts (Figure 

4.2A). An induced extract  was required for the production of significant titres of 

HBcAg. In fact, when non-induced and induced BL21 StarTM (DE3) extracts were 

used both with and without additional T7 RNA polymerase, two very different 

outcomes were observed (Figure 4.2B). Little to no expression was observed with 

the non-induced extract regardless of whether or not additional T7 RNA 

polymerase was used in the reaction. In reactions with the induced extract, HBcAg 

expression was easily detectable – again, whether or not additional T7 RNA 

polymerase was used in the reaction. Induced extracts should have a higher 

concentration of T7 RNA polymerase than non-induced extracts and would contain 

residual IPTG that would be found within the homogenised cell cytosol. This may 

be critical because the HBcAg gene is expressed from a pETDuet-1 plasmid and 

this plasmid contains the lac operator and the lac repressor gene (lacI) which 

normally inhibits transcription of the gene of interest. However, the inhibition is 

relieved when IPTG binds to LacI, and the gene of interested can be expressed. 

Alternatively, induction may result in other changes to the cellular components 
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(ribosomes, elongation factors, initiation factors, release factors, etc.) that may 

inherently improve protein expression, but that will depend upon the rate limiting 

step for a given protein/plasmid. Subsequent process parameter analysis was 

based on the results achieved using the IPTG-induced BL21 StarTM extract. The 

purified particles were observed under TEM and demonstrated self-assembly 

(Figure 4.2C).  

The same five process parameters examined previously were investigated 

with the HBcAg plasmid, although the ranges were adjusted slightly based on the 

effects seen with sfGFP (Figure 4.1). As before, each parameter was examined in 

isolation. For a standard reaction, the following conditions were used: 2.6 nM (10 

μg/mL) plasmid, 20% v/v extract, 30°C, a concentrated reaction mixture at pH 6.0, 

and 4 hr long reaction. The IPTG-induced BL21 StarTM (DE3) extract, the complex 

concentrated reaction mix, and the petDuet-1 plasmid with the HBcAg gene were 

used.  

In some cases, similar trends to those seen with the sfGFP production were 

observed. Amount of extract from 5% v/v to 30% v/v was examined. Titres were 

very similar (~175 μg/mL) when amount of extract was above 15% v/v for 

monomeric HBcAg (Figure 4.1B). As observed with sfGFP, it is likely that other 

resources are exhausted, and extract is no longer the limiting reagent. Reactions 

were performed at temperatures from 20°C to 35°C. Much like sfGFP titres, HBcAg 

titres peaked with a reaction temperature between 32°C and 35°C (Figure 4.1C). 

Reaction lengths from 0.5 hours to 24 hours were examined. As with sfGFP, 

HBcAg titres stabilise after 4 hours (Figure 4.1E). However, as the length of the 

reaction increases, the variability in titre becomes much greater. Therefore, when 

possible shorter reaction times are recommended.  
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For both products, the highest titres are achieved when a plasmid 

concentration of over 5 nM (10 g/mL for sfGFP, 20 g/mL for HBcAg) is used; the 

product concentrations plateau or decrease at higher plasmid concentrations 

(Figure 4.1A). A few research groups have examined plasmid concentration with a 

single product and determined that increasing the plasmid concentration can boost 

product concentration to a certain point, but other species involved in transcription 

and translation need to be replenished after that, namely tRNAs and T7 RNA 

polymerase (Doerr et al., 2019, Hong et al., 2015, Nagaraj et al., 2017). It would 

seem that 5 nM of plasmid, regardless of the product, is the maximum amount the 

CFPS system in this project can accommodate before other components must be 

manipulated to increase product concentration. Also, aside from the choice of 

using an induced extract over a non-induced extract, plasmid concentration was 

the process parameter which had the greatest impact on monomeric HBcAg titre, 

which may suggest the typical amount of plasmid used in the reaction (2.6 nM) is 

limiting. 

A different trend for pH of the concentrated reaction mixture than what was 

seen with sfGFP production was observed. HBcAg titres were not greatly affected 

by a change in pH of the concentrated reaction mixture (Figure 4.1D). The 

concentrated reaction mixture was prepared at pH values from pH 5.5 to pH 7.5. 

For HBcAg, the titres all lie within 100 μg/mL of each other. This might indicate that 

reactions expressing HBcAg are limited by a component that is not particularly pH 

sensitive.  
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Figure 4.1 Process Parameter Effects on Product Titre  

Titres for sfGFP are shown in green and titres for HBcAg are shown in blue. (A) Product concentration increases with increased plasmid concentration until 6.1 nM (10 

g/mL) for sfGFP and 5.1 nM (20 g/mL) for HBcAg. (B) Likewise, product concentrations increase with increased amount of extract until 20% v/v for sfGFP and 15% 

v/v for HBcAg. (C) The highest product concentrations are seen at temperatures between 30C and 35C for both products. (D) Product concentration increases with 
decreasing pH of the concentrated reaction mix for sfGFP and product concentration is not significantly affected by pH for HBcAg; pH 5.0 could not be achieved due to 
precipitation of the concentrated reaction mix components. (E) The maximum product concentration is achieved after 4 hours of reaction. For (A) through (D), error bars 
represent plus or minus one standard error for n = 3 biological replicates for sfGFP and n = 2 biological replicates for HBcAg, each represented as a single data point. 
For (E) error bars represent plus or minus one standard error for n = 3 biological replicates for sfGFP and n = 2 biological replicates for HBcAg.  



Noelle A. Colant 2020 
 

 113 

 

Figure 4.2 Extract Strain Effects on HBcAg Monomer Titre 

(A) Induced BL21 StarTM extract results in a higher product concentration of HBcAg monomer 
compared to other non-induced extracts. For each extract, the left lane is the CFPS reaction and 
the right lane is the soluble fraction from that reaction. (B) No production of HBcAg is observed in 
non-induced BL21 StarTM (DE3) extract regardless of whether or not additional T7 RNA polymerase 
is added to the reaction; production is observed with and without additional T7 RNA polymerase in 
reactions with an IPTG-induced BL21 StarTM (DE3) extract. The reactions run in (B) are separate 
from the ones run in (A) and the IPTG-induced BL21 StarTM (DE3) extract used in (B) is a different 
batch than the one used in (A) therefore representing biological replicates. (C) Assembled HBcAg 

VLPs imaged under TEM from the reaction with the following conditions: 2.6 nM (10 g/mL) 

plasmid, 20% v/v extract, concentrated reaction mix pH 6.0, 30C, and 4 hours. These TEM images 
were taken by the author under the supervision of Mark Turmaine at UCL.  
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4.4 Multivariate Data Analysis to Maximise Product Titre 

It was difficult to quantify the influence of each variable on product 

concentration due to the complex interactions between all process parameters. 

Therefore, multivariate data analysis (MVDA) was selected to evaluate the 

screening design based on its proven ability within the biopharmaceutical sector to 

leverage useful information from complex data sets and uncover useful 

correlations that are not always obvious from univariate analysis (Goldrick et al., 

2020). The DoE methodology implemented is a systematic approach enabling the 

relationship between process operation and process output to be determined while 

reducing the required number of experiments to understand these key 

relationships. The face-centred composite (FCC) design of experiment was 

selected as it is the most appropriate design when factors investigated cannot be 

extended beyond the factorial points which was the case in this experiment. It also 

enables linear, interactive and quadratic terms to be evaluated as it contains centre 

points in addition to identifying the process conditions to maximise product 

concentration.  

To assess the relative importance of each variable and their ability to predict 

the product concentration, four different types of MLR models were generated. 

These included linear, quadratic, interactions and squared relationships. The linear 

models considered an intercept and a linear term for each predictor. The squared 

model additionally accounted for squared terms. The interaction model considered 

the intercept term, linear relationships and all product pairs of distinct predictors. 

The quadratic model was similar to the interaction model and additionally 

accounted for squared terms of each predictor.  

The relative importance of each variable was assessed by initially building 

each of these MLR models using all the predictor variables (Time, Plas, Ext, pH 
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and Temp) and then building a separate model with one of these predictor 

variables removed. The difference in the prediction ability of each of these models 

enables the relative importance of each variable to be defined. This systematic 

approach was performed for the four different MLR models (linear, quadratic, 

polynomial and interactions). Evaluating the difference in the root mean square 

error between these models enabled the relative contribution of each variable on 

titre to be quantified. An example of a quadratic model to predict the titres for sfGFP 

is shown in Figure 4.3A while the one for HBcAg is shown in Figure 4.3B. The MLR 

inputs used all predictor variables and were converted to coded factors to enable 

easier comparison of the coefficients shown in Figure 4.3C and 4.3D. The exact 

experiments used for Figure 4.3A are shown in Table 4.1 and those for Figure 4.3B 

are shown in Table 4.2. The relative importance of each input variable for this MLR 

model is determined by the magnitude of the coefficient with sign indicating where 

there is a positive or negative relationship between the input variable and product 

concentration. Within the univariate analysis, the coefficient of determination, R2, 

was 0.78 for sfGFP and 0.70 for HBcAg. Equations for the MLR models shown in 

Figure 4.3 A-D of each product are shown below: 

𝑠𝑓𝐺𝐹𝑃 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ~ 0.45 + 0.63𝑇𝑖𝑚𝑒 + 0.92𝑃𝑙𝑎𝑠 + 0.33𝐸𝑥𝑡 − 0.54𝑝𝐻

+ 0.28𝑇𝑒𝑚𝑝 − 0.13𝑇𝑖𝑚𝑒2 −  0.17𝑃𝑙𝑎𝑠2 − 0.09𝐸𝑥𝑡2 + 0.06 𝑝𝐻2

−  0.12𝑇𝑒𝑚𝑝2 

𝐻𝐵𝑐𝐴𝑔 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ~ 0.65 + 0.34𝑇𝑖𝑚𝑒 + 1.40𝑃𝑙𝑎𝑠 + 0.38𝐸𝑥𝑡 + 0.16𝑝𝐻

+ 0.12𝑇𝑒𝑚𝑝 − 0.12𝑇𝑖𝑚𝑒2 −  0.36𝑃𝑙𝑎𝑠2 − 0.10𝐸𝑥𝑡2 −  0.09𝑇𝑒𝑚𝑝2 

A summary of the averaged contributions of each variable on product 

concentration calculated as previously described is shown in Figure 4.3E and 4.3F 

for the sfGFP and HBcAg, respectively. The pH of the concentrated reaction 

mixture and temperature were shown to have the largest influence on the 
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concentration of sfGFP and the plasmid concentration, temperature and amount of 

extract were found to have the largest influence on the concentration of HBcAg.  

To validate the importance of the interactions of these parameters, a face-

centred response surface DoE was performed varying these selected variables. 

For the sfGFP, the pH was varied between 5.5-6.5 and the temperature between 

32°C and 36°C. The titres generated by this DoE resulted in similarly high sfGFP 

concentrations to those shown in Figure 4 and validated that low pH (5.5) and 

higher temperatures (34-36°C) resulted in maximal titres. These new conditions 

gave a titre of 686 μg/mL, a 38% increase from the typical reaction conditions (pH 

6.8, 30°C, 6.1 nM (10 g/mL) plasmid, 20% v/v non-induced BL21 StarTM (DE3) 

cell extract, and 4 hours) which resulted in titres of 497 μg/mL. The design of this 

set of experiments and the resulting contour plot based on interpolating the 

experimental product concentration between the experimental pH and temperature 

ranges can be seen in Figure 4.4. The contour plots shown are generated by 

interpolating the experimental product concentration between the experimental pH 

and temperature ranges investigated. For the HBcAg, the three variables 

manipulated by the DoE were the plasmid concentration (3.8-11.5 nM (15-

45 g/mL)), amount of extract (15-25% v/v) and temperature (32-36°C). The 

experiments generated by this DoE resulted in significantly higher titres than 

previous experiments with the maximum found at a temperature of 32°C, a plasmid 

concentration of 45 g/mL and an extract concentration of 25% v/v. This titre was 

almost triple the previous highest titre and demonstrates the importance of 

performing such a titre improvement exercise. A titre of 386 μg/mL was observed, 

a 190% increase in titre from 133 μg/mL, which is achieved with the typical reaction 

conditions (pH 6.0, 30°C, 2.6 nM (10 g/mL) plasmid, 20% v/v IPTG-induced BL21 

StarTM (DE3) cell extract, and 4 hours). Another group used a modified A19 extract 
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and 12 nM plasmid (where the gene of interest was in a pET24a backbone) to 

generate similar titres (Bundy et al., 2007). The FCC DoE and results can be seen 

in Figure 4.5.  

The maximum titre for both products is located at the edge of the design 

space suggesting titre could be further improved and optimised by widening the 

experimental design space considered in this work. However, it is not the intention 

to optimise titre in this work, merely to demonstrate the advantages of a systematic 

process development approach, as summarised in the following section, and to 

maximise titre within a given design space. It is also important to mention that 

expanding the design space could have other unintended consequences. For 

example, the optimum titre of HBcAg expression may be achieved with increased 

amounts of plasmid and extract, but significantly increasing the presence of these 

components in the reaction also increases the cost of the reaction.  
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Figure 4.3 Multivariate Data Analysis of Process Parameters 

The multilinear regression (MLR) models for sfGFP and HBcAg titres respectively are shown in (A) 
and (B) where each bar represents the product concentration from an experimental run (the 
experimental runs are the same ones shown in Figure 4.1 and detailed in Table 4.1 and Table 4.2). 
The contributions of each parameter to titre is show in (C) and (D) where “Time” is the length of the 
reaction “Plas” is the plasmid concentration, “Ext” is the amount of extract in the reaction, “pH” is 
the pH of the concentrated reaction mix, and “Temp” is the temperature of the reaction. (E) and (F) 
show these contributions as normalised values.  
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Table 4.1 Experimental Conditions for Reactions Producing sfGFP Used for MVDA 
in Figure 4.3A 
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1-24 4 10 6.1 20 6.8 15-40 16-673 

25-51 4 10 6.1 20 5.5-9.0 30 96-757 

52-72 4 10 6.1 5-35 6.8 30 30-555 

73-87 4 1-50 0.61-30.5 20 6.8 30 100-482 

88-105 0.5-22 10 6.1 20 6.8 30 141-523 

 

 

Table 4.2 Experimental Conditions for Reactions Producing HBcAg Used for 
MVDA in Figure 4.3B 
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11-18 4 10 2.6 20 5.5-7.5 30 111-209 

19-28 4 10 2.6 5-30 6.0 30 3-190 

29-36 4 1-50 0.26-12.8 20 6.0 30 37-221 

37-48 0.5-24 10 2.6 20 6.0 30 70-178 
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Figure 4.4 Design of Experiments for sfGFP yields 

The experimental conditions for this face-centred central composite design are represented in (A) 
where each of the triplicate experiments performed is shown as a single point (9 reactions). The 
red dot in the centre represents the two centre points. The contour plot based off of the average 
yields generated through the DoE shown in (A) are shown in (B) where the interpolated product 
concentration in μg/mL is indicated by colour according to the gradient on the left-hand side. 

 

 

 

Figure 4.5 Design of Experiments for HBcAg yields 

The experimental conditions for this face-centred central composite design are represented in (A) 
where each of the duplicate experiments performed is shown as a single point (27 total reactions). 
The red dot in the centre represents the two centre points. The influence of temperature, plasmid 
concentration, and amount of extract from the DoE in (A) are shown in (B), (C), and (D) where the 
interpolated product concentration in μg/mL is indicated by colour according to the gradient on the 
left-hand side. (B) shows the impact of temperature and amount of extract. (C) shows the impact of 
temperature and plasmid concentration. (D) shows the impact of the amount of extract and the 
plasmid concentration.   
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4.5 Recommended Process Development Method 

  Based on the  findings in the previous sections, a recommended process 

development strategy for the maximisation of titre in CFPS reactions has been 

created (Figure 4.6). The appropriate cell extract must be determined first before 

considering any other parameters. The cell extract has the most significant impact 

on product titre (see Figure 3.1 in Chapter 3). While the use of the BL21 StarTM 

(DE3) extract resulted in high titres for the two products  examined, other groups 

have used a variety of other extracts – including BL21 (DE3) and Rosetta (DE3) – 

to successfully express protein (Chumpolkulwong et al., 2004, Kim et al., 2006b). 

In addition, depending on the protein of interest, there are a number of other strains 

that might have properties that would be beneficial for the protein, for example, the 

use of amber-less strains when producing proteins with non-standard amino acids. 

Using a smaller plasmid optimised for CFPS is also recommended, however, there 

are several applications where maintaining a plasmid that could be used for more 

both CFPS and in vivo cultivation would be desirable. Also, optimisation of the 

concentrated reaction mixture for a particular product was not explored in this work, 

but based on previous examples, may also be beneficial for significantly increasing 

product titres (Cai et al., 2015, Dopp et al., 2019b, Kai et al., 2013, Pederson et al., 

2011). Next, the influence of process parameters, changed in isolation, on titre and 

the application of MVDA to quantify the impact of those parameters should be 

evaluated. Subsequently the parameters with the highest influence on titre should 

be further investigated through a DoE approach. With proper planning, this process 

development strategy can be completed in under 48 hours.  
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Figure 4.6 Flow Chart of Recommended Process Development Strategy for E. 
coli CFPS reactions 

 

4.6 Conclusion 

CFPS allows for recombinant protein production over short reaction times 

in small reaction volumes; therefore a process development strategy can be 

deployed that could be completed in under 48 hours.  In Chapter 3, the E. coli strain 

chosen for the cell extract was determined to be the most critical parameter. 

Beyond that, titre can be incrementally increased by manipulating other process 

parameters. This method can be easily applied to new or difficult to express 

products in addition to efficiently testing a wide range of reaction conditions. It is 

recommended to first examine a series of extracts from different E. coli strains and 

to observe the effects of IPTG-induction where possible before conducting further 
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experiments on other parameters (Figure 4.6). Subsequently, MVDA modelling 

should be applied to determine the influence of process parameters on production. 

Then, a DoE study should be used to identify the process conditions that result in 

the highest titre in the design space. Using this strategy, sfGFP and HBcAg titres 

were increased by 38% and 190%, respectively, beyond the standard conditions. 

This method is recommended over an initial scouting DoE due to the 

multitude of parameters that can be manipulated in CFPS reactions. Here extract 

strain, concentrated reaction mixture composition, plasmid selection, plasmid 

concentration, amount of extract, pH of the concentrated reaction mix, reaction 

temperature, and length of reaction were examined. Depending on the product, 

other parameters like chaperone concentration, agitation rate, T7 RNA polymerase 

concentration, osmolality of the concentrated reaction mix, or protease inhibitor 

addition could also be critical for improving titre. While an initial DoE study to 

examine all these parameters could easily be performed given the high-throughput 

nature of CFPS, many parameters would not be critical to improving titre and the 

CFPS reactions in which those parameters are manipulated would be a waste of 

time and resources. By using MVDA to determine the parameters with the highest 

influence on titre, other parameters may be ruled out and  a DoE approach that 

focuses only on the most critical parameters may be taken.  
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5. Producing AAV2 VLPs in CFPS 

The CFPS system developed in this project has been demonstrated to be  

capable of producing model products like superfolder GFP (sfGFP) and hepatitis 

B core antigen (HBcAg) virus-like particles (VLPs). Because one of the goals of 

this project was producing self-assembling particles with gene therapy 

applications, adeno-associated virus serotype 2 (AAV2) virus-like particles (VLPs), 

a product that might be used for gene therapy were chosen for further study. The 

three capsid proteins, VP1, VP2, and VP3 were expressed in CFPS individually. 

As an attempt to form capsids, their plasmids were combined in the CFPS 

reactions; however, this attempt was not successful. The proteins each had a 6x 

histidine tag which allowed them to be purified individually using Ni-NTA resin, 

although only a very small amount of material was eluted from the resin. In the 

future, these purified proteins could be combined in vitro to form capsids. By 

expressing AAV2 capsid proteins in CFPS, the potential for CFPS to be used for 

AAV2 capsid formation has been demonstrated which may allow CFPS to be used 

for gene therapy product and personalised medicines manufacturing.  

5.1 Introduction 

In the previous chapter,  HBcAg VLPs were expressed. In this chapter, 

expression of a more complex product, adeno-associated virus serotype 2 (AAV2) 

VLPs was demonstrated. While the HBcAg VLPs are composed of identical 

monomers, the AAV2 VLPs are composed of three different proteins from the same 

virus.  

AAV2 VLPs include of three capsid proteins: VP1 (87 kDa), VP2 (73 kDa), 

and VP3 (62 kDa) (Rose et al., 1971). The proteins are all expressed from the 

same open reading frame (ORF) and share the same C-terminal regions because 

they are produced from alternatively spliced mRNA (Becerra et al., 1988). In wild 
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type AAV2, these proteins assemble in a 1:1:10 ratio to form capsids. These 

capsids have a variety of applications. They have been used to transport siRNA 

and ssDNA (Shao et al., 2012, King et al., 2001). They have also been modified to 

display antigen for vaccines, not unlike the tandem-core HBcAg VLPs expressed 

in the next chapter (Nieto et al., 2012).  

With the demand for viral vectors exceeding the capacity of contract 

development and manufacturing organisations (CDMOs) and increasing lag times 

on production, alternative strategies that allow for more rapid generation of gene 

therapy products are needed (Rininger et al.). AAV2 VLPs produced via CFPS 

reactions could be a potential solution. AAV2 VLPs have been already been 

produced in baculovirus cells, HEK293 cells, Saccharomyces cerevisiae, and E. 

coli cells (Steinbach et al., 1997, Nieto et al., 2012, Backovic et al., 2012, Le et al., 

2019). To the best of my knowledge, this is the first time AAV2 capsid proteins 

have been expressed in CFPS reactions. 

5.2 AAV Capsid Protein Production in E. coli-based CFPS 

 Two constructs for each of the three AAV2 capsid proteins were designed, 

one with a 6x histidine tag and one without it. The 6x histidine tag was included to 

enable easier purification of the individual capsid proteins. Similar tags have been 

used with capsid proteins previously (Wu et al., 2000, Zhang et al., 2002). The six 

constructs were successfully expressed in 100 μL CFPS reactions using the 

following conditions: 20% IPTG-induced BL21 StarTM (DE3) extract, complex 

concentrated reaction mixture pH 6.0, 10 μg/mL of plasmid, 30°C, and 4 hours 

(Figure 5.1A). Lower molecular weight product related impurities were present as 

well. However, VP3 proteins previously expressed in vivo in E. coli have also been 

accompanied by product related impurities (Le et al., 2019). The reactions were 

centrifuged, the supernatant was decanted (the soluble fraction) and the pellet was 



Noelle A. Colant 2020 
 

 126 

resuspended in renaturing buffer, 0.1 M Tris, 1 mM EDTA, 0.15 M NaCl, pH 8.7 

(the insoluble fraction), and the majority of the material was determined to be 

insoluble (Figure 5.1B). Again, this is not entirely surprising as VP3 proteins 

previously expressed in vivo in E. coli were also largely insoluble (Le et al., 2019). 

Now that the three proteins have been expressed individually, there are two 

potential approaches to forming capsids: combining the plasmids for all three 

plasmids in a single CFPS reaction and individually purifying each protein and 

assembling the capsids in vitro.  
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A) 

 

 

B) 

 

C) 

  

 

Figure 5.1 CFPS Expression of AAV2 Capsid Proteins  

A) AAV2 capsid proteins VP1 (87 kDa), VP2 (73 kDa), and VP3 (62 kDa) with and without a 6x 
histidine tag were expressed in CFPS reactions under the following conditions: 20% IPTG-induced 
BL21 StarTM (DE3) extract, complex concentrated reaction mixture pH 6.0, 10 μg/mL of plasmid, 
30°C, and 4 hours. B) The reactions containing the capsid proteins without the 6x histidine tag were 
centrifuged, and the soluble fraction (the supernatant) was separated from the insoluble fraction 
(the pellet resuspended in renaturing buffer, 0.1 M Tris, 1 mM EDTA, 0.15 M NaCl, pH 8.7). C) The 
same procedure was performed for reactions containing the capsid proteins with the 6x histidine 
tag (Note: there was an air bubble during the transfer to the membrane at ~35-40 kDa in the lanes 
containing the CFPS reaction and the soluble fraction for VP2).   
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5.3 Combining Plasmids for Capsid Protein in CFPS Reactions for VLP 

Formation 

 Capsid formation was initially attempted by combining the three plasmids in 

a single CFPS reaction. Three combinations of the plasmids were tested. The first 

ratio chosen was 1 VP1: 1 VP2: 10 VP3 because that is the ratio of the three 

proteins in the native virus. A ratio of 1 VP1: 1 VP2: 1 VP3 was also chosen to 

determine whether one of the capsid proteins was preferentially expressed in the  

CFPS system. The third combination did not include any VP1 or VP2, only VP3 

because capsids have been formed with VP3 alone previously.  

 All three capsid proteins were produced in the reactions with plasmid ratios 

of 1:1:10 and 1:1:1. Although the proteins had been expressed, fully formed 

capsids were not visible when the samples were imaged under TEM (Figure 5.2). 

Capsids were not formed in the reactions containing VP3 alone either, although 

there were small circular protein aggregates visible. These aggregates were much 

smaller than the expected 22 nm particles. This indicates that the CFPS reaction 

conditions are not conducive to AAV2 VLP assembly. In the future, changes could 

be made to the reaction environment that have been shown to help in vitro 

assembly, like the addition of L-arginine or increasing the pH of the reaction (Le et 

al., 2019).



Noelle A. Colant 2020 
 

 129 

 

Figure 5.2 Combining Capsid Protein Plasmids in CFPS Reactions for Capsid Assembly 

CFPS reactions were performed as previously described with the plasmids for the three AAV2 capsid proteins in a 1:1:10 ratio, the plasmids for the three capsid proteins 
in a 1:1:1 ratio, or only the plasmid for VP3. These reactions were centrifuged at 13000 rpm for 10 minutes. The supernatant was decanted and saved as the soluble 
fraction. The pellet was resuspended in renaturing buffer (0.1 M Tris, 1 mM EDTA, 0.15 M NaCl, pH 8.7) and saved as the insoluble fraction. The soluble fraction was 

then precipitated with ammonium sulphate. The supernatant was collected and saved as (NH4)2SO4 ppt sol. The pellet was resuspended in renaturing buffer and saved 

as (NH4)2SO4 ppt insol. A western blot with the [B1] primary antibody was performed on the CFPS reaction, the soluble fraction, the insoluble fraction, (NH4)2SO4 ppt 

sol, and (NH4)2SO4 ppt insol. (NH4)2SO4 ppt insol was imaged under a TEM. No particles were observed in any of the samples, although circular protein aggregates 
were present in the reactions containing only plasmid for VP3 protein. These TEM images were taken by the author under the supervision of Mark Turmaine at UCL. 
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5.4 Purifying Capsid Proteins for In Vitro VLP Formation 

 Rather than combining the three plasmids in the CFPS reaction to form 

particles, each capsid protein with a 6x histidine tag was expressed individually 

and purified them using Ni-NTA resin. While some of the protein was eluted using 

elution buffer (100 mM Tris, 1 mM EDTA, 500 mM NaCl, 250 mM imidazole, pH 

8.7), most of the protein remained on the resin (Figure 5.3 and Table 5.1). This 

could be because protein was bound strongly to the resin and the elution conditions 

were not appropriate to remove the protein. This seems unlikely as comparable 

proteins have been successfully removed using similar elution conditions, but if 

this is the case, using zinc or cobalt resin with a lower affinity for the 6x histidine 

tag than a nickel resin may mitigate this issue. Instead, because this protocol 

involved the centrifugation of the Ni-NTA resin with the bound protein and the 

protein is largely insoluble, it is more likely that the protein is precipitated with the 

resin even during elution. Adding substances to the elution buffer to improve 

solubility, like urea or guanidine-HCl could help improve elution. Using alternative 

strategies for Ni-NTA purification like gravity flow or fast liquid protein 

chromatography (FPLC) could avoid precipitation of the proteins.  

In future experiments, the proteins purified via Ni-NTA resin could be 

combined for assembly. Each capsid protein with and without a 6x histidine tag 

would be expressed individually and isolated  via ammonium sulphate 

precipitation. The capsid proteins would then be solubilised with 5 M guanidine-

HCl and 1 mM DTT, combined, and dialysed against PBS with 0.2 M L-arginine pH 

9.0 at 4°C as recommended in (Le et al., 2019). The exact conditions for assembly 

may need to be adjusted; previous work suggests investigating pH, ion strength, 

and concentration of L-arginine to determine the appropriate conditions (Le et al., 
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2019). Properly assembling the VLPs will require testing different ratios of the three 

capsid proteins and testing different combinations of proteins with and without the 

6x histidine tag. Although the tag allows for a more specific purification protocol, 

another group expressed all three proteins with a 6x histidine tag, but they were 

not able to assemble into particles (Zhang et al., 2002). This may mean that 

alternative tags or purification strategies will need to be explored if the proteins 

cannot be sufficiently isolated via ammonium sulphate precipitation. There are 

affinity resins specific to AAV on the market that may be of use, although it is 

unclear how well they bind to each individual capsid proteins. AAV viral vectors 

have been purified previously using ion exchange chromatography and 

hydrophobic interaction chromatography; these protocols may be able to be 

adapted for the capsid proteins (Adams et al., 2020). 
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Figure 5.3 Ni-NTA Purification of AAV2 Capsid Proteins 

CFPS reactions were performed as previously described with the plasmids for the three AAV2 
capsid proteins individually. These reactions were centrifuged at 13000 rpm for 10 minutes. The 
supernatant was decanted and saved as the soluble fraction. The pellet was resuspended in 
renaturing buffer (0.1 M Tris, 1 mM EDTA, 0.15 M NaCl, pH 8.7) and saved as the insoluble fraction. 
The insoluble fraction was loaded onto a Ni-NTA resin, washed with binding buffer, two wash 
buffers, and eluted. A western blot with the [B1] primary antibody was performed on the CFPS 
reaction, the soluble fraction, the insoluble fraction, the flow through, the wash with binding buffer, 
two additional washes, the elution, and a sample of Ni-NTA resin.  
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Table 5.1 Bradford Assay of AAV2 Capsid Proteins Before and After Ni-NTA 
Purification 

 AAV2 VP1 
(μg/mL) 

AAV2 VP2 
(μg/mL) 

AAV2 VP3 
(μg/mL) 

Resuspended 
pellet from CFPS 
reaction 

(before Ni-NTA 
purification; 
contains 
impurities) 

478 ± 49 687 ± 50 434 ± 19 

Elution fraction 
following Ni-NTA 
purification 

22 ± 12 9 ± 5 15 ± 14 

 

 

5.5 Conclusion  

 The work in this chapter established that the three AAV2 capsid proteins, 

VP1, VP2, and VP3, can be expressed using CFPS. It was also demonstrated that 

typical CFPS conditions do not allow for in vitro assembly of AAV2 capsids. 

Although adjusting the reaction conditions may result in an environment more 

conducive to capsid formation, other groups working with E. coli have had success 

expressing individual capsid proteins and then attempting assembly (Le et al., 

2019).  The individual capsid proteins with 6x histidine tag were expressed, and 

purification using a Ni-NTA resin was attempted. Some of the material was eluted 

off the resin, but most of the protein remain precipitated with the resin. By using 

buffers to improve solubility or by using the Ni-NTA in a column rather than a 

microcentrifuge tube, these issues may be mitigated, and more protein may be 

eluted. That material could then be quantified and combined in vitro under 

previously used conditions to form capsids. Once these capsids are formed, they 

could be loaded with genetic material and potentially used as gene therapy 

products.  
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6. Characterisation of Product Related Impurities of Tandem-Core Virus-like 

Particles Produced Using Escherichia coli-based CFPS 

 In order to demonstrate that the CFPS system in this project is capable of 

producing self-assembling vaccine products, it was validated with a series of 

tandem-core HBcAg VLPs that were designed as universal influenza A vaccine 

candidates. These vaccine candidates were chosen because they self-assemble, 

they combine proteins from two different parent viruses (the hepatitis B virus and 

the influenza A virus), and they have previously been produced in vivo, although 

they tend to form aggregates. Expression and assembly of the original constructs. 

for two tandem-core vaccine candidates was successful. However, there were 

several lower molecular weight product related impurities expressed along with the 

full-length product for both candidates and one candidate was largely insoluble. It 

was determined that these impurities were not the result of protease cleavages. 

The plasmid backbone and the gene sequence for the two tandem-core vaccine 

candidates were then modified to attempt to mitigate these issues. Although the 

solubility of the vaccine candidates was not able to be improved, the presence of 

lower molecular weight product related impurities was decreased and  the overall 

titre of the reaction was improved. By expressing these modified tandem-core 

HBcAg VLP universal influenza A vaccine candidates, the use of CFPS to rapidly 

iterate upon construct design to improve the quality of self-assembling vaccine 

candidates has been demonstrated.  

6.1 Introduction 

 The CFPS manufacturing system in this project has been developed, a 

process development strategy has been designed, and that strategy has been 

validated with two model products, superfolder GFP (sfGFP) and hepatitis B core 

antigen (HBcAg) virus-like particles (VLPs). Here the CFPS manufacturing system 
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was used to express more complicated self-assembling products for vaccine 

production. The tandem-core HBcAg VLPs designed as an attempt at a universal 

influenza A vaccine were chosen.  

 Most influenza A vaccines need to be redesigned each year because they 

target regions of the influenza A virus that mutate frequently, neuraminidase and 

the globular head of haemagglutinin. These vaccines also require several months 

to produce, so the gene sequences for the viral proteins are predicted ahead of 

time; poor predictions can result in vaccines that are not well-suited to the 

emergent strains (Xie et al., 2015). The tandem-core vaccine candidates target 

more conserved regions of the virus, the matrix 2 ectodomain (M2e) and the 

haemagglutinin stalk protein (HA2). This should allow for a more stable vaccine 

that confers protection for several years. The tandem-core VLPs consist of two 

HBcAg monomers tethered together with a glycine-glycine-serine linker. HBcAg 

monomers are made of four alpha helices and between the two central alpha 

helices is a major insertion region (MIR) where other peptides can be inserted. 

However, peptides that are large or hydrophobic can prevent the VLP from 

assembling. The linker holding the two monomers together in the tandem-core 

constructs stabilises the dimer and encourages assembly. In one vaccine 

candidate, referred to as VLP 1, HA2 was inserted in one MIR and three versions 

of the M2e protein were inserted in the other. Another simpler vaccine candidate 

called VLP 3 was made with just the M2e proteins in one MIR. For both products, 

mice injected with the vaccines generated antibodies against the antigens in the 

MIRs; vaccination also resulted in an increased survival rate after infection with an 

influenza A virus, although it did not induce sterilising immunity (Ramirez et al., 

2018).  
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These products were originally manufactured in both E. coli and Pichia 

pastoris, but the particles were often aggregated and malformed, especially in E. 

coli (Ramirez et al., 2018, Kazaks et al., 2017). This may be due to steric effects 

from the influenza inserts. The haemagglutinin stalk protein typically exists as 

trimer and the matrix 2 ectodomain typically exists as a tetramer. If those protein 

interactions are occurring, they may be preventing proper particle assembly. Using 

CFPS provides two potential routes of improving tandem-core VLP expression. 

First, by expanding the reaction conditions that are used, a set of conditions not 

achievable in vivo may be found that allows for the generation of more consistent, 

properly assembled product. Second,  rapid iteration on the design of the tandem-

core VLPs themselves can be undertaken to quickly determine which modifications 

result in improved products.  

6.2 Producing Tandem-Core VLPs in an E. coli-based CFPS System  

 The CFPS manufacturing system described in previous chapters was used 

to express four tandem-core products. The following conditions were used for all 

CFPS reactions in this chapter unless otherwise stated: 20% IPTG-induced BL21 

StarTM (DE3) extract, complex concentrated reaction mixture pH 6.0, 10 μg/mL of 

plasmid, 30°C, and 4 hours. The products expressed were K1K1, in which there 

are no antigens in the HBcAg MIRs – only lysine residues, VLP 1, in which there 

is an HA2 antigen in the first MIR and three M2e variants in the second MIR, VLP3, 

in which there are three M2e variants in the first MIR, and tcHBcAg-GFP, in which 

wild type GFP is present in the second MIR. All four tandem-core products were 

successfully expressed in the system and detected on a western blot (Figure 6.1).  
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Figure 6.1 CFPS Expression of Tandem-Core HBcAg VLP Constructs 

The wild type hepatitis B core antigen (WT HBcAg) along with four tandem-core constructs were 
successfully expressed in the CFPS system. The tandem-core constructs were K1K1, which has 
lysine residues in both of its MIRs, VLP 1, which has haemagglutinin stalk protein HA2 in its first 
MIR and three M2e proteins in its second MIR, VLP 3, which has three M2e proteins in its first MIR, 
and a tandem-core constructs with GFP in its second MIR (tcHBcAg-GFP). A western blot with the 
[14E11] primary antibody was performed on all five proteins. The top band in each lane is the full-
length product. 

 

The tandem-core HBcAg VLPs with the influenza antigens (VLP 3 and VLP 

1) are of greatest interest to this project and were taken forward. Unfortunately, 

both products were largely insoluble when produced under typical conditions in the 

CFPS system. This is not entirely unexpected as tandem-core VLPs produced in 

E. coli have been shown to precipitate (Holmes et al., 2015). Decreasing the 

temperature of the in vivo cultures can prevent the formation of insoluble inclusion 

bodies (Schumann and Ferreira, 2004). The temperature of the reactions for both 

products was decreased. When VLP 3 was produced in reactions at 18°C, there 

was less insoluble product detected (Figure 6.2). This was not the case for VLP 1. 

When VLP 1 was produced at temperatures below 21°C, the material was still 

insoluble and very little full-length product was present in the reaction (Figure 6.3). 
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All subsequent reactions for VLP 3 and VLP 3 derived products were performed at 

18°C and reactions for VLP 1 and VLP 1 derived products were performed at 30°C.  

 

Figure 6.2 CFPS Reactions to Produce VLP 3 at 30°C and 18°C 

CFPS reactions to produce VLP 3 were performed at both 30°C and 18°C. These reactions were 
centrifuged at 13000 rpm for 10 minutes. The supernatant was decanted and saved as the soluble 
fraction. The pellet was resuspended in 1 M phosphate buffer pH 7.0 and saved as the insoluble 
fraction. A western blot with the [10E11] primary antibody was performed on the CFPS reaction, 
the soluble fraction, and the insoluble fraction. At 30°C, the material in the reaction is mostly 
insoluble. At 18°C, more VLP 3 can be found in the soluble fraction.  

 

 

Figure 6.3 CFPS Reactions to Produce VLP 1 at 21°C, 25°C and 30°C 

Duplicate CFPS reactions to produce VLP 1 were performed at 21°C, 25°C, and 30°C. These 
reactions were centrifuged at 13000 rpm for 10 minutes. The supernatant was decanted and saved 
as the soluble fraction. The pellet was resuspended in 1 M phosphate buffer pH 7.0 and saved as 
the insoluble fraction. A western blot with the [10E11] primary antibody was performed on the CFPS 
reaction, the soluble fraction, and the insoluble fraction. At all three temperatures, the VLP 1 
material is largely insoluble. At 21°C, there is barely any full-length material in the reaction. 
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It was hypothesised that VLP 3 and VLP 1 might be insoluble because they 

were aggregating with host cell proteins present in the cell extract. If the host cell 

proteins could be removed, it is possible that the tandem-core VLPs may be 

soluble. Because both the VLPs have a C-terminal 6x histidine tag, purification of 

the particles using Ni-NTA resin was attempted. The particles did not bind to the 

resin at all (data not shown). The 6x histidine tag has been shown to stabilise 

HBcAg VLPs and related products because the tags join together inside of the VLP 

and prevent the monomer, or in this case tandem-core dimers, from separating 

(Schumacher et al., 2018). The linkers used in the tandem-core products also 

increase stability. This means that monomers or tandem-core dimers that have 

already come together to form particles or aggregates will not display the 6x 

histidine tag, as it is inside of the particle. Additionally, these particles and 

aggregates are very difficult to separate. Another purification using Ni-NTA resin 

and buffer containing 8 M urea to separate the particles and aggregates was 

attempted. Again, the material did not bind to the resin which suggests that even 

denaturants like 8 M urea cannot separate the tandem-core dimers once they bind 

together. Other research groups have demonstrated that tandem-core HBcAg 

VLPs are more resistant to denaturants than wild type HBcAg VLPs (Holmes et al., 

2015). It might be possible to separate the dimers by fusing another protein to 

tandem-core dimers that can also be used as an affinity tag, like maltose-binding 

protein (MBP) or glutathione S-transferase (GST) (García-Fruitós, 2015). Other 

proteins like thioredoxin (TrxA), DsbC, small ubiquitin-like modifier protein 

(SUMO), and N-utilisation substance A (NusA) can increase solubility and can be 

used in conjunction with smaller affinity tags, like the 6x histidine tag (García-

Fruitós, 2015). These tags, which are large enough to prevent particles from self-
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assembling, will need to be removed following purification so that the tandem-core 

VLPs can properly assemble.  

6.3 Observing Tandem-Core Product Related Impurities 

VLP 3 and VLP 1 were expressed, precipitated using ammonium sulphate, 

and imaged under the TEM (Figure 6.4 and Figure 6.5). Although individual 

symmetrical particles were observed for both products, aggregated particles and 

large proteins were also present. It is likely that many of the large proteins are 

residual host cell proteins from the cell extract and may be able to be removed with 

a more sophisticated purification strategy. However, there may be some VLP 

material in the aggregate. In future studies, immunogold staining could be used to 

determine whether a substantial amount of that aggregated material included 

tandem-core VLPs (Stephen et al., 2018). Because the VLPs are insoluble, 

especially VLP 1, it is not entirely surprising that aggregate particles are present. 

The aggregates may also be the result of the lower molecular weight product 

related impurities observed on the western blot analysis. In addition, while the VLP 

3 particles are the expected size and shape, the particles formed by the VLP 1 

construct were larger than anticipated, ~60 nm in diameter. Based on previous 

work expressing this construct in Pichia pastoris, particles that are ~40 nm in 

diameter are expected (Kazaks et al., 2017). Perhaps a larger conformation is 

preferable in CFPS or proteins from the CFPS reaction are inside of the particles 

or inhibiting the formation of smaller particles. It is also possible that due to the fact 

that VLP 1 has two different influenza inserts (HA2 and M2e) those proteins are 

interacting with other inserts on other VLP 1 dimers and the resulting steric effects 

are preventing formation of particles with the proper diameter.  
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Figure 6.4 Ammonium Sulphate Precipitation and TEM images of VLP 3 

CFPS reactions to produce VLP 3 were performed at 18°C. These reactions were centrifuged at 
13000 rpm for 10 minutes. The supernatant was decanted and saved as the soluble fraction. The 
pellet was resuspended in 1 M phosphate buffer pH 7.0 and saved as the insoluble fraction. The 
soluble fraction was then precipitated with ammonium sulphate. The supernatant was collected and 
saved as (NH4)2SO4 ppt sol. The pellet was resuspended in renaturing buffer (0.1 M Tris, 1 mM 
EDTA, 0.15 M NaCl, pH 8.7) and saved as (NH4)2SO4 ppt insol. A western blot with the [14E11] 
primary antibody was performed on the CFPS reaction, the soluble fraction, the insoluble fraction, 
(NH4)2SO4 ppt sol, and (NH4)2SO4 ppt insol. (NH4)2SO4 ppt insol was imaged under a TEM. 
Symmetrical particles ~40nm in size are visible. These TEM images were taken by the author under 
the supervision of Mark Turmaine at UCL.  
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Figure 6.5 Ammonium Sulphate Precipitation and TEM images of VLP 1 

CFPS reactions to produce VLP 1 were performed at 30°C. These reactions were centrifuged at 
13000 rpm for 10 minutes. The supernatant was decanted and saved as the soluble fraction. The 
pellet was resuspended in 1 M phosphate buffer pH 7.0 and saved as the insoluble fraction. The 
insoluble fraction was then precipitated with ammonium sulphate. The supernatant was collected 
and saved as (NH4)2SO4 ppt sol. The pellet was resuspended in renaturing buffer (0.1 M Tris, 1 mM 
EDTA, 0.15 M NaCl, pH 8.7) and saved as (NH4)2SO4 ppt insol. A western blot with the [14E11] 
primary antibody was performed on the CFPS reaction, the soluble fraction, the insoluble fraction, 
(NH4)2SO4 ppt sol, and (NH4)2SO4 ppt insol. (NH4)2SO4 ppt insol was imaged under a TEM. 
Symmetrical particles ~60nm in size are visible. These TEM images were taken by the author under 
the supervision of Mark Turmaine at UCL.  

 

Product related impurities of ~37 kDa for VLP 3 and ~37 kDa, ~35 kDa, and 

~25 kDa for VLP 1 were observed. Similar impurities had been present in the in 

vivo expression of these products (Blaha, 2019). These impurities were presumed 

to be protease cleavages, and, in the in vivo cultivations, protease inhibitor was 

added to prevent degradation of the full-length product (Blaha, 2019). However, 

when the cOmpleteTM Protease Inhibitor Cocktail was added to the CFPS system, 

no significant changes in the presence of the product related impurities were seen 

(Figure 6.6). This led to the conclusion that the product related impurities were not 

caused by proteases in this CFPS system.  
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Figure 6.6 Protease Inhibitor Effects on Production of VLP 3 

CFPS reactions to produce VLP 3 were performed at 18°C with and without cOmpleteTM Protease 
Inhibitor Cocktail. These reactions were centrifuged at 13000 rpm for 10 minutes. The supernatant 
was decanted and saved as the soluble fraction. The pellet was resuspended in 1 M phosphate 
buffer pH 7.0 and saved as the insoluble fraction. A western blot with the [10E11] primary antibody 
was performed on the CFPS reaction, the soluble fraction, and the insoluble fraction. There is no 
dramatic difference in solubility or impurity profile when the protease inhibitor is used.  

 

To better understand the nature of these product related impurities, CFPS 

reactions producing VLP 1 were tested with four different antibodies (Figure 6.7). 

Each antibody binds to a different region on VLP 1. Anti-Hepatitis B Virus Core 

Antigen antibody [10E11] (ab8639), which corresponds to amino acids 1-10 on the 

HBcAg monomer, Anti-Hepatitis B Virus Core Antigen antibody [14E11] (ab8638), 

which corresponds to amino acids 135-141 on the HBcAg monomer, Anti-Influenza 

A Virus M2 Protein antibody [14C2] (ab5416), which corresponds to the N-terminal 

of the Influenza A Virus M2 Protein, and Anti-6X His tag® antibody [HIS.H8] 

(ab18184), which corresponds to any 6x histidine tag were used. By examining the 

effects of the four different antibodies, it was confirmed that protease activity was 

not the cause of these impurities. If the impurities were a result of protease 
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cleavage, bands of similar molecular weight would be expected no matter which 

antibody was used. Instead, the full-length product is detected with all antibodies 

and product related impurities are detected with all antibodies except for [HIS.H8], 

the antibody corresponding to the 6x histidine tag. In fact, only one band is present 

with the [HIS.H8] antibody. If the product were cleaved, a lower molecular weight 

species with the 6x histidine tag would be expected. For example, if the band at 

~35 kDa detected with the [10E11] antibody, which indicates that lower molecular 

weight species has a region corresponding to the beginning of the HBcAg protein, 

was the result of a cleavage product, then a band at ~25 kDa with the [HIS.H8] 

antibody would also be expected because that would be the other half of the 

product. Because there are no other bands on the western blot with the [HIS.H8] 

antibody, this indicates that the impurities are shorter versions of the full-length 

product, rather than cleavage products.  
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Figure 6.7 Western Blot Analysis of CFPS reaction to product VLP 1 Using Four 
Different Primary Antibodies 

CFPS reactions to produce VLP 1 were performed at 30°C. A western blot was performed on the 
reactions using Anti-Hepatitis B Virus Core Antigen antibody [14E11] (ab8638), which corresponds 
to amino acids 135-1414 on the HBcAg monomer, Anti-Influenza A Virus M2 Protein antibody 
[14C2] (ab5416), which corresponds to the N-terminal of the Influenza A Virus M2 Protein, Anti-6X 
His tag® antibody [HIS.H8] (ab18184), which corresponds to any 6x histidine tag, and Anti-Hepatitis 
B Virus Core Antigen antibody [10E11] (ab8639), which corresponds to amino acids 1-10 on the 
HBcAg monomer. While full-length VLP 1 is detected using all the antibodies, a different impurity 
profile is observed with each antibody.  

 

It was also concerning that the bands on the western blot that correspond 

to the product related impurities often appeared much darker than those for the 

full-length product, implying that there was a greater presence of impurity than 

product in the reaction. An SDS-PAGE analysis of the material was performed and 

it was determined that the opposite was true (Figure 6.8). Bands that corresponded 

to the full-length product on the western blot lined up with similarly dark bands on 

the Coomassie-stained SDS-PAGE gel. The product related impurities, particularly 

the band at ~35 kDa visible on the western blot using the [10E11] antibody that 

appeared much darker than the full-length band, did not show up as well on the 

Coomassie-stained SDS-PAGE gel. There are two possible explanations: the 
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impurities are an artifact of the antibodies used for the western blot or the 

antibodies used for western blot have a stronger preference for the lower molecular 

weight species. Because different impurity profiles have been observed with 

different antibodies, the latter is more likely than the former. The antibody may 

favour the lower molecular weight species because the site it binds to is more 

accessible in those species than it is in the full-length product, but because the 

structure of the proteins following denaturation with SDS is not known, that claim 

is not absolutely certain. 

 

Figure 6.8 SDS-PAGE and Western Blot Analysis of Ammonium Sulphate 
Precipitation of VLP 1 

CFPS reactions to produce VLP 1 were performed at 30°C. These reactions were centrifuged at 
13000 rpm for 10 minutes. The supernatant was decanted and saved as the soluble fraction. The 
pellet was resuspended in 1 M phosphate buffer pH 7.0 and saved as the insoluble fraction. The 
insoluble fraction was then precipitated with ammonium sulphate. The supernatant was collected 
and saved as (NH4)2SO4 ppt sol. The pellet was resuspended in renaturing buffer and saved as 
(NH4)2SO4 ppt insol. An SDS-PAGE analysis and a western blot with the [10E11] primary antibody 
were performed on the CFPS reaction, the soluble fraction, the insoluble fraction, (NH4)2SO4 ppt 
sol, and (NH4)2SO4 ppt insol. Dark bands are visible at ~59 kDa where VLP 1 is expected on both 
the SDS-PAGE and the western blot (shown in the white box). Dark bands are visible on the western 
blot at ~35 kDa but are not present on the SDS-PAGE (shown in the red box). 

 

Now that it is known that the impurities are present at lower concentration 

than they first seemed and that they are likely not caused by protease cleavage, it 

is likely that the lower molecular weight product related impurities are a result of 
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partial transcription of the plasmid DNA or partial translation or degradation of the 

mRNA. The size of lower molecular weight product related impurities (~37 kDa for 

VLP 3 and ~37 kDa, ~35 kDa, and ~25 kDa for VLP 1) were estimated and mapped 

out operating under the assumption that all impurities begin at the first start codon 

after the ribosome binding sequence in the plasmid (Figure 6.9). It appears that 

the MIR of the second HBcAg dimer is a particularly troublesome region and that 

the ~37 kDa fragment for VLP 3 and the ~37 kDa and ~35 kDa fragments for VLP 

1 are the result of abortive transcription or translation in that region. The ~25 kDa 

fragment for VLP 1 is most likely the result of issues with the peptide linker holding 

the two HBcAg monomers together, although it is a bit surprising that a similar 

fragment for VLP 3 is not also seen. Abortive transcripts are not uncommon in 

systems that utilise the T7 RNA polymerase to transcribe products that are 

expressed under the T7 promoter, although these mRNA sequences are typically 

only a few nucleotides long (Gong and Martin, 2006). It is also possible that one of 

the essential components for translation, like tRNAs or ribosomes, is limited in this 

CFPS system. However, these lower molecular weight product related impurities 

are present in vivo in P. pastoris as well as E. coli, which may indicate that the 

impurities are a result of the design of the plasmid containing the gene for the 

product or the product itself (Blaha, 2019). With that in mind, the plasmids and the 

gene sequences were redesigned for both VLP 3 and VLP 1.  
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Figure 6.9 Lower Molecular Weight Product Related Impurities for Tandem-Core 
HBcAg VLPs 

The first HBcAg monomer is represented with red boxes, the second HBcAg monomer is 
represented with blue boxes, the haemagglutinin stalk protein is represented as a yellow box, the 
three M2e proteins are represented as purple boxes, the arginine-rich region is represented as an 
aqua box, the 6x histidine tag is represented as a grey box, the linker holding the two monomers 
together is represented as a green box, and all other linkers are represented as black lines. Based 
on the bands visible on the western blot analyses, VLP 3 has one lower molecular weight product 
related impurity ~37 kDa in size. This fragment could be the result of abortive transcription or 
translation in the MIR of the second HBcAg monomer. VLP 1 has three lower molecular weight 
product related impurities ~37 kDa, ~35 kDa, and ~25 kDa in size. The ~37 kDa fragment likely 
extends only to the linker holding the M2e proteins in the MIR of the second HBcAg monomer, the 
~35 kDa fragment likely extends only to the beginning of the MIR of the second HBcAg monomer, 
and the ~25 kDa fragment contains only the first HBcAg monomer with the HA2 protein in its MIR.  
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6.4 Examining the Impact of Plasmid Backbone and Gene Sequence 

Changes  

VLP 3 and VLP 1 are both hetero-tandem core constructs. That means that 

the first HBcAg molecule in the construct does not have the nucleic acid binding 

arginine-rich region that is present in wild type HBcAg, but the second HBcAg 

molecule in the construct does (see Figure 1.6C for a diagram). Other groups have 

intentionally removed the arginine rich region to improve stability and prevent lower 

molecular weight impurities (Walker et al., 2008). Two constructs were designed, 

one for VLP 3 and one for VLP 1, where the arginine-rich region for each product 

was removed, but the plasmid and gene sequence were otherwise unchanged. 

These were called “VLP 3 pET28b no arg” and “VLP 1 pET28b no arg”.  

 Plasmids were also designed where the gene for each of the tandem-core 

VLPs (with the arginine-rich region as originally designed)was in the pJL1 plasmid 

backbone which was used previously to express sfGFP in Chapter 3 and Chapter 

4. This backbone is much smaller (1766 bp) than the pET28b backbone (5209 bp) 

originally used for the tandem-core HBcAg VLPs. The pJL1 plasmid backbone has 

been optimised for use in CFPS reactions, which should allow for better 

expression. These constructs were called “VLP 3 pJL1” and “VLP 1 pJL1”.  

Finally, plasmids were designed for both VLP 3 and VLP 1 in which the gene 

sequence was placed in the pJL1 backbone, the arginine rich region was omitted 

from the sequence, and the peptide sequences linking the HBcAg fragments to the 

influenza A antigens were made more uniform in length. Based on the length of 

the truncated fragments observed on the western blots, it seemed likely that the 

peptide linkers in the second MIR could be a potential point for stalled transcription 

or translation. These constructs were called “VLP 3 pJL1 + linkers” and “VLP 1 

pJL1 + linkers”.  
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Annotated versions of the protein sequences and diagrams of the plasmid 

backbones can be found in Appendix A. The six modified constructs were 

expressed in the CFPS system under the following conditions: 20% IPTG-induced 

BL21 StarTM (DE3) extract, complex concentrated reaction mixture pH 6.0, 5 nM of 

plasmid, 18°C (VLP 3)/ 30°C (VLP 1), and 4 hours. They were then precipitated 

with ammonium sulphate (the soluble fraction was precipitated for VLP 3 variants 

and the insoluble fraction was precipitated for VLP 1 variants) and imaged using 

TEM (Figure 6.10 and 6.11). They were also analysed via SDS-PAGE, western 

blot, dot blot, and Bradford assay to determine titre (Figure 6.12 and 6.13). A 

densitometry reading of an SDS-PAGE analysis was performed for each sample 

(Figure 6.14A). The bands on the western blot were aligned with the bands on the 

SDS-PAGE analysis and the density of that band was used to calculate the 

estimated product titre from the Bradford assay results; this process is explained 

in Section 2.5.6 (Figure 6.14B). The samples were also analysed by dot blot and 

compared to a standard curve of recombinant HBcAg samples of known 

concentration (Figure 6.14C). It should be noted that the titres for the dot blot 

analysis are slightly higher than those estimated using densitometry because lower 

molecular weight product related impurities also contribute to the signal on the dot 

blot analysis.  

Unfortunately, the new variants of VLP 1 were still insoluble, much like the 

original VLP 1 construct. However, modifying the constructs did have a few 

advantages. Changing the plasmid backbone had no noticeable effect on the 

product related impurities, but it did result in an increase in titre. Titres for VLP 1 

pJL1 were at least 1.8 times greater than VLP 1 and titres for VLP 3 pJL1 were at 

least 1.4 times greater than VLP 3. As seen previously, VLP 1 and VLP 1 pJL1 

form particles that are larger than anticipated. In the resuspended precipitate from 
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reactions with VLP 3 and VLP 3 pJL1 shown in Figure 6.10 A and B, particles at 

the expected size of ~40 nm are observed.  

In the set of reactions shown in Figure 6.10, there do not appear to be any 

lower molecular weight product related impurities for VLP 3 pET28b no arg or VLP 

3, but the bands are very faint indicating that expression was low in general. Lower 

molecular weight product related impurities were still present in reactions 

expressing VLP 1 pET28b no arg, but on the western blot analysis, those bands 

appear fainter compared to the bands for the full-length product. Given that the 

antibodies used for western blots analyses of these products sometimes show a 

preference for products of a certain length, there may not be fewer product related 

impurities in the VLP 1 pET28b no arg samples, but it is a possibility. Removing 

the arginine-rich region also increases the titre; titres for VLP 1 pET28b no arg 

were at least 2.5 times higher than titres for VLP 1 and titres for VLP 3 pET28b no 

arg were at least 1.3 times higher than titres for VLP 3. However, titres for VLP 3 

pET28b no arg were not able to be obtained using dot blot analysis. The primary 

antibody used for the western blot, [14E11], corresponds to amino acids 135-141 

on the HBcAg monomer. The arginine rich region begins at amino acid 149 in the 

HBcAg monomer. It is possible that by removing the arginine-rich region, the 

folding of the protein has changed such that the amino acids corresponding to the 

[14E11] antibody are less accessible. This would also explain the rather faint band 

seen on the western blot analysis of VLP 3 pET28b no arg. One might expect to 

see that same issue with VLP 1 pET28b since the arginine-rich region is removed 

in that construct as well. Then again, VLP 1 pET28b no arg has inserts in both of 

its MIRs while VLP 3 pET28b only has inserts in the first MIR and that distinction 

may account for the difference in detection with each construct. Also, the particles 

formed from the constructs without the arginine-rich region appeared ill-formed and 
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aggregated. This was also the case with the tandem-core HBcAg constructs 

without the arginine-rich region previously expressed in E. coli (Peyret et al., 2015).  

The VLP 1 pJL1 + linkers and VLP 3 pJL1 + linkers constructs resulted in 

samples with little to no detectable lower molecular weight product related 

impurities. These constructs also resulted in dramatically improved titres; the VLP 

1 pJL1 + linkers construct produced at least 4.0 times as much product as the 

original construct and the VLP 3 pJL1 + linkers construct produced at least 3.4 

times as much. The particles from the VLP 1 pJL1 + linkers and VLP 3 pJL1 + 

linkers constructs were very inconsistent; some particles were symmetrical, and 

some were aggregated or only partially formed. This is likely the due to the removal 

of the arginine-rich region. Based on the results from the three modified constructs 

above, the next iteration on the VLP 1 and VLP 3 constructs would be the VLP 1 

pJL1 + linkers and VLP 3 pJL1 + linkers constructs with the arginine-rich region as 

originally designed. Theoretically, these constructs should have fewer assembly 

issues and they may also have fewer lower molecular weight product related 

impurities and increased titres.  
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Figure 6.10 Ammonium Sulphate Precipitation and TEM images of VLP 3 Variants 

CFPS reactions to produce VLP 3 variants were performed at 18°C. These reactions were centrifuged at 13000 rpm for 10 minutes. The supernatant was decanted and 
saved as the soluble fraction. The pellet was resuspended in renaturing buffer and saved as the insoluble fraction. The soluble fraction was then precipitated with 
ammonium sulphate. The resuspended precipitate was analysed via western blot with the [14E11] primary antibody and imaged under a TEM. These TEM images were 
taken by Ian Brown at the University of Kent. The black arrow indicates the full-length product. 
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Figure 6.11 Ammonium Sulphate Precipitation and TEM images of VLP 1 Variants 

CFPS reactions to produce VLP 1 variants were performed at 30°C. These reactions were centrifuged at 13000 rpm for 10 minutes. The supernatant was decanted and 
saved as the soluble fraction. The pellet was resuspended in renaturing buffer and saved as the insoluble fraction. The insoluble fraction was then precipitated with 
ammonium sulphate. The resuspended precipitate was analysed via western blot with the [14E11] primary antibody and imaged under a TEM. These TEM images were 
taken by Ian Brown at the University of Kent.  The black arrow indicates the full-length product.
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Figure 6.12 Densitometry and Dot Blot Analysis to determine titre for VLP 3 
variants 

Resuspended precipitate from the CFPS reactions producing VLP 3 variants were analysed using 
a densitometry reading of an SDS-PAGE analysis and a dot blot analysis for each sample. Two 
sets of reactions were performed (reaction 1 and reaction 2). Error bars represent plus or minus 
one standard deviation for n = 3 technical replicates, each represented as a single data point. 

 

 

 

Figure 6.13 Densitometry and Dot Blot Analysis to determine titre for VLP 1 
variants 

Resuspended precipitate from the CFPS reactions producing VLP 1 variants were analysed using 
a densitometry reading of an SDS-PAGE analysis and a dot blot analysis for each sample. Two 
sets of reactions were performed (reaction 1 and reaction 2). Error bars represent plus or minus 
one standard deviation for n = 3 technical replicates, each represented as a single data point. 
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Reaction 1      Reaction 2 

A) 

 

 

B) 

 

 

C) 

 

 

Figure 6.14 Densitometry and Dot Blot Analysis Images of VLP variants 

SDS-PAGE images (A) were analysed using ImageQuant software to determine the density of 
each band in each lanes. The SDS-PAGE images were aligned with the western blot images (B) 
to determine which band hand the full-length product. The density of that band within the lane 
was used to calculate titre from the Bradford assay results. Dot blot images (C) were analysed 
using ImageQuant software. The titre of the samples (shown on the right-hand side) were 
calculated based on the standard curve (left-hand side).  
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Table 6.1 Densitometry and Dot Blot Analysis to determine titre for VLP 3 variants 

 Densitometry 

Reaction 1 

(μg/mL) 

Densitometry 

Reaction 2 

(μg/mL) 

Dot Blot 

Reaction 1 

(μg/mL) 

Dot Blot 

Reaction 2 

(μg/mL) 

VLP 3 28.0 ± 0.9 30.9 ± 6.5 --* 24.5 ± 3.6 

VLP 3 pJL1 39.4 ± 3.6 73.8 ± 8.3 52.1 ± 2.9 119.8 ± 2.4 

VLP 3 pET28b 
no arg 

35.8 ± 3.2 69.7 ± 23.1 --* --* 

VLP 3 pJL1 + 
linkers 

95.1 ± 9.9 152.5 ± 4.6 124.8 ± 3.6 151.0 ± 8.5 

*these samples were below the threshold of detection 

 

Table 6.2 Densitometry and Dot Blot Analysis to determine titre for VLP 1 variants 

 Densitometry 

Reaction 1 

(μg/mL) 

Densitometry 

Reaction 2 

(μg/mL) 

Dot Blot 

Reaction 1 

(μg/mL) 

Dot Blot 

Reaction 2 

(μg/mL) 

VLP 1 14.6 ± 4.3 6.7 ± 1.0 17.6 ± 1.6 8.9 ± 1.5 

VLP 1 pJL1 25.9 ± 4.3 19.7 ± 2.8 43.6 ±2.7 34.3 ± 3.0 

VLP 1 pET28b 
no arg 

36.9 ± 2.1 27.4 ± 1.8 53.7 ± 2.0 97.3 ± 4.8 

VLP 1 pJL1 + 
linkers 

75.8 ± 4.7 51.0 ± 12.4 70.6 ± 1.6 76.8 ± 0.6 

 

6.5 Conclusion  

 Using the  CFPS manufacturing system in this project four tandem-core 

HBcAg VLP constructs were produced, including two universal influenza vaccine 

candidates, VLP 3 and VLP 1. By decreasing the temperature of the reactions 

producing VLP 3, the solubility of the product was improved. Decreasing the 

temperature in the reaction producing VLP 1 did not have the same effect – it 

remained insoluble. Particles in the expected ~40 nm diameter range were present 

in reactions producing VLP 3, although some aggregate material was also present. 

Reactions producing VLP 1 contained particle-like structures in the ~60 nm range 

that may not have formed properly due to steric effects. While the desired full-

length product was successfully produced, lower molecular weight product related 

impurities were also produced. By comparing reactions with and without protease 



Noelle A. Colant 2020 
 

 158 

inhibitor, examining the variations in western blots performed with different primary 

antibodies that correspond to different parts of the tandem-core VLP protein, and 

contrasting the western blot analyses to the accompanying SDS-PAGE analyses, 

it was determined that these impurities were not the result of protease cleavage. 

They are either partially transcribed or partially translated species. Further work 

quantifying mRNA, tRNA, and ribosomes will need to be done to establish whether 

this is an issue with transcription, translation, or both processes.  

Using the CFPS platform in this project, three variants on the two vaccine 

candidates were quickly expressed and analysed. As an attempt at decreasing the 

presence of product related impurities and improving titre, assembly, and solubility 

of the vaccine products, the constructs were modified with a plasmid backbone 

optimised for CFPS expression, the arginine rich region at the C-terminus of the 

construct was removed, and the linkers around the influenza A inserts were 

adjusted. As with the original constructs, the reactions producing VLP 3 variants 

contained particles in the expected size range and the reactions producing VLP 1 

variants contained larger aggregate species. It was determined that using an 

optimised plasmid backbone improves titres but does not impact lower molecular 

weight product related impurities. Removing the arginine-rich region may decrease 

the presence of lower molecular weight product related impurities but results in ill-

formed particles. Optimising the backbone, removing the arginine rich region, and 

adjusting the linkers significantly decreases the presence of lower molecular 

weight product related impurities and improves titres but does not result in 

consistently symmetrical particles. By expressing assembled tandem-core HBcAg 

VLPs in the CFPS system in this project and designing and expressing improved 

versions of those VLPs, it has been demonstrated that this CFPS system is not 

only capable of generating complex self-assembling products for vaccine 
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production, but it is a useful tool for iteration and improvement of vaccine product 

design.  
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7. Conclusions and Future Work 

7.1 Review of Project Objectives  

The overarching goal of this project was to establish a novel manufacturing 

system that could be used to produce self-assembling particles for vaccine and 

gene therapy applications in under a day. In line with achieving this goal, this 

project had three objectives: 1) develop an on-demand CFPS manufacturing 

system at UCL, 2) design a process development strategy for this manufacturing 

system, and 3) use the system to express vaccine and gene therapy products.  

A rapid, robust, and flexible E. coli-based CFPS platform was developed 

that consistently produced over 400 μg/mL superfolder green fluorescent protein 

(sfGFP) in 4 hours. This was achieved by thoroughly examining the three major 

components of the system: the cell extract, the concentrated reaction mixture, and 

the plasmid backbone. Five different E. coli strains for the cell extract were tested. 

Three strains, BL21-StarTM, ClearColi®, and SHuffle resulted in yields over 450 

μg/mL. The impact of IPTG-induction of the cells during growth was also 

investigated and it was determined that induced extracts did not require additional 

T7 RNA polymerase to achieve similar titres. Two concentrated reaction mixes 

were compared, and it was found that a more complex mixture that used glycolysis 

to regenerate ATP (the PANOxSP system) outperformed a more minimal mixture 

that used oxidative phosphorylation (the Cytomim system). While any plasmid with 

the gene of interest under the T7 promoter can be used in this CFPS system, 

shorter plasmid backbones optimised for CFPS resulted in higher titres than 

plasmid backbones designed for in vivo production. It was  also demonstrated that 

this system could be scaled up by volume over three orders of magnitude in deep 

well flower plates, shake flasks, T-75 flasks, and small-scale bioreactors.  
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Next, a process development strategy for this system was designed and it 

was validated with two model proteins, sfGFP and hepatitis B core antigen 

(HBcAg). sfGFP production was improved by 38% and HBcAg production by 

190%. This was achieved by investigating the impact on the reaction titre of the 

concentration of the plasmid, the amount of the cell extract, the pH of the 

concentrated reaction mix, the temperature of the reaction, and the length of the 

reaction. Using multivariate data analysis (MVDA), the parameters that were most 

critical for each product were determined. Then this model was validated using 

design of experiments (DoE) to increase titre. These findings resulted in the 

formation of a three-step process development strategy that can be completed in 

as little as 48 hours.  

Finally, this CFPS system was used to produce vaccine and gene therapy 

products to mimic personalised medicines. The three capsid proteins from adeno-

associated virus serotype 2, which can assemble to form AAV2 VLPs, were 

expressed. These VLPs can deliver genetic material and may be useful in the 

development of gene therapy products. All three capsid proteins, VP1, VP2, and 

VP3 with and without a 6x histidine tag were produced. The VLPs were not 

assembled in the CFPS reactions, but the proteins were purified with the 6x 

histidine tag using a Ni-NTA resin, although very little product remained in the 

elution fraction. Once the recovery from the resin is improved, the proteins can be 

combined, and the capsids can be assembled in vitro. This work may pave the way 

for CFPS as a platform for gene therapy and personalised medicines 

manufacturing.  

The tandem-core HBcAg VLPs developed as universal influenza vaccine 

candidates were also expressed because they self-assemble, they contain 

proteins from two different parent viruses, and they tend to aggregate when 
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expressed in vivo. The production of VLP 3, a tandem-core HBcAg VLP with three 

versions of the matrix 2 ectodomain (M2e) protein in its major insertion regions 

(MIRs), and VLP 1, which displays the haemagglutinin stalk protein (HA2) in one 

its MIRs and three versions of the M2e protein in the other was central to this 

project. While full-length product was produced for both tandem-core vaccine 

candidates, several lower molecular weight product related impurities were also 

produced. After determining that these impurities were not the result of proteases, 

the CFPS system was used to rapidly test new plasmid designs for both products. 

Three modified constructs were examined, one in which the original gene 

sequence was in a plasmid backbone optimised for CFPS, one in the original 

plasmid backbone with a gene sequence in which the arginine-rich region was 

removed to improve stability, and one in the plasmid backbone optimised for CFPS 

with the arginine-rich region removed and with more uniform peptide linkers around 

the influenza A inserts. It was determined that using the optimised plasmid 

backbone improved titres by 1.8 times over the original VLP 1 construct and 1.4 

times over the original VLP 3 construct and that titres were further increased with 

constructs in which the linker lengths were more consistent. However, any 

construct with the arginine-rich region removed did not result in consistently 

symmetrical particles. This work has shown that the CFPS system in this project 

can be used to rapidly express different modified constructs to improve the design 

of a biotherapeutic or vaccine. 

In summary, all three objectives have been achieved. While there are no 

doubt improvements that could be made to this system, this project has established 

a foundation for an E. coli-based CFPS system for on-demand production of 

personalised medicines. This will allow for a transition away from the traditional 
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“one-size-fits-all” mass production model to better accommodate novel stratified 

and personalised medicines. 

7.2 Recommendations for Future Work 

This doctoral project is part of the Future Targeted Healthcare 

Manufacturing (FTHM) Hub which was founded to investigate the manufacturing, 

business, and regulatory challenges that would need to be overcome in order to 

develop and produce new targeted biologic medicines in a quick and cost-effective 

manner. If this project were to be taken forward, then the challenges of using an 

E. coli-based CFPS system for on-demand production of personalised medicines 

should also be examined from manufacturing, business, and regulatory 

perspectives and improved accordingly (Figure 7.1).  
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Figure 7.1 Manufacturing, Business, and Regulatory Challenges for CFPS Production of Personalised Medicines
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7.2.1 Opportunities for CFPS in Biomanufacturing 

Before thoroughly examining the manufacturing, business, and regulatory 

challenges of an on-demand E. coli-based CFPS production system, it is important 

to acknowledge CFPS in the biopharmaceutical manufacturing space as a whole. 

Although CFPS first emerged in the 1960s, it has only been recognised as a 

system for biopharmaceutical manufacturing in the last decade. While it has its 

advantages, namely, quick and flexible reactions generating high titres, it also 

expensive, under-developed and a regulatory enigma. It is extremely unlikely that 

CFPS reactions will become common production processes any time soon. Nor 

should they. The traditional manufacturing approach has been studied and 

optimised for decades to mass produce biologics. There is no way that CFPS 

process could conceivably replace those manufacturing schemes. CFPS is better 

suited to small scale, rapid production processes. Therefore,  CFPS would be 

beneficial for the production of personalised medicines where very few doses need 

to be created. Quick and mobile production processes might also be helpful in 

disaster scenarios where the cold chain has been interrupted or in pandemic 

response; this was the intention behind the Bio-MOD device that uses a 

mammalian CFPS system (Adiga et al., 2018). Another potential use of this system 

is for clinical grade production material for characterisation studies or rapid 

screening of new pharmaceutical candidates, an application Swiftscale Biologics 

is just now bringing to the market (Biologics, 2020). As demonstrated in Chapters 

4 and 6, it is an excellent screening tool. A large variety of process conditions or 

molecule designs can be tested in a matter of hours, helping to shorten product 

development and process development timelines. CFPS is also a strong candidate 

for processes that are difficult in vivo like the production of membrane proteins, 

toxic proteins, and proteins with non-standard amino acids. The system developed 
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in this project was used to test a few such difficult-to-express proteins (see 

Appendix B). These applications may become even more widespread as 

eukaryotic CFPS systems are further developed, potentially allowing for a variety 

of post-translational modifications. 

7.2.2 Addressing Manufacturing Challenges  

 In this project, it was determined that an E. coli-based CFPS system could 

be used to rapidly express self-assembling products. However, this CFPS system 

is still a long way from being a complete on-demand personalised medicines 

manufacturing scheme. Two additional goals would need to be accomplished for 

that to happen: 1) use the CFPS system to express a personalised medicine 

product, and 2) incorporate the CFPS reaction (the upstream production process) 

with downstream purification processes for a complete on-demand process.  

The first goal could be achieved by expressing a personalised medicine 

product developed by another group. This sounds easy enough, but the product 

would need to be susceptible to the E. coli-based CFPS environment. Enveloped 

products or products that require advanced post-translational modifications would 

not be possible, although the system could be adjusted with IAM and DsbC for 

disulphide bond formation (Knapp et al., 2006). The first goal could also be 

achieved by designing a novel personalised medicine based on knowledge of self-

assembling systems obtained in this project. This novel product may be a delivery 

mechanism, similar to current viral vector therapies, that carries cargo to be 

delivered or it might be a display mechanism, where patient-specific proteins are 

presented on the outside of the particle. For a personalised medicine operating as 

a delivery mechanism, one potential candidate is the AAV2 capsid proteins 

expressed in Chapter 5. With an improved purification scheme, they could be 

isolated and then assembled around genetic material, perhaps a copy of the 
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RPE65 gene for the treatment of retinal dystrophy like Luxturna® or the SMN1 

gene for the treatment of spinal muscular atrophy like Zolgensma®. A potential 

personalised medicines candidate operating as a display mechanism could be a 

VLP product or an encapsulin derived-product that displays patient-specific 

antigens much like the tandem-core HBcAg VLPs display influenza A antigens in 

their MIRs (Rohovie et al., 2017, Diaz et al., 2020). These therapies may even be 

able to be modular, where the same self-assembling particle is used as a base to 

display a variety of other antigens that can be attached using click chemistry (Patel 

and Swartz, 2011).  

The second goal related to manufacturing, incorporating upstream 

production processes with downstream purification processes for a complete on-

demand process, could be achieved by designing a system with a fully integrated 

process like the one in the InSCyT system (Crowell et al., 2018). If ion-exchange 

chromatography is part of the system, this would require a robust understanding of 

the system’s proteasome and metabolism as well as the development of models 

to determine the proper column and buffer conditions for a given product. Luckily, 

some groups are already examining these areas and, because the same extract 

from the same bacterial strain could be used for multiple products, this work may 

result in a series of highly similar purification processes for a variety of products 

(Foshag et al., 2018, Miguez et al., 2019, Vecchiarello et al., 2019). The better the 

understanding of the system is, the more flexibility can be engineered into it. 

Chromatography with a resin column is currently the most common purification 

scheme used for large-scale virus and virus-like particle preparation, but 

alternative processes may come forward in the future, like monolith columns 

(Burden et al., 2012). Alternatively, because the CFPS reactions are open to the 

environment, products could be bound directly to the chromatography resin during 
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the reaction and then eluted to eliminate additional downstream processing steps. 

Once an appropriate downstream purification scheme is determined, more 

rigorous testing can be performed on the product of interest. Endotoxin levels could 

be analysed using a Limulus Amebocyte Lysate (LAL) assay to ensure minimal 

lipopolysaccharide (LPS) is present or nucleic acid content could be determined 

measuring the λ=260/280 nm absorbance ratio.  

7.2.2.1 Addressing Manufacturing Challenges Specific to Self-Assembling 

Particles 

While CFPS reactions have many advantages when it comes to self-

assembling particle production, like reactions that yield high titres in short time 

frames for rapid screening and open reactions that allowed for non-physiological 

reaction conditions for improved assembly, all expression systems for self-

assembling particles must address the challenges that arise when determining the 

appropriate methods for solubilising, purifying, quantifying, and characterising 

these particles. For tandem-core HBcAg VLPs, the lack of established processes 

makes these challenges even more difficult. Significant work would need to be 

done on all four processes if they are going to continue to be the model for this 

system. It is for that reason that reason that further work with these particular 

vaccine candidates is not recommended. It would be better to use a product that 

has already undergone extensive solubilisation, purification, quantification, and 

characterisation work, like the human papilloma virus VLP, the hepatitis B surface 

antigen VLP, the norovirus VLP or other modified hepatitis B core antigen VLPs 

that have fewer inserts and lack a 6x histidine tag.  

The 6x histidine tag contributes significantly to the solubilisation and 

purification issues with this product. When the particles assemble, the 6x histidine 

tag is not displayed on the outside so that it might be used for Ni-NTA column 
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chromatography. Instead, it sits inside the particle and interacts with other 6x 

histidine tag to stabilise the particle, making it nearly impossible to disassemble 

the particles and insoluble aggregates for purification as monomers (Schumacher 

et al., 2018). To better solubilise these proteins, the 6x histidine tag could be 

removed and larger peptide tags like maltose-binding protein (MBP), glutathione 

S-transferase (GST), thioredoxin (TrxA), DsbC, small ubiquitin-like modifier protein 

(SUMO), or N-utilisation substance A (NusA) could be incorporated (García-

Fruitós, 2015). This would prevent the assembly of the particles which may allow 

for purification using affinity chromatography. However, the tags would then need 

to be removed and the correct buffer conditions that result in maximum proper VLP 

assembly and minimum VLP-like aggregates would need to be determined. 

Additional steps like these are costly and may be difficult to incorporate into an on-

demand system.  

The VLPs could be purified using multiple column chromatography steps 

including affinity chromatography (if the tags are used as suggested above), SEC, 

IEX, and HIC (Ramirez et al., 2018). This would require the generation of a 

significant amount of VLP material to run optimisation studies. Because yields are 

relatively low, that material may need to be concentrated either before or after 

being run on a chromatography column. Several membranes were used 

throughout this project including the Vivaspin® Centrifugal Concentrators and 0.22 

µm Costar® Spin-x® centrifuge tube filters. Each time a substantial amount of 

material was lost (data not shown). It appears that the VLPs or VLP-like aggregates 

get stuck to the membranes. Several membranes would need to be tested before 

the VLPs could be concentrated effectively.  

 Dot blot analysis and SDS-PAGE densitometry analysis were used to 

quantify tandem-core HBcAg VLP titres. An ELISA would be a more accurate 
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method of quantification. Unfortunately, many of the ELISA kits for HBcAg 

detection that are commercially available use a primary antibody that binds to 

amino acids 70-80 in the HBcAg monomer. The tandem-core HBcAg constructs 

have been modified beginning at amino acid 77; that is where the influenza A 

inserts are located. Fortunately, there are other primary antibodies available that 

bind to different regions of HBcAg. Because the VLPs are assembled (or in some 

cases, partially assembled or aggregated), that may impact whether the antibodies 

are able to bind in certain areas. Several different antibodies would need to be 

tested for the creation of an in-house ELISA to most accurately determine the titre 

of the tandem-core HBcAg VLPs. 

Characterisation of the VLPs was done by TEM in this project. That would 

not be feasible in an on-demand manufacturing system. Miniaturised versions of 

processes like DLS or asymmetric flow field‐flow fractionation (AF4) might be used 

in the future if the material is homogenous enough after purification (Chaun et al., 

2008). If the tandem-core HBcAg VLP vaccine candidates were a transformative 

one-of-a-kind live-saving product that could not be made any other way, then 

perhaps it would be worth it to invest the money, time, and talent that would be 

needed to optimise these processes and produce these vaccine candidates. As it 

is, there are a variety of other universal influenza vaccine products that are further 

along in the development process. Twenty-two technologies have reached clinical 

trials, three of which are in Phase 3 clinical trials (Ostrowsky et al., 2020).  

7.2.2.2 Suggestions for Continued Work with Tandem-Core HBcAg VLPs and 

AAV2 VLPs  

Although several reasons why it will be difficult to work with the tandem-core 

HBcAg constructs going forward are detailed in the previous section, if another 

researcher were to undertake a continuation of the work in this thesis, I have a few 
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suggestions on where they might begin. I would recommend generating one more 

iteration of VLP 1 and VLP 3. These modified constructs would be the original 

sequence with the modified linkers (as in VLP 1 pJL1 + linkers and VLP 3 pJL1 + 

linkers) and the arginine-rich region in the pJL1 backbone. Based on the results in 

Chapter 6, I would anticipate that particle formation would be more symmetrical 

because the arginine-rich region is still present, but that there may be fewer lower 

molecular weight product related impurities because of the adjustments made to 

the linkers. If that does not prove to be true with the expression of these proposed 

constructs, then additional iterations on the vaccine candidates could be 

investigated. At that point, it is probably in the researcher’s best interest to remove 

the 6x histidine tag from the construct or replace the 6x histidine tag with another 

tag or protein. That may allow for the vaccine candidates to be purified as 

monomers and then assembled separately. It would also be wise to work primarily 

with VLP 3. In order to overcome the steric effects preventing proper assembly of 

VLP 1, the influenza inserts will need to be dramatically changed or potentially 

removed and until those issues are mitigated, VLP 1 will not assemble properly. 

For the AAV2 capsid proteins expressed in Chapter 5, I recommend 

developing a purification strategy for the capsid proteins. The capsid proteins with 

the 6x histidine tag bind to Ni-NTA resin in microcentrifuge tubes; this process 

could be transferred to a gravity flow column or an FPLC. Because the 6x histidine 

tags may impede capsid assembly, a purification strategy for the capsid proteins 

without the tag will also be necessary. As they are insoluble, the capsid proteins 

may be able to be precipitated, although as observed with the tandem-core HBcAg 

vaccine candidates, that will also precipitate several proteins present in the CFPS 

reaction. A variety of chromatography techniques including affinity 

chromatography, IEX, and HIC have been used to purify AAV2 viral vectors 
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(Adams et al., 2020). Perhaps one of these systems could be adapted for the 

purification of the AAV2 capsid proteins. It might also be beneficial to investigate 

other tags, particularly tags that improve solubility of the protein as the capsid 

proteins are largely insoluble. Once the capsid proteins can be purified, the 

protocol from Le et al. 2018 could be applied to better solubilise them and 

assemble them into particles (Le et al., 2019). If AAV proteins produced via CFPS 

can be assembled into VLPs, that would be an important contribution to this field 

of research as similar multi-protein assemblies have not yet been generated using 

CFPS systems. 

For both the tandem-core HBcAg vaccine candidates and the AAV2 capsid 

proteins, once the product is in a state where it can be produced consistently and 

forms symmetrical particles, I would recommend applying the process 

development strategy from Chapter 4 to improve titres.  
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Figure 7.2 Challenges Specific to Self-Assembling Particle Production 
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7.2.3 Addressing Business Challenges 

 From a business perspective, for CFPS to be a lucrative manufacturing 

scheme in comparison to a traditional CHO manufacturing process, the cost of 

goods per reaction would need to be cut in half (Stamatis, 2020). There are already 

several changes verified by other research groups that could be used to drive down 

the cost of the CFPS. One of the most common is generating T7 RNA polymerase 

in-house rather than purchasing it. This could be done by transforming a plasmid 

expressing T7 RNA polymerase into an E. coli expression strain, purifying it, and 

adding it into the reaction (Failmezger et al., 2017). The plasmid for the T7 RNA 

polymerase could also be added directly to the CFPS reaction, although co-

expression may be dependent on the product being expressed and may not be as 

consistent as adding in a set amount of T7 RNA polymerase (Caschera and 

Noireaux, 2015b). Another strategy would be to reduce the cost of the concentrated 

reaction mixture by adding in maltose to sustain the reaction and prevent the 

accumulation of inhibiting inorganic phosphate (Caschera and Noireaux, 2014). 

Alternative energy sources that are not as expensive as PEP could also be 

examined. DNA plasmid preparation is another a time consuming and expensive 

process necessary for CFPS reactions. It might be possible to recycle plasmids by 

labelling them with magnetic beads (Lee et al., 2012). Costs could also be 

decreased by finding ways to reduce the number of unit operations needed. For 

example, endotoxin removal is a necessary step in manufacturing schemes that 

employ microbial fermentation. When endotoxins, most notably lipopolysaccharide 

(LPS), are present even in small amount in the human blood stream, they illicit a 

strong innate immune response; at higher concentrations they can result in septic 

shock (Sampath, 2018). By using strains like ClearColi® (DE3) that have a 

modified LPS to prevent the formation of endotoxins to begin with, that step can 
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be circumvented. Using continuous culture to produce cell extracts could bring 

down costs and reduce batch-to-batch variation as well. Costs might also be 

reduced by outsourcing the extract preparation process so that one company was 

producing extract for several companies that were generating products via CFPS, 

ultimately allowing all companies involved to capitalise on economies of scale 

(Melinek et al., 2020).  

7.2.4 Addressing Regulatory Challenges 

 There is still a great deal of ambiguity around what will be required of a 

CFPS manufacturing scheme for it to meet regulatory guidelines. As Sutro 

Biopharma Inc. accelerates their products into clinical trials, the desired 

specifications will hopefully become clear to others operating in the CFPS space. 

Regardless of the exact specifications, improving consistency and quality of 

material will be advantageous. First and foremost, robust and regularly updated 

standard operating procedures need to be developed for all steps of the process, 

including cell extract preparation, concentrated reaction mixture preparation, 

amino acid solutions preparation, T7 RNA polymerase preparation, and DNA 

plasmid preparation. Other groups have optimised the length of cell growth and 

length of induction to improve extract quality (Dopp and Reuel, 2018). Examining 

the lysis and centrifugation conditions to remove the membranes and the large 

proteins that tend to aggregate with self-assembling particles might also result in 

improved cell extracts. Additionally, there have been recommendations on how 

best to prepare the amino acids solutions and concentrated reaction mixture for 

consistent performance (Caschera and Noireaux, 2015b, Dopp et al., 2019a). 

Based on the work with the HBcAg protein in a pET-Duet-1 backbone performed 

in this project, optimising the concentration of IPTG in the reaction may also help 

to boost titres when certain plasmid backbones are being used. Introducing PCR 
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clean up kits alongside plasmid preparation kits would result in DNA plasmids of 

higher purity (Strychalski and Romantseva, 2020). In addition to improving reagent 

consistency, improving process consistency by automating the reaction using a 

robotic system like the Tecan liquid handing system could reduce variability and 

operating time (Quast et al., 2015, Caschera et al., 2011).  

Consistency will also result from a better understanding of the biological 

processes happening in CFPS systems. At present, the consistency of the cell 

extract is tested by using that extract to generate sfGFP and comparing the titres 

to previous reactions with other batches of extract. Similar tests could be done on 

new batches of concentrated reaction mixture, amino acids solutions, and T7 RNA 

polymerase. Ideally, the limiting factors in the system would be known and whether 

they are related to transcription, translation, or are product dependent could be 

determined. There are techniques available now that could help expand this 

knowledge: RT-qPCR to quantify mRNA, RNA-Seq to determine the length of 

mRNA transcripts, or ribosome labelling to better understand where the ribosomes 

are in the system. However, these processes require analysis after the reaction 

has already been completed. It would be much more informative if these 

components as well as tRNAs, elongation factors, initiation factors, and 

polymerases could be monitored inline. If that were possible, one could imagine a 

system where one of the essential components in transcription or translation is 

depleted over the course of the reaction and then added in later on – a sort of 

hybrid system between the crude lysate and PURE platforms. This could also allow 

for the  codon-optimisation of gene sequences for this particular CFPS system and 

its limitations.   
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9. Appendix A: Protein Sequences and Plasmid Backbones 

9.1 Hepatitis B Core Antigen Sequence 

5’-MDIDPYKEFGATVELLSFLPSDFFPSVRDLLDNASALYREALESPEHCSPHHT 
ALRQAILCWGELMTLATWVGGNLEDPISRDLVVSYVNTNMGLKFRQLLWFHISC
LTFGRETVIEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRRRGRSPRRRTPS
PRRRRSQSPRRRRSQSRESQC-3’ 
 

9.2 Tandem-Core K1K1 VLP Sequence 

The lysine found in the MIRs are shown in bold:  

 

5’-MDIDPYKEFGATVELLSFLPSDFFPSVRDLLDTASALYREALESPEHCSPHHT 

ALRQAILCWGELMTLATWVGNNLEGSGSGSGGGKGGGSGSSGRDPASRDLV

VNYVNTNMGLKIRQLLWFHISCLTFGRETVLEYLVSFGVWIRTPPAYRPPNAPIL

STLPETTVVGGSSGGSGGSGGSGGSGGSGGSTMDIDPYKEFGATVELLSFLPS

DFFPSVRDLLDTASALYREALESPEHCSPHHTALRQAILCWGELMTLATWVGN

NLEFGSGSGGGKGGGSGSASDPASRDLVVNYVNTNMGLKIRQLLWFHISCLTF

GRETVLEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRRRDRGRSPRRRTPS

PRRRRSQSPRRRRSQSRESQC-3’ 

 

9.3 Tandem-Core IAV Vaccine Candidate Sequence and Annotated Modified 

Constructs 
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VLP 3 Original Protein Sequence: 
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VLP 3 No Arginine Region Protein Sequence: 
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VLP 3 No Arginine Region and Linkers of Simliar Lengths Protein Sequence: 
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VLP 1 Original Protein Sequence:
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VLP 1 No Arginine Region Protein Sequence: 
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VLP 1 No Ariginine Region and Linkers of Similar Lengths Protein Sequence: 
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9.4 Adeno-Associated Capsid Protein Sequences 

6x histidine tags are showed in parentheses. 

VP1 

5’-M(HHHHHH)LVPRGSAADGYLPDWLEDTLSEGIRQWWKLKPGPPPPKPAER 
HKDDSRGLVLPGYKYLGPFNGLDKGEPVNEADAAALEHDKAYDRQLDSGDNP
YLKYNHADAEFQERLKEDTSFGGNLGRAVFQAKKRVLEPLGLVEEPVKTAPGK
KRPVEHSPVEPDSSSGTGKAGQQPARKRLNFGQTGDADSVPDPQPLGQPPAA
PSGLGTNTMATGSGAPMADNNEGADGVGNSSGNWHCDSTWMGDRVITTSTR
TWALPTYNNHLYKQISSQSGASNDNHYFGYSTPWGYFDFNRFHCHFSPRDWQ
RLINNNWGFRPKRLNFKLFNIQVKEVTQNDGTTTIANNLTSTVQVFTDSEYQLPY
VLGSAHQGCLPPFPADVFMVPQYGYLTLNNGSQAVGRSSFYCLEYFPSQMLR
TGNNFTFSYTFEDVPFHSSYAHSQSLDRLMNPLIDQYLYYLSRTNTPSGTTTQS
RLQFSQAGASDIRDQSRNWLPGPCYRQQRVSKTSADNNNSEYSWTGATKYHL
NGRDSLVNPGPAMASHKDDEEKFFPQSGVLIFGKQGSEKTNVDIEKVMITDEEE
IRTTNPVATEQYGSVSTNLQRGNRQAATADVNTQGVLPGMVWQDRDVYLQGP
IWAKIPHTDGHFHPSPLMGGFGLKHPPPQILIKNTPVPANPSTTFSAAKFASFITQ
YSTGQVSVEIEWELQKENSKRWNPEIQYTSNYNKSVNVDFTVDTNGVYSEPRP
IGTRYLTRNL-3’ 
 
VP2  

5’-M(HHHHHH)LVPRGSAPGKKRPVEHSPVEPDSSSGTGKAGQQPARKRLNFG 
QTGDADSVPDPQPLGQPPAAPSGLGTNTMATGSGAPMADNNEGADGVGNSS
GNWHCDSTWMGDRVITTSTRTWALPTYNNHLYKQISSQSGASNDNHYFGYST
PWGYFDFNRFHCHFSPRDWQRLINNNWGFRPKRLNFKLFNIQVKEVTQNDGT
TTIANNLTSTVQVFTDSEYQLPYVLGSAHQGCLPPFPADVFMVPQYGYLTLNNG
SQAVGRSSFYCLEYFPSQMLRTGNNFTFSYTFEDVPFHSSYAHSQSLDRLMNP
LIDQYLYYLSRTNTPSGTTTQSRLQFSQAGASDIRDQSRNWLPGPCYRQQRVS
KTSADNNNSEYSWTGATKYHLNGRDSLVNPGPAMASHKDDEEKFFPQSGVLIF
GKQGSEKTNVDIEKVMITDEEEIRTTNPVATEQYGSVSTNLQRGNRQAATADVN
TQGVLPGMVWQDRDVYLQGPIWAKIPHTDGHFHPSPLMGGFGLKHPPPQILIK
NTPVPANPSTTFSAAKFASFITQYSTGQVSVEIEWELQKENSKRWNPEIQYTSN
YNKSVNVDFTVDTNGVYSEPRPIGTRYLTRNL-3’ 
 
VP3 

5’-M(HHHHHH)LVPRGSATGSGAPMADNNEGADGVGNSSGNWHCDSTWMGD 
RVITTSTRTWALPTYNNHLYKQISSQSGASNDNHYFGYSTPWGYFDFNRFHCH
FSPRDWQRLINNNWGFRPKRLNFKLFNIQVKEVTQNDGTTTIANNLTSTVQVFT
DSEYQLPYVLGSAHQGCLPPFPADVFMVPQYGYLTLNNGSQAVGRSSFYCLEY
FPSQMLRTGNNFTFSYTFEDVPFHSSYAHSQSLDRLMNPLIDQYLYYLSRTNTP
SGTTTQSRLQFSQAGASDIRDQSRNWLPGPCYRQQRVSKTSADNNNSEYSWT
GATKYHLNGRDSLVNPGPAMASHKDDEEKFFPQSGVLIFGKQGSEKTNVDIEK
VMITDEEEIRTTNPVATEQYGSVSTNLQRGNRQAATADVNTQGVLPGMVWQD
RDVYLQGPIWAKIPHTDGHFHPSPLMGGFGLKHPPPQILIKNTPVPANPSTTFSA
AKFASFITQYSTGQVSVEIEWELQKENSKRWNPEIQYTSNYNKSVNVDFTVDTN
GVYSEPRPIGTRYLTRNL-3’ 
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9.5 Plasmid Backbones 

pJL1 backbone (optimised for CFPS) 
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pET28b backbone (in vivo expression plasmid) 
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10. Appendix B: Using CFPS to Produce “Difficult-to-Express” Products 

10.1 CFPS for Expression of a Cold Environment Lipase  

 CFPS was used to express a 35 kDa lipase isolated from the Tara Oceans 

Database that is believed to have originated from cold-adapted bacteria found in 

the Antarctic ocean environment (Pesant et al., 2015). The lipase has been difficult 

to express under normal protein production conditions because its exact origins 

are unknown. Researchers in the UCL Biochemical Engineering department are 

modifying traditional expression platforms and exploring a variety of ways to 

produce this protein including increasing the salt concentration and decreasing the 

expression temperature based on similar work with other cold-adapted enzymes 

(Bjerga et al., 2016).  

The CFPS system was used to test two expression temperatures, 10°C and 

15°C, and to observe the differences between systems with high concentrations of 

IPTG and T7 RNA polymerase (IPTG-induced BL21-StarTM (DE3) cell extract) and 

low concentrations of IPTG and T7 RNA polymerase (non-induced BL21-StarTM 

cell extract). The reaction and the analysis were completed in less than a single 

working day. It was determined that more soluble protein was expressed in the 

non-induced BL21-StarTM cell extracts than the induced BL21-StarTM cell extracts 

and that this was true at both temperatures. This suggests that high concentrations 

of IPTG may be inhibiting production and that its concentration may need to be 

reduced in vivo for better expression. However, the control plasmid also shows 

expression at a similar molecular weight, suggesting that this is a host cell protein 

being expressed rather than the lipase.  
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Figure 10.1 SDS-PAGE of CFPS Reactions for Cold Environment Lipase 

Two different plasmids were tested in CFPS reactions, one for the 35 kDa cold environment 
lipase (E) and one for a “control” – the pET28a(+) plasmid without the lipase (C). They were 
tested in both BL21 StarTM induced (+IPTG) and non-induced (-IPTG) extracts at 10°C and 15°C.  

 

10.2 CFPS of IgG-Specific Endoglycosidase  

CFPS was used to express a 98 kDa endoglycosidase from Streptococcus 

pyogenes serotype M49 referred to as Endo-S2. Endo-S2 has been used 

previously for de-glycosylation of heterogeneous N-glycans to allow for more 

homogenous glycosylation patterns in IgG antibody products (Li et al., 2018). 

Three extracts were used: BL21-StarTM (DE3) that was induced with IPTG, non-

induced BL21-StarTM (DE3), and IPTG-induced SHuffle T7. To promote disulphide 

bond formation, DsbC was added to a reaction using the IPTG-induced BL21-

StarTM (DE3) extract that had been pre-treated with iodoacetamide. The protein 

was expressed in all reactions except the one containing DsbC. The lack of 

expression could be a result of incompatibilities between the buffers used for 

plasmid preparation and the buffer used to store the DsbC. Regardless, expression 

of Endo-S2 has now been demonstrated in a CFPS system.  
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Figure 10.2 Western blot of ENDO-S2 CFPS Reactions  

A plasmid expressing Endo-S2 with Strep-tag (98 kDa) was tested with BL21-StarTM 
extract that was either IPTG-induced (+IPTG) or non-induced (-IPTG) as well as an 
IPTG-induced SHuffle T7 extract. A reaction with DsbC was also performed.  

 

10.3 FujiFilm Diosynth Biotechnologies User Feasibility Study 

As part of a User Feasibility Study (UFS) for the FTHM Hub, the CFPS 

system developed in this doctoral project was transferred to FujiFilm Diosynth 

Biotechnologies UK Ltd. (FDB). The materials provided by UCL researchers for 

this UFS included: rTurbo GFP for standard curve preparation, noninduced BL21-

StarTM cell extract, complex concentrated reaction mix, 50 mM amino acid solution 

(no methionine), 75 mM methionine solution, nuclease free water, and an aliquot 

of the pJL1 plasmid containing sfGFP. The reactions were performed in deep well 

flower plates at a volume of 1 mL. Samples were taken at 4 hours and 24 hours. 

The system was successful in synthesising sfGFP at levels previously observed at 

UCL (Figure 10.3).  
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Figure 10.3 CFPS Reactions for FDB UFS  

A noninduced BL21 StarTM (DE3) extract was combined with the concentrated reaction mixture 

based on the protocol by Kwon and Jewett (2015), additional T7 RNA polymerase, and the pJL1 

plasmid expressing sfGFP. Samples were taken at 4 hours and 24 hours. Error bars represent plus 

or minus one standard deviation for n = 3 biological replicates. 

 

Next, plasmids for difficult-to-express products prepared by researchers at 

FDB were tested in the reaction. No expression was detected (data not shown). 

There were three possible reasons that the difficult-to-express products were not 

synthesised in the CFPS reaction: 1) they were expressed but at a very low level 

because they are difficult-to-express, 2) the plasmid backbone used by FDB (not 

disclosed) is not compatible with the CFPS system, 3) the plasmid preparation 

methods used by FDB is not compatible with the CFPS system.  

A researcher at FDB prepared a plasmid expressing sfGFP in the plasmid 

backbone used by FDB, tested it in the CFPS system, and could not detect any 

expression. This would indicate that the issue was most likely with the plasmid 

backbone or the plasmid preparation, rather than the product itself.  
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The sfGFP plasmid in the FDB backbone was transferred to UCL. It was 

transformed into JM109 cells and prepared using the Qiaprep Spin Miniprep Kit. 

When that plasmid was used in the CFPS reaction, sfGFP was expressed (Figure 

10.4). This would indicate that the plasmid preparation technique used by FDB is 

not compatible with the CFPS system. The researchers at FDB prepared their 

plasmid onsite at FDB using Qiaprep Spin Miniprep Kit and re-eluted the previously 

prepared plasmid in a Qiaprep Spin Miniprep Kit Qiaspin column. When these 

plasmids were used in CFPS reactions, a green colour was visible. The exact 

reason for this incompatibility remains to be elucidated but this UFS has made 

evident the importance of the plasmid production process, an as of yet little studied 

area. It is possible that minor modification to the FDB plasmid preparation process, 

like a PCR clean up kit or a different elution buffer, could mitigate these 

incompatibilities and result in expression of the products designed by FDB.  
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Figure 10.4 Comparing Plasmids Prepared at FDB and UCL  

A noninduced BL21 StarTM (DE3) extract was combined with the concentrated reaction mixture 

based on the protocol by Kwon and Jewett (2015), additional T7 RNA polymerase, and either the 

plasmid expressing sfGFP in the backbone designed by FDB (FDB plasmid) or the pJL1 plasmid 

expressing sfGFP (UCL plasmid). The plasmids were either prepared at FDB (FDB prep) or at UCL 

(UCL prep). Samples were taken at 4 hours. Error bars represent plus or minus one standard 

deviation for n = 2 technical replicates for all samples except the one with the FDB plasmid prepared 

at UCL which has n = 4 technical replicates from 2 biological replicates. 

 


