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Abstract

Humans are starting to explore extreme environments such as space due to
advancements in Science and Technology. Although current manned missions have
involved short-durations with emergency supply or return to earth, future long-
duration space travel will not have this luxury. Moreover, 87% of current spaceflight
medications have a limited shelf-life of less than 2 years. Therefore, there is a severely
limited capacity to supply a pharmacy for human exploration of Mars, which is a
combined goal of 15 space agencies in the next decade. This research project, under
the theme “astropharmacy’, aims to address this challenge through on-demand and

on-site synthesis of biopharmaceuticals.

The increasing share of biologics in the pharmaceutical market can be attributed to
their therapeutic abilities against challenging targets, but they are conventionally
produced in centralized, large-scale facilities using living cells, and typically require
cold chain storage and transportation. This severely limits their applicability in low-
resource and extreme environments, where a largely untreated human population
are present. A platform based on cell-free protein synthesis (CFPS) technology is
capable of surpassing many limitations of cell-based expression and is the system of

choice for the astropharmacy vision in this thesis.

This thesis begins by describing the development and optimisation of an in-house
CFPS system, which was optimised for high-level protein production, using
chromogenic reporter superfolder green fluorescent protein (sfGFP) as a model. Next,
the system was benchmarked against commercial systems such as the NEB
PURExpress and Promega E.coli S30A extract system for circular DNA, with sfGFP
yields increasing and surpassing commercial systems and others reported in
literature. The sfGFP yield improvements are seen from 0.8 mg/mL in experiments
described in the initial chapter to > 5 mg/mL in that of the final chapters.

Experimentation with freeze-drying, microglassification™ and cellulose stacks were
carried out in order to explore platforms with ease-of-storage and distribution.
Lyophilised pellets and cellulose stacks were two main approaches that met some
astropharmacy goals. The latter platform was composed of lyophilised CFPS
components on cellulose discs, which were layered and rehydrated to kickstart
protein synthesis. Such paper-encompassed reactions were shown to be capable of
robust expression after drying, and the system can be modulated by simply changing
the DNA element.
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To further address the gap in our knowledge of storing and transporting active CFPS
compounds for longer periods of time, stability studies were conducted. This was
particularly important for VITA (Visualising In-situ Tx-T1 Astropharmaceuticals); a
student payload being developed with the European Space Agency. VITA aims to
become Nottingham'’s first astropharmacy technology demonstration mission on the
International Space Station. The thesis finishes with a short, but final note on
producing therapeutic proteins-of-interest using the developed platform, along with
ideas and initial experiments for in situ purification. As this research progresses,
numerous applications in healthcare for space and Earth, such as elimination of

transport and provision in extreme environments, are hoped to be realized.

Keywords: Cell-free protein synthesis; on-demand biomanufacturing; protein
therapeutics; freeze-drying; sfGFP reporter; stability testing; protein purification;

quality control
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Chapter 1 Introduction

1.1 Astropharmacy and Astromedicine

1.1.1 Humans in extreme environments

Extreme environments can be defined as hostile or harsh natural areas that typically
do not support life (Rothschild and Mancinelli, 2001). Most life is present on Earth’s
superficial layers — deeper parts of the oceans do not receive sunlight and is highly
pressurized. On land, extreme environments such as frozen, arid deserts and other
latitudinal and topographical variations in temperature, water and nutrient
availability make it difficult for species survival. A remarkable class of organisms,
known as extremophiles, are perhaps the most complex capable of surviving and

thriving in such extreme environments (Rampelotto, 2013).

Although human beings are adaptable organisms, survival is significantly low in
extreme environments. This is attributed to the high complexity of the human body
in comparison to relatively simpler microscopic extremophiles. Nevertheless,
advancements in science and technology have improved our tolerance and made
exploration of these areas, a reality (Piantadosi, 2003). Space is perhaps the most
extreme environment that humans have ever faced. In the 1960s, the Apollo program
marked the farthest and most extreme point humans have ever been from Earth — the
far side of the Moon. Other advances include the International Space Station (ISS), an
artificial research satellite in low earth orbit, launched on the 20t of November 1998
(NASA, 2018). The ISS is still in orbit with astronauts working onboard, contributing
heavily to our scientific, geological and medical knowledge on Earth. Space
exploration has advanced further in the 21¢ century; NASA (National Aeronautics
and Space Agency, United States) and other agencies have already sent orbiters and
landed rovers (“the Curiosity Rover”) for the surface exploration of Mars. Human
exploration of Mars is now the combined long-term goal of 15 space agencies around
the world (ISECG, 2018).

1.1.1.a Physiological effects of space travel on the human body

Although commercial spaceflight/tourism is emerging, current space missions are
only embarked by well-trained, professional astronauts. Applicants undergo a strict
‘Psychological and Medical selection process’, ensuring that they possess minimum
health requirements for enduring the physiological effects related to space

exploration (Johnston et al., 2014). ‘Space Medicine’ or ‘Astromedicine’ is a field of
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science that aims to deliver healthcare to humans travelling to space, the need for
which will increase considerably with more manned deep-space missions. Medical
standards are classified based on the traveller and the type of spaceflight — Suborbital,
Low Earth Orbit (LEO) and Exploration class missions. Suborbital flights are short
journeys that do not complete one full orbit around the Earth (e.g. Virgin Galactic
Unity flights). The ISS is in LEO, 250 miles above the Earth’s surface. Lastly,
Exploration class missions involve long-duration space travel through deep space
(e.g. Mars) (Hodkinson et al., 2017).

The group of symptoms observed by most astronauts within the initial three days in
space are termed as the Space Adaptation Syndrome. This is primarily due to the
body’s response to microgravity (feeling of weightlessness). Most common
symptoms include headaches, illusion, vertigo, nausea and disorientation
(Hodkinson et al., 2017). More complex bodily changes are observed in longer
duration missions. A frequent complaint among US astronauts was sleep disturbance
— sleep inducers such as zolpidem were the most used medications on the ISS

followed by pain, congestion and allergy medications (Wotring, 2015).

Exposure to radiation is the number one concern for long-duration space travel;
ionising radiation (IR) causes ionisation of atoms in molecules such as DNA, leading
to cell damage and disrepair Galactic cosmic radiation (GCR) and solar particle
events (SPEs) are the main sources of radiation in outer space (Hodkinson et al., 2017).
At the cellular level, IR causes damage through direct and indirect effects. Direct
effects involve DNA damage caused by breakage of the phosphate-sugar backbone
and/or chemical bonds within base pairs. Exposed cells try to repair the damage or
otherwise undergo apoptosis, if irreversible. DNA is a crucial yet small part of the
cell, therefore, the probability of direct IR exposure is also low. Other components
like water, however, form a major part of cellular volume. IR causes disassociation of
water molecules thereby releasing free radicals such as O:*, O2*?, *OH, and OH-
(Desouky et al., 2015). These radicals are called reactive oxygen species (ROS) and
they cause indirect damage by oxidizing biomolecules, leading to oxidative stress.
The unstable unpaired electron in ROS readily interacts with biomolecules such as
proteins, lipids, RNA and DNA leading to their breakdown. Further caspase
activation, mitochondrial dysfunction and activation of cytokines (Interleukin 1/8,
Tumour Necrosis Factor-a) lead to inflammation and result in apoptosis (Bai et al.,
2018).

In addition to the above, various other organ system-level changes take place in the
human body in space, collectively summarised in Figure 1.1. Redistribution of fluid
to the upper body is immediately recognisable in astronauts aboard the ISS (“puffy

face” syndrome). In microgravity, the sensory systems register and adapt to the new



space environment, causing temporary disorientation. But the body again
experiences changes upon re-entry, whether it be Earth or Mars, which can often be
more dangerous (Hodkinson et al., 2017).

Effects of space flight on human body:
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Figure 1.1: Effects of spaceflight on the human body, caused by exposure to radiation and/or microgravity.
Adapted from Hodkinson et al., 2017), copyright Daniels and Daniels.

1.1.2 Why astropharmacy?

Medications for common ailments were carried on spaceflights for astronaut use on
all previous manned missions. More number of medications are being provided to
the ISS in recent years; medical kits on the ISS contained 78 medicines in 2014,
whereas 107 medicines were available in 2017 (Eyal and Derendorf, 2019). This is due
to increased research, newer treatments and drugs approved by the Food and Drug
Administration (FDA). 87% of medicines supplied to the ISS have a shelf-life of less
than 2 years (Blue et al., 2019). On that account, we have a severely limited ability to



supply an ‘Astropharmacy” (pharmacy for space) for missions lasting more than 2

years.

All previous crewed spaceflight involved short durations with the safety net of
emergency return to earth or resupply of food, oxygen, fuel, and medicine. Crew
living and working aboard the ISS have an on-call doctor (practice termed
‘telemedicine’). However, long distance space travel will mean moving further afield.
Mars, the next target for a manned mission, is between 34 million and 240 million
miles from Earth, in which case, telemedicine may not be feasible due to shuttle-Earth
communication lag time. Astronauts will also have limited resources to take from
Earth to sustain for a longer period of time (Hodkinson et al., 2017). Furthermore,
astronauts will have to endure exposure to extreme environments; in which all
adverse events are unlikely to be predicted in advance. Therefore, it will be highly
beneficial to develop a technology that will allow on-site production of therapeutics

as and when needed.

In addition to outer space, there are humans living and working in numerous other
extreme environments on Earth. The development of an on-site production system
would be beneficial for conducting long duration expeditions to such places (e.g.
research camps in Antarctica, submarine missions). Even today, particularly in rural
areas, some communities do not receive a regular supply of therapeutics that require
cold chain supply. Controlling the temperature during transport of temperature-
sensitive products is important to preserve the integrity of the cargo. The cold chain
logistics industry has boomed in the past decade primarily due to the demand for
transport of insulin and vaccines. Together with rapid arrival of biologics on the
market, cold chain for biopharma alone will be worth $21.3 billion by 2024 (Shelley,
2022). With the advent of on-site production, cold chain may no longer be required
to maintain integrity of biologics. This new avenue may potentially save the

phenomenal amounts of energy consumed and the effects on the environment.

Conventionally, cells of many species (bacteria, yeast, insect and human) are used on
Earth for the production of proteins through the recombinant protein technology
(Fothergill-Gilmore, 1993). With the appropriate DNA input, such as plasmid
containing the gene of interest, cells can be programmed to synthesize proteins of
interest. The protein production pipeline, consisting of the above process, typically
takes place in a laboratory. One way of synthesising therapeutics on-site is to adapt
protein synthesis to take place outside the lab in a said environment. This new
approach, with many advantages over cell-based recombinant protein expression, is
termed cell-free protein synthesis (CFPS) and is the core technology that is researched

in this project.



1.2 Cell-free protein synthesis

1.2.1 An introduction to protein synthesis

Proteins are a complex class of biomolecules that are essential to life. They contain a
defined sequence of amino acids folded in specific 3-dimensional conformations that
allow interactions with other biomolecules. Proteins play crucial roles inside cells, not
limited to enzymes, switches, channels, receptors and signal molecules (Berg JM,
2002a). Biosynthesis of proteins is a common process in prokaryotes and eukaryotes;
however, the more complex nature of eukaryotes gives rise to some key differences
in the way proteins are made, changed, and processed. According to central dogma,
a gene is first transcribed to messenger RNA by RNA polymerases, then translated
into proteins, catalysed by ribosomes (Arnstein, 1965, Crick, 1970a). Both
transcription and translation have three main steps, namely initiation, elongation,
and termination, as summarised in Figure 1.1 below. Transcription initiation takes
place when the RNA polymerase and transcription factors bind to the promoter
region of the DNA (e.g. T7 promoter). During elongation, the polymerase moves
along the DNA strand, unwinding the double helix and synthesizing a
complementary RNA strand using a single DNA strand as template. Transcription
continues until the RNA polymerase reaches a termination signal in the DNA (e.g. T7
terminator) following which the polymerase detaches and releases the synthesized
RNA molecule. Transcription takes place in the nucleus in eukaryotic cells and

translation takes place in the cytoplasm in both prokaryotic and eukaryotic cells.
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Figure 1.2: Illustration of transcription and translation and the various cellular machinery required.
The central dogma of molecular biology involves transcription of a DNA template (double stranded; black) by the
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enzyme RNA polymerase. The resulting single stranded RNA molecule (brown) is translated by a ribosome-rRNA-
tRNA complex.

Translation is initiated when the ribosome, complexed with the starting tRNA and
initiation factors, binds to the mRNA molecule at the start codon (typically AUG).
During elongation, the ribosome complex moves along the codons sequentially, and
as each codon is read, the corresponding amino acid is brought to the ribosome by
corresponding tRNAs. Peptide bonds form between neighbouring amino acids,
forming the polypeptide chain. This continues until the ribosome encounters a stop
codon (typically UAA, UAG, or UGA) on the mRNA molecule. The polypeptide

chain is released as the complex dissociates and translation is terminated.

In eukaryotic cells, there are additional steps for processing mRNA (e.g. splicing, 5’
cap and PolyA tail). Prokaryotic cells have limited post-translational modifications,
whereas, more complex modifications are present in eukaryotes (e.g. glycosylation,
phosphorylation, acetylation, ubiquitination) (Berg JM, 2002b). Due to these
differences, choice of organism is an important determinant in the intended
application for synthesised protein (Brondyk, 2009). The four most common
expression systems are based on bacterial (prokaryotic), yeast, insect, and
mammalian (eukaryotic) cell types. By culturing cells with modified DNA templates,
recombinant protein technology has allowed production of pure proteins in large
quantities for commercial purposes (Fothergill-Gilmore, 1993). However, a new
method of producing proteins, called cell-free protein synthesis is being used, due to

its various advantages discussed below.

1.2.2 Fundamentals of cell-free protein synthesis

Cell free protein synthesis (CFPS) refers to the in vitro production of proteins using
molecular machinery derived from cellular extracts. These cellular extracts (derived
from prokaryotic or eukaryotic sources) contain most biomolecules that are required
for translation of exogenic RNA/DNA templates. As discussed in Section 1.2.1, these
include tRNA, ribosomes, initiation, elongation, and termination factors. Amino
acids are supplemented to cell-free reactions for synthesis of the polypeptide chain
and energy sources (such as adenosine triphosphate) are also supplemented along
with cofactors (Mg? and K?%) to maintain and sustain protein synthesis. CFPS is
increasingly becoming the method of choice over cell-based systems for expression
of cytotoxic, synthetic, and complex proteins. The numerous advantages of CFPS
stems from its open, protean nature and free of concern over viability (Carlson et al.,
2012).

A cell free protein synthesis reaction is often broken down into three broad elements:

cellular extract, template DNA, and reaction mixture (Figure 1.2). The extract strain
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is initially grown in media followed by lysis to obtain the cellular extract. A variety
of methods have been employed for cell lysis, including sonication, high pressure
homogenization, freeze-thawing, bead-beating, and lytic enzymes. The reaction
mixture consists of a cocktail of salts, nucleotides, amino acids, energy sources,
transfer RNAs (tRNAs), and metabolic co-factors and additives that fuel expression.
Lastly, linear or plasmid DNA or RNA serve as templates for gene expression. Protein
synthesis occurs upon combining the above components and incubation at desired
temperatures (typically between 25°C and 37°C) over a period of time (hours — days)
(Gregorio et al., 2019b).

(3) Reaction mix
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(e.g. Bacterial) (2) DNA template Tons Energy ~ Amino acids

Cell-free extract

Protein of choice

=) [
Cell growth andlysis | =/ Clarification | =-// Expression

\ W |\

L= )

Figure 1.3: Overview of Cell-Free Protein Synthesis (CEPS). Cell extracts are first prepared by growing the
extract strain and subjecting them to lysis. The lysate is clarified by centrifugation to obtain functional cell-free
extract. Upon supplementing the extract with amino acids, ions, energy and DNA, the desired protein can be
produced.

1.2.3 Historical overview of CFPS

The origins of CFPS can be traced back to the late 1940s, when scientists began to
study incorporation of amino acids into proteins (Zamecnik et al., 1948). The CFPS
methodology played a role in many crucial discoveries during that decade. Perhaps
the most notable is the Nobel Prize-winning work of Nirenberg and Matthaei in 1961.
The duo first discovered that triplet nucleotides code for specific amino acids by
establishing the cell-free synthesis of phenylalanine from poly-uridylic acid using
E.coli extracts (Nirenberg and Matthaei, 1961). CFPS was employed in the following
five years for successfully deciphering all such genetic codes (Crick, 1970b,
Nirenberg, 2004).

The next breakthrough in CFPS was the development of a coupled transcription-

translation (TxTI) system that enabled DNA-directed protein synthesis (Lederman


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4211078/#R70

and Zubay, 1967). A major limitation with this “batch” approach was the rapid
depletion of resources in the reaction mixture, which prevented reactions to exceed
20 minutes. In an effort to increase protein yields, scientists explored a continuous
exchange format. This new format allowed continuous removal of products from
reaction mixture in addition to a feed of fresh buffer, thereby improving reaction time
and yield (Spirin et al., 1988). Secondary energy sources such as glucose-6-phosphate
and pyruvate were also explored for regeneration of ATP in the reaction (Kim and
Swartz, 2001).

The onset of the 21t century saw various groups optimising cell-free extract
preparation to create a protocol that was more efficient and cost-effective. This
involved various lytic procedures, centrifugation steps and genome alterations such
as the expression of T7 polymerase to enhance protein expression. Such continued
optimization for tailored applications has produced efficacious methods for extract
preparation (Kigawa et al., 2004, Liu et al., 2005, Kim et al., 2006b, Didovyk et al.,
2017).

Mathematical modelling has been extensively used in the biosciences to investigate
metabolic and regulatory biological processes. Recently, mathematical modelling of
CFPS has created a better understanding of system capabilities, with regards to
transcription and translation processes. By generating simple models using ordinary
differential equations (ODEs), scientists are able to follow gene expression in cell-free
systems in the first instance (Karzbrun et al., 2011). Modelling has further enabled the
identification of bottlenecks in CFPS reactions without the need for thorough
experimentation (Nief8 et al., 2017). Other commonly used tools to study cellular
metabolism such as flux balance analysis (FBA) and constrain based models have
been used to increase CFPS efficiency. Dai et al admitted that although flux estimation
remains a challenge for the future, modelling can greatly aid in predicting cell-free
metabolite production. The authors discuss promising features of modelling for RNA
and multi-protein circuits and even small-molecule production (Dai et al., 2018).
Initial efforts in metabolic and mathematical modelling have contributed to our
understanding of the production limits of CFPS. There is promising potential and
research advances will address these gaps and aid in the development of new
technologies such as on-demand manufacturing of therapeutics.

1.2.4 Cell-free components

1.2.4.a Cell-free extract sources

The most common choice of prokaryotic extract for cell-free expression is Escherichia

coli, owing to its simplicity and vast number of experimental tools available.



However, extracts from Bacillus subtilis, Vibrio, Streptomyces and Pseudomonas strains
have also been explored (Rosano et al., 2019, Dondapati et al., 2020, Failmezger et al.,
2018). Achieving expression of proteins with complex post-translational
modifications (PTMs) is a challenge in prokaryotic extracts. Nevertheless, recent
efforts in cellular systems engineering have allowed incorporation of basic PTMs like
glycosylation, thereby improving the cost-effectiveness of production
(Jaroentomeechai et al., 2018). Eukaryotic extracts are typically chosen for expression
of complex eukaryotic proteins. A majority of therapeutic proteins intended for
human use are produced using Chinese hamster ovary (CHO) cells (Thoring and
Kubick, 2018). This cell line is an attractive choice due to its ability to produce
complex PTMs such as glycosylation, phosphorylation, and ubiquitination. Other
extract sources come from insect cells (sf21), yeast, wheat germ and tobacco have also
been used for expression of complex proteins in high yields and quality (Ezure et al.,
2010, Hodgman and Jewett, 2013, Buntru et al., 2014, Morita et al., 2003).

1.2.4.b DNA templates

A great advantage of CFPS is the direct addition of the coding template to the
reaction, in the form of plasmid DNA or linear expression templates. Plasmid DNA
is easy to prepare from commercially available DNA extraction kits and was the
template of choice in this work. With a well-designed plasmid, templates of any size
can be used in cell-free reactions and is often the chosen method for expression of a
designated protein (Stark et al., 2018). On the other hand, for high throughput
screening of proteins, linear expression templates are an ideal choice as PCR products
can directly be added to the cell-free reactions, thereby decreasing the cloning-to-
expression time (McSweeney and Styczynski, 2021). Recent work with strain
modifications has increased the expression efficiency from linear expression
templates by decreasing nuclease activity (Sato et al., 2022). Furthermore, codon
optimisation has been shown to play a key role in improving protein yields by
improve translation efficiency through enhancing the rate of mRNA elongation (Yu
et al., 2015).

1.2.4.c Energy sources

Protein synthesis is perhaps the most energy intensive process in a cell (Buttgereit
and Brand, 1995). The primary energy currency in biological systems is adenosine
triphosphate (ATP), and ATP is required for various steps in CFPS (Figure 1.3). There
are a variety of ways through which ATP can be supplied in cell-free reactions and
perhaps the most popular method is through direct supplementation of nucleotide
triphosphates (NTPs): ATP, GTP, CTP, and UTP (Levine et al., 2019). An alternative



and cost-effective method is through the addition of glucose, which can generate ATP
and other metabolites through glycolysis (Calhoun and Swartz, 2005). The use of
phosphoenolpyruvate (PEP), creatine phosphate or acetyl phosphate as a secondary
energy source is also popular, as ATP can be regenerated in simple substrate-level
phosphorylation reactions. However, this requires kinases to be endogenously
present in the cell-free extract or be supplemented to the reaction. Not only does this
increase the cost of each reaction, but the accumulation of phosphate also inhibits
protein synthesis due to precipitation of Mg?" that is required for translation
(Khambbhati et al., 2019).
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Figure 1.4: The role of ATP in protein synthesis. Hydrolysis of ATP, the cellular energy currency, results in
the production of ADP, energy and a phosphate ion. The released energy is used by cells to fuel ribosome movement,
aminoacyl tRNA charging (both essential for translation) and GTP regeneration (GTP plays a role in translation
initiation, elongation and termination secondary to ATP).

Less popular carbon and energy sources such as 3-phosphoglycerate (3-PGA),
fructose-1, 6-bisphosphate and other organic compounds have been utilised to
produce ATP and fuel CFPS to varying degrees of successes in the past (Sitaraman et
al., 2004, Kim et al., 2007). Due to its low cost and utilisation of inorganic phosphate
in the reaction, maltodextrin (MDX) has gained popularity as a secondary energy
compound in CFPS (Wang and Zhang, 2009). More recently, CFPS systems energised
with MDX was shown to perform similarly to costlier PEP-based systems, making it
more suitable for distribution in extreme/low resource environments and for
educational projects (Guzman-Chavez et al., 2022). In summary, the choice of energy
systems for CFPS will vary depending on the application of the desired protein and
the source of extract and should be optimised to achieve high protein yields. In this
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project, nucleoside triphosphates (ATP, GTP, CTP and UTP) were chosen as the
primary energy source along with 3-PGA and other cofactors (N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid, coenzyme A, nicotinamide
adenine dinucleotide, cyclic adenosine monophosphate, folinic acid, and
spermidine), however, the suitability of PEP and MDX as secondary energy

compounds was also further studied.
1.2.4.d A note on the importance of optimisation

Supplementing the cell-free reaction with chaperones such as DnaK/DnaJ/GrpE and
GroES/EL has been shown to improve protein folding efficiency in cell-free
expression using prokaryotic extracts (Jin et al,, 2019). Similarly, as a result of
increased catalytic activity (including T7 RNA polymerase) in reactions
supplemented with optimal concentrations of magnesium and potassium ions, an
increase in protein yields was observed (Schwarz et al., 2007, Thoring et al., 2017).
Many groups working in the area of cell-free synthetic biology have embraced
optimisation of reaction conditions such as vessel volumes, freeze-thaw cycles,
membrane disruption methods, temperature, template DNA concentration etc.
(Hodgman and Jewett, 2013, Au - Levine et al., 2019). Collectively, optimisation is
necessary to achieve high protein yields in bespoke CFPS platforms and the open
nature of CFPS allows for easier optimisation and manipulation compared to cell-

based protein expression optimisation.
1.2.5 CFPS formats
1.2.5.a Formats for liquid CFPS reactions

There are two formats for implementing CFPS; batch, and continuous exchange.
Batch-based formats are commonly chosen for fast and easy protein output. Protein
yield in a cell-free batch format can range from the microgram to milligram scales,
with prokaryotic extracts typically producing higher yields than eukaryotic extracts.
Sutro Biopharma, one of the handful number of companies working on CFPS,
recently showed bioactive cytokine production in batches of up to 100 litres, without
compromise on yield (Zawada et al., 2011). On the other hand, the continuous
exchange format trades time for yield. The set-up consists of the reaction and feed
chamber comprised of fresh buffer, separated by a semi-permeable membrane. This
format allows inflow of fresh reaction components in exchange for removal of
metabolites, thereby allowing prolonged expression over time. The continuous
exchange format has been successfully applied to express proteins that are

conventionally difficult to express (e.g. membrane proteins) (Stech et al., 2014, Thoring
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et al., 2017). Although the continuous exchange format has great potential for
applications in well-equipped laboratories, they are not suitable for on-site and on-
demand applications as they are difficult to set up and operate, hence, batch based

methods were mainly studied in this project.
1.2.5.b Lyophilisation

Several anti-microbial peptides, with high yield and solubility, have been produced
using E. coli based CFPS to target viruses, bacteria, fungi, and parasites. Such class of
medications are important for elevation of human heath, particularly in poor and
low-resource environments. This led researchers to gain interest in the ability of
extracts to retain viability following lyophilisation and kickstart protein synthesis for
therapeutic applications in austere environments. Pardee et al. have shown
production of anti-microbial peptides (Cecropin P1, Cecropin B etc.), vaccines
(antigens for botulinum, diphtheria, and anthrax), and enzymes for synthesis of
small-molecule pharmaceuticals in a portable on-demand biomanufacturing model.
Their system consisted of freeze-dried cell-free extract that can be hydrated and made
to express proteins upon addition of DNA up to a year subsequently (Pardee et al.,
2016b). In the same year, Salehi et al. showed the production of onconase, a cytotoxic
cancer therapeutic, in a similar ‘just-add-water” system. They went on to analysis
different temperatures and time setting and concluded that soluble, active protein

can be synthesised up to a year later when stored above —80°C (Salehi et al., 2016a).
1.2.5.c Hydrogels

Hydrogels are made up of a polymeric network of hydrophilic monomers. Recently,
crosstalk in the science of hydrogels and CFPS has brought about interesting thoughts
and applications. Whitfield et al., demonstrated cell-free expression of mCherry in
hydrogels made from a variety of materials such as agarose, agar, hyaluronic acid,
xanthan gum, alginate, Gelzan™, collagen, gelatin, HydroMatrix™, F-108, F-127, and
polyacrylamide. It showed successful lyophilisation of hydrogel that was
reconstituted with fresh CFPS components and vice versa, and further discussed both
components in a hydrogel without a free liquid phase. The authors concluded that
the gel acted as a structural molecular crowding agent, which positively impacted the
CFPS reaction that was further enhanced through the addition of 2% polyethylene
glycol (PEG) (Whitfield et al., 2020).

In a different study, DNA hydrogels were fabricated with the DNA template (GFP)
and polyethylene glycol diacrylate (PEGDA). It was shown that the hydrogel can be
used repeatedly (10 times) with cell-free reaction buffer to induce protein synthesis

with little effect on protein yields (Cui et al., 2020). This strategy may work well with
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batch and continued exchange cell-free systems and offers a safe and sustainable
mode for carrying DNA templates for cell-free applications. This work could be
further expanded to identify excipients that may confer DNA stability against
environmental stressors such as temperature, humidity, and radiation for

applications in extreme and low-resource environments.

Lastly, hydrogels have also been fabricated in a microchannel device for micro-
compartmentalising CFPS which once again has the beneficial molecular crowding
effect. CFPS components were casted in 2% alginate and the synthesised His-tagged
protein was further extracted with agarose beads immobilised with cobalt (Benitez-
Mateos et al., 2020). This work could be expanded for synthesis of protein therapeutics
and may benefit from functional studies, as this type of synthesis system coupled

with purification is highly advantageous for on-site and on-demand applications.

1.2.5.d Microfluidic devices

Time consuming molecular cloning can be surpassed by the direct addition of PCR
DNA templates. These attributes make CFPS an attractive method for
implementation in high-throughput synthesis, which can be miniaturised in multi-
well plates. CFPS is often coupled with microfluidic devices, in order to achieve high-
throughput expression. This format allows simultaneous detection and rapid
analysis of expressed proteins, thereby minimizing time and cost of protein synthesis.
In a DARPA supported project, Jackson et al. describe a microfluidic device with
continuous exchange, consisting of CFPS and nutrient reservoir in a chamber
separated by a dialysis membrane. This 96-well microfluidic device produced up to
87 times more protein in comparison to the batch format (Jackson et al., 2014). Fallah-
Araghi et al. published an ultrahigh-throughput screening platform based on droplet-
based microfluidics for directed evolution of proteins. A droplet containing PCR-
amplified gene and one containing CFPS components were fused to initiate gene
expression (Fallah-Araghi et al., 2012). Batch based formats have also been utilised in
microfluidic devices. One study reported coupling of CFPS with a microfluidic
bioreactor in an effort to demonstrate higher synthesis rates of single-dose
therapeutic proteins at point-of-care (Timm et al., 2016).

A good example of the use of CFPS in microfluidic devices for production of protein
therapeutics is the ‘therapeutics on a chip” platform that showed the production of
cecropin B (antimicrobial peptide) in <5 hours and further in-chip purification in 40
minutes. A bead-based approach was taken for the purification procedure, where
separate channels were fabricated for the various wash and elution steps (Murphy et
al., 2019). The parallelisation and multiplexing nature of microfluidics, as exploited
in the previous work, can elevate CFPS capabilities by combining purification,
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formulation, and delivery of produced protein in one device, hence, microfluidics

contains promising potential for on-site and on-demand biomanufacturing.

1.2.6 Applications of CFPS

1.2.6.a Difficult to synthesise proteins —- membrane proteins

Membrane proteins, such as G-protein coupled receptors (GPCRs), ion channels and
transporters, contribute to more than a third of drug targets in the pharmaceutical
industry (Santos et al., 2017). Despite being popular targets, cell-based synthesis of
membrane proteins gives rise to aggregation and improper folding, causing
challenges in expression, purification and crystallisation (Sachse et al., 2014). Cell-free
systems have been thoroughly explored for expressing membrane proteins due to
ease of solubilisation and reconstitution in liposomes and nanodiscs. Both
prokaryotic and eukaryotic extracts have been used but lysates lacking microsomes
require additional supplements in the form of detergents, whereas most eukaryotic
lysates such CHO and sf21 endogenously offer proper folding machinery (Zemella et
al., 2015b, Dondapati et al., 2019).

1.2.6.b Virus-like particles

Virus-like particles (VLPs) are small proteins that self-assemble and mimic native
viruses. Since they lack viral genome, these particles are effectively used as vaccines
to elicit an innate immune response in humans. Higher yield and more soluble VLPs
can be obtained using CFPS in comparison to cell-based methods, partly due to lower
contamination from cellular proteins and membranes (Khambhati et al., 2019). VLPs
have served as delivery vehicles when encapsulated with DNA or protein, and
particles are often fused with antigens. Therefore, VLPs have broad applications
ranging from vaccination to gene therapy, drug delivery and nanotechnology
(Shirbaghaee and Bolhassani, 2016). This expands the repertoire of products that can

synthesised through on-site and on-demand biomanufacturing platforms.

1.2.6.c Biosensors

CFPS has been employed for the development of biosensors for three broad
applications, namely diagnostic, environmental, and food safety sensing. By
combining CFPS-synthesised proteins with detection platforms, such as lateral flow
kits or paper-based devices, rapid and sensitive diagnostic tests can be developed.
Such biosensors have been used for detecting infectious diseases from pathogens,

such as the Zika and Chikungunya viruses, and hormones, such as thyroid hormone
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and estrogen, at point-of-care (Karlikow et al., 2022, Hunt et al., 2022). CFPS has been
harnessed for biosensing applications related to environmental monitoring involving
the detection of pollutants, heavy metals, and toxic compounds in environmental
samples. CFPS can be programmed for synthesis receptors or enzymes that
specifically bind to target molecules, enabling sensitive and selective detection
through regulated genetic circuits. Many such sensors comprise of cell-free
components freeze-dried and/or immobilised on paper, enabling the sensor to be
stable and portable and detection capabilities range from heavy metal contaminants
in water to bacterial quorum sensing signals (Lin et al., 2020, Jung et al., 2020). Thirdly,
CFPS-based biosensors have also been developed for monitoring food safety and
water quality. Also freeze-dried onto paper, one study discussed a platform for the
detection of mercury in water, based on super folder green fluorescent protein
(sftGFP) expression. The same study also developed a biosensor for the detection of
gamma-hydroxybutyrate, a substance used as a date-rape drug, and further devised
a 3D-printed cassette with a GFP filter for easy detection using a smartphone (Grawe
et al., 2019). Such CFPS biosensors are gaining traction due to their ease-of-use and
deployment where analytical facilities such as laboratories are scarce, and this

evolving field may benefit from increased sensor stability in the future.
1.2.6.d CFPS in vesicles

Vesicles are influential in drug delivery owing to properties such as effective drug
encapsulation and selective targeting. In addition, vesicles are currently gaining the
spotlight in synthetic construction of artificial cells, where CFPS has an important
role to play. Perhaps the first notable encapsulation in this field was that of
Noireaux and Libchaber in 2004. The duo built an artificial cell-like bioreactor by
encapsulating E. coli extracts in a phospholipid vesicle (Noireaux and Libchaber,
2004). Since then, the researchers have worked towards building artificial cells in the
form of programmed vesicles that are also capable of self-organisation and
reproduction, like living cells. Noireaux et al. share this vision and extensively discuss
the advantages and bottlenecks of cell-free expression in encapsulated vesicles to
achieve this. Briefly, the needs for higher protein synthesis rate, advanced promoter
networks to create large DNA programs and methods to control inactivation of RNA
and degradation of proteins (source-sink dynamics) are highlighted as bottle-necks
(Noireaux et al., 2011).

Peruzzi and colleagues report DNA “barcoded’ vesicles for the production of useful
proteins, in a similar mission towards developing cell-mimetic structures. DNA
oligonucleotides were cleverly used to tag vesicles which were shown to fuse upon
hybridization. Methods to alter biophysical features on the vesicles were described
to control extent of fusion using FRET (Forster resonance energy transfer). This
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technique was then used to monitor delivery of DNA cargo to vesicles that initiated
CFPS upon fusion; expression of a soluble and membrane reporter protein was
shown for proof-of-concept (Peruzzi et al., 2019). The bottom-up construction of
artificial cells is an evolving area of research that aims to achieve complex
biomanufacturing of useful compounds. CFPS is continuing to be explored in
conventional vesicles such as liposomes (Caschera et al., 2016, Nishimura et al., 2012)
and microcapsules (Saeki et al., 2014) and collectively, these efforts in engineering will
contribute to development of more advanced, programmable and high-achieving

cell-free technologies.

1.3 On-demand biomanufacturing

1.3.1 The need for on-demand biomanufacturing

Science, driven by innovation, has led to discovery of products and compounds that
save patients’ lives. The approved pharmaceuticals that are released to the patient
population are typically manufactured in a large scale-batch format to meet
demands. Regardless, drug shortage is a major challenge for the pharmaceutical
industry, particularly aggravated by epidemics or pandemics (FDA, 2013). Drug
shortage may be attributed to inefficient adaptability of the batch manufacturing
system to meet changing demands in the industry (Adamo et al., 2016). Furthermore,
access to biopharmaceuticals in remote areas and extreme environments is still a
major challenge, to date. To overcome challenges such as the above, scientists have
recently begun to investigate on-demand biomanufacturing systems, creating an
attractive avenue for personalised medicine and point-of-care applications. In
addition, on-demand synthesis aims to eliminate the need for cold storage and
‘stockpiling” of medicines. In fact, DARPA (Defense Advanced Research Projects
Agency), part of the United States Department of Defense, have selected on-demand
biomanufacturing as part of their ‘Battlefield Medicine” program. The program aims
to employ genetic engineering and cell-free protein synthesis to synthesise biologics

on the battlefield and in other austere environments (Jenkins, 2023).
1.3.2 Examples of cell-based biomanufacturing methods

The on-demand biomanufacturing platform is based on either a cell-based or cell-free
source. The cell-based biomanufacturing briefly entails cell line development,
fermentation, purification and formulation (Cao et al., 2018). Cao and colleagues
describe an integrated platform for on-demand production of multiple therapeutics
at one time. They demonstrate three strategies — (1) Inducible synthesis with control

of drug expression ratios, (2) Consolidated bioprocessing (post-translational
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processing) and (3) Co-expression/purification, for flexible and low-cost production
of combinatorial therapies where resources are limited. Programmed expression of
biologics was attained in portable micro-bioreactors, integrated with genetically
engineered Pichia pastoris for on-demand applications (Perez-Pinera et al., 2016, Cao
et al., 2018).

Based upon a similar ideology, a team of DARPA-funded scientists have described a
new cell-based on-demand manufacturing system called ‘InSCyT” or ‘Integrated
Scalable Cyto Technology’. InSCyT is an automated benchtop system that is capable
of producing clinical-grade biologics in less than three days. The set-up involves three
modules that are responsible for recombinant synthesis, purification, and
formulation respectively. Once again, the authors chose to use P. pastoris in the
protein production module due to its favourable characteristics for protein
expression. They also incorporated two to three stage chromatography procedures
and ultrafiltration in the purification module, prior to tangential flow filtration in the
formulation module. Expression of human growth hormone, granulocyte colony
stimulating factor and Interferon a-2b was carried out to exhibit an end-end
production system. Purity, potency, biochemical and biophysical traits of final

products were tested to ensure similitude to marketed drug (Crowell et al., 2018).

1.3.3 The advantages of cell-free biomanufacturing

The successful deployment of CFPS for on-site and on-demand biomanufacturing of
protein-based therapeutics will require integrated systems that are firstly portable for
easy transportation and accessibility in extreme environments, and secondly of high
efficiency. The latter is veritable for sustainable production of target therapeutics of
good-manufacturing-practice (GMP) quality within a reasonable time and at dose
relevant amount. As discussed in Section 1.3.5, the open nature of CFPS has allowed
it to be performed in various formats such hydrogels, in microfluidics devices, and
lyophilised systems. This has previously allowed successful and wide applications of
such systems from biosensing and diagnostics in remote environments to generation
of artificial cells with unique properties, as discussed in the Section 1.3.6. The open
nature of cell-free systems is more useful for on-site and on-demand applications
compared to cell-based routes and these are summarised in Table 1.1 below.
Although cell-free biomanufacturing also has its limitations, it is younger than cell-
based biomanufacturing and ongoing research and technological advancements are
addressing these challenges and expanding its scope.
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Table 1.1: Comparison of cell-free and cell-based biomanufacturing routes for on-site and on-demand applications

Attributes Cell-free synthesis Cell-based synthesis  References
Expression from .
) ) Expression from (Carlson et al.,
DNA template plasmid DNA or linear .
plasmid or genome. 2012)
PCR templates.

Synthesis time

Post-
translational
modifications
(PTMs)

Incorporation of

materials

Cost of
production

Biomass

Cellular energy is
primarily focused on
expression of protein.
Downstream
purification easier and
quicker due to lack of

membrane barrier.

Energy is primarily
focused on cellular
metabolism, hence
longer time necessary
for expression.
Intracellular protein
purification requires an

additional cell lysis step.

Dependant on choice of cell type/extract.

Eukaryotic cells/extracts contain PTM machinery

which prokaryotic extracts largely lack. Prokaryotic

cells/extract can be engineered/supplemented to

perform PTMs.

Easy due to open nature

of reaction.

Comparatively high.
Current and on-going
advances in research
may improve cost-
effectiveness (e.g.

energy regeneration).

Fixed biomass

Challenging due to
compartmental nature

of cells.

Comparatively low

Capable of self-

replication

1.3.4 Delivery of pure, functional, and approved products

1.3.4.a Protein purification

(Levine et al.,
2019,
Rosenblum and
Cooperman,
2014)

(Zemella et al.,
2015a, Amann
et al., 2019)

(Gao et al., 2019)

(Kim et al.,
2006b, Kim et
al., 2015)

(Claassens et al.,
2019)

An advantage of the cell-based system is ease of purification of proteins secreted from

cells into media; this method has been used conventionally since the birth of

recombinant protein synthesis. There are significantly less contaminants except for
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other metabolites secreted from the cell and media components (Le and Trotta, 1991).
For purifying intracellular proteins, affinity tags are universally used. Tags are cloned
in the DNA sequence of protein at the design stage. Many tags such as the poly-
histidine (His) tag have affinity for metal ions, nickel in this case, and this
characteristic can be used to exclusively capture the protein attached to tag. Further
considerations like the number of affinity tags (one or more types), location (N/C-
terminal) or whether to have a self-cleavage system is decided on a case-by-case basis,
dependent on the application of that specific protein. Although residual tags such as
the His-tag may not produce a concern, it is required by the FDA that therapeutic
proteins for human intake do not have any residual elements (Kimple et al., 2013,
Wingtield, 2015).

Let us consider the purification process for His-tagged proteins as an example. The
downstream purification techniques for proteins synthesized via CFPS and cell-based
expression is similar. To separate proteins secreted from whole cells, the cells are first
centrifuged, and the supernatant is used for purification. An immobilised nickel-
affinity chromatography column (Ni?*-IMAC) or nickel charged affinity resin in
binding buffer is added to extract (CFPS)/supernatant (cell-based), where His-tagged
proteins interact and bind to metal ions that are later separated from mixture. The
proteins are eluted by washing the resin with molecules with higher affinity to nickel
(e.g. imidazole). The purity of elutions can be examined through sodium dodecyl
sulphate - polyacrylamide gel electrophoresis (SDS-Page)/Western blot analysis, and
mass spectrometry (Kimple et al., 2013, Rothchild et al., 2019).

The PUREexpress system (New England Biolabs) is a commercially available CFPS
kit that uses a new, different approach called as ‘reverse purification’. The protein
translation machinery is entirely composed of recombinant proteins that are
individually His-tagged, except ribosomes and tRNAs. The protein of interest is
synthesized from DNA template without any purification tags. Following synthesis,
ribosomes are removed from the mixture by ultracentrifugation. All the tagged
translation factors are removed by addition of nickel affinity resin by centrifugation.
The remaining synthesized protein is left in the tube devoid of contaminants (NEB,
2020, Shimizu et al., 2001). Humans using an on-site technology in extreme
environments may not have the appropriate scientific expertise to carry out
complicated processes. Therefore, this approach could be advantageous, especially
in spaceflight due to the simplicity of purification.

Post-translational modifications (PTMs) are critical for eukaryotic proteins, especially
for human therapeutic proteins. Bacterial extracts may not provide the appropriate
PTMs; in which case, a eukaryotic cell line may be better suited for extract preparation

(Sachse et al., 2013). However, the aforementioned therapeutic proteins do not require
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additional PTMs, thus they are well suited for pilot CFPS experiments using bacterial
extracts. It is worth mentioning that E. coli platforms have been modified to produce
some PTMs due to their otherwise favourable characteristics such as ease of obtaining
extract and high protein yields (Gregorio et al., 2019a). Therefore, E. coli is an excellent

candidate for extract preparation in CFPS systems.
1.3.4.b Quality control

Biopharmaceuticals are subject to rigorous quality control measures and this involves
a combination of analytical testing, process monitoring, and adherence to regulatory
standards to ensure consistent production of safe and effective medicines (EMA,
1994). Analytical testing verifies the identity, purity, potency, and quality of
manufactured and purified product through techniques such as chromatography
(like high-performance liquid chromatography; HPLC), electrophoresis, mass
spectrometry and immuno/activity assays. The results are analysed in accordance
with “critical quality attributes” and provides data on protein secondary structure,
PTMs, structure-function relationships, impurity and sterility profiles (Alt et al.,
2016). Enforcing quality control is particularly challenging for on-demand
biomanufacturing platforms as it is impractical to carry above systems and
equipment to extreme or austere environments. Therefore, innovation is required for
developing in-situ quality control measures that allow (near) real-time monitoring
and assessment of critical quality attributes during the manufacturing process. Such
new technologies offer several advantages including timely interventions and

adjustments to respond promptly to deviations or process variations.
1.3.4.c Shelf-life and stability

Perturbations in the stability of a biomolecule is caused by degradation or chemical
or physical alteration due to extremal stimuli such as thermal stress. In the case of
proteins, this causes alternations in the 3D structure and affects its functionality
(Daniel and Cowan, 2000). Hence, the biopharmaceutical industry must follow strict
guidelines, such as those instated by the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use (ICH). This involves
performing stability studies to assess factors that may cause degradation/aggregation
that affects bioactivity such as temperature, pH, humidity, and oxygen exposure. The
results of such studies in turn inform the shelf-life and suitable storage conditions of
the product (EMA, 2003). Any platform that is being developed for human use, such
as an on-site and on-demand platform, must also comply with these regulations.

The degradation rate of proteins (due to above physical and chemical alterations) can

be largely reduced by storing the protein in a solid and/or dry state. This is because
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the Brownian motion of molecules is reduced and restricted, which in turn reduces
aggregation and hence degradation (Tang and Pikal, 2004). Around 50% of protein
therapeutics manufactured via cell-based routes are, therefore, either stored in
reduced temperatures (<4°C) and/or lyophilised (or freeze-dried) in powder or pellet
form, which are also easier to store and transport (Butreddy et al., 2021). Similarly,
cell-free reaction components also require cold-storage to remain active, and
lyophilisation has been employed to improve stability of cell-free systems without
cold-storage. The stability of lyophilised extracts and energy systems out performs
aqueous extracts and energy systems, and one study demonstrated this up to 60 days
by monitoring expression of reporter protein (Smith et al., 2014). Other studies have
developed robust methodologies for antimicrobial peptides, vaccines, small
molecules, cytotoxic therapeutics and biosensors using ‘just-add-water’ lyophilized
systems (Pardee et al., 2016b, Pardee et al., 2016a, Salehi et al., 2016b, Pardee et al.,
2014). Such lyophilised cell-free systems are ideal for on-site and on-demand
applications because they offer ease of storage, distribution and use in environments

outside a typical scientific laboratory.

Sugars are often incorporated as excipients in biotherapeutic stabilisation for their
ability to preserve native protein structure and also as lyoprotectanats during
lyophilisation (Jovanovi¢ et al., 2006). Similar agents have been explored for CFPS
stabilisation as well, where the cell extract is the most sensitive component involving
complex mixture of biomolecules (proteins and RNA). The most commonly reported
candidates for CFPS stabilisation included sugars such as sucrose, trehalose and
lactose, and molecular crowding agents such as PEG, trimethylglycine and dextrans
(e.. B-cyclodextrin) (Jiang et al., 2021, Gregorio et al., 2020, Warfel et al., 2023, Smith
et al., 2014). The sugars protect proteins in the cell-free mix from denaturation and
aggregation by forming a protective shell and by exhibiting water replacement
properties. This also allows it stabilise proteins under stressful conditions, such as
during lyophilisation, freeze-thaw, and heat shock, makes it a valuable additive in
CFPS reactions. Osmolytes, such as trimethylglycine, are typically small molecules
that aid stress response in cells but are useful in CFPS through counteracting the
effects of osmotic stress, preventing protein denaturation, and promoting proper
folding. Similar to PEG, dextrans promote molecular crowding and prevents protein
aggregation. Through these mechanisms of action, the above agents have shown to
increase stability of lyophilised cell-free systems at storage temperatures ranging
from 20°C - 37°C.

Agents with different mechanisms of actions (e.g. sugars and crowding agents) can
be supplemented together for a beneficial combinatorial effect on stability. One study
showed no loss in stability when lyophilised CFPS reactions were stored at 23°C for

two weeks through the combinatorial effect of three supplements (trehalose,
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trimethlyglycine and PEG) (Gregorio et al., 2020). Based on the work and findings
described in this study, the key message is the importance of optimisation of
component/additive concentrations based on the CFPS system, target protein, and
desired stability requirements. This may have an effect on the duration of the
reaction, which should be well understood based on storage temperature conditions.
Additionally, it is crucial to consider the potential impact of these additives on

downstream applications, such as protein purification or functional assays.

1.3.4.d Meeting biopharmaceutical regulatory standards

The regulatory requirements and challenges vary depending on the country or region
where biomanufacturing will take place. Cell-based biomanufacturing is the
conventional route thus far in the biopharmaceutical industry and will heavily
inform the development of regulations for cell-free biomanufacturing. In the
biopharmaceutical industry, biosafety and efficacy are the two main attributes
regulatory agencies focus on (Keiper and Atanassova, 2020). These are critical to
ensure the safety of workers, protect the environment, and maintain the integrity of
the products being manufactured. Companies are subject to regulations and
guidelines set by regulatory authorities specific to a region, e.g. the FDA in the US,
and the European Medicines Agency (EMA) in Europe. Biosafety measures taken by
the facility include containment strategies to prevent the spread of biological agents
and regular monitoring and surveillance of facilities/processes ensure compliance.
Workers in these facilities must adhere to strict personal protective equipment (PPE)
protocol to minimize exposure to hazardous agents. Proper training in topics such as
handling of biological agents, emergency response procedures, waste management,
and decontamination protocols are essential prior to entering and working in the
facility. It should further include the regulatory guidelines for containment and safe
disposal of waste (chemical/biological/sharp). Whilst start-ups such as Sutro
Biopharma, SwiftScale Biologics and Arbor Biosciences are tapping into the
commercial potential of cell-free systems, they will also encounter the first set of
regulatory milestones and challenges that will hopefully provide more clarity for
other initiatives to learn from. It is believed that these procedures may not be too
different to the biopharmaceutical industry standards discussed above but may have

additional challenges such as reproducibility and standardisation.
1.3.4.e Biosafety and ethical considerations
In addition to meeting regulatory standards for manufacturing cell-free products, it

is important to address biosafety and security risks concerning the misuse of such

platforms for harmful applications. Given that defence organisations such as the U.S.
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Department of Defense fund projects aiming to develop synthetic biology tools for
military use, they recognise the risks associated with biosecurity such as bioterrorism
(National Academies of Sciences and Medicine, 2018). On-demand cell-free platforms
lower the technological barrier, enabling any user to operate it and obtain products
with the correct DNA template. Issues arising from users being able to obtain open
access to DNA sequences and print templates using a DNA printer vastly increase
the risks associated with the platform (Grinstein, 2023). A global strategy, involving
all countries and a joint initiative with governments, industry, and academia, is
required to make informed decision and regulate the distribution, training, and best

practises for disruptive on-demand biomanufacturing tools.

1.4 Research opportunities

To summarise the topics discussed so far, CFPS is a powerful synthetic biology tool
that offers numerous advantages over traditional in vivo protein expression systems
such rapid protein production, high yields of difficult-to-synthesise proteins and
flexibility in protein engineering. CFPS has gained significant attention in recent
years and has the potential to revolutionise biomanufacturing (Figure 1.4). These
attributes make CFPS a great tool for on-demand and on-site CFPS platforms that are
versatile, portable, and customizable for therapeutic applications in extreme and low-

resource environments.
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Figure 1.5: Summary of the components, formats and applications of cell-free systems
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Since the use of CFPS for on-demand biomanufacturing is a new concept, there are
many research opportunities starting with the development and optimisation of a
portable CFPS platform. Research should initially focus on miniaturising the CFPS
platforms and/or scaling up CFPS reactions with an emphasis on optimising reaction
conditions (component concentrations, temperature, shaking, supplements etc.),
improvement of yields and purification strategies (for obtaining regulatory
approval). Research should then shift focus to the development of formats that make
them compact, user-friendly and capable of producing dose relevant concentrations
of a wide range of proteins without the need for cold-chain storage and
transportation. Successful on-site and on-demand biomanufacturing platforms also
require integration of synthesis (i.e. CFPS) with upstream and downstream processes
such as on-demand DNA synthesis (upstream) and purification methods and quality

control (downstream) to create a complete on-demand production pipeline.

CFPS offers the ability to customise and personalise therapeutic proteins, allowing
tailored treatments for patients at point-of-care. To achieve this, research should aim
to first demonstrate the synthesis of therapeutic proteins through a cell-free platform
and showecase their activity. To make spaceflight-relevant protein therapeutics (Table
1.2). Five drugs highlighted in Table 1.2 (reteplase®, alfimeprase®, teriparatide®, G-
CSF* and entolimod*) were chosen as candidate therapeutics for cell-free expression
as part of the work described in this thesis. The rationale for this choice are, diversity
in terms of size and structural features (e.g. number of disulfide bonds; Table 1.3),
and their value for spaceborne medical emergencies, as outlined in the
‘Astropharmacy’ proposal, involving a multinational collaboration between NASA
Ames Research Centre and the Universities of Minnesota and Nottingham
(Rothschild, 2020).

Table 1.2: Examples of biologics with potential use in a space-born emergency; adapted from (Williams et al., 2022)

Drug Indication References

Alteplase (t-PA) | Thrombolytic used to treat ischemic stroke,
o ) ) (Reed, 2023)
myocardial infarction and pulmonary embolism

Reteplase* Similar to alteplase but with sequence
modifications to give a longer half-life of 13to 16  (Goldhaber, 2001)

minutes

Tenecteplase Similar to alteplase but with sequence
modifications to provide higher fibrin specificity .

. . L (Harvison, 2008)
and greater resistance to inactivation;

glycosylated
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Alfimeprase* Previously discontinued thrombolytic to treat

) (NIH, 2008)
stroke and catheter occlusion
Bivalirudin Anticoagulant (thrombin inhibitor) (NCB]I, 2023)
Lepirudin Anticoagulant (thrombin inhibitor); sulphated
) . (Petros, 2008)
tyrosine residue
Epoetin alfa Human erythropoietin used for treating some
. (EMA, 2007)
anaemias
Salmon . ) (Chesnut et al.,
o Severe hypercalcemia and osteoporosis
calcitonin 2008)
Teriparatide* Form of parathyroid hormone used to promote (Brixen et al.,

bone formation and in treatment of osteoporosis ~ 2004)

Filgrastim (G- Used for neutropenia following chemotherapy or  (Mehta et al.,
CSE)* radiation poisoning 2015)
Entolimod* Radioprotective agent. Unlike G-CSF entolimod
should be given immediately before or after (Song et al., 2019)
exposure

Below is a brief introduction to the five therapeutic proteins summarising the
therapeutic indication, size, structure, and dose. While G-CSF, entolimod and
alfimeprase predominantly displayed a-helical secondary structures, [3-sheets were
also present in reteplase and alfimeprase. Teriparatide does not contain any
secondary structural elements (Figure 1.5). While none of the selected drugs require
post-translational modifications, this could be considered in futuristic systems
especially in cases where modifications may enhance pharmaceutical stability (Sola
and Griebenow, 2010). During the construction of an expression system, it is
important to consider tags to aid purification and cleavage sites for obtaining scarless
proteins (further advantage in cell-free systems is the avoidance of secretion tags
which may be necessary in cell-based systems). As tags do not serve a purpose in the
final protein product and may increase the risk of modification of biological activity
or illicit unwanted immunological response, they need to be removed to obtain
regulatory approval. In this work, a histidine tag (6 — 8 histidines; “His") was chosen
to be added to expression constructs as they are small and relatively non-

immunogenic for initial development of an on-demand cell-free expression system.
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Figure 1.6: Swiss homology models of the five therapeutic proteins, created using SwissModel (Expasy) and images
generated using PyMOL 2.5.5 (Schrodinger, Inc.)
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Table 1.3: Description of the five chosen therapeutic proteins, their critical features and dosing information, summarised from literature

Drug Description Clinical indication in space Size/ number No.ofS-S  Dosing Total dose  References
of amino acids bonds regimen  per patient
Recombinant metalloproteinase Potentially faster acting therapy for 23 kDa /203 3 Unknown 1-3mg (Jones et al.,
derived from the venom of the catheter related thrombosis residues 2001,
Alfimeprase southern copperhead snake Adivitiya
and Khasa,
2017)
A polypeptide derived Countermeasure to acute radiation 25 kDa/ 329 Unknown 0.02mg 0.1 mg (Burdelya et
from Salmonella flagellin and an syndrome given immediately before  residues per day x al., 2008)
Entolimod agonist for toll-like receptor 5 or immediately after acute radiation 5 days
(TLR5) exposure from an un-shielded solar
particle event
Naturally occurring glycoprotein Treatment of radiation-induced 18.8 kDa/ 174 2 0.3 mg 2.1mg (Brems, 2002)
that stimulates the production of neutropenia after acute radiation residues per day x
G-CSF neutrophils by binding to a exposure from an un-shielded solar 7 days
transmembraneous receptor particle event
Thrombolytic agent consisting of Thrombolytic therapy for acute 39 kDa/ 355 9 18.1 mg 36.2 mg (Mandi et al.,
Kringle-2 and protease domains of ~ coronary artery blockage or other residues IV x2, 30 2010)
human tissue plasminogen vascular blockage, as a result of min apart
Reteplase

activator

radiation-induced vascular disease
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Teriparatide

Recombinant version (1 -34) of

human parathyroid hormone

Role in accelerated fracture healing
during spaceflight induced bone

demineralization

4.1kDa/ 34

residues

0

7.5 ug/ kg
per day
for 30
days

~15mg

(Yari et al.,
2017)
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1.5 Aims and objectives

The main aim of this thesis is to explore the feasibility and effectiveness of cell-free
protein synthesis platforms for on-site and on-demand biomanufacturing of
therapeutic proteins in extreme and low resource environments. In order to achieve

this aim, work packages were created with the following main objectives:

Chapter 3: Development of an in-house CFPS platform based on bacterial cell extract
by leveraging advanced biochemical and synthetic biological techniques.

(a) Identification of optimal growth, induction and harvest conditions to obtain
cell-free extract with the highest level of T7 RNA polymerase.
(b) Cloning of expression constructs for the five therapeutic proteins and a

fluorescent reporter protein.
Chapter 4: Optimisation and adaptation of CFPS for on-site and on-demand synthesis

(c) Optimisation of the system for high synthesis efficiency based on fluorescent
reporter production and benchmarking the optimised platform against highly
efficient commercially available systems.

(d) Exploration of formats through which the cell-free platform could be
transported and distributed for point-of-care applications in remote locations
on Earth and for space-based applications. Build formats based on previously
published work related to lyophilisation or drying but also test new methods
such as microglassification and the use of other scaffolds that may allow ease

of use in a remote setting by any individual.
Chapter 5: Towards testing the developed platform in an extreme environment

(e) Design, build and test the platform for the VITA mission, a European Space
Agency Orbit Your Thesis 3! payload for technology demonstration on the
International Space Station.

(f) Perform stability studies to understand the shelf-life of the on-demand CFPS
platform and research ways to enhance sample stability.

(g) Perform instrumentation tests to ensure the ability to collect real-time data on

reaction kinetics.
Chapter 6: Towards obtaining functional and pure therapeutic proteins

(h) Expression of the five candidate therapeutic proteins and study their structure
and functionality.
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(i) Explore new approaches for in-situ purification and quality control for

obtaining regulatory approval.

Overall, these aims and objectives allow assessment of the potential of cell-free
systems for on-site applications compared to traditional expression methods, and
their ability to be employed in resource-constrained settings in a user-friendly
manner. Each results chapter begins with a brief introduction and a recap of the above
aims along with detailed objectives coordinated with the outlined experiments.
Finally, Chapter 7 (Conclusions) summarises the results and evaluates the extent to

which the objectives were met.
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Chapter 2 Methodology

2.1 Materials

Unless otherwise specified, Table 2.1 details the general items that were procured
from the listed suppliers for all methods provided in this chapter below.

Table 2.1: Materials used in this thesis and supplier information

Application Supplier

Chemicals Sigma Aldrich

DNA extraction kits Qiagen

Cloning (assembly/enzymes) kits New England Biolabs
Custom primers IDT

Tubes (1.5 mL/50 mL) Eppendorf/Sarstedt
Water (for media and buffer preparation) Milli-Q

2.2 Methods in microbiology and molecular biology

2.2.1 Bacterial growth
2.2.1.a LB agar and LB broth starter cultures

LB agar plates were prepared by pouring 20 mL autoclaved LB agar solution (Sigma
Aldrich; L3147) supplemented with 100 ug/mL ampicillin, in petri dishes (Thermo
Fisher Scientific) which were left to cool at room temperature for at least 30 mins. E.
coli was streaked onto LB agar plate and incubated at 37°C overnight. A single colony
was picked from this plate the next morning and inoculated in 5 mL autoclaved LB
broth (Sigma Aldrich; L3522) supplemented with 100 pg/mL ampicillin in a 50 mL
falcon tube. The falcon tube was not fully screwed tight in order to maintain air
circulation and the lid was taped to the side of the tube. The culture was grown
overnight at 37°C, 250 RPM (~ 16 hours).

2.2.1.b Bacterial growth for cell-free extract preparation

1 L YTPG (Yeast Tryptone Phosphate Glucose) media was prepared by combining
750 mL 2x YTP media and 250 mL 0.4 M glucose solution autoclaved separately, as
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per Table 2.2. Cells used for cell-free extract preparation were grown in 750 mL YTPG

media supplemented with 100 pg/mL ampicillin.

Table 2.2: YTPG media components

Ix YTGP
NaCl 5¢g/L
Tryptone 16 g/L
Yeast extract 10 g/L
KH2POx4 7 g/L
KoHPO:4 3g/L
Glucose 04 M

2.2.1.c Optical density measurements

Optical density at 600 nm (ODs) was measured to monitor the growth of bacterial

cultures over time, using a UV-Vis spectrophotometer (Agilent Multicell Peltier).

Where ODenw was expected to be greater than 1, 1:10 dilutions were made with the

appropriate media.

2.2.2 E. coli strains and 32ryostocks preparation

Table 2.3: Bacterial strains used in this thesis and their applications

Strain

Application

M ™ MmM MM M M m m M m

. coli BL21*(DE3)

. coli BL21*(DE3)-pAR1219

. coli NEB5«

. coli NEB5ax pET20b(+)

. coli NEB5a pET20b(+)-sfGFP

. coli NEB5a pET20b(+)-sfGFP-His

. coli NEB5a pET20b(+)-Reteplase-His

. coli NEB5a pET20b(+)-Teriparatide-His
. coli NEB5a pET20b(+)-Entolimod-His

. coli NEB5a pET20b(+)-GCSF-His

. coli NEB5a pET20b(+)-Alfimeprase-His

Growth experiments
Cell-free extract preparation
Plasmid preparation

Cloning vector; negative control

CFPS DNA template library
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Master cryostocks were created for all the above strains (Table 2.3), by combining 300
uL of culture with 200 uL 20% glycerol in 1 mL cryovials with internal thread.
Cryovials were stored at -80°C. Master cryostocks were created for the BL21 Star
(DE3) — p AR1219 strain and working cryostocks were created for fresh starting

cultures for cell-free extract preparation.

2.2.3 Plasmid design
2.2.3.a Plasmid designs

The sfGFP gene was obtained from pBAD24-sfGFPx1, which was a gift from Sankar
Adhya & Francisco Malagon (Addgene plasmid #51558;
http://n2t.net/addgene:51558;,  RRID:Addgene_51558)(Malagon, = 2013). DNA
sequences for the therapeutic proteins were identified from literature and Drugbank,
respectively: reteplase (DB00015), alfimeprase (DB04919), granulocyte-colony
stimulating factor (G-CSF; DB00099), teriparatide (DB06285) and entolimod
(DB2304). The Nbs07 stGFP nanobody gene was obtained from literature, based on
the work of Abbady et al., 2014 (Nbs07 was chosen as it exhibited highest affinity for

sfGFP). Sequences were codon optimized for Escherichia coli expression and custom

synthetized by Biomatik with the inclusion of Ndel and Xhol restriction sites and C-
terminal histidine tag (CACCACCACCACCACCAC). Full sequences and design
strategies have been provided in the supplementary information.

2.2.3.b Polymerase chain reaction (PCR)

Gene templates were amplified by Polymerase Chain Reaction (PCR), using Q5®
High-Fidelity DNA Polymerase (NEB #M0491) as per Table 2.4.

Table 2.4: PCR reaction set-up

Component Amount
5X Q5 Reaction Buffer 10 uL

10 mM dNTPs 1puL

10 uM Forward Primer 2.5 uL
10 uM Reverse Primer 2.5 uL
Template DNA 1ug

Q5 High-Fidelity DNA Polymerase 0.5 uL
Nuclease-Free Water to 50 uLL
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The PCR reactions were carried out in PCR tubes in a PTC-200 thermocycler (M]
Research) with the following setting:

Table 2.5: PCR thermocycler settings

STEP TEMP TIME
Initial Denaturation 98°C 30 seconds
98°C 10 seconds
35 Cycles *50-72°C 30 seconds
72°C 20-30 seconds/kb
Final Extension 72°C 2 minutes
Hold 4°C

*dependent on primer annealing temperature calculated by the NEB Tm calculator

Forward and reverse primers were custom designed for each construct clones, by

Integrated DNA Technologies. Sequences are shown in Table 2.6:

Table 2.6: PCR primer information sheet

Construct Forward primer Reverse primer Cloning method
actttaagaaggagatatacatat
tttgtacagttcatccataccatgce .
stGFP gcgtaa Hifi assembly
gtgatg
aggcgaagagctgttc
Reteplase acgacggccagtgaattcg catgattacgccaagcttgc Restriction digest
Alfimeprase acgacggccagtgaattcg catgattacgccaagcttge Restriction digest
G-CSF acgacggccagtgaattcg catgattacgccaagcttgc Restriction digest
Entolimod acgacggccagtgaattcg catgattacgccaagcttge Restriction digest
. ) ccggegatgggagcetcatat gtggtggtacggatcectcgagt e
Teriparatide Hifi assembly
gagcgtgagcgaaatc tattaatggtgatg
Nbs07 tatacatat tt
° aaggagatatacatalgcagetic gtggtgetegtgectgctcacggt  Hifi assembly

nanobody agct

2.2.3.c Restriction digestion

All restriction enzymes were purchased from New England Biolabs and experiments

were planned by utilising the NEBcloner® tool. The following reactions were set up

for generating vector and insert fragments (separately):
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Table 2.7: Restriction enzyme digestion reaction set-up

Component Amount

DNA (vector or insert) 1 pug

10X cutSmart Buffer 5uL

EcoRI 1 uL
Xhol 1 uL
Nuclease-free water to 50 uL.

The above reaction was incubated at 37°C in a water bath for 30 minutes. In order to
dephosphorylate the 5" ends of the DNA, 2 uL rSAP (shrimp alkaline phosphatase)
was added to the reaction. Samples were further incubated for 30 minutes at 37°C in
a water bath. Enzymatic activity was stopped by heat inactivation at 65°C for 5
minutes. Ligation was performed using the NEB Quick Ligation Kit (NEB #M2200).
Briefly, the following reaction was set up un a microcentrifuge tube with a 1:3 vector:

insert ratio as per Table 2.8.

Table 2.8: Ligation reaction set-up

Component Amount

Reaction Buffer (2X) 10 pL

Vector DNA (3 kb) 50 ng (0.020 pmol)
Insert DNA (1 kb) 37.5 ng (0.060 pmol)

Nuclease-free Water to 20 uL

Quick Ligase 1uL

Reaction was incubated at room temperature (on the bench) for 5 minutes. Following

this, 2 pL of the ligated mixture was transformed into component cells.

2.2.3.d NEB Hi-Fi assembly

Vector and insert fragments were generated by PCR with an overlap region of < 20
nucleotides. The NEB HIFI DNA assembly kit was used (NEB #E5520S), instructions

for the following reaction set up were followed (Table 2.9).

Table 2.9: NEB Hi-Fi DNA assembly reaction set-up

Component Amount
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Vector and Insert (1:2 ratio) 0.2:0.4 pmol
Assembly Master Mix 10 pL

Deionized H20 to 20 uL

Reactions were incubated in a thermocycler at 50°C for 30 minutes. Following this, 2

uL of the ligated mixture was transformed into component cells.

2.2.3.e Transformation of DNA into competent cells

Chemically component cells (NEB5a NEB #C2987H) were thawed on ice. 2 uL DNA
was added to the cells and mixed by flicking the tube. Tube was place on ice for 30
minutes. Heat shock was carried out by placing tube in a 42°C water bath for 45
seconds. Tube was placed back on ice for 5 minutes. Following this, 950 uL SOC
(outgrowth media) was added to the tube. The mixture was incubated in a shaker
incubator at 37°C, 250 RPM for 1 hour. To freshly prepared LB-Amp agar plated, 100
uL to 200 puL of the mixture was spread onto the plate and incubated overnight at
37°C. The following day, individual colonies were picked and subcultured. Picked
colonies were grown in LB-Amp broth and subsequently extracted DNA (QIAprep
spin mini kit) was sequenced (Eurofins overnight sequencing service). Cryostocks

and starter cultures were created as appropriate.
2.2.3.f Plasmid preparation for CFPS

Cells were first prepared for plasmid extraction by inoculating 50 pL of cells from the
working cryostocks in 5 mL LB broth (with 100 pg/mL ampicillin) in a 50 mL falcon
tube. Culture was grown at 37°C and 250 RPM overnight. This culture was then
transferred into fresh 250 mL LB broth (with 100 pg/mL ampicillin) in 1 L baffled
shake flasks and grown overnight at 37°C and 250 RPM. Cells were harvested by
centrifuging the culture at 7000 RPM for 5 mins. A maxiprep kit (Qiagen) was used
to perform plasmid extraction and kit manufacturer’s protocol was implemented.
DNA was eluted in nuclease free water and the final concentration was measured

using a Nanodrop™ 2000 spectrophotometer (ThermoFisher Scientific).
2.2.3.g Agarose Gel electrophoresis

Agarose gel electrophoresis was employed for detection and size verification of
synthesised/cloned DNA. 1 % agarose gels were prepared by dissolving 1 g of
agarose in 100 mL TAE buffer. The mixture was heated for 2 minutes in a microwave
oven to make a molten gel solution. Following a 10-minute cooling period, ethidium

bromide was added to the gel (0.5 pg/mL) and the gel was poured into a casting tray
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with a comb placed on one end. The DNA samples were mixed with 6x gel loading
buffer and loaded into the wells, alongside a 1 kb plus DNA ladder (Invitrogen
#10787026). The gel was run with a constant voltage of 100 V in TAE buffer for 1 hour,

following which it was imaged under UV transilluminator.
2.2.3.h Quantification of nucleic acids

DNA was quantified using a Nanodrop™ 1000 spectrophotometer (Thermo Fisher
Scientific) at a 260 nm wavelength. Water was used as a blank (as DNA was always

eluted with nuclease-free water).

2.3 CFPS reactions

2.3.1 Commercial kits

Two commercial cell-free systems were used to benchmark in-house reaction
compositions. The E. coli T7 S30 Extract System for Circular DNA kit (Promega
#L1130) and PURExpress® In Vitro Protein Synthesis Kit (New England Biolabs
#E6800L) were purchased and stored at -80°C. Unless otherwise specified,
commercial reactions were set up accordingly to manufacturer’s instructions, in 50

uL reaction volumes.

2.3.2 Extract preparation

Cell-free extract was prepared as described previously (Au - Levine et al., 2019).
Briefly, BL21-pAR1219 cells were grown overnight in LB broth supplemented with
100 pg/mL ampicillin. This overnight culture was used to inoculate 750 mL 1x YTPG
media supplemented with 100 ug/mL ampicillin in 2 L baffled shake flasks, at a
starting optical density (ODsoonm) of 0.1. Cell growth was conducted at 37°C, 250 RPM,
and T7 polymerase expression was induced with 1 mM IPTG (isopropyl B-D-1-
thiogalactopyranoside) at ODeoonm 0.8. Thereafter, cells were allowed to grow up to
ODeoonm 4.0 and harvested by centrifugation at 7000 RPM and 4°C for 5 minutes. Cell
pellet was washed three times and lastly resuspended in S30A buffer (1 mL per gram
of wet cell mass; as per recipe in Table 2.10 below).

Table 2.10: S30A buffer components

S30A buffer (autoclaved and stored at 4°C)

Tris 50 mM
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Magnesium Glutamate 14 mM
Potassium Glutamate 60 mM

Acetic acid topH7.8

Cell suspension was supplemented with RNAse inhibitor (Roche), protease inhibitor
(Roche) and 2 mM dithiothreitol. Extract was prepared by sonication of harvested cell
suspension for 3 minutes (four cycles of 45 seconds with one-minute rest intervals)
on ice using a Bandelin Sonopuls HD 2070 ultraprobe Digital Sonicator (Bandelin
Electronics, Berlin, Germany) at 70% amplitude. Lysate was supplemented with an
additional 2 mM dithiothreitol followed by clarified by centrifugation for 10 minutes
at 4°C. A run-off reaction was then carried out for one hour at 37°C and 250 RPM.
The final extract was prepared by centrifuging the run-off reaction for 10 minutes at
4°C, which was flash frozen in liquid nitrogen and stored at -80°C until use. Protein
concentration was quantified using a Micro BCA™ Protein Assay Kit (Thermo Fisher

Scientific).

2.3.3 CFPS buffer components preparation

2.3.3.a Amino acids

A 4x amino acid mixture was prepared for use in CFPS: each amino acid (Sigma
Aldrich BioUltra) was weighed separately to make a 3 mL solution at a 300 mM
concentration (as per Table 2.11 below). Appropriate amount of each amino acid was
dissolved first in 1 mL of 2 M KOH at room temperature by vortexing until
completely dissolved. Then 2 mL distilled water was added to bring the total volume
to 3 mL. 2 mL of each prepared amino acid was pipetted into a bigger flask and DI
water was added to adjust the final concentration to 10 mM (4x working
concentration). The flask was vortexed at regular intervals and placed on ice. 1 mL
aliquots were created, flash frozen in liquid nitrogen and stored at -80°C until further

use.

Table 2.11: List of amino acid components

Amino acid Amount (mg) Molecular Weight (g/mol)
Alanine 80 89.1

Arginine 157 174.2

Asparagine 119 132.1

Aspartic Acid 120 133.1

Cysteine 109 121.2

Glutamic acid 132 147.1

Glutamine 132 146.2
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Glycine 68 75.1

Histidine 140 155.2
Isoleucine 118 131.2
Leucine 118 131.2
Lysine 132 146.2
Lysine monohydrochloride 164 182.65
Methionine 134 149.2
Phenylalanine 149 165.2
Proline 104 115.1
Serine 95 105.1
Threonine 107 119.1
Tryptophan 184 204.2
Tyrosine 163 181.2
Valine 105 117.1

2.3.3.b Energy solutions

Individual components for preparation of energy solutions were purchased from
Sigma Aldrich (Bio Ultra) and stored at -20°C. A 20x master mix was prepared by
weighing individual components (as per Table 2.12 below) and mixing them in 5 mL
nuclease-free water. After addition of each component, the solution was vortexed to
ensure even mixing while otherwise being kept on ice. The final mixture was divided
into 200 uL aliquots, flash frozen in liquid nitrogen, and stored at -80°C until further

use.

Table 2.12: List of energy components

Final concentration in Mol. Weight
Component Amount (mg)

CFPS (g/mol)
HEPES 50 mM 1192 238.3
ATP.Na2.2H0 1.2mM 83 551.14
ATP.K22HO0  1.2mM 88 583.4
GTP 1.2 mM 68 523.18
uTp 1 mM 55 484.14
CTP 1 mM 53 483.15
Coenzyme A 0.3 mM 23 76753
NAD 0.4 mM 27 663.43
cAMP 0.8 mM 26 329.2
Folinic acid 0.07 mM 4 473.44
Spermidine 1 mM 15 145.25
3-PGA 30 mM 690 186.06
PEP* 33 mM 554.5 168.04

* PEP was only added to the energy mixtures where specified
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2.3.3.c Other components for optimisation

e Magnesium glutamate (molecular weight 388.62 g/mol) and potassium
glutamate (molecular weight 185.22 g/mol) were individually weighed and
reconstituted to a final concentration of 1 M in nuclease free water. The
mixtures were sterile filtered (Millex-GP 0.22 um filter) and stored at 4°C until
further use.

e DPolyethylene glycol (PEG; molecular weight 600 g/mol, 6000 g/mol, and 8000
g/mol) was diluted in nuclease-free water to produce a 50% w/v stock, stored
at room temperature (in the case where PEG had solidified, heat was applied
to obtain a solution first).

¢ RNase inhibitor was purchased from Roche (#3335399001) and stored at -
20°C. For each 50 uL cell-free reaction, 8 units of RNAse inhibitor was added.

e Master stocks (1 M, in nuclease free water) of the following stabilising agents
were created and stored at 4°C:

o Sucrose (molecular weight: 342.3 g/mol)

Trehalose (molecular weight: 342.3 g/mol)

o/p-lactose (molecular weight: 342.3 g/mol)

B-cyclodextrin (molecular weight: 1134.98 g/mol)

Trimethlyglycine (molecular weight: 117.148 g/mol)

O O O O O

Maltoldextrin (molecular weight: 504.5 g/mol)
2.3.4 Setting up a cell-free protein synthesis reaction

For implementing in-house CFPS, reactions were set up in 50 puL volumes in
Eppendorf tubes and were incubated at 37°C and 180 RPM with compositions as
outlined in Table 2.13. For kinetic sfGFP fluorescence assays, reactions were set up in
50 uL volumes in black, flat bottom 96-well assay plates (Thermo Fisher Scientific).
Reactions were supplemented with PEG 600 (Merck #25322-68-3) where specified.

Table 2.13: CFPS set-up for standard in-house reactions

Reagent (final concentration) Reaction (n = 3) Control (n=3)
E. coli cell-free extract (40% v/v) 20 pL 20 pL
Energy components master mix (1x) 8 pL 8 uL
Amino acid mixture (2.5 mM) 12.5 uL 12.5 uL

250 ng — 500 ng protein 250 ng — 500 n
Plasmid DNA ciistfuct . pETZ(iD’b vector ;
Magnesium glutamate (20 mM) 1 uL 1 uL
Potassium glutamate (50 mM) 2.5 uL 2.5uL
RNase Inhibitor (4 units) 0.2 pL 0.2 uL
Nuclease free water to 50 uL to 50 pL
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2.3.5 Freeze-dried CFPS on cellulose stacks

For investigating freeze-dried CFPS on paper format, three types of paper were used:
Toilet paper; hand towel (Boots Science Building); blue roll (laboratory). Paper circles
were cut using a 5 mm diameter hole puncher and one paper was deposited in each
Eppendorf tube. Each tube was supplemented with one type of solution as outlined
in Table 2.14. Tubes were flash frozen using liquid nitrogen and freeze-dried
overnight under vacuum (<120 mTorr) and condenser (-60°C) settings (VirTis
Benchtop Lyophiliser Sentry 2.0). In order to test air-dried paper, samples were left
inside biological safety cabinet with tubes open overnight. In the following morning,
tubes were retrieved from freeze-drier and safety cabinet and the three papers (lysate,
S.1and S.2) were combined in one tube, followed by rehydration with 50 pL nuclease-
free water. Reactions were incubated at 37°C and 180 RPM overnight, unless
otherwise specified. Fluorescence recordings were recorded, and protein samples

were retrieved for analysis.

Table 2.14: Cell-free reaction set-up for paper and microglassification reaction formats

Components  Contents

Lysate 30 pL cell-free extract supplemented with 4 units of RN Ase Inhibitor
Solution S.1 23 pL amino acid mixture + 250 ng to 500 ng DNA

) 23 uL energy components, 20 mM magnesium glutamate, 50 mM
Solution S.2 )
potassium glutamate

2.3.6 Microglassification of CFPS components

Microglassification was conducted in 1.5 mL tubes containing 1 mL solvent
(pentanol) and cell-free extract or complete cell-free reactions amounting to 50 pL
was pipetted. The mixture was vortexed in short bursts (3x, 10 seconds each) and
briefly centrifuged (10 seconds at 4000 RPM) to collect the beads in the bottom of the
tube. Excess solvent was removed by pipetting and the rest was allowed to evaporate
from the samples, which were placed inside a vacuum desiccator overnight. The
microglassified beads were rehydrated with either nuclease-free water or S30A buffer
to 80% original reaction volume (~ 40 pL). Viability of microglassified reactions or
extract (all other reaction components fresh) was assessed by utilisation in cell-free
reactions and synthesis of sftGFP, which was recorded using a Nanodrop™ 3300
Fluorospectrometer. Variations in mixing methods were carrier out by tilting (tube
was tilted on each side three times), injection (using a 30G 0.5 inch UniSharp needle)
and no mixing (solution was slowly pipetted into solvent).
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RNA extraction was carried out from BL21 Star (DE3) — pAR1219 cells grown in LB
broth, similar to cell-free extract preparation. RNeasy kit (Qiagen) was used to isolate
total RNA based on manufacturer’s instructions and concentration was determined
using a Nanodrop™ 2000 instrument. Samples were loaded on a TBE-Urea gel
(BioRad) in 2x NOVEX loading dye (Invitrogen) after being heated at 70°C for 5
minutes. The gel ran for 35 minutes at 200V in 1x TBE running buffer (BioRad) and
was further washed two times in TBE buffer. Then, the gel was incubated in 25 mL
TBE buffer containing 25 mg/mL ethidium bromide. The gel was visualised under
UV light after two further washes with TBE buffer to remove any excess ethidium

bromide stain.

2.4 Analytical methods

2.4.1 Protein concentration

The Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific) was used to determine
total protein concentration. Dilutions and replicates of protein samples and BSA
(bovine serum albumin) standards were created in 20 uL volumes. 500 puL of working
reagent A and 250 uL working reagent B were added to each sample/standard. After
a 30-minute incubation period at room temperature, absorbance readings were taken
at 562 nm using a UV-Vis spectrophotometer (Agilent Multicell Peltier). Lastly,
quantities of unknown protein concentrations were interpolated from a standard
curve generated from the BSA standards. GraphPad Prism software 9.0 was used for

statistical analyses like linear regression.
2.4.2 Quantification of fluorescence and protein yield

For kinetic sfGFP fluorescence assays, continuous fluorescence readings were taken
for 12 hours to 24 hours in a plate reader (TECAN Spark® Multimode Microplate
reader) for every 10 minutes. For four-hour timepoint analysis, fluorescence
recordings and protein samples were retrieved after incubation of cell-free reactions
for four hours in a shaker incubator revolving at 180 RPM. Recordings were taken
using a NanoDrop™ 3300 Fluorospectrometer (Thermo Fisher Scientific). The
excitation and emission wavelength for detection of stGFP were 485 nm and 510 nm,
respectively. For both kinetic and timepoint cell-free analysis, stGFP protein yield
was determined by interpolating fluorescence recordings (RFU) in a standard curve
generated from known sfGFP concentrations. To achieve this, pure sfGFP stock
concentration was determined using a Micro BCA™ Protein Assay Kit (Thermo
Fisher Scientific) and appropriate dilutions were made. It was assumed that all

sfGFP proteins in a sample were correctly folded.
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2.4.3 SDS-Page and western blotting

Protein samples were combined with 2x protein loading buffer containing 5% (-
mercaptoethanol and heated at 95°C for 5 minutes for SDS-PAGE and western blot
analysis. Samples were run on a 12% TGX gel (BioRad) alongside a Precision Plus
protein ladder (BioRad) and submerged in 1x TGX running buffer (BioRad) for 45
minutes at constant 200 V. For SDS-Page analysis, the gel was retrieved and incubated
in 10 mL coomassie stain (Protein Ark) for 1 hour to 3 hours (for crude cell-free
reactions) or overnight (for low yield purified proteins) with gentle shaking on a
shaking platform. The stain was discarded, and the gel was washed with water three
times for 10 minutes each and further incubated for 1 hour. The gel was then imaged
using the Invitrogen white light transilluminator and an image was captured with

the user’s iPhone.

For western blot analysis, a Thermo Scientific™ SuperSignal™ West HisProbe kit was
used and the gel was first transferred onto a nitrocellulose membrane (BioRad) using
a BioRad Trans-Blot Turbo Transfer system. This membrane was blocked with BSA
for one hour and washed with TBS-tween (Tris Buffered Saline with 0.1 % Tween-20).
Then, the membrane was incubated with HisProbe™-HRP conjugated antibody
(Thermo Fisher Scientific) for one hour. Five more washes with TBS-tween were
performed for 10 minutes each and membrane was incubated with 4 mL ECL
substrate (Thermo Fisher Scientific) and finally visualized using a GelDoc system to

image the blot.

The following variations in the above protocol were opted for non-reducing, native
gel and fluorescent gel analysis. The protein samples for non-reducing gels were
prepared with 2x protein loading buffer without 5% [-mercaptoethanol or heat. For
Native-Page analysis, samples were prepared in native protein loading buffer
(BioRad) and loaded on a 12% TGX gel. The pl of the protein to be separated was
calculated based on its amino acid compositions. Only proteins with a net negative
charge (typically pI 3 to 8) are able to migrate through the gel or the polarity of the
electrodes was inversed to allow basic proteins to migrate. A native running buffer
(Ix) was used to run the gel at 200 V for 1 hour. The absence of SDS and f-
mercaptoethanol in the native-page analysis provided a non-reducing and non-
denaturing environment that in turn allowed protein separation in its native state.
Lastly, fluorescent gels were simply imaged by placing the gel of interest on a blue

light transilluminator and the resulting signal was captured using the user’s iPhone.
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2.4.4 RT-qPCR analysis

Cell-free reactions amounting to 100 uL were prepared with the following templates
each: pET20b(+), stGFP-His, reteplase-His, teriparatide-His, alfimeprase-His,
entolimod-His and G-CSF-His. The reactions were prepared without the amino acid
mixture to prevent translation (530A buffer was added in place of 4x amino acids)
and incubated at 37°C for 4 hours. The RNA was extracted from each reaction using
a Qiagen RNeasy kit; manufacturer’s instructions were followed. The yield of the
extracted RNA was quantified using a Nanodrop™ 2000 instrument with the RNA
quantification setting (absorbance at 260 nm). Yields around 200 ng/uL with a purity
(260 nm / 280 nm) ratio of ~ 1.8 - 2 was considered satisfactory. Next, reverse
transcription of the RNA was carried out using the Qiagen Quantitech reverse
transcription kit. Briefly, 1 pg RNA pertaining to each template was added and a
DNA wipeout reaction was performed. Next, reverse transcription (along with a no
reverse transcription control) reactions were performed using primers provided with
the kit to obtain cDNA.

2x QuantiFast SYBR Green PCR Master Mix, the template cDNA, primers and RNase
free water were thawn on ice and combined according to Tables 2.15 and 2.16.
Reactions were set up in triplicate for each construct and controls (pET20b and no

reverse transcription controls), were thoroughly mixed and aliquoted in qPCR strip
tubes (cDNA was added in last).

Table 2.15: Primer information sheet for RT-gPCR

%

Construct Forward primer Reverse primer Size GC

sfGFP ATGCGCAAGGGCGAG GGTGGTGCAGATGAACTTCAG 15/21 67/2

Reteplase AACCTGCATGACGCCTG CAGTCCAGGTAGTTGGTCAC 17/20  59/56
Alfimeprase ATGAGCTTCCCGCAGC GGATATTCAGCGGGCGATAG  16/20 63/55
G-CSF CGCAGAGCTTCCTGCTG ACGGAATGCCCAGGC 15/17  65/67

Entolimod TAGCCTGAGCCTGCTGAC GGTGAAGCGATTGGCAATG 18/19 61/53

Teriparatide ATGAGCGTGAGCGAAATCC GAAGTTATGCACATCCTGCAG 19/21 53/48

Table 2.16: RT-qPCR reaction set up

Component Amount

Quantifast mastermix (2X) 10 ul
Forward primer (10 uM) 2 uL
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Reverse primer (10 uM) 2 uL
cDNA (<100 ng/reaction) 2 uL

RNase free water 4 uL

The following cycle settings were used for the qPCR in the Rotor-Gene Q instrument
(Qiagen):

Table 2.17: qPCR thermocycler settings

Step Temp. Time
Heat activation 95°C 5 minutes
95°C 10 seconds
40 Cycles
60°C 30 seconds
Hold 4°C

The real-time fluorescence recordings were taken during all cycles, and the cycle
threshold values were exported as a .csv file and cycle threshold values were plotted

for analysis.

2.4.5 FTIR spectra collection and data analysis

Purified proteins in need of FTIR investigation were first lyophilised (protocol
detailed in Section 2.5.1) and the subsequent pellet was rehydrated in D20 to achieve
a concentration of >1 mg/mL. An Agilent Cary 630 FTIR spectrophotometer was used
to take IR absorbance readings from 4000 cm™ — 500 cm™ with 16 scans at a 4 cm™
resolution. The instrument was cleaned thoroughly with isopropyl alcohol, and the
pedestal was purged with dry air for 10 seconds before loading a protein sample (~ 5
uL). Background subtraction was carried out with D20 and three spectra were
collected per sample. The spectra were then subject to mathematical analysis using
the Origin Lab software. A user-defined baseline correction was performed, and the
second derivative method was used to deconvolute the peak in the 1700 cm™ — 1600
cm™ amide I region. The derivative curve was smoothed using the Savitsky-Golay
function and gaussian curves were fitted for each identified peak. Curve fitting was
judged by the goodness-of-fit to the original baseline subtracted data. Peak
assignments were made based on previously assigned wavenumbers and the
percentage secondary structure was determined by the area integral of each
individual peak in the 1700 cm™! — 1600 cm! region.
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2.4.6 CD spectra collection

Far-UV CD spectra were obtained using a ChiraScan™ spectrophotometer (Applied
Photophysics) at ~ 25°C. An average of three scans were obtained for all spectra,
which were recorded in a 10 mm path length cell from 260 nm to 190 nm. A water
background recording was first taken and subtracted from all subsequent spectra. All
spectra were collected in water, protein samples and dilutions were made in water as
well. The HT (photo multiplier) voltage and the absorbance values were recorded
for each sample. Absorbance readings that recorded HT values above 600 were
discarded due to high noise. The cell was cleaned thoroughly with water and then
purged with nitrogen gas for 30 seconds between each reading and sample type. The
exported absorbance recordings for the dilutions that reported HT < 600 were plotted

on GraphPad Prism to obtain the raw spectra.

2.4.7 Statistical analysis and software

Statistical parameters such as the n value and standard deviations are detailed in the
figures and legends. For CFPS time point analysis, each data point represents a mean
of biological triplicates measured at 10-minute intervals, where the error bars
represent the standard deviation. GraphPad Prism (version 9) software was used to
calculate the means and standard deviations. One-way ANOVA was performed to
determine significant differences in optimized reaction compositions. Other software
such as SnapGene was used for cloning of reporter/therapeutic constructs and Image]

was used for imaging and editing western blots.

2.5 Other methods

2.5.1 Lyophilisation

Tubes were flash frozen using liquid nitrogen and placed in a freeze-drier overnight
under the following vacuum (<120 mTorr) and condenser (-60°C) settings (VirTis
Benchtop Lyophiliser Sentry 2.0). Unless otherwise specified, each reaction (~50 uL)
was lyophilised in 1.5 mL Eppendorf tubes, lid open and sealed with parafilm. A hole
was made in each parafilm seal to allow for water to leave the tubes during
lyophilisation. After lyophilisation, the seals were removed, the Eppendorf lids were
closed and tubes stored until later use. Note that freeze-drying/freeze-drier may be

used interchangeably with lyophilisation and Lyophiliser.
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2.5.2 Stability studies

The accelerated stability studies were planned according to temperature, humidity
and time requirements in lyophilised pellets and cellulose stacks format. Appropriate
time points for sampling and the number of samples required at each time point
(taking biological triplicates into account) were calculated beforehand. The adequate
number of stability samples were prepared and lyophilised in 1.5 mL Eppendorf
tubes to a volume of 50 pL in the case of lyophilised pellets or three individual
cellulose stacks as described in Section 2.3.5. Each stability sample was labelled with
a batch number, temperature, date of preparation, and sampling time point. Samples
were placed in a stability oven or cold room for 40°C and 4°C temperatures
respectively. For room temperature experiments, samples were placed on the lab
bench and a temperature monitor was placed directly beside the samples. Sample
stability was analysed by first rehydrating the sample with S30A to 80% original
reaction volume (40 pL unless otherwise specified). Reactions were incubated at 37°C
for at least 16 hours at 180 RPM and fluorescence recordings were taken with a

Nanodrop™ 3300 Fluorospectrometer (ThermoFisher Scientific).

2.5.3 Bead-based protein purification

HisPur™ Ni-NTA Magnetic Beads (ThermoFisher Scientific) were used for the bead
based purification approach. The beads composed of Nickel (Ni*) - nitrilotriacetic
acid, have high affinity to proteins with a histidine tag (6x) and other substances such
as imidazole and can be pulled down using a magnetic holder. First, the binding
buffer (50 mM NaH2POs, 300 mM NaCl and 20 mM Imidazole) and elution buffers
(50 mM NaH:POs, 300 mM NaCl and 400 mM Imidazole) were prepared from the
appropriate stock solutions in water and adjusted to pH 8.0. The buffers were then
sterile filtered and stored under refrigerated conditions until use. The protein
mixtures (500 pl for each protein) were added to the magnetic beads (125 uL) after
the beads were washed thoroughly in binding buffer. For mixing, slurries were
vortexed briefly and for collection of beads, a magnetic Eppendorf stand (Invitrogen)
was utilised. The protein-bead slurry was incubated at 4°C for 1 hour on a rolling
platform with gentle rotation. The beads were then collected, and supernatant was
removed. The beads were washed with binding buffer 3 times and the supernatant
was discarded after taking fractions each time. The pure protein was eluted by adding
25 pL elution buffer and two supernatant fractions were collected, combined and
examined by SDS-Page or western blot analysis. A Vivaspin® 20 centrifugal column
was used to concentrate and exchange the protein sample from elution buffer to

DNase and RNase free water (Invitrogen).
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2.5.4 AKTA start column-based protein purification

Similar in principle to the bead-based purification method, the column -based
method utilised a HisTrap™ affinity chromatography column (Cytiva Life Sciences)
containing the Ni-NTA resin and an AKTA start fluidic system to automate the
purification process. The system was first washed with water to remove the storage
buffer (ethanol) and the column was connected to a liquid chromatography system
(10x column volume). The system was thoroughly washed with binding buffer and
then the protein sample (~ 1 mL) was loaded. The column selectively bound the
histidine-tagged proteins, while other non-specific proteins passed through, and this
was observed through the real-time UV absorbance readings at 280 nm. (10x column
volume at a flow rate of 1 mL/minute). Then, the bound proteins were eluted using
elution buffer containing imidazole (6x column volume at a flow rate of 1 mL/minute;
six fractions collected). UV absorbance recordings informed which fractions were
combined (in the case of sfGFP, the fractions that contained pure sfGFP was readily
visible doe to the bright green signal). A Vivaspin® 20 centrifugal column was used
to concentrate and exchange the protein sample from elution buffer to DNase and

RNase free water (Invitrogen), carried out three times.
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Chapter 3 Generation of in-house bacterial cell-free

extract and DNA templates

3.1 Introduction and aims

CFPS is a method that utilises components extracted from living cells to produce
various proteins of interest, when supplemented with the appropriate building
blocks (DNA template, energy, amino acids etc.). Of these starting materials, cell-free
extract and the DNA templates are particularly susceptible to batch-batch variation
(i.e. small changes in the preparation process can lead to large variations in the cell-
free reactions yields). Therefore, this project began with the aim to establish a reliable
in-house CFPS system, founded on E. coli cell-free extract, with expression driven by

T7 polymerase.

BL21 (DE3) (and its variants BL21 Star, Rosetta, and ClearColi® BL21) and the Shuffle
T7 strain are among the most commonly used bacterial strains in literature, for
steady, endotoxin-free synthesis in the former category, and inducing disulfide bonds
in the later (Krinsky et al., 2016, Wilding et al., 2019, Kwon and Jewett, 2015, Kim et
al., 2006b, Dopp and Reuel, 2019).

BL21 Star (DE3) was chosen as the lead candidate for cell-free extract preparation
owing to its high protein expression capabilities, quick growth/reaction times, and an
already well-established history with CFPS (Au - Levine et al., 2019). It is a genetically
engineered strain offering higher mRNA and protein stability (low endogenous
RNAses and proteases) and has been optimized for protein expression from low-copy
number T7-promoter based plasmids. However, a high level of soluble and active T7
polymerase is required for cell-free synthesis in such extracts. Hence, the enzyme is
often added as a supplement to BL21 Star (DE3) cell-free extracts, making it a more
expensive and time-consuming procedure. To address this challenge, a plasmid
(pAR1219) coding for T7 polymerase was transformed, in addition to the basal T7
polymerase already expressed in the BL21 Star (DE3) strain. Impact of this
transformation was studied through turbidimetric analysis. Furthermore, solubility
of T7 polymerase was studied at various timepoints to identify most soluble T7

polymerase levels for cell-extract preparation.

DNA template design is another critical step for successful CFPS. Codon optimisation
significantly enhances expression when tailored to the strain of choice for cell-free
extract preparation (Zhang et al., 2021). Many types of nucleic acid templates have
been utilised for CFPS: Plasmid DNA (Levine et al., 2019) and linear DNA (PCR
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products)(Wu et al., 2007, Nomoto and Tada, 2018, Sato et al., 2022), with very limited
work on understanding mRNA, perhaps owing to its instability (Hansen et al., 2016).
Plasmid DNA was the main source of genetic material for this work, primarily for
ease of production (e.g. large-scale DNA isolation using midi-preps) and ease of

generating linear templates trough PCR using existing primers, if needed.
The broad aims for this chapter are -

(a) Identify the optimal growth, induction and harvest conditions to obtain cell-

free extract with the highest level of T7 RNA polymerase

(b) Clone the expression constructs for the five therapeutic proteins and a

fluorescent reporter protein.

3.2 Results and discussion

3.2.1 Development of the BL21 Star (DE3) — pAR1219 strain

3.2.1.a Effect of pAR1219 transformation on expression host BL21 Star (DE3) growth
kinetics

The T7 bacteriophage RNA polymerase has been widely reported for efficient
expression of recombinant proteins in both cell-based and cell-free systems (Angius
et al., 2018, Failmezger et al., 2017, Tabor, 2001). pAR1219, a commercially available
plasmid traditionally used for gene knockout experiments, has more recently become
a tool for T7 polymerase overexpression in cell-free synthetic biology (Krinsky et al.,
2016, Krinsky et al., 2018). pARI1219 can be transformed in bacterial strains to
enhance the endogenous levels of T7 polymerase in strains already expressing the
polymerase (such as BL21 Star (DE3)). Similar to endogenous expression, pAR1219
expresses T7 RNA polymerase under the control of inducible lac promoter.

Firstly, E. coli BL21 Star (DE3) was transformed with pAR1219 to create recombinant
strain E. coli BL21 Star (DE3)-pAR1219 (Figure 3.1, a). Then, the growth of E. coli BL21
Star (DE3)-pAR1219 was monitered to study the impact of the transformation.
Detailed protocols for this experiment are provided in Section 2.2.1. Briefly, the
experimental set up consisted of two strains, BL21 Star (DE3) and BL21 Star (DE3)-
PAR1219 studied with and without IPTG induction (0.2 mM) when cultures reached
ODsoo = 1.0.

The results indicate a clear exponential growth pattern in all batches, shifting to a
stationary trend after nine hours of incubation. The recombinant strain, E. coli BL21
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(DE3)-pAR1219, grew slower (growth rates 0.1838 hr! for induced and 0.1809 hr for
un-induced) in comparison to E. coli BL21 Star (DE3) (growth rates 0.2605 hr! for
induced and 0.2825 hr' for un-induced; Figure 3.1, b). Although linear regression
analysis confirmed that the difference between slopes is not significant, the
recombinant strain is expected to have a lower growth rate due to additional protein

expression from transformed plasmid.
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Figure 3.1: (a) A stained agarose gel showing DNA corresponding to plasmid purified from BL21 Star
(DE3) — pAR1219 cells. Samples were run alongside 1 kb Plus DNA ladder for comparison of size.
Arrow shows bands corresponding to plasmid pAR1219 (left; 9.4 kb) and control plasmid pUCI19
(right; 2.7 kb); (b) Growth curve of BL21 Star (DE3) — pAR1219 compared with BL21 Star (DE3)
shown with and without IPTG induction. Growth rates calculated from linear regression analysis are

shown in the legend (n =6)

3.2.1.b pAR1219 transformation enhances the levels of T7 polymerase in BL21 Star (DE3)

cells

The T7 RNA polymerase expression profiles of both strains were studied by SDS-

Page analysis, in an effort to enhance T7 polymerase levels. Proteins were stained
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using coomassie dye and the T7 polymerase bands (99 kDa) were identified adjoining
the 100 kDa band of molecular ladder.

T7 polymerase expression was detected in both conditions with and without
PAR1219 within two hours after induction (Figure 3.2; ‘2 hr’). However, strongest
expression was seen in BL21 Star (DE3)-pAR1219 induced with IPTG (Figure 3.2, b;
‘2 hr’). A similar pattern was observed five hours after induction (Figure 3.2; ‘5hr’),

from which T7 polymerase was present predominantly in the insoluble fraction.
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Figure 3.2: SDS-Page analysis of (a) BL21 Star (DE3) and (b) BL21 Star (DE3)-pAR1219. Both
soluble and insoluble fractions were collected in the following times: 0 hr sample taken before induction;
2 hr, 5 hr and 24 hr samples taken after those hours of induction respectively. ‘Lad’ indicates molecular
ladder. Arrow indicates expected size of T7 RNA polymerase. Induced samples are labelled ‘I" and
soluble sample are highlighted within a grey box.

3.2.1.c Time course analysis of BL21 Star (DE3) - pAR1219 under various growth
temperatures

In order to improve solubility of T7 polymerase, a number of culture conditions were
tested. Firstly, two lower incubation temperatures, 25°C and 30°C, were tested in
addition to previously used 37°C. Next, the concentration of IPTG used to induce
expression was expanded to 0.2 mM, 0.5 mM and 1 mM (with 0 mM as the un-
induced control). Collectively, 12 different temperature-IPTG combinations were
tested and ODesw measurements were plotted over time to obtain growth curves. It
was evident that cells had slower growth rates as incubation temperatures decreased
(Figure 3.3 b, ¢, d).
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Figure 3.3: (a) Experimental set up for time course analysis of BL21 Star (DE3) — pAR1219. Each circle indicates 1 flask. BL21 Star (DE3)_pAR1219 growth
curves at (a) 25°C, (b) 30°C and (c) 37°C respectively. Grey dotted line indicates time of induction and error bars are smaller than data points, where they are

not visible (n=9).
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3.2.1.d SDS-Page analysis reveals best temperature and IPTG concentrations for most

soluble levels of T7 polymerase

SDS-Page analysis was carried out to determine solubility of T7 polymerase, similar
to Section 3.2.1.b. At 25°C, little expression was detected two hours post-induction at
0.5 mM and 1 mM IPTG concentrations (Figure 3.4; soluble fraction). Stronger
expression was detected at 0.5 mM, five hours post-induction in comparison to 1 mM,
suggesting that 0.5 mM is perhaps adequate (Figure 3.4; soluble fraction). Most T7
RNA polymerase was insoluble at 24 hours (Figure 3.4; insoluble fraction).
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Figure 3.4: SDS-Page analysis of (a) soluble and (b) insoluble BL21 Star (DE3)-pAR1219 cell
extract obtained from cells grown at 25°C and induced using varied concentrations of IPTG (0 — 1
mM IPTG). ‘Lad’ indicates molecular ladder.

At 30°C, the enzyme was produced two hours post-induction at all IPTG
concentrations (Figure 3.5; soluble fraction). Strong bands around 100 kDa were
observed at 0.5 mM and 1 mM five hours post-induction (Figure 3.5; soluble fraction).
However, strong bands in the insoluble fraction were also observed (Figure 3.5;
soluble fraction). Very little soluble T7 polymerase was detected at 24 hours (Figure
3.5; 24 hrs soluble and insoluble fractions).
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Figure 3.5: SDS-Page analysis of (a) soluble and (b) insoluble BL21 Star (DE3)-pAR1219 cell
extract obtained from cells grown at 30°C and induced using varied concentrations of IPTG (0 — 1
mM IPTG). Lad’ indicates molecular ladder.

Unlike what was observed at 25°C and 30°C, a majority of soluble T7 polymerase was
found expressed two hours post-induction at 37°C, with maximum production at 0.5
mM IPTG concentration (Figure 3.6; soluble fraction). By five hours after induction,
majority of T7Z RNA polymerase had shifted to the insoluble fraction and few traces
of T7 polymerase were found by 24 hours.
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Figure 3.6: SDS-Page analysis of (a) soluble and (b) insoluble BL21 Star (DE3)-pAR1219 cell
extract obtained from cells grown at 37°C and induced using varied concentrations of IPTG (0 mM —
1 mM IPTG). Lad” indicates molecular ladder.

Collectively from all conditions tested, production of T7 RNA polymerase was
strongest at five hours post-induction and 24 hours post-induction at 25°C, two hours
and five hours post-induction at 30°C and two hours post-induction at 37°C.
Strongest production in the soluble fraction was seen at 37°C, two hours after
induction with 0.5 mM IPTG; this was also observed to be the fastest method of
obtaining soluble T7 polymease expression.
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3.2.2 Development of fluorescence reporter templates: stGFP and sfGFP-His

Superfolder green fluorescent protein (sfGFP) is revolutionising the field of protein
biochemistry since its first appearance in 2006, due to several enhancements from its
parent protein, GFP (Pédelacq et al., 2006). Derived from folding reporter GFP, stGFP
contains six mutations (S30R/Y39N/N105T/Y145F/I171V/A206V), conferring
exceptional stability and fast folding kinetics. It is a 26.8 kDa protein with an
excitation and emission wavelength of 485 nm and 510 nm, respectively (Cranfill et
al., 2016). stGFP comprises eleven (3-strands, enveloping an a-helix containing the
chromophore responsible for fluorescence (amino acids Gly-Tyr-Gly; PubChem ID
49866829). The [-barrel structure (formed as a result of hydrogen bonding between
the eleven [-strands) surrounding the central pore is thought to contribute to the
remarkable stability of fluorescent proteins in general (Figure 3.7, a). This property
has allowed sfGFP to be used, for example: as a fusion protein to enhance solubility
of binding partners; in cellular localisation experiments; and as fluorescence reporters
in synthetic biology. Therefore, it is no surprise that sfGFP was often chosen as the

fluorescent protein of choice for many cell-free studies.
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Figure 3.7: Structure of sfGFP (a) Wild-type sfGFP showing the B-barrel structure enveloping the a-
helix and three amino acids forming the chromophore (b) Amino acid sequence of sSftGFP used for cloning
experiments, with the chromophore (TYG) and C-terminal histidine tag (HHHHHH), used in pET20b-
sfGFP-His. Adapted from (Olenginski et al., 2021).

Two plasmids harbouring the sfGFP gene were created for cell-free applications
outlined in this thesis: pET20b(+)-sfGFP and pET20b(+)-stGFP-His (Figure 3.7, b).
PET20b(+)-stGFP was first cloned and a C-terminal Histidine tag was later added to
create pET20b(+)-sfGFP-His. As described in Section 3.2.1, a T7 polymerase-driven
cell-free expression system was envisioned. On that account, the pET plasmid system
was selected for T7 promoter-driven production of downstream protein(s). The
pET20b(+) vector carries a T7 promoter, T7 transcription terminator and an ampicillin

resistance gene to allow selection of bacteria harbouring the plasmid.
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3.2.2.a Assembly of pET20b(+) and sfGFP to generate pET20b(+) - sfGFP

The plasmid pBAD24 — sfGFPx1 (5228 bp) was used as a source of sfGFP gene and
cloned into the pET20b(+) vector using NEB HiFi DNA assembly (Figure 3.8, a). This
was achieved by first amplifying the sfGFP and the vector backbone fragments
(Figure 3.8, b). The sftGFP fragment was subsequently assembled into the multiple
cloning site of pET20b(+) using assembly cloning and the assembled DNA was
transformed in NEB 5a competent cells. Seven single colonies were sub-cultured, and

an agarose gel was run to verify the presence and sizes of the extracted DNA (Figure
3.8, c).

Four different sized colonies were chosen (Colonies 1 — 4; Figure 3.9, a) based on size
for further confirmation. DNA was extarcted and re-amplified using previously
designed primers to scan for the presence of two (sfGFP and pET20b) assembled
fragments. Amplified products were visualised on a 1% agarose gel. The vector
(pET20b+ backbone) and insert (stGFP) framents were found to be present in Colonies
2, 3 and 4, but vector was absent in Colony 1 (Figure 3.9, a). DNA sequencing results
indicated mutations and truncations in colonies 1, 3 & 4 when aligned with known in
silico sequences. DNA from Colony 2 and Colony 3 were individually transformed in
BL21 Star (DE3) cells for expression of stGFP. It was immediately evident that Colony
3 contained the correct sequence as it produced a bright green colour, distictive of
stGFP, whereas Colony 2 culture did not (Figure 3.9, b & c). The cells were infact not
induced to start expression, however, cells still expressed the sfGFP gene due to the
leaky nature of T7 promoter. Meanwhile, samples were sequenced (Eurofins
Genomics) and aligned against known pET20b(+) — stGFP sequence. Sequence from

Colony 3 aligned devoid of any mutations, confirming a succesfull cloning.
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Fiqure 3.8: Cloning of pET20b(+) — sfGFP (a) Summary of the cloning procedure (obtained from SnapGene) (b) Stained 1% agarose gels showing PCR-amplified
vector (right) and insert (left) fragments (c) Stained 1% agarose gel showing DNA extracted from 7 different NEB5« colonies transformed with assembled pET20b(+)

—sfGFP. Lad’ indicates molecular ladder.
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Figure 3.9: Verification of pET20b(+) — sfGFP (a) Stained 1% agarose gel showing re-amplified
vector (V) and insert (I) fragments from pET20b(+) — sfGFP. The expected sizes and bands are marked
with white arrows. Lad” indicates molecular ladder. (b) Picture of BL21 Star (DE3) cells transformed
with colony 2 and colony 3 DNA. Cells transformed with colony 3 DNA were yellow/green in colour,
an indication of sfGFP expression. Cells cultivated with colony 2 DNA were translucent. (c) Images
of BL21 Star (DE3) cells transformed with colony 3 DNA, captured using the EVOS M5000
imaging system (Thermo Fisher Scientific) with the GFP Light cube. A 10x (left) and 100x (right)

magnification of cells in suspension is shown.
3.2.2.b Cloning a C-terminal histidine tag to enable purification of pET20b(+) — sfGFP

The NEB HiFi DNA assembly was, once again, used to add a C-terminal histidine
(His) tag to stGFP, leading to the creation of pET20b(+)-sfGFP-His. Primers were
designed such that 6x histidine were inserted to amplified sfGFP fragments when the
samples were subject to PCR amplification (Figure 3.10; ‘stGFP-His;). The sfGFP-His
fragments were then combined with pET20b fragments and the overlapping region
was assembled to obtain final plasmid (Figure 3.10; lanes 1 & 2). Sequence of
assembled DNA was confirmed (Eurofins Genomics) and aligned with known
pET20b(+) — stGFP-His sequence.
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Figure 3.10: Cloning of pET20b(+) — sfGFP-His (a) Summary of the cloning procedure (obtained from SnapGene) (b) Stained 1% agarose gel showing PCR-amplified
vector (pET20b+) fragment, insert (sfGFP-His) fragment and assembled pET20b(+) — sfGFP-His fragments (1 & 2). Lad’ indicates molecular ladder.

60



3.2.3 Generation of therapeutic protein constructs
3.2.3.a Restriction enzyme cloning of reteplase, alfimeprase, entolimod, and G-CSF

Codon optimized DNA corresponding to therapeutic proteins reteplase, alfimeprase,
entolimod, and G-CSF (including C-terminal 6x His) each arrived in a pUC57 carrier
plasmid. The DNA was first transformed and amplified in cloning host NEB5«
(Figure 3.11). Then, these plasmids and pET20b(+) vector were digested using EcoRI
and Xhol restriction enzymes to generate fragments with sticky ends (Figure 3.12).
Fragments coding for the therapeutic proteins were ligated with the pET20b(+) vector
fragment and transformed into NEB5a cloning host. Several colonies were screened,

and plasmids were sequenced to obtain therapeutic protein templates (Figure 3.13).
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Figure 3.11: Stained 1% agarose gel showing amplified pUC57 DNA containing reteplase (RET),
entolimod (ENT), alfimeprase (ALF) and granulocyte-colony stimulating factor (G-CSF) coding
sequences. Lad’ indicates molecular ladder.

- pET20b ---- -—-- Reteplase --—-  -—-- G-CSF ----- --- Entolimod ---
Full  Frag Lad Full Frag Full Frag Lad Full Frag

1 Kb f—

500 bp _ 500 bpes

Figure 3.12: Stained 1% agarose gel showing restriction digested fragments (‘frag’) using EcoRI
and Xhol enzymes, alongside each coding sequences’ carrier plasmid pUC57 (‘full’). Arrows indicate

identified fragment for each coding sequence. Lad’ indicates molecular ladder.
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500b

Figure 3.13: Stained 1% agarose gel showing plasmids extracted from various NEB5a colonies
transformed with ligated DNA. At least three colonies were screened for each cloned plasmid; Lad’ indicates
molecular ladder.

3.2.3.b NEB Hi-Fi assembly cloning of teriparatide

Codon optimized DNA encoding teriparatide (with a C-terminal 6x His tag) arrived
in a pUCS7 carrier plasmid. The DNA was first transformed and amplified in cloning
host NEB5a. In a similar fashion to the other proteins shown above (Figure 3.12),
restriction digestion was attempted with EcoRI and Xhol. However, fragments could
not be generated, even when reaction was allowed to proceed for a longer time period
(2 hours and 5 hours; Figure 3.14, a). This could be attributed to the small size of
teriparatide’s coding sequence (~160 base pairs). Therefore, an alternative cloning
strategy was opted, namely NEB HiFi DNA assembly. Teriparatide gene fragment
was detected on an agarose gel when DNA was amplified by PCR using specific
primers (Figure 3.14, b). This fragment was assembled with the pET20b(+) vector
fragment and transformed into NEB5a cloning host. Colonies were screened and
plasmids were sequenced to obtain final DNA template pET20b-Ter-His. The 1%
agarose gel with prepared plasmids (Figure 3.14, c) summarises all therapeutic DNA

templates generated in this chapter.
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Figure 3.14: Stained 1% agarose gels showing (a) restriction digestion of pUC57-Teriparatide
using EcoRI and Xhol enzymes for 2 hrs and 5hrs, (b) PCR amplification of the teriparatide DNA
fragment assembled in the pET20b vector; identified with an arrow at approximately 160 base pairs,
(c) All cloned plasmids detailed in this chapter: pET20b (empty vector), pET20b-RET-His (reteplase),
pET20b-TER-His (teriparatide), pET20b-ENT-His (entolimod), pET20b-GCSF-His (G-CSF) and
pET20b-ALF-His (alfimeprase). Lad’ indicates molecular ladder.

3.3 Summary

This chapter described the generation of two critical elements for in-house cell-free
protein expression: cell-free extracts and DNA templates for expression of protein-
of-choice. BL21 Star (DE3) was chosen as the foundational bacterial strain for cell-free
extract preparation. By supplementing pAR1219 to BL21 Star (DE3), T7 polymerase
production levels were enhanced. Further optimisation of cell growth and induction
parameters led to identification of two hours post-induction with 0.5 mM IPTG at
37°C as the best conditions for cell growth and target for harvesting of cells. Hence,
all cell-free experiments described in this thesis are derived from BL21 Star (DE3)-
PAR1219 cell extract, grown at 37°C, and induced using 0.5 mM IPTG, where cells

are harvested at approximately two hours post-induction (~ ODew = 3 — 4).

Next, stGFP was chosen as the fluorescent reporter for studying CFPS, owing to its
extraordinary stability and ease-of-detection. In silico designs were made for sfGFP
and its His-tagged version ‘sfGFP-His" in the pET20b vector, flanked by the T7
promoter and T7 terminator. Both templates were generated successfully using NEB
HiFi DNA assembly.

Five more DNA templates were cloned for demonstrating expression of therapeutic
proteins, for on-demand applications in extreme and low-resource environments.
Four plasmids containing the coding sequences for reteplase, entolimod, alfimeprase
and granulocyte colony stimulating factor, each were cloned using the restriction
digestion method. One plasmid, containing the coding sequence for teriparatide, was
cloned using the NEB HiFi DNA assembly method, following little success with the

restriction digest method. Collectively, a preliminary DNA library of two fluorescent
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reporter templates and five therapeutic templates were created for cell-free
applications that are compatible with most T7 polymerase-containing bacterial

extracts.
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Chapter 4 Development and optimisation of CFPS and
experimenting  with  formats for on-demand

manufacturing

4.1 Introduction

An attribute of a good cell-free system is high efficiency, with sufficient to high levels
of output (protein yield) for a given input (cell-free components). Although the cost
of CFPS is higher than cell-based biomanufacturing (mainly due to energy
supplementation), advances in the former is lowering the price at a rapid pace. Some
inputs in particular, such as energy components, are particularly expensive to
procure. This, in part, is contributing to efforts in energy regeneration and adaptation
of cheaper energy substrates, often leading to the creation of in-house cell-free
systems for each research group. Taken together with large batch-batch variation,
each cell-free system is highly unique, and any comparison must be performed with
care. This chapter builds on previous work (Chapter 3) by utilising the cell-free
extracts and DNA templates to develop a fully in-house CFPS system unique to the
School of Pharmacy at the University of Nottingham (owing to pAR1219 driven T7

polymerase overexpression).

Following the establishment of cell-free systems, considerations on storage and
transportation are important to preserve these materials for long-term use. Most
protocols from groups that have established their own in-house cell-free systems
report storage of raw materials at temperature ranging from -20°C to -80°C, and cell-
free components are typically flash frozen and stored at -80°C after preparation, until
further use (Pardee, 2018). This is because, CFPS components also require cold
storage to remain active, similar to conventional pharmaceutical storage solutions.
Liquids aside, lyophilisation is the most studied format for improving stability of cell-
free systems without cold-storage — a concept that was inspired from

biopharmaceuticals manufactured in a cell-based route.

The performance of lyophilised extracts and energy systems improved drastically in
comparison to aqueous extracts from 30 days to up to a year (Pardee, 2018). Studies
have also demonstrated cell-free synthesis of antimicrobial peptides, vaccines, small
molecules, cytotoxic therapeutics, and biosensors using ‘just-add-water” lyophilised
systems (Pardee et al.,, 2014, Pardee et al., 2016a, Pardee et al., 2016b, Salehi et al.,
2016a). However, to implement lyophilised cell-free reactions on-site, further

considerations, such as the ease of storage, distribution, and use in environments
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outside the laboratory and biosafety, need to be addressed. This chapter also explores
various methods and formats for implementation of CFPS in a simplistic manner —
for use by scientists and others without a STEM background. Finally, some

considerations for the formulation and delivery of protein products are discussed.

The broad aim for this chapter is to produce a flexible CFPS system with the
following objectives -

(a) Optimisation of the system for high synthesis efficiency based on fluorescent
reporter production and benchmarking the optimised platform against highly

efficient commercially available systems.

(b) Exploration of formats through which the cell-free platform could be
transported and distributed for point-of-care applications in remote locations
on Earth and for space-based applications. Build formats based on previously
published work related to lyophilisation or drying but also test new methods
such as microglassification and the use of other scaffolds that may allow ease

of use in a remote setting by any individual.

4.2 Results and discussion

4.2.1 Commercial kits provide a good understanding of highly efficient CFPS

4.2.1.a PURExpress (NEB) and E. coli S30A Extract System for Circular DNA (Promega)

The use of CFPS for difficult-to-synthesise proteins (e.g. membrane proteins) has
gained traction in the recent years, as labs working with complex proteins realised
cell-free synthesis offered an easier route. This increase in interest has led to
commercial development of CFPS kits — two such kits are the PURExpress
(manufactured by NEB) and the E. coli S30A Extract System for Circular DNA
(manufactured by Promega). PURExpress consists of the purified enzymes necessary
for transcription and translation, derived from E. coli BL21 cells. The Promega system
consists of crude bacterial cell extract (from an OmpT endoproteinase and lon protease
knockout strain). Both kits were commercialised from previously published work
(Shimizu et al., 2001, Zubay, 1973, Zubay, 1980) and are some of the most popular
CFPS kits in the market.

The PURExpress and Promega systems were initially used to set up baseline cell-free
experiments to understand CFPS and to compare performances with a fully
developed in-house CFPS system. The two commercial systems were studied

through monitoring of sfGFP production over time using the in-house generated
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templates described in Chapter 3 (Figure 4.1, a). The rate of synthesis of sfGFP
(transcription + translation) was similar in both kits (13470 hr-! for PURExpress, and
12382 hr! for Promega), with expression starting in the first 15 minutes. It was,
however, observed that the S30A reaction reached saturation earlier (~ 3 hours)
compared to PURExpress (~ 4 hours), with the latter recording 1.5 times more
fluorescence, suggesting a higher protein yield. This may be attributed to the purified
nature of components in PURExpress, allowing it to be devoid of DNases, RNases,
and Proteases, whereas the S30 kit reaction may be more susceptible to degradation
of DNA, RNA and proteins. The components and protein product(s) from
PUREXxpress were visualised on an SDS-Page gel (Figure 4.1, b), where a protein band
corresponding to sfGFP was identified, further validating its expression.

(@) Time course analysis of sSfGFP synthesis using commercial kits
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Figure 4.1: CFPS using commercial kits (a) Time course analysis of sfGFP production using PURExpress and
Promega systems, showing fluorescence over time alongside a negative control (pET20b empty vector);
Experiments were performed in triplicates (n = 3); data are shown as mean + SD. Equation and goodness of fit for
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the linear regression analysis shown aside key, (b) SDS-Page analysis of PURExpress reaction, where ** indicates
the presence of sfGFP alongside a negative control (pET20b empty vector) and molecular ladder ("M.W.");
Molecular wright of sfGFP is 26.8 kDa.

4.2.1.b Commercial components were used to test in-house cell-free extract and DNA
templates

Chapter 3 described the design and preparation of an in-house cell-free extract using
BL21 Star (DE3) - pAR1219 cells. The total protein concentration of the cell-free extract
was first measured by means of a BCA (bicinchoninic acid; Pierce™ ThermoFisher
Scientific) colourimetric assay. Results are shown for three independent cell-free
extract preparation procedures with technical repeats (n = 3) for each assay (Figure
4.2, a). The assay was calibrated using known concentrations of bovine serum
albumin, and the resulting linear regression was used to determine unknown protein
concentrations. Goodness of fit (R?) was consistently > 0.95. The average protein
concentration was ~ 55 mg/mL. This was found to be slightly higher than a well-cited
protocol (where this extract preparation method was inspired from), which reported
a concentration between 30 mg/mL and 50 mg/mL (Au - Levine et al., 2019). This
could be partly due to overexpression of the T7 polymerase from pAR1219; a method

modification in this project.

In order to test the integrity of the in-house cell-free extract, a cell-free reaction was
executed with this extract and DNA templates described in Chapter 3, and
commercial energy buffers and amino acids provided in the E.coli S30A Extract
System for Circular DNA (Promega). Time course analysis revealed sfGFP
production over time, indicating successful CFPS, as compared to no increase in the
negative control ‘pET20b” reaction (Figure 4.2, b). The exponential increase in
fluorescence, although small, was observed for ~ 2 hours, after which the reaction
reached a saturation phase. The small increase in fluorescence and the short
exponential phase both indicate that this set-up requires substantial optimisation to
provide good protein yield and compete with the commercial systems described

previously.
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(a) Cell-free extract protein concentration assays (b) CFPS time course with in-house extract
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Figure4.2: In-house extract preparation (a) Protein concentration (BCA) assay results of three independent extract
preparation procedures with three technical repeats each (total N=9) using a 1 in 40 dilution. Final concentrations
are shown as a mean of three technical repeats + SD; R? value indicates the goodness of fit for the regression
performed to calculate unknown protein concentrations (R?> =1 indicates that regression fitted data perfectly); (b)
Time course analysis of cell-free synthesis of sSfGFP using all in-house components, showing increase in sfGFP
fluorescence (‘pET20b-sfGFP-His in-house extract’) compared against a stagnant negative control (‘pET20b’);
Experiments were performed in triplicates (n = 3); data are shown as mean + SD.

4.2.2 Development and optimisation of a fully functional in-house CFPS system

4.2.2.a Higher concentration of energy components contributed to yield improvement

Having shown that the in-house cell-free extract was adequately concentrated and
functional, the next step was to develop and test a fully in-house CFPS system, where
all components are procured and produced in UoN labs. Energy components, amino
acids and other buffers were prepared as detailed in Methods (Chapter 2). Series of
experiments were conducted in a one-factor-at-a time method to identify large trends
in improving the yield of the in-house system. The first in-house cell-free reaction
was performed with a preliminary energy mix, which led to a CFPS trend as seen
previously (Figure 4.2, b). Similarly, a small increase in fluorescence with a short
exponential phase was observed. Next, the impact of supplementing the reaction
with more energy mix was studied, as energy depletion is a well-known bottleneck
in CFPS reaction progression (Calhoun and Swartz, 2007, Dondapati et al., 2020).
Figure 4.3 shows a time course of sfGFP production under two conditions: ‘in-house
initial” corresponding to the initial energy mix and ‘in-house improved’
corresponding to 2x (doubled) energy mix. As suspected, a significantly higher
fluorescence output was obtained with the new reaction mix containing 2x energy
components, with fluorescence rising exponentially to 4 hours, followed by a
saturation phase. This concentration of energy mix was maintained for all further
CFPS reactions for higher yields.
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Higher energy mix concentration contributes
to higher protein yield
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Figure 4.3: Higher energy mix concentration contributes to higher protein yield. Time course of sSfGFP production
is shown under two conditions: ‘in-house initial” (1x energy mix) and ‘in-house improved’ (2x energy mix), where
pET20b is a negative control showing no change in fluorescence over time. Experiments were performed in
triplicates (n = 3); data are shown as mean + SD.

4.2.2.b Identifying the optimal magnesium glutamate and DNA concentrations

Successful CFPS relies on optimal concentrations of multiple components in the
reaction mix. Magnesium glutamate was the next component explored for
optimisation. Magnesium ions (Mg?*) play a critical role in protein synthesis inside
living cells; therefore, there is no doubt that the ion plays a critical role in cell-free
synthesis of proteins as well - in addition to being a cofactor for the many enzymes
involved in translation, it is involved in ribosome assembly (also critical for
translation), and even appears to play a protective role during lyophilisation of
proteins (Jewett et al., 2009a, Petrov et al., 2012, Guo et al., 2020).

Magnesium Glutamate (Mg-Glu) concentrations have been thoroughly optimised in
previous studies, nevertheless, Mg-Glu optimisation is highly recommended for each
unique cell-free extract preparation (Kim et al., 2006a, Jewett et al., 2009b, Silverman
et al., 2019). A range of Mg-Glu concentrations (from 0 mM to 50 mM) was chosen
and time course analysis was performed in 5 mM increments, in an effort to optimise
the in-house CFPS system (Figure 4.4, a). It was clear that an absence of Mg-Glu
inhibited protein synthesis (Figure 4.4, a; ‘0 mM’). Of the concentrations tested, 20
mM Mg-Glu produced the highest fluorescence, when compared with other
concentrations and the negative control (Figure 4.4, a; 20 mM’). Concentrations
higher than 20 mM also seemed to repress protein synthesis; similar observations for
Mg-Glu concentrations beyond 15 mM - 20 mM have been made in literature,
although it is not clear why (Nagaraj et al., 2017, Cai et al., 2015). Collectively, 20 mM

Mg-Glu was determined to be the best concentration of this in-house CFPS system.
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The effects of DNA concentration on CFPS was next explored. There is some evidence
to suggest that a saturation point is reached with specific DNA concentrations (where
transcription machinery is fully utilised) (Zhang et al., 2021, Li et al., 2017). Therefore,
a range of DNA concentrations were tested in the Mg-Glu optimised in-house CFPS
system, with the aim to identify the concentration that produced highest fluorescence
(and hence indicating higher protein yield). As expected, an increase in protein yield
was observed with increasing DNA concentrations until 350 ng. Then, the yield
decreased as a function of DNA concentration (350 ng — 3000 pg). This may be due to
dilution of other components in the cell-free reaction mix (ions in particular) as the
DNA was eluted and stored in water, rather than S30A buffer.

It was further noted that two reaction conditions namely 10 mM Mg-Glu (Figure 4.4,
a) and 450 ng DNA (Figure 4.4, b) represent similar reaction set-ups and yet produce
significantly different fluorescent signals. This discrepancy may be due to batch-
batch variation as the two experiments were conducted on different lysate batches.
Furthermore, the experimental data shows that 350 ng DNA is a suitable
concentration for effective CFPS. It is worth noting that this concentration is suitable
for plasmid DNA only and may differ for linear DNA templates - a similar

experiment with linear DNA templates could be considered for future work.

(a) Effect of magnesium glutamate on CFPS reactions (b) Effect of DNA concentrations on CFPS reactions
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Figure 4.4: Optimisation of magnesium glutamate (Mg-Glu) and DNA concentrations for CFPS (a) Graph
showing sfGFP fluorescence from cell-free reactions at varying concentrations of Mg-Glu after 4 hours of
incubation; (b) Graph showing sfGFP fluorescence from cell-free reactions at varying concentrations of DNA after
4 hours of incubation. Initial reaction conditions before optimisation were: 30% (v/v) extract, 10 mM Mg-Glu and
500 ng DNAs. Experiments were performed in triplicates (n = 3); data are shown as mean + SD and fluorescence
was normalised with negative control reactions (pET20b), P value > 0.05 = ns, P < 0.0001 = ****.

71



4.2.2.c PEG supplementation enhances CFPS efficiency

The initial optimisation experiments revealed best concentrations of components like
DNA and Mg-Glu, without which CFPS would not function. This was followed by
an experiment to study the effects of supplementary agent, PEG (Polyethylene
Glycol). PEG is a well-known macromolecular crowding agent, aiding protein
stability and flexibility in less crowded cell-free environments. For this reason, PEG
is often included as a supplement even in minimal cell-free buffers (less complex
mixtures for highly efficient CFPS), particularly for artificial cell development (Foley
and Shuler, 2010, Ge et al., 2011). It is, however, well documented that excess PEG
has negative implications, with typically optimised concentrations ranging between
1% and 2% (Whitfield et al., 2020, Borkowski et al., 2020, Banks et al., 2022).

Impact of PEG on CFPS yield and kinetics was studied at two concentrations: 1.5%
and 3% and compared with an unsupplemented control. A significant difference in
sfGFP fluorescence and thereby protein yield was observed with the
unsupplemented reaction and the 3% PEG-supplemented reaction, confirming
previously observed benefits of PEG; cell-free kinetics remained unchanged (Figure
4.5). Interestingly, no significant difference was observed with the unsupplemented
reaction and the 1.5% PEG-supplemented reaction - indicating that a higher
concentration is beneficial for this cell-free system — nevertheless, an extensive range
of PEG concentrations and molecular weights could be tested for better optimisation
(Chapter 5 discusses a Design-of-Experiment (DoE) approach that lead to the
identification of better PEG concentrations and molecular weights for better stability

of cell-free systems at room temperature).
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PEG supplementation enhances CFPS efficiency
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Figure 4.5: Effects of supplementation of PEG on CFPS. Time course of sSfGFP production is shown under three
conditions: 0% PEG supplement (unsupplemented reaction); 1.5% and 3% supplement indicating the final PEG
concentrations in the reaction; pET20b is a negative control showing no change in fluorescence over time.
Experiments were conducted using optimised parameters (2x energy mix, Mg-Glu 10 mM and 350 ng DNA)
Experiments were performed in triplicates (n = 3); data are shown as mean + SD.

4.2.2.d Summary and comparison of all optimised in-house components

Four main aspects of CFPS were studied and optimised: Energy components,
magnesium glutamate levels, DNA concentrations and PEG concentrations, results
for which were discussed in this chapter so far. A consolidation experiment was
carried out to finalise the optimised conditions for this in-house system. One last
variable was also tested in combination with optimised conditions, namely, cell-free
extract protein concentration. This was tested last as optimal concentrations of all
other components are required to maximize the performance of the transcriptional
and translational machinery present in the extract. It is well-known from literature
that the optimal bacterial extract concentration in the final cell-free reaction is
approximately 30 mg/mL (Levine et al., 2019) and that higher concentrations can be
inhibitory due to occupation of volume that is critical for other components like
energy, DNA, amino acids efc. (Takahashi et al., 2021, Nagaraj et al., 2017). Hence,
three feasible concentrations between 20 mg/mL and 30 mg/mL were identified for

testing with volume held constant.

The summary graph provided in Figure 4.6 shows the consolidation of all optimised
conditions and results were further confirmed through a western blot, shown below
the graph. First, the “in-house initial and in-house improved’ conditions discussed in
Section 4.2.2.a were plotted (Figure 4.6, a; lanes 1 & 2). When doubling the
concentration of the energy components, a significantly higher fluorescence output
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was detected, indicating higher yield. Next, three extract concentrations were tested
using the optimised Mg-Glu (20 mM) and DNA concentrations (300 ng) discussed in
section 4.2.2.b. When comparing 30 mg/mL, 27 mg/mL and 23 mg/mL final extract
concentrations, the detected fluorescence signal was directly proportional to extract
protein concentration — these concentrations attributed to ~40% v/v, 35% v/v and 30%

v/v in the final reaction composition, respectively (Figure 4.6, a; lanes 3, 4 & 5).

In accordance to previous observations, 30 mg/mL extract concentration produced
the highest protein. When the optimised conditions (40% v/v extract, double energy,
20 mM Mg-Glu and 300 ng DNA) were tested in the presence and absence of 3% PEG
(supplementation studies discussed in 4.2.2.c), a significantly higher fluorescence
output was observed, in comparison to the unsupplemented reaction (Figure 4.6, a;
lanes 6 vs. 7). However, there was no significant difference in fluorescence in
supplemented and unsupplemented reactions when the extract concentration was
lowered to 25 mg/mL (Figure 4.6, a; lanes 8 vs. 9). This behaviour hints that the
molecular crowding property of PEG and its benefits to CFPS as a result may be
obtained only above certain concentrations of proteins in a cell-free environment.
Any other differences in fluorescence outputs would be explained by batch-batch
variation arising from manual preparation of cell-free mixes, as previously discussed
in Section 4.2.2.b.

In summary, the best parameters for this newly developed cell-free system was found
to be 40% v/v extract, double energy, 20 mM Mg-Glu, 300 ng DNA and 3% PEG. This
optimised reaction composition was compared with the commercial CFPS systems
tested previously (Figure 4.1, a). It is clear from the time course analysis that the in-
house CFPS system closely mimicked the PURExpress trend and exceeded the yield
from Promega system (Figure 4.6, b). Rates of protein synthesis (slope ‘m’) were
identical among the three experimental samples and fluorescence outputs were
similar between the in-house and PURExpress reactions. This result indicates that the
performance of the in-house cell-free system is comparable to commercially available
systems and this reaction composition was opted for all cell-free reactions and

positive control reactions described in all further results, unless otherwise specified.
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(a) Summary of in-house CFPS optimisation
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Figure 4.6: Development of an in-house cell-free system. (a) Summary of all optimised cell-free components.
Expression of super sfGFP was quantified as relative fluorescence units normalised to pET20b negative control (-
); protein product was visualized through anti-His western blot, shown below the graph. Expression of sfGFP
under nine compositions were tested (see key provided). P value
>0.05=ns, P<0.05=%, P<0.01="%, P<0.001=""* and P < 0.0001 = ****. (b) Time course analysis showing
expression of sfGFP from commercial PURExpress and Promega commercial kits and optimised in-house reaction
composition (‘in-house CFPS’) as compared with negative control (‘pET20b’). Experiments were performed in
triplicates (n = 3); data are shown as mean + SD.

4.2.3 CFPS formats that enable on-site, on-demand synthesis

Successful application of CFPS for on-site and on-demand biomanufacturing requires
the system to firstly, be highly efficient and secondly, formulated in a portable
(accessible/transportable) and wuser-friendly fashion. The development and
optimisation of the in-house cell-free system described in Section 4.2.2 has enabled it

to be highly efficient for protein synthesis (comparable to commercial systems). This
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section addresses the next challenge of portability and user-friendliness of such a

system.

As discussed in Chapter 1 (Introduction), CFPS is highly unstable and unportable in
its standard liquid format. One solution for improving both stability and portability
is drying cell-free components into a solid state (freezing the molecular dynamics in
time), that can be rehydrated to obtain the standard liquid format later. Four methods

were identified for investigating this idea:

(a) Microglassification: dehydration of proteins, typically in alcohol solvents, to
form solid amorphous microspheres (Aniket et al., 2014)

(b) Air-drying (on paper): The process of removing water from the cell-free
components to the surrounding atmosphere; this was carried out inside a
microbial safety cabinet (sterile environment) and upon paper discs.

(c) Freeze-drying (on paper): The process of removing water from the cell-free
components by freezing at low temperatures and removing the ice by
sublimation under vacuum; this was carried out inside a freeze-drier,
whereby components are freeze-dried upon paper discs. Each cell-free
component is freeze-dried on an individual paper disc, where a disc for each
component is layered into a stack to create a complete cell-free reaction.

(d) Freeze-drying (pellets): Same as (c) but all components are freeze-dried into

pellets, forming a ‘one-pot’ reaction where all components are in one tube.

(@) Microglassification (b) Air-driedonpaper () Freeze-driedon paper (d) Freeze-dried pellets
In alcohols Overnight (MSC) Overnight (freeze-drier) Overnight (freeze-drier)

Figure 4.7: Overview of the four formats explored for on-site and on-demand applications of CFPS. (a)
Microglassification, (b) Air-drying, (c) Freeze-drying on paper and (d) Freeze-drying into pellets. Images briefly
show the methodology used for each format.

The many successes and challenges encountered during the experimentation of these

formats are discussed in the remaining sections below.
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4.2.3.a Microglassification

Dehydration of protein-based therapeutics are typically carried out by (spray-/freeze-
) drying. In 2014, a new procedure, Microglassification™, was introduced by Aniket
and colleagues, showing successful preservation of BSA following suspension in
pentanol and decanol (Aniket et al.,, 2014). This success has been expanded to
homogenous enzyme solutions, and the technology is being developed commercially
by Lindy Biosciences. This procedure has, however, never been shown with complex
mixtures of proteins and other biomolecules, which is the case in cell-free extracts
and CFPS. This section presents and discusses a series of experiments conducted on
the microglassification of cell-free systems. Briefly, the process entails suspension of
aqueous cell-free solution in a large excess by volume of dry pentanol. The water
from the aqueous suspended droplets diffuses into the pentanol, leaving the CFPS
material behind to form a solidified bead. Excess pentanol is removed and the

solidified bead is allowed to fully dry in a vacuum desiccator (Figure 4.8).

Overview of the microglassification procedure

Dried overnight Resuspended

Pentanol vacuum in water/buffer
Cell-free
extract/
reaction

Figure 4.8: Overview of the microglassification procedure. The aqueous cell-free extract or the full cell-free reaction
is suspended in a solution of pentanol to form ‘glass beads” and the solvent is subsequently allowed to evaporate
under vacuum, leaving a solid pellet of cell-free components behind. The pellet is rehydrated with water/buffer at
a later time to obtain a liquid solution.

i Cell-free extract forms ‘microspheres’ or ‘glass beads’ upon microglassification and lose

viability upon resuspension

The cell-free extract forms the predominant protein content in CFPS. The remaining
components comprise of other biomolecules (DNA, RNA and amino acids) and
chemicals. Initially, microglassification was tested for two types of solutions: Cell-
free extract; full cell-free reactions (containing all components in the final reaction

composition).
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To better understand the physical features of the microglassified product, the pellet
obtained from the cell-free extract was viewed under a microscope. Microspheres
were visible in the sample (Figure 4.9, a). The individual beads were also found
clustered into bigger structures that eventually formed the pellet following solvent
evaporation. To test whether the beads could release viable protein, the pellets from
the cell-free extracts and the full cell-free reactions were rehydrated with S30A buffer,
and further used to set up cell-free reactions (other components were added fresh in
the case of microglassified cell-free extract). The experimental cell-free reactions
would produce sfGFP (green fluorescence) if the cell-free components were well-
preserved during microglassification. When fluorescence was recorded for the
experimental and control samples, no significant difference was observed in neither
extract-only nor fully-microglassified reactions (Figure 4.9, b). The fact that no
significant increase in fluorescence was detected from the microglassified extract
samples imply that the proteins did not survive the microglassification procedure,
hence, it is no surprise that the fully microglassified cell-free reaction did not yield

any more fluorescence.

The protocol published by Aniket and colleagues involved rehydration of
microglassified BSA with water. In the procedure described here, S30A was used as
the rehydration buffer to prevent dilution of Mg-Glu concentrations in the final cell-
free reaction (Section 4.2.2.b emphasised the importance of Mg-Glu for CFPS). A test
was performed whereby microglassified cell-free extract was rehydrated in S30A or
water, in an effort to mitigate challenges seen with viability previously. Fluorescence
readings were taken for each cell-free reaction with the rehydrated extract’ (all other
components were added fresh). No significant difference was observed in the
samples rehydrated with S30A buffer, however, an increase in fluorescence was seen
in the experimental samples rehydrated with water (Figure 4.9, c). However, no
band(s) were detected from this sample on a western blot, indicating that the
expression is insignificant when compared to the positive control (sfGFP band from
a completely fresh cell-free reaction). In conclusion, either the proteins or some other
component in the cell-free extract fails to retain functionality during the process of

microglassification.
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Figure 4.9: Effect of microglassification on CFPS (a) Microscopic image of the microglassified cell-free extract taken
at 40x magnification with a white light source, showing formation of spheres, (b) Fluorescence readings of CFPS
reactions performed with rehydrated microglassified extract and whole cell-free reaction, (c) Fluorescence readings
of CFPS reactions performed with rehydrated microglassified extract, rehydrated with either S30A buffer or water.
This is shown together with a western blot of the samples, aside a positive control (‘sfGFP control’) and protein
ladder at 25 kDa. (-) indicates the pET20b negative control and (+) indicates the experimental samples with sfGFP-
His DNA. Experiments were performed in triplicates (n = 3); data are shown as mean + SD (error bars are small

where they are not visible).

ii RNA supplementation does not aid CFPS post-microglassification

In addition to proteins, there is one more biomolecule in the cell-free extract that is
critical for CFPS, RNA. The three main types of RNA, namely, messenger RNA
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(mRNA), transfer RNA (tRNA), and ribosomal RNA (rRNA), are indispensable for
transcription and translation, and hence for CFPS. mRNA is generated in the cell-free
environment following addition of DNA. On the other hand, tRNA is often
supplemented in cell-free extracts for translational efficiency (Des Soye et al., 2019,
Levine et al., 2019, Kwon and Jewett, 2015). BL21 Star (DE3) — pAR1219 cells contain
good levels of endogenous tRNA and rRNA and therefore, the cell-free extract for the
in-house system is sufficiently pre-loaded. During microglassification, however,
biomolecules not soluble in pentanol such as tRNAs and rRNAs may not take part in
bead formation, especially considering their low stability. If this were true,
supplementation of RNA should enhance the viability of the microglassified and
reconstituted cell-free extract.

A test was devised with total RNA extracted from BL21 Star (DE3) - pAR1219 using

an RNA extraction kit (containing mRNA, tRNA, and rRNA from the same strain as
the cell-free extract; Figure 4.10, a). The extraction was performed in biological
triplicates (from three different bacterial colonies), compositions were identical in the
RNA gel and concentrations of 200 ng/ul were obtained. This mixture was then
supplemented to cell-free reactions containing microglassified extract reconstituted
with water. When compared to unsupplemented reactions, the reactions containing
supplemented RNA and sfGFP DNA had a considerably higher fluorescence end-
point (Figure 4.10, b). However, this difference was not significant when compared
with positive control reactions (fresh CFPS with and without supplemented RNA),
which was further confirmed from absence of bands corresponding to sfGFP on a
western blot. On a different note, there was no significant difference in fluorescence
output between the two positive control reactions confirming that tRNA
supplementation is indeed not a requirement for highly efficient CFPS with minimal
buffers (Figure 4.10, b).

In summary, RNA supplementation does not improve the viability of microglassified
cell-free extracts. This indicates that the proteins may be the limiting factor in the

exploitation of microglassification for cell-free applications.
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(a) Total RNA isolation gel
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Figure 4.10: Effect of RNA supplementation on CFPS using microglassified cell-free extract. (a) 10% TBE-Urea
gel showing resolved RNA fragments from a total RNA extraction from BL21 Star (DE3) — pAR1219 cells. Each
lane corresponds to a biological triplicate at concentrations approximating to 200 ng/ul. The type of RNA
corresponding to the size is labelled alongside a molecular ladder (‘Lad’), (b) End-point fluorescent readings and
western blot of cell-free reactions under various conditions: with and without microglassified extract ("Y/N uglass’;
where labelled 'N’, fresh extract was used as positive control), with and without sftGFP DNA (*+/-*; where labelled
"~ negative control pET20b DNA was used), with and without RNA supplementation (“+/-* RNA). Experiments
were performed in triplicates (n=3); data are shown as mean + SD (error bars are small where they are not visible).
Note the axis break between 2000 and 100,000 RFUs.

iii Gentler mixing methods may improve activity, although not significantly

In a final attempt to improve viability of microglassified cell-free extracts, various
methods of suspension of the protein solution in alcohol were sought out. Aniket and
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colleagues had described a method for single bead formation (by micro pipetting)
and bulk bead formation for microglassification of BSA. They demonstrated that the
bulk scale method (involving mixing of 50 pL protein solution in 1.1 mL pentanol by
vortexing and later centrifugation) produced smooth, homogenous beads of protein
in reconstitutable state. This was the chosen method of mixing for all

microglassification experiments detailed in this chapter so far.

Following little success with viability of microglassified extracts, less vigorous
mixing techniques were studied such as gently tilting the tube, injecting the solution
into solvent through a narrow channel (simulates micro pipetting) and no mixing
whatsoever (Figure 4.11, a). In each case, the viability of the microglassified cell-free
extract was tested by rehydration with water and utilised for CFPS. Interestingly,
end-point fluorescence increased with less vigorous mixing methods, indicating
some viability. Vortexing produced the lowest levels of sfGFP and microglassified
extract that was not mixed yielded the highest fluorescence, when compared with
negative controls (Figure 4.11, b). Unfortunately, even the fluorescence recorded from
the less mixed sample was significantly lower than the freshly made positive control

reaction.
(a) Methods for suspension and mixing of protein (b) Effects of mixing methods on microglassification
in solvent and CFPS
No mixing Injection Vortex Tilt 2501
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Figure 4.11: Effect of gentler mixing methods of the viability of microglassified cell-free extract. (a) Four methods
were tried: no mixing (just pipetted protein solution in solvent), injection (syringe and needle used for injection of
solution through a narrow channel), vortex (standard mixing method used in all previous studies) and tilt (tube
was tilted 4 — 6 times to aid gentle motion of protein in solvent), (b) End-point fluorescent readings of cell-free
reactions using rehydrated microglassified cell-free extract mixed with the four methods. Negative control pET20b
DNA is labelled *-* and experimental sfGFP DNA is labelled “+’, Experiments were performed in triplicates (n =
3); data are shown as mean + SD (error bars/data points are small where they are not visible)

For the purpose of ratification, a BCA assay was performed to note any difference in
cell-free extract before and after microglassification. Protein concentration of
reconstituted microglassified extract was no different to the crude cell-free extract (in
liquid format before microglassification; Figure 4.12, a). This confirms that no
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proteins were lost during the microglassification process, however, this does not shed
any light on the activity of the present proteins. Suspiciously, the microglassified
extract had a different physical appearance to the crude extract before
microglassification, indicating a change in nature. Opaque and cloudy samples are
often a sign of denaturation and aggregation, which may be the case in Figure 4.12,

¢, as compared to Figure 4.12, b.

(@) BCA assay reveals no significant difference

Extract type Protein concentration

Crude 1.36 £ 0.26 mg/mL

Microglassified 1.30 £ 0.11 mg/mL

(b) Crude extract (c) Microglassified extract

Figure 4.12: Effect of microglassification on the proteins that make up the cell-free extract. (1) BCA assay results
showing protein concentration before (‘crude’) and after microglassification (‘microglassified’). Both fractions were
present in S30A buffer and concentrations were extrapolated from absorbance of known BSA concentrations. Good
of fit for the linear regression (R? = 0.992). Experiments were performed in triplicates (n = 3); data are shown as
mean + SD. (b) Image showing crude cell-free extract in liquid, translucent format, (c) Image showing
microglassified cell-free extract reconstituted in S30A buffer (coloured white and visibly opaque).

In summary, microglassification of cell-free reactions or cell-free extract alone proved
to be challenging. Although the format (solid micro beads for later rehydration) was
highly appropriate for on-site and on-demand applications, the viability of the
proteins in the cell-free extract was extremely poor. When compared to < 95%
preservation of BSA reported in literature, the unsuccessful microglassification of
cell-free extract could be due to a number of reasons. The loss of non-protein
components in the extract may be a reason, however supplementation of RNA (the
next most valuable component in the extract) did not increase viability. The complex
mixture of proteins may be preventing formation of homogenous beads like in the
case of purified BSA. Although this was not further studied in this project, future
work involving imaging of the micro beads could provide more insights.
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4.2.3.b Lyophilisation preserves CFPS components

Lyophilisation or freeze-drying is one of the most commonly employed methods for
the development of solid formulations of proteins and thereby enhancing stability,
typically compared to that observed in liquid states. This method offers many
benefits and presents many challenges, which are mostly well-understood and
thoroughly reviewed in the past few decades (Wang, 2000, Kasper et al., 2013, Wang
etal., 2022). Lyophilisation methods were also, unsurprisingly, employed for cell-free
systems, with both extracts and whole cell-free reactions preserved. Such
preservation contributed to enhanced stability, as compared to standard liquid
formats, but also enabled easy transportation and revival after rehydration, attributes
that are highly desirable for on-site and on-demand applications (Smith et al., 2014,
Wilding et al., 2019, Des Soye et al., 2019, Salehi et al., 2016a).

To evaluate the ability of the in-house cell-free reactions to be preserved in this
manner, whole cell-free reactions were lyophilised. The impact of the procedure was
studied by rehydration with S30A buffer and measuring cell-free synthesis of sfGFP.
There was approximately 2.5 times reduction in sfGFP fluorescence in samples that
underwent lyophilisation, in comparison to freshly made samples without
lyophilisation (Figure 4.13). Nevertheless, a significant difference was seen in the
experimental samples (containing sfGFP) over the control samples (with pET20b;
Figure 4.13).

Effect of lyophilisation on CFPS
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Figure 4.13: Effect of lyophilisation on CFPS. End-point fluorescence readings from cell-free reactions under
various conditions: ‘Fresh (+)” corresponds to a positive control reaction where all reagents were prepared fresh,
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without lyophilisation; ‘pET20b (-)” corresponds to a negative control reaction without sfGFP DNA where the cell-
free reaction was lyophilised and reconstituted in S30A buffer; ‘sfGFP-His’ corresponds to the experimental sample
with sfGFP DNA where the cell-free reaction was lyophilised and reconstituted in S30A buffer. Experiments were
performed in triplicates (n = 3); data are shown as mean + SD (error bars/data points are small where they are not
visible).

The above result still indicates that lyophilisation is a suitable method for
preservation of whole cell-free reactions in a solid, light weight format for on-site, on-
demand applications. This is because no lyoprotectanats or cryoprotectants were
added to the reactions prior to lyophilisation. Lyoprotectanats are often
supplemented in protein solutions to reduce the temperature and pressure related
stress during the lyophilisation process (Merivaara et al., 2021). The fact that
lyophilised cell-free reactions produce a significant fluorescence signal without these
protectants is a promising start. It should be noted that PEG, the molecular crowding
agent that was found to enhance CFPS efficiency, has been reported to have unknown
to even detrimental effects during lyophilisation (Frank et al., 2018, Manohar and
Ramesh, 2019). These properties of PEG may have had a role to play during the
lyophilisation process for cell-free reactions. The stability of lyophilised samples and

the role of protectants and stabilisers are further explored in Chapter 5.

4.2.3.c A paper-based platform for drying CFPS components to yield protein upon

resuspension

A paper-based CFPS platform was developed to synthesize protein products for on-
site, on-demand applications. Paper discs or cellulose discs are a popular choice of
support for many biosensor projects that have successfully used CFPS for portable,
on-site applications (Pardee et al., 2014, Grawe et al., 2019, Lin et al., 2020). Their
popularity can be attributed to compactness (ease of use, storage and transportation)

and robustness.

The primary aim of the paper-based platform for this in-house system was to create
an interchangeable and flexible approach where the DNA can be modified to produce
any therapeutic at point-of-care. The key components of this platform were three
cellulose discs individually dried with the different CFPS components of: cell extract;
ions and energy; DNA and amino acids. The components were designed according
to previously identified optimal concentrations (Figure 4.14, a). Moreover, three types
of cellulose (toilet tissue; hand towel; and laboratory blue roll, procured from Boots
Science Building, University of Nottingham) were tested to study any differences in

cellulose composition and identify the best scaffold for this system (Figure 4.14, b).
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(a) Concept of lyophilisation on cellulose (b) Types of cellulose tested

Cell-free

)

Layer+ Rehydrate

Toilet Laboratory Hand
Tissue blue roll towel

Figure 4.14: Overview of the paper-based platform. (a) Diagram showing the concept behind the platform, where different cell-free components are dried on an individual cellulose disc. The
individual discs are layered and rehydrated with S30A buffer to kickstart CFPS. The DNA layer can be easily interchanged to produce any proteins, be it a fluorescent protein or a biologic. (b)
Image showing the three types of cellulose tested (1) toilet tissue, (2) laboratory blue roll (dyed blue) and (3) hand towel.
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i Effects of drying methods and types of cellulose

Two types of drying methods were employed to test this platform, namely air-drying
and freeze-drying (lyophilisation shown previously). In each case, the freshy
prepared liquid CFPS components were added to individual autoclaved cellulose
discs and allowed to dry overnight. sfGFP expression was monitored upon stacking,

rehydration with S30A buffer and incubation.

sfGFP was detected and quantified for both air-dried and freeze-dried paper CFPS
reactions (Figure 4.15, a & b). All three types of paper aided sfGFP expression upon
rehydration, when compared to the pET20b negative control reaction. The proteins
were found in the aqueous phase, and this was confirmed by imaging and western
blot analysis, where the sfGFP band is present in samples only with sfGFP DNA
(Figure 4.15, a, b & c). Furthermore, compared with the air-dried setup, reactions that
were freeze-dried showed a greater level of sfGFP fluorescence (Figure 4.15, c). This
could be attributed to better preservation of protein structure and activity when
lyophilised, which is in agreement with work reported in literature (Hunt et al., 2017,
Pardee, 2018, Tonooka, 2020a, Tonooka, 2020b). It was also noted that the reactions
on toilet tissue (cellulose type 1) yielded the highest fluorescence in both air-dried
and freeze-dried samples, indicating that this scaffold is perhaps more suitable for
on-cellulose synthesis. Details on the type of cellulose(s) and the structural
arrangements of fibres could not be obtained due to lack of information from the
suppliers and the University. Future work involving paper characterisation and SEM
image analysis could shed more light into the properties of this paper and why it is
superior for CFPS.
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(¢)  Fluorescence from rehydrated stacks
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Figure 4.15: CFPS on paper enables protein expression upon rehydration. (a) sfGFP fluorescence recorded after rehydration of air-dried CFPS components on cellulose stacks, (b) sfGFP fluorescence
recorded after rehydration of freeze-dried CFPS components on cellulose stacks. “+" indicates the experimental sfGFP samples and *-" indicates the pET20b negative control. ‘(+)” indicates the
sfGFP positive control for western blot size verification alongside protein ladder (“lad’). Experiments were performed in triplicates (n =3) and fluorescence data are shown as mean + SD. “indicates

sfGFP band. (c) Image showing green fluorescence of the rehydrated end-point experimental sample ‘(+)" alongside the negative control (-)" after freeze-drying, as seen over a blue light

transilluminator.



The main advantage of this platform is that the produced proteins can be varied by
easily changing the DNA component, allowing for on-site flexibility. This versatility
enables applications where therapeutic proteins can be synthesized in a patch
containing layers of cellulose with extract and energy components, whereby different
proteins can be synthesized by changing only the DNA layer. Another advantage of
this platform is that expressed protein is found in the aqueous solution that is not
attached to the paper support, aiding subsequent purification and application of the

protein.
ii Kinetics of CFPS on paper support is identical to liquid CFPS

In order to ensure that the rate of CFPS on paper was similar to the liquid format that
has been thoroughly studied in this thesis, a time course experiment was devised.
Fluorescence from sfGFP-expressing liquid CFPS reactions and rehydrated cellulose
stacks (Type 1) containing freeze-dried components were monitored over time. The
initial observation was that CFPS trend on cellulose stacks closely overlapped the
liquid reactions (Figure 4.16, a). This was further confirmed through linear regression
analysis of the exponential phase; the rates of reactions between the two formats were
found to be 11018 hr ! in stack and 10267 hr - in liquid formats, with exponential

phases lastly ~ 4 hours and 3 hours, respectively.

In conclusion, changing the format of CFPS had little impact on its kinetics. In fact,
there was even a significantly higher fluorescence at 12 hours (and hence yield) in
cellulose stacks than in liquid format four hours post-synthesis due to a longer
exponential phase in stack format. However, four, rather than twelve hours holds
more significance as, the shorter the time to obtain protein, the better for an on-site,
on-demand platform as this allows for quick availability during high-demand

periods and emergencies.
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(a) CFPS kinetics in liquid and on cellulose stacks
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Figure 4.16: CFPS kinetics on cellulose is similar to that in liquid format. (a) Time course analysis of CFPS on
cellulose ('sfGFP-His stack’) and in liquid format (‘sfGFP-His Liquid’) in comparison to negative control
(‘pET200’), (b) Linear regression analysis of the two formats showing the slope (rate of reaction), line equation and
goodness of fit (R?). Experiments were performed in triplicates (n = 3); data are shown as mean + SD.

4.2.3.d sftGFP expressing-cellulose stacks release sftGFP when loaded onto microneedles

This section audaciously explores and attempts to predict what CFPS on paper may
look like for therapeutic applications. Firstly, the interchangeable DNA characteristic
would be the primary advantage of choosing CFPS on paper over any other cell-free
platform (e.g. lyophilised pellets) or cell-based platforms (e.g. B. subtilis spores).
Figure 4.17 illustrates the various inputs (cellulose discs) and outputs (protein) that
form the platform. The fundamental concept remains the same, whereby, the layered
cell-free components freeze-dried on paper are rehydrated in a top-down fashion to
kickstart CFPS. The produced protein is determined by the coding layer in the nucleic
acid disc (top layer, Figure 4.17). Moreover, two coding DNAs could be affixed,
enabling co-expression of proteins — such co-expression could, one day, even enable
synthesis of chemical therapeutics by making use of enzyme synthesis and metabolic

pathways in the extract source.
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Figure 4.17: Concept of on-site and on-demand CFPS in a patch format. The cell-free components are freeze-dried
on cellulose discs that are typically layered and rehydrated top-down, as proteins could be programmed to attach
to the scaffold or release after synthesis. The top DNA layer can be interchanged to code for any protein (A, B, or
C, or even co-express C and B). The layers are shown mounted above a microneedle patch (grey spikes).

The next advantage of CFPS on paper is its scaffold — cellulose - a commonly used
material for protein purification, owing to its cheap availability. Recombinant
proteins with cellulose binding domains could be programmed to attach to the
cellulose discs themselves. Protein purification is an important consideration as the
aim of the platform involves biomanufacturing intended for human use. Other
methods of purification (e.g. affinity or size-based methods) could be combined with

cellulose based methods to obtain highly pure products.

Lastly, the pure product requires a suitable formulation for delivery to targeted
regions of the human body. Although biologics delivery for cell-free synthesised
proteins have never been shown before, ideas that exist for cell-based methods mostly
involve a syringe-injection (Rothschild, 2020). This format can be equally applied for
cell-free synthesis; however, a patch may be better suited owing to the layered in-
stack nature of CFPS in this platform. As part of a preliminary feasibility study, cell-
free cellulose stacks expressing stGFP were loaded onto dissolving microneedles that
were kindly provided by Fiona Smith (School of Pharmacy, University of
Nottingham). The microneedles were imaged before loading, shortly after loading
and during dissolution under the microscope and illuminated by a blue light source
to capture sfGFP fluorescence (Figure 4.18).
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Cellulose stacks release protein when loaded onto microneedles

(a) Microneedles (b) Stacks applied to (c) Dissolution
(empty) microneedles

Figure 4.18: Cellulose stacks release sfGFP when loaded onto dissolving microneedles. (a) Before loading (empty
microneedles have some background fluorescence), (b) sfGFP-expressing cellulose stacks applied to microneedles
(although some dissolution already visible, most sfGFP seen on microneedles) and, (c) Dissolution (sfGFP
fluorescence seen in the liquid compartment surrounding the dissolving microneedle). Six microneedles are shown
with each stack made separately; scale bar indicates 1 millimetre (1000 pum,).

The dissolving microneedles are fabricated with biocompatible polymers capable of
releasing proteins upon application (data not included in this thesis). Some
background fluorescence was detected from empty microneedles prior to loading
(Figure 4.18, a). Cellulose stacks expressing sfGFP (rehydrated and incubated at 37°C,
4 hours) were readily trackable owing to strong fluorescence signals immediately
after loading (Figure 4.18, b). Dissolution of the microneedles took place instantly
after loading (<1 min) and most sfGFP was found in the liquid fraction surrounding
the microneedles (Figure 4.18, c). Biocompatible dissolving microneedles allow quick
and easy delivery to the skin tissue which is ideal for on-demand applications when
combined with in-stack CFPS. Other drug delivery methods should also be explored
for on-demand CFPS as delivery targets are highly dependent on the product, disease

and the environment.

4.3 Summary

This chapter initially described the development of an in-house CFPS system based
on understanding from commercial systems such as the NEB PURExpress and
Promega E.coli S30A Extract System for Circular DNA. The in-house system was
optimised thoroughly after experimentation with energy component, magnesium
glutamate and DNA concentrations. Supplementing the system with PEG, a
molecular crowding agent, significantly enhanced expression, taken together with a
higher fraction of cell-free extract in the reaction mix. Based on these findings, the
optimised reaction composition consisted of 40% v/v cell-extract (30 mg/mL protein
concertation), 2x energy mix, 20 mM Mg-Glu, 300 ng DNA and 3% PEG.
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Next, various formats were explored for on-site and on-demand applications of the
in-house system. Microglassification, the first format tested, failed to preserve the
cell-free extract in a reconstitutable format. This was most likely due to protein
denaturation and aggregation, as RNA supplementation did not revive the extract,
but gentler mixing methods had a small yet significant difference. On the other hand,
lyophilisation preserved all components in ‘one-pot’, enabling a ‘just-rehydrate’
format for CFPS. This format was further expanded to lyophilisation of cell-free
components on individual cellulose discs, capable of kickstarting CFPS upon layering
and rehydration. Cellulose Type 1 (toilet tissue) was found to be most efficient for
this purpose and cell-free kinetics on this scaffold was identical to that of liquid

reactions.

Lastly, the advantages of cellulose stacks and ideas for their application were
discussed. In a feasibility study, stacks applied to dissolving microneedles
successfully released sfGFP. Although the work discussed towards the end of this
chapter set the scene for synthesis of life-saving and life-enhancing therapeutics,
many challenges arise, and a significant amount of work is required to lay concrete
foundations for the described platform(s). The biggest challenges revolve around
meeting regulatory standards and gaining approval from drug administration
agencies. Smaller challenges include the purification process itself and scale up of the
system according to the required dose. On a positive note, this platform provides a
convenient solution for obtaining therapeutic proteins on-site and on-demand. It
benefits from lightweight and convenient distribution, in addition to being easy-to-
use in low-resource and extreme environments. In the developed world, this platform
may offer a sustainable solution to break cold-chain supply, end overproduction and

wastage of pharmaceuticals.
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Chapter 5 Improving stability of CFPS for VITA

(Visualising In-Situ Tx-TL Astropharmaceuticals)

5.1 Introduction

Given that CFPS is a very active field of research, it is only recently being studied in
microgravity. Therefore, a proposal was sent to the European Space Agency’s Orbit
Your Thesis!3 programme (ESA OYT), to study any similarities and differences in
CFPS in a true space environment (microgravity and radiation on the International
Space Station; ISS). During the proposal submission, a United States student-led
project composed of freeze-dried cell-free pellets was flown to the ISS (2022; in
collaboration with MiniPCR BioBits and NEB). Information on the details, success
and findings of this mission could not be obtained as they were not shared online so
it is difficult to discuss if this experiment was based on the NEB PURExpress system
that was discussed in Chapter 4. Although the technology is similar, it should be
noted that the experiment utilised cell-free systems requiring long term storage at -
20°C, with short term storage (up to three months) requiring refrigeration, whereas
Nottingham’s proposed system aimed to demonstrate utility with storage at room
temperature. This proposal was also intended for a different application and is a fully
automated demonstration that does not require astronaut research and analysis time.
The NEB system uses a visual signal to detect the presence of pathogens in the water
supply (biosensing), whereas this platform is intended for producing various
therapeutic proteins by simply changing the DNA variable, as described in Chapter
4.

The proposal titled “VITA” (Visualising In-situ Tx-Tl1 Astropharmaceuticals) was
selected by ESA Academy in May 2022 following a round of panel discussions. The
team comprises of students (UG, MEng, and PhD) from the Faculties of Science and
Engineering, mentored by endorsing professors Phil Williams (Science) and Chantal
Cappelletti (Engineering). Aiming to launch to the ISS in mid-2024, reviews and tests
by the student team are currently underway. Aside from the exciting science that this
project will study, VITA is an educational project designed to further collaboration
and learning across UoN Departments, Schools, and Faculties, while providing
project-based training to students in space sector operations and engineering.
Participating students are exposed to ECSS (European Cooperation for Space
Standardization) and the professional environment of the European Space Agency,
giving valuable experience towards pursuing their own careers in the UK’s growing

space sector.
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This chapter focuses on the scientific goals of VITA and narrates the development of
the scientific the payload itself. Where necessary, information and work carried out
on other engineering sub-systems have been provided. It borrows heavily from cell-
free work already discussed in Chapters 3 and 4, with the overarching aim to test the

on-site, on-demand platform in a truly extreme environment — the ISS.

In order to achieve overall aim, the following sub-aims were addressed -

(a) Design, build and test the platform for the VITA mission, a European Space
Agency Orbit Your Thesis 3! payload for technology demonstration on the

International Space Station.

(b) Perform stability studies to understand the shelf-life of the on-demand CFPS

platform and research ways to enhance sample stability.

(c) Perform instrumentation tests to ensure the ability to collect real-time data on

reaction kinetics.

Results and discussion

5.1.1 Introduction to VITA (Visualising In-situ Tx-TL Astropharmaceuticals)

VITA aims to demonstrate on-site and on-demand production of model therapeutic
proteins for long-duration human spaceflight, e.g. during a crewed mission to Mars
where stockpiled medications are consumed, expired or damaged. Therefore, the
ideal proof-of-concept should be generated in an environment that is inhabited by
humans, with characterises of a real space mission such as constant microgravity,
radiation, launch loads and long-duration isolation. Therefore, the ISS environment
is highly suitable for performing the experiment, and this will greatly accelerate the

development of an “astropharmacy” in space.

Having said that, there are also numerous Earth-based applications and benefits for
this Astropharmacy. The distribution and use of biopharmaceuticals are severely
limited in low-resource and extreme environments due to the products typically
requiring cold-chain storage. In these environments, the on-site and on-demand
format of VITA will be of great benefit due to the lightweight, easy-to-use nature and
convenient ambient temperature distribution. Moreover, in the developed world, this

platform also offers a sustainable solution by reducing the need for cold-chain supply
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and overproduction of pharmaceuticals (which is unsustainable due to stockpiling

and wastage).

Besides intending to demonstrate on-demand CFPS technology, VITA also strives to
test other technologies such as telecommand-controlled microfluidic rehydration of
freeze-dried cellulose stacks, active thermal control to maintain a temperature of 30°C
+ 1.5°C for CFPS and near real-time, in-situ detection and downlink of data to earth.
A simple overview of the science and engineering units is provided below in Section
5.1.1.a for the reader’s understanding; however, this thesis only discusses the work

on scientific payload and does not include data from the engineering sub-systems.

5.1.1.a Operations of the VITA mission

VITA will be launched by ESA to the ICE Cubes Facility (ICF) onboard the ISS and
will be teleoperated by the team on the ground until return of the cube for post-flight
sample analysis on Earth. Environmental conditions within the cube and the ISS will
be logged and this will in turn inform the ground control experiment(s). As
summarised in Figure 5.1, the Concept of Operations (ConOps) for the VITA mission
is divided into three broad stages: Upload (from sample integration until cube
integration in the ICF); Experiment (teleoperation of the cube in the ICF to perform the
experiments); and Download (transfer of the cube into on-orbit refrigerated stowage
and return to Earth for post-flight analyses). Furthermore, the cube will undergo five
‘modes” namely Safe, Standby, Rehydrate, Science, and Decommission modes (Figure
5.1). This chapter narrates the development of the science unit and the operations

during the mission’s science mode in the experiment stage of the mission.
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Figure 5.1: VITA Concept of Operations. The mission has three phases (top) and five modes (below highlighted
icons; colour coded). Actions and estimated timeframes are indicated where known, marked “TBC” (To Be
Confirmed) for timeframes pending confirmation. Adapted from the VITA Activities Requirements Document
submitted to ESA.

5.1.1.b Design of the VITA cube and scientific payload

The VITA cube will remain hermetically sealed (internal atmospheric pressure =1
atmosphere) for its entire flight encapsulating four principle hardware stacks or
‘science units” consisting of fluidics, thermal control and instrumentation (cameras
and spectrophotometer) subsystems. Each of these units are then connected to the
electronics and Printed Circuit boards (PCB) of the On-Board Data Handling (OBDH)
system containing the on-board computer (Figure 5.2). Distributed throughout the
cube are environmental sensors (for recording air temperature, humidity, pressure,
and quality) and two miniature viewing cameras for outreach photos and verification
of specific hardware functions (liquid containment in reservoirs over launch, filling

of wells upon telecommand efc.).

External shell
Cameras and with lid

4x science Sensors

units

2-unit cube payload = 225 x 100 x 100 mm

Figure 5.2: Computer Aided Diagram (CAD) of the VITA experiment cube. The assembly shows the four science
units connected to the OBDH system, with sensors and cameras from instrumentation subsystem above. Adapted
from the VITA Design Report submitted to ESA.
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Each science unit will contain four cellulose stacks with four different DNA disks.
The layers of the cellulose stacks are designed as follows (Figure 5.3):

(a) DNA layer: pET20b vector with a T7 promoter, C-terminally His-tagged insert,
T7 terminator, with the insert being either:
i.  sfGFP gene
ii.  sfGFP nanobody gene
iii.  sfGFP gene and sfGFP nanobody gene (two DNA layers for co-expression; as
illustrated in 4.2.3.d)
iv.  No insert (negative control)

(b) Cell-free extract layer (derived from BL21 Star DE3 — pAR1219)

(c) Biochemical layer (Energy components, glutamates, sugars etc.)
One science unit contains four cellulose stacks

. sfGFP _ Nanobody

Figure 5.3: Image showing contents of one science unit. Four types of cellulose stacks with four different DNA
layers coding for sfGFP, Nanobody for sfGFP, a negative control with no protein expression and a co-expression
stack with both the sfGFP and Nanobody DNA are contained in wells that are connected to the OBDH system.

OBDH

The chosen nanobody is a fragment of an antibody generated against sfGFP and is
termed ‘NBS07-sfGFP’. The properties of the nanobody and co-expression studies are
further discussed in Chapter 6. Briefly, it is made up of 122 amino acids (13.1 kDa)
and contains two disulfide bonds, when folded correctly. A fluorophore tag will be
cloned to the nanobody enabling production of recombinant nanobodies in the
‘Nanobody’ and ‘sfGFP + Nanobody” wells (Figure 5.3). Although the fluorophore
itself has not been determined for the mission, choices will be made based on
properties such as quantum yield, size, stability, and contrast to sfGFP signal
(excitation, emission and Stoke’s shift; for best signal over noise with sfGFP
fluorescence). It is noted that black walls will be built in between each sample in all
science units to prevent unwanted noise in the spectrophotometer data and images

taken by the camera.
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The fluidics subsystem is designed such that each sample well will be rehydrated
with 40 uL of liquid S30A buffer (this comprises 80% initial reaction volume of the 50
uL reaction before lyophilisation). The total volume of rehydration including all 16
wells split in four science units is approximately 0.8 mL. This ensures that there are
enough biological repeats (N = 4 for each protein produced) and also mitigates the

risk of a rehydration/data collection failure in one science unit.
5.1.1.c Detection of fluorescent proteins in VITA
i Instrumentation

Each well in the 2 x 2 grid in the science unit is designed to have its own excitation
source that will be activated sequentially and therefore each well’s fluorescence will
be monitored individually and precisely. The excitation sources comprise of
commercial-off-the-shelf (COTS) LEDs aimed at the centre of each well to provide the
highest intensity in a narrow beam angle (reducing the noise recorded from the above
sensor). Blue light and UV LEDs were tested in feasibility studies and it was found
that UV LEDs generated a better signal:noise when compared to blue, however,
presented an increased risk of sample beaching from prolonged UV exposure (data
not shown in this thesis). The nanobody fluorophore may similarly be excited by blue
or other RGB (Red-Green-Blue) COTS LEDs.

The spectrophotometer will capture fluorescence emissions from each well and is
placed 30 mm above each well grid. The spectrophotometer sensor module functions
by recording received light intensity across various bands of wavelength without any
spatial resolution, i.e., the sensor measures the received intensity within a Field of
View (FOV) and produces an output number for each colour channels intensity in
Arbitrary Light Units (ALU), for each time point (Figure 5.4). In the case of detecting
sfGFP, the ALUs in the green region is plotted, when the samples are excited by a
blue light source (corelating to the excitation [485 nm] and emission parameters [510
nm] of sfGFP) (Pédelacq et al., 2006).
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ii Preliminary Image analysis

(a) VITA instrumentation (b) End-point fluorescence: () End-point fluorescence:
set up Liquid format Cellulose stacks
-

30mm .| "

- —————— - >
18.9 & 18.3 mm

Figure 5.4: Preliminary VITA instrumentation tests. (a) Diagram showing the main components of the
instrumentation system: Excitation of sfGFP inside wells by LED blue icon and arrows), emission recorded
(spectrophotometer) and captured (camera) by the above sensors (green arrow). Green ALUs are normalised to Red
ALUs (for noise correction; red arrow); adapted from the VITA Design Report submitted to ESA, (b) Image of an
aqueous end-point CFPS reaction expressing sfGFP (green; right) compared with a negative control (no colour;
left), (c) Image of an end-point CFPS reaction on cellulose stacks expressing sfGFP (green; right) compared with a
negative control (no colour; left).

The VITA instrumentation was able to image end-point CFPS reactions with good
precision and resolution. Figure 5.4 (b & c) shows two images from end-point
reactions on cellulose and in aqueous format, where the green fluorescence from
samples that produced sfGFP is readily visible with the naked eye (both images are
raw and unprocessed). This both validates the capabilities of the camera for use
during the mission, and provides instant and visual confirmation that the CFPS
reaction was a success. In addition to the primary time course data that will be
obtained from the VITA spectrophotometer, further image analysis could be
performed to obtain secondary quantitative information from such images (e.g.

integrated pixel density on Image]).
iii Preliminary time course analysis

A good level of confidence was obtained from successful imaging analysis, thus far.
Next, the VITA spectrophotometer was tested for its ability to take multiple,
programmed ALU measurements over a prolonged course of a cell-free reaction. A
series of commands were created in Python to enable flashing on of the blue LED,
execution of the sensor reading (or image the reaction) and flashing off of the LED
every minute (or 30 minutes for imaging) for a total time period of four hours (script
development and tests not included as part of this thesis). This set-up was placed

inside an incubator to maintain a constant temperature of 37°C for the initial cell-free
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studies, in aqueous format. This VITA prototype set-up was successfully able to
detect stGFP from cell-free reactions over the four-hour time period (Figure 5.5, a).
Kinetics of the cell-free reaction closely resembled that of the in-house reactions
observed in Chapter 4. Additionally, the green signal captured from sfGFP was
significantly distinct to the noise from all other colour channels except yellow, which
had a similar increasing trend to green (Figure 5.5, b). This could perhaps be
attributed to the proximity of the yellow wavelength to green on the visible spectrum.
The CFPS trendlines obtained after two other experiments also closely resembled that
of the in-house reactions, after normalisation to negative control reactions (Figure 5.5,
¢). The high standard deviation could be attributed to either or combinations of batch-
batch variation, noise, or instrument variation/positioning as this was carried out
manually. Collectively, these results suggest that the VITA instrumentation system is
suitable for following the kinetics of the scientific payload and with optimisation, has
the potential to become highly suited for automated detection in extreme

environments.
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Figure 5.5: CFPS time course analysis of sSfGFP using VITA instrumentation. (a) Graph showing Arbitrary Light Units (ALUs) from the green channel of the spectrophotometer readings plotted
over time, alongside images taken every 30 minutes with the VITA camera; results for one CEPS reaction expressing sfGFP in liquid format at 37°C shown (N = 1), (b) Graph showing Arbitrary
Light Units (ALUs) from all colour channels of the spectrophotometer readings plotted over time; violet and blue units were reduced by a factor of 100 to be accommodated in this graph (N=1),

(c) Graph showing Arbitrary Light Units (ALUs) from the green channel of the spectrophotometer readings plotted over time, results represent three independent CFPS reactions

normalised to negative control (n = 3); data are shown as mean + SD.
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5.1.1.d Effect of VITA temperature on CFPS kinetics 30°C

A temperature of 30°C (+ 1.5°C margin) was chosen for the VITA mission as a
compromise between feasibility of the thermal control system, safety (prevent
overheating of electronics) and time required for a complete reaction to occur. CFPS
can be performed at a wide range of temperatures (25°C to 50°C for bacterial extracts),
however, 37°C is the most common bacterial growth temperature reported in
literature and also the temperature at which the system was studied in this thesis so
far (Krinsky et al.,, 2016). Therefore, time course analyses were conducted to

understand the effects of lowering reaction temperature to 30°C.

Positively, reaction yield was not compromised, in fact, a higher yield was observed
16 hours after reaction progression (Figure 5.6). However, kinetics slowed down
significantly at 30°C, allowing experiment to progress longer. Rather than a single
exponential and plateau phase as seen at 37°C, the reaction at 30°C had a tri-phasic
trend that did not quite reach saturation by 16 hours. This is not necessarily a
challenge, as the mission timeline provided by ESA enables the team to conduct the
mission for up to 4 months. Nevertheless, the concept of Astropharmacy involves
production of therapeutics at a rapid time scale (~ 4 hours as seen at 37°C), therefore,
the reaction temperature of 30°C only remains as a preliminary temperature for this
technology demonstration mission. Further missions and work with VITA could
consider improving the engineering heat tolerance levels and/or bring innovative

solutions for managing risks associated with overheating of electrical components.

Effect of VITA temperature (30 ° C) on CFPS kinetics

50000

—e— pET20b
—e—  SfGFP-His [30°C]

—o—  sfGFP-His [37°C]

RFU @ 520 +/- 20 nm

Time (hrs)

Figure 5.6: Effect of VITA temperature (30 ° C) on CFPS kinetics. Time course analysis showing expression of
sfGFP from in-house reactions in aqueous format at 30°C and 37°C, compared with negative control (‘pET20b")
at 37°C. Experiments were performed in triplicates (n = 3); data are shown as mean + SD.

103



5.1.1.e Scaling up reaction volumes does not impact CFPS

The VITA prototype contains sample wells that were sized to accommodate upto 50
uL of liquid solution. This was because smaller volumes were a more cost-effective
solution for both the science and engineering sub-systems for a 1U cube. Since the
development of the prototype, the cube size has been increased to 2U, offering the
possibility to increase the number of samples. Since this may involve complications
for the microfluidics subsystem, the possibility of increasing sample well size was
next explored. The impact of increasing reaction size (from 50 uL to 75 uL, 100 uL,
150 uL, 200 pL, and 250 uL) was studied through end-point fluorescence analysis.

sfGFP fluorescence was compared in these sample volumes (all performed in a 1.5
mL eppendorf tubes, in S30A buffer) in both aqueous format and lyophilised pellets
(80% rehydration volume was used in the case of lyophilisation). The cell-free
reactions expressing sfGFP from the reconstituted lyophilised system did not have
significantly different fluorescence outputs between the sample volumes tested
(Figure 5.7). However, the cell-free reactions in aqueous format produced
significantly lower fluorescence in reaction volumes over 100 uL (Figure 5.7).
Regardless, the fluorescence output is still well within the VITA detection range (see
Section 5.1.4.b), enabling all reaction formats and volumes studied here to be

implemented for the mission.

Impact of scaling up reaction volumes on CFPS
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Figure 5.7: Impact of Scaling up reaction volumes on CFPS. Graph showing end-point fluorescence recordings for
six reaction volumes (50 uL, 75 uL, 100 uL, 150 pL, 200 uL and 250 pL) tested in two reaction formats (standard
aqueous format; [sfGFP-His Liquid CFPS] and lyophilised pellets representative of flight samples; sfGFP-His
[Lyophilised CFPS]), alongside a pET20b negative control. Experiments were performed in triplicates (n=3); data
are shown as mean + SD.

As discussed in Chapter 1, continuous exchange formats enable highly efficient CFPS,
however, are not suited for on-demand, on-site applications. Batch formats offer a
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convenient solution, in that programmable quantities of input allow reception of
predictable quantities of output. It is important that the required dose of proteins is
manufactured for therapeutic applications, hence cell-free systems should be scaled
up or down appropriately. One particular scale up study has shown preservation of
protein yield in reaction volumes from 15 uL to 500 uL, allowing for dose appropriate
syntheses of a vaccine candidate (Voloshin and Swartz, 2005). In a further
advancement, another study reported linear scalability of cell-free systems for
volumes up to 100 L (in a bioreactor). Also based upon a bacterial cell-free extract,
high yields were obtained for a disulfide bonded cytokine (Zawada et al., 2011).
Hence, the results shown in Figure 5.7 broadly align with other reported results and
suggests that scaling up to higher reaction volumes may be a possibility that can be

further examined in the future.

5.1.2 Stability studies for CFPS shelf life determination

Similar to the food and drink industry, biopharmaceuticals also expire and require a
shelf-life, and their stability is no new challenge (FDA, 2003). Stability testing is a
protocol that involves data collection of the characteristics of a product in order to
determine its shelf life. A product is no longer considered stable when the storage
time has exceeded its shelf life or if its characteristics do not match those provided in

the manufacturer’s specification.

For the purposes of this project, stability (extended shelf-life) of CFPS systems are
important for two broad reasons: (1) One aim of Astropharmacy involves providing
on-site and on-demand access to therapeutics and hence, the required raw materials
need to endure environmental stress in those extreme environments, and (2) The
VITA mission operations entails a period of approximately 2 months between cube
integration and launch to the ISS. The scientific payload must remain viable until
telecommanded rehydration and this involves cell-free components to show long-
term stability (initially 1 to 2 months; at temperatures between 5°C and 45°C; based
on temperature data provided by ESA). A series of stability tests were first conducted
on the in-house cell-free system, in order to determine its shelf life. The pass/fail
criteria for the tests were based on the ability of the cell-free platform to produce
sfGFP fluorescence, following rehydration after a set storage time at a set

temperature.

It is well known that cell-free components in aqueous format are commonly stored at
-80°C and degrade at elevated temperatures, where degradation is directly
proportional to increase in temperature. A similar trend for lyophilised cell-free
systems has been reported in literature, however, rate of degradation is slower in

these systems than aqueous systems. This is attributed to the solid state, wherein,
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motionless molecular dynamics contribute to increased stability (Smith et al., 2014).
To test if this result is representative of the VITA’s cellulose stack-CFPS system
(composed of lyophilised cell-free components), the cellulose stacks were subject to a
range of storage times and temperatures, and later rehydrated to compute their shelf-
life.

Primarily, three storage temperatures were tested: 40°C, room temperature (RT; 16°C
- 22°C; average 19°C) and 4°C. These temperatures were chosen for a number of
reasons. Firstly, they are the most studied temperatures for stability testing. And
secondly, they are the most representative for storage and transport (e.g. RT is
typically maintained in households or on the ISS, 4°C is a common refrigerator
temperature efc.). Furthermore, two humidity conditions were tested for RT samples
—nominal (40 %) and high humidity (60 %), as the normal internal humidity at RT is
30% to 50% RH (average of 40%); however, the internal environment of the ISS is
typically maintained at ~ 60 % RH. And finally, stability of lyophilised pellets was
also tested at RT to study any differences in stability when components are

lyophilised on cellulose.

In all temperatures and formats tested, stability dropped significantly over the first
week of storage (Figure 5.8; all). Even at RT, which is considered a nominal
environment, no significant difference in fluorescence was detected between stGFP
and negative control samples, after 4 days of storage in both medium and high
humidity environments (Figure 5.8 b & c). The samples stored at 4°C exhibited a
significantly higher fluorescence in the sfGFP-expressing stacks compared to the
negative control, however there was still a 75% reduction in stability after 4 days of
storage (Figure 5.8, d). Additionally, there was no significant difference in stability
between the cellulose stack and lyophilised pellet formats, as both formats reported
no stability after one week of storage (Figure 5.8 c & e; left). In fact, stability recordings
taken from lyophilised pellets every day for one week shed more light on this
diminishing trend (Figure 5.8, e; right). A 50% drop in stability is seen after 1 day of
storage at room temperature, which increased to 75% by day 4 and day 5. By day 7 (1
week), all stability was lost, which was the observed result for all succeeding data

points then on.

The shelf-life of in-house CFPS was found to be <1 week and this needs improvement
to > 1 month. Collectively, these results suggest that the stability of lyophilised in-
house cell-free components is extremely poor and need drastic improvement for on-
site, on-demand applications, and also for the success of the VITA mission. This is,
however, not an uncommon result, as similar diminishing trends in stability have
been reported previously (Karig et al., 2017). This published study in fact observed
no stability after a single day of storage of unpreserved CFPS mix at 37°C. It was
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further discovered that the cell-free extract degraded faster than the other buffer
components, indicating that the proteins lose stability at room temperature within a
day. Therefore, innovative solutions for enhancing protein stability may aid any
efforts in improving the long-term stability of lyophilised in-house CFPS systems.
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(a) Stability of cellulose stacks over time at 40°C (b) Stability of cellulose stadss overtime at room temperature (C) Stability of cellulose stacks over time at room temperature
(high humidity ~ 60% RH)
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Figure 5.8: Stability tests of in-house CFPS in cellulose stack format and lyophilised pellets. Graph showing sfGFP fluorescence following rehydration of CFPS on cellulose stacks after
storage over 1 month at (a) 40°C, (b) Room temperature (~ 22°C; 60% RH), (c) Room temperature (~ 22°C; 40% RH), (d) 4°C, and (e) CFPS in lyophilised pellets format after storage
over 1 month at room temperature (left) with data points shown for the first seven days (right). All CFPS reactions were rehydrated with S30A buffer; green data points correspond to
reactions expressing sfGFP and red data points indicate the pET20b negative control. Experiments were performed in triplicates (n = 3); data are shown as mean + SD.
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5.1.3 Impact of various supplements on CFPS kinetics

As discussed in Chapter 1 (1.4.4.c), a thorough literature search led to the
identification of certain types of carbohydrates (sugars) as excellent candidates for
stabilisation of cell-free systems. This was no surprise as sugars are often
incorporated as excipients in biotherapeutic stabilisation for their ability to preserve
native protein structure (during lyophilisation, this is preserved in amorphous state)
(Jovanovi¢ et al., 2006). The most commonly reported candidates for CFPS
stabilisation included sugars such as sucrose, trehalose and lactose, and molecular
crowding agents such as trimethylglycine and dextrin (e.g. B-cyclodextrin) (Jiang et
al., 2021, Gregorio et al., 2020, Warfel et al., 2023, Smith et al., 2014).

These candidates were studied for their potential role in improving stability of the in-
house CFPS platform. Prior to studying the stability of CFPS itself, the impact of these
candidates on cell-free kinetics was first studied. A time course analysis was
performed to monitor sfGFP synthesis upon supplementation with the following
candidates: sucrose, trehalose, trimethlyglycine, p-cyclodextrin, and lactose.
Supplementation concentrations were chosen based on previously published work,
serving as an initial starting point; ranges of concentrations were tested for some
candidates where advised (Jiang et al., 2021, Gregorio et al., 2020, Warfel et al., 2023,
Smith et al., 2014).

The first observation was that cell-free kinetics were notably different in all
supplemented reactions, when compared to unsupplemented reactions (Figure 5.9;
all). All supplemented reactions, except for lactose, displayed significantly lower
reaction rates, where synthesis saturated ~ 8 hours after commencement;
unsupplemented reactions saturated ~ 3 - 4 hours after commencement, which was
the observed result for all in-house reactions seen so far in Chapters 4 and 5 (Figure
5.9; a, b, c & d). Reactions supplemented with a/B-lactose had a similar exponential
phase that reached saturation ~ 3 - 4 hours after commencement, however protein
yield was compromised (Figure 5.9; e). In fact, most supplemented reactions had
significantly lower protein yield, with sucrose displaying the worst (30% yield of
unsupplemented reaction; Figure 5.9, a) and trehalose and (3-cyclodextrin displaying
the best (90 — 95% yield of unsupplemented reaction; Figure 5.9, b & d).

The low rates of reaction and subsequent yields could be attributed to molar ratios of
the supplement and proteins in the cell-free extract — high affinity of supplements to
water reduces molecules available for protein interaction (Guzman-Chavez et al.,
2022). This may explain why a concentration-dependent decrease in yield was
observed in reactions supplemented with trehalose and sucrose (e.g. 100 mM

trehalose supplement reduced yield compared to a 20 mM supplement; Figure 5.9, a
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& b). Nevertheless, this study led to the identification of the properties of some
candidates for stability testing that will be further discussed in Section 5.1.3.b.
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Figure 5.9: Impact of various supplements on CFPS. Time course analysis showing expression of sSftGFP from in-house cell reactions in aqueous format supplemented with (a) sucrose, (b) trehalose,
(c) trimethlyglycine, (d) B-cyclodextrin and (e) a/B-lactose, compared with unsupplemented reactions (0 mM) and negative control (‘pET20b +’) at 37°C. Experiments were performed in triplicates

(n = 3); data are shown as mean + SD.
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5.1.3.a Impact of secondary energy substrates on CFPS (PEP and Maltodextrin)

This section describes the tests performed to study the impact of secondary energy
substrates phosphoenol pyruvate (PEP) and maltodextrin (MDX) on the in-house
cell-free platform, which was traditionally based on nucleoside triphosphates. It does
not wish to establish any new energy mixes as appreciable amounts of progress has
already been made in literature (Chapter 1; 1.3.4.c) (Guzman-Chavez et al., 2022,
Warfel et al., 2023). Therefore, concentrations of PEP and MDX reported in literature
(33 mM PEP; 25 -100 mM MDX) were initially tested for its impact on the in-house

cell-free platform, in addition to the nucleoside triphosphates.

Briefly, time course analysis revealed that addition of PEP lowered protein yield by
~50% although kinetics remained the same (Figure 5.10, a). On the other hand, MDX
improved reaction yield by ~ 50%, whereby the initial reaction rate match that of the
unsupplemented reaction, but it was followed by another slower exponential phase
in all concentrations tested (Figure 5.10, b). By 16 hours, there was no significant
difference between 25 mM — 100 mM MDX supplemented reactions, indicating 25
mM is a sufficient concentration — this was a particularly exciting finding as a doubled

yield was obtained for a low cost as MDX is a relatively cheap energy source.

112



(@) Effect of phosphoenol pyruvate (PEP) on CFPS
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Figure 5.10: Impact of secondary energy sources on CFPS. Time course analysis showing expression of sSfGFP from
in-house cell-free reactions in aqueous format supplemented with (a) Phosphoenol pyruvate (PEP) and (b)
Maltodextrin (MDX) compared with unsupplemented reactions (0 mM) negative control (‘pET20b +’) at 37°C.
Experiments were performed in triplicates (n = 3); data are shown as mean + SD.

The reduction in yield with PEP supplementation remains a mystery. One theory
from Wang and Zhang is that PEP, containing a high energy phosphate bond, results
in the generation of inorganic phosphates which lowers the availability of Mg? ions
that are critical for translation (utilisation of ATP also contributes to this)(Wang and
Zhang, 2009). This theory is plausible because the opposite (increase in yield) was
observed with MDX, which has a slower rate of metabolism and further utilises the
inorganic phosphates generated from the primary energy source (nucleoside
triphosphates). This explains the two phases seen in the MDX time courses — first
exponential phase during consumption of nucleoside triphosphates and second
pertaining to the metabolism of MDX. Although this not further studied in this thesis,
one future work suggestion would be to further explore optimisation and

combinatorial work on PEP to improve reaction yields.
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5.1.3.b Maltodextrin alone does not confer stability

After the positive findings that revolved around MDX as a secondary energy source,
new interest on the role of MDX in CFPS stability developed. Recently published
work showed that MDX enhanced the thermostability of CFPS for 4 weeks, playing
roles as both a lyoprotectant and energy source (Warfel et al., 2023). To test whether
this applies to the in-house cell-free platform, a short-term stability study was
devised (Iyophilised pellets were used for this experiment as they are quicker to make
and no significant difference was observed between this format and cellulose stacks;
Figure 5.8, c & e).

Lyophilised cell-free reactions supplemented with 25 mM MDX were stored at RT for
five days and later rehydrated with S30A buffer. Fluorescence readings were
compared to a negative control and a positive control, which was a fresh cell-free
reaction with no storage time. No significant difference in fluorescence was detected
between the MDX supplemented reaction and the negative control (Figure 5.11).
Regrettably, this implies that MDX did not confer any stabilising effects on
lyophilised CFPS despite the yield enhancing effects seen by Warfel et al., (Figure
5.10, b). Although there was a significant protective effect, the referred study did
indeed see a decrease in stability in reactions with MDX compared to PEP-based
reactions. In addition, all lyophilised pellets in the study were stored in vacuum
sealed bags, which was reported to have additional positive effects (Warfel et al.,
2023). This is simply not possible for the VITA mission as the cube requires a hermetic
sealed with an internal atmospheric pressure of 1 unit. Therefore, another solution is

required to mitigate challenges with room-temperature stability.
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Impact of maltodextrin (MDX) on short-term CFPS stability
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Figure 5.11: Impact of maltodextrin on short-term CFPS stability. Graph showing sfGFP fluorescence following
rehydration of lyophilised cell-free pellets with S30A buffer after storage at RT for five days. Experimental sample
supplemented with maltodextrin (25 mM MDX) shown alongside negative control (‘pET20b+’) and positive
control (fresh CFPS without storage). Experiments were performed in triplicates (n = 3); data are shown as mean
+ SD; P value >0.05 =ns.

5.1.4 From short-term to long-term stability: An iterative process

Long-term stability studies are required under standard guidelines for
pharmaceutical stability testing. These are highly intensive and long studies, which
will eventually need to be performed for the in-house cell-free platform. However,
short-term  stability = experiments allow researchers to test many
candidates/supplements and compare alternative formulations. This was the
rationale for many experiments described in the last comprehensive section of this
chapter. It narrates an iterative process of candidate identification and using process
of elimination to progress these candidates from demonstrating short-term to long-

term stability.

Note: Experiments discussed in this section were performed partly based on
guidelines and instructions from ESA for the VITA mission’s Preliminary Design
Review — the approach to these preliminary experiments may appear disjointed but
were critical for passing the PDR. It has been included in this thesis as the results
were aligned to the on-site and on-demand platform. Thank you to Dr Nigel Savage,

ESA Academy programme coordinator, for his help and guidance.
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5.1.4.a Effect of sugar supplementation on short-term stability

The shelf life was found to be less than 1 week and the priority for the VITA mission
remains 1 to 2 month RT stability (Section 5.1.2). Candidates for stabilisation were
chosen and their impacts on cell-free kinetics were studied in Section 5.1.3. The sugars
were now supplemented and their effects on stability of lyophilised pellets were
studied. The experimental set up briefly entailed lyophilisation of all cell-free
components (supplemented with sugars and unsupplemented reactions) and storage
of the pellets at RT for 5 days (short-term), following which they were rehydrated

with S30A buffer, and end-point fluorescence recordings were taken.

Four types of sugars, namely sucrose, trehalose, -cyclodextrin, and lactose (two
anomeric forms a- and (-lactose), were tested alongside a negative control,
unsupplemented control and a fresh cell-free reaction (with no storage). Sucrose was
chosen for testing despite significant reduction in yield (as seen in Figure 5.9, a)
because some stability conferring properties were still reported in literature (Warfel
et al., 2023). Interestingly, sucrose, trehalose and 3-cyclodextrin supplementation did
not produce a significantly higher fluorescence compared to unsupplemented
reactions, although lactose had significantly higher stabilising properties (Figure 5.12;
top). In fact, reactions supplemented with 100 mM {3-lactose preserved 70% sfGFP
fluorescence when compared to a fresh cell-free reaction without storage, indicating

that it is an excellent candidate for long-term stability studies.

These results and the integrity of the produced proteins were further confirmed
through western blot analysis. A band corresponding to sfGFP was detected in all
supplemented reactions and this was found in the same size and position as a positive
control, where no sfGFP bands were seen in the negative control (Figure 5.12,
bottom). Reactions supplemented with 100 mM [3-lactose produced the highest band
intensity, matching the fluorescence data in the graph above. Indeed, all band
intensities for other supplemented reactions also corelated to the fluorescence output,
validating -lactose as the front-running sugar supplement.

Another interesting finding was that the stabilising effect of «a-lactose was
significantly lower than B-lactose (Figure 5.12; top). This may be due to the fact that
[-lactose is more soluble than a-lactose. Another reason could be lower reactivity of
the secondary hydroxyl group in a-lactose, where there is spatial repulsion of
proteins and a-lactose due to steric hindrance. Furthermore, [-lactose has been
shown to demonstrate better compaction than a-lactose due to the presence of more
spherical particles, rougher surfaces and a higher degree of fragmentation, which
may have also played a role (Gamble et al., 2010).
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Effect of sugar supplementation on short-term stability
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Figure 5.12: Effect of sugar supplementation on short-term stability. (Top) Graph showing sfGFP fluorescence
following rehydration of lyophilised cell-free pellets with S30A buffer after storage at RT for five days.
Experimental samples supplemented with various sugars shown alongside negative control (‘pET20b+’),
unsupplemented control (‘No supplements’) and a positive control (fresh CFPS without storage). Experiments
were  performed in  triplicates (n = 3); data are shown as mean =+ SD; Pualue
>0.05=ns, P<0.05=% P<0.01="** P<0.001=*** and P < 0.0001 = **** (Bottom) Anti-His western blot
showing sfGFP bands from supplemented reactions with four sugars: trehalose, B-cyclodextrin, a/p-lactose in two
concentrations: 20mM and 100 mM alongside a positive control (‘+'), negative control ('-*) and molecular ladder
(‘lad’; marked 25 kDa band). Sucrose not shown as only 20 mM concentration was tested. Protein samples had an
equal fraction of each triplicate in the above graph; sfGFP band indicated by a black arrow.

5.1.4.b Visualisation and detection with VITA instrumentation

One consideration aligned with stability is whether the VITA cube can detect
fluorescence proteins after storage and rehydration. So far, VITA instrumentation
tests have only been performed with freshly prepared samples, hence, ESA were keen
to study any changes with stored samples. There was also some interest in
uncovering the margins for detection (high and low thresholds). Therefore, a few
post-short-term stability samples (described in Section 5.1.4.a) were chosen for

imaging and analysis through the VITA instrumentation platform.
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The VITA camera was used to take images of five samples: a negative and positive
control (pET20b and pure sfGFP protein), the 20 mM trehalose, 20 mM 3-lactose, and
100 mM p-lactose supplemented samples from the short-term stability studies
discussed above. These samples were chosen to study if the instrumentation could
identify intricate changes in fluorescence as trehalose did not yield a significantly
high fluorescence, but the B-lactose samples did in previous studies (Figure 5.12; top).
The VITA images were analysed using Image], where the intensity of the integrated
area was plotted after correction with a background reading (image with no sample).
The same samples were also analysed using a Nanodrop™ 3300 fluorescence
spectrophotometer, serving as a tool for comparison with the newly developed VITA

instrumentation platform.

Figure 5.13 shows a plot of the VITA and Nanodrop™ 3300 readings for the five
samples tested (note: the VITA trend was overlaid on the Nanodrop trend to offset
the differences in the light units). Firstly, the trends between the two instruments
were similar and matched the images shown on the graph. Secondly, the Nanodrop
was clearly more sensitive as it was able to differentiate between two samples where
VITA reported no significant difference (20 mM trehalose and 20 mM [-lactose;
Figure 5.13). This could partly be attributed to the ad-hoc positioning of the VITA
camera over the samples as this was carried out manually. Thirdly, the Nanodrop
reported more variation in the triplicates tested, whereas VITA did not (20 mM {-
lactose; Figure 5.13). Overall, the VITA instrumentation and analysis fares well
compared to the state-of-the-art Nanodrop™ 3300, however, the more stable the
samples are, the better the VITA sensitivity. Bearing in mind that the readings were
based on samples stored for five days, there needs to be a significant increase in RT
stability for samples requiring storage for 1 — 2 months. It is believed that the
sensitivity and resolution has further potential for improvement when the sub-

system is fixed, and recordings are taken in an automated fashion.
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Figure 5.13: Comparison of the VITA instrumentation with the Nanodrop™ 3300 spectrophotometer. Graph
showing the light/fluorescence units (integrated pixel density) from five samples analysed using two instruments:
the VITA instrumentation (black data points) and the Nanodrop™ 3300 (blue data points). The five samples
included a negative control (pET20b), a positive control (sfGFP; pure) and samples supplemented with 20 mM
trehalose, 20 mM B-lactose and 100 mM B-lactose after five days of RT storage. The recordings are shown alongside
images taken with the VITA camera; each tube contained ~ 40 uL samples except the positive control which
contained ~ 5 UL to prevent oversaturation of signal due to high sfGFP concentration. Experiments were performed
in triplicates (n = 3); data are shown as mean = SD (error bars too small if invisible); only one image shown.

5.1.4.c Design-of-Experiments approach enables identification of new formulations for

short-term stability

Sugars clearly play an important role in stabilising cell-free components at room
temperature and improving CFPS yields, based on observations so far. However, the
role of PEG (molecular crowding agent) and the impact of altering the molecular
weights of PEG is unknown. Since there are multiple input variables whose
combinatorial effects are sought for study, a design-of-experiments (DoE) style-
approach was undertaken for a more structured experimental design requiring fewer
trials. A trial-and-error approach was undertaken thus far, and the obtained data
formed the baseline data used to inform the DoE-screening plan. The experimental
plan was carried out by PhD student Joshua Clark using the statistical computing
software R and the Design of Experiments package (RcmdrPlugin.DoE).
Relationships between, and the additive effects of, 3-lactose, maltodextrin, and PEG
were investigated in a two-factorial method (e.g. present/absent) to minimise sample
size. This allowed for investigation of each additive’s effects on CFPS productivity,
as well as giving preliminary insight into the interactions between each factor (centre
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points were not included, and randomization was done with a seed randomly

generated by the program).

Two factors of four variables were tested, as summarised in Figure 5.14, a. Previously
observed yield enhancing effects of maltodextrin (MDX; Figure 5.10, b), stability
enhancing effects of B-lactose (Figure 5.12), levels of PEG (%; studied briefly in
Chapter 4) and molecular weights of PEG (not studied thus far) were the four
variables of interest. The two factors for these variables were low
concentrations/molecular weights and high concentrations/molecular weights for 3-
lactose, PEG % and PEG molecular weight, and presence (25 mM) and absence (0
mM) of MDX. A ten-fold difference was chosen between the low and high
concentrations/molecular weights; although this may seem quite high, it offers a
broad window for initial studies following which further refinements can be carried

out if a significant trend is observed.

The reason for choosing a presence-absence setting of MDX rather than low/high
concentrations is because there was already evidence to suggest that MDX alone does
not enhance stability (Figure 5.11). Furthermore, one main research question (also
raised by ESA) was whether the stabilising effect of lactose could be combined with
the yield increasing effects of MDX to produce highly fluorescent reactions that could
be readily detected using the VITA platform. The short-term stability studies indeed
confirmed that lactose and MDX have favourable combinatorial effects (Figure 5.14,
b). In fact, two formulations even exceeded the fluorescence generated from a fresh
aqueous CFPS reactions (grey line, Figure 5.14, b). A common pattern in these two
formulations were the presence of both [3-lactose and MDX, however, this effect was
reversed in reactions in the presence of MDX and higher concentrations of 3-lactose.
This indicates that 25 mM MDX and 20 mM [3-lactose greatly enhances yield and
stability of lyophilised CFPS.

The impact of PEG levels and their molecular weights was less clear — the two best
formulations had differing concentrations and molecular weights of PEG (Figure
5.14, b). There was no significant difference observed with changes to PEG MW and
PEG concentration. Based on this initial observation, it may appear that these
variables do not play a critical role in improving stability, however, a more detailed
experimental plan based on these initial observations could reveal insights that may
currently be hidden. Having said that, it is apparent that PEG alone does not offer
protective effects, as reactions in the presence of PEG but absence of MDX did not
yield adequate fluorescence, regardless of high/low concentrations of [3-lactose.

Overall, this has been a fruitful venture, as two new formulations were identified
whereby fluorescence after storage at RT for five days was higher than a fresh CFPS

reaction in aqueous format. The main characteristics of the newly identified
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formulations were the presence of MDX at 25 mM, presence of 3-lactose at 20 mM
and variable levels and molecular weights of PEG. The highest mean fluorescence
was obtained from reactions containing 25 mM MDX, 20 mM {-lactose and 5% 6000
kDa PEG.

(a) DoE: Experimental plan
20mM  Low B-lactose PEG % Low 0.5%
200mM  High High 5%
?
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Figure 5.14: Design of experiments approach for improving stability of lyophilised CFPS. (a) Image summarising
the four variables: B-lactose, maltodextrin, PEG concentration (%) and PEG molecular weight (kDa), and two
factors: High/Low or Yes/No (presence/absence). Question mark ('?’) indicates an unknown formulation to be
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identified for stability enhancement. (b) Graph showing sfGFP fluorescence following rehydration of lyophilised
cell-free pellets with S30A buffer after storage at RT for five days. Experimental samples were supplemented with
the variables shown below the data points marked in green blocks (high concentrations or presence of MDX) and
red blocks (low concentrations and absence of MDX). ‘pET20b+" corresponds to the negative control, and the
positive control (fresh CFPS in aqueous format without storage) is indicated by the grey dotted line (at RFU
27,5000). Green bar on the graph highlights the highest mean fluorescence obtained, in comparison to the positive
control. Experiments were performed in triplicates (n = 3); data are shown as mean + SD.

The formulation with the highest mean fluorescence was chosen for longer-term
studies, for submission to ESA as part of the preliminary design review data pack,
but also to study if the promising results observed in the short-term studies could be
prolonger. It should be noted that although “long-term stability studies” are typically
conducted for 6 months to 1 year in the pharmaceutical industry, long-term studies
refer to studies conducted > 1 month in this thesis, for purposes of distinction to the
short-term studies that were conducted for 5 days. Furthermore, the VITA mission
refers 1 to 2 month stability as long-term stability, as detailed in the concept of

operations.

The experimental set-up for the long-term stability study was quite similar to the
short-term studies, with the exception of several samples prepared for timed data
points up to 2 months. The experimental samples contained 25 mM MDX, 20 mM (-
lactose and 5% 6000 kDa PEG and this was tested alongside an unsupplemented
sample and a negative control. Positively, a highly fluorescent signal was observed
in the supplemented reactions, and this was sustained from day 0 to day 28 (~ 1
month; Figure 5.15). This result indicates that 100% stability was achieved for 1
month. A contrasting observation in the unsupplemented reactions agreed with
previously discussed sharp drop in signal (Figure 5.8, e). Unfortunately, a 50%
decrease in fluorescence was observed in supplemented reactions between days 28
and 42. However, the signal at day 42 was not dissimilar to that of the
unsupplemented reaction on day 0 (no significant difference according to Sidak's
multiple comparisons statistical test). This confirms that this signal is still above the
VITA detection threshold (Figure 5.13). Although there was a significant stGFP signal
on day 56 (~ month 2) over the negative control, there was a 90% reduction in signal
from month 1 which was too low for VITA detection.
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Figure 5.15: Long term stability studies using newly identified supplements. Graph showing sfGFP fluorescence
following rehydration of cell-free components in lyophilised pellets format after storage for upto 2 months at room
temperature with data points shown for the first 7 days and every week or bi-weekly from then on. All CFPS
reactions were rehydrated with S30A buffer; green data points correspond to reactions supplemented with 25 mM
MDX, 20 mM B-lactose and 5% 6000 kDa PEG, black data points correspond to unsupplemented reactions and
red data points indicate the pET20b negative control. Experiments were performed in triplicates (n = 3); data are
shown as mean + SD.

The above results have dramatically increased the stability of in-house cell-free
components from < 1 week to 1+ months, which offers a promising solution for the
VITA payload and mission. Without storage under vacuum conditions, this
formulation has been shown to remain fully stable for at least a month at room
temperature, offering an ideal cold-storage free solution to the on-site, on-demand
platform. There is, however, still much room for improvement as components have
previously been shown to be stable up to a year using the commercial PURExpress
system composed of purified proteins and up to 3 months for crude extract (typically
bacterial) sources such as the in-house system (Smith et al., 2014, Pardee et al., 2014,
Karig et al., 2017).

Further improvements in stability could be made by executing a more detailed DoE
with the above results as a baseline. Given a generous sample size, a multi-factorial
approach could be undertaken to cover a better range of concentrations, especially
for MDX since only “presence or absence’” was tested. Secondly, more sugars could be
tested in combination with MDX. Lastly, the role of PEG and its sizes need to be
unravelled. Alternatively, other molecular crowding agents such as trimethylglycine
could be incorporated in the new, extensive DoEs. Given that there is some baseline
data already available for trimethylglycine (Figure 5.9, c), it was not considered in
this work due to lack of time, but certainly would make an ideal candidate for future
studies.
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5.2 Summary

This chapter first introduced the VITA mission, its timeline for operations and the
basic hardware for the science units that house the cellulose stacks. The first aim was
to demonstrate the ability to detect fluorescent proteins through fluorescent
spectroscopy and imaging, following rehydration of the cell-free components inside
the cube in an automated manner. This was successfully shown by using cameras to
image end-point cell-free reactions expressing sfGFP in both aqueous formats and on
cellulose stacks. Furthermore, time course analysis was successfully able to capture
the CFPS trend for four hours using a teleoperated set-up. Lastly, the effect of
lowering the reaction temperature to 30°C and the reaction volumes to up to 250 uL

were studied with no significant impact on CFPS and on the mission.

The focus next shifted to the scientific payload and its integrity over time, in order to
ensure viability from payload integration to arrival on the ISS. The shelf-life of the in-
house cell-free system was found to be less than one week, through accelerated
stability studies, in both lyophilised pellets and cellulose stack formats. In an effort
to increase this to at least 1 to 2 months, supplements were chosen and their effects
on CFPS kinetics were first studied. Then, short-term stability studies were
performed, where some candidates such as (3-lactose enhanced stability after storage
for five days. Next, the role of secondary energy sources such as PEP and
maltodextrin was studied. Maltodextrin significantly enhanced CFPS yields but
failed to aid short-term stability. Based on these findings, a design-of-experiments
style approach was pursued, where combinations of maltodextrin, (3-lactose, and
PEG (various concentrations and molecular weights) were tested for short-term
stability. Two formulations outperformed even an unsupplemented fresh CFPS
reaction in aqueous phase. The best identified formulation for supplemented CFPS
was found to contain: 25 mM MDX, 20 mM f3-lactose and 5% 6000 kDa PEG. This
formulation demonstrated 100% RT stability for up to 28 days in a longer-term
stability study. Although the stability plummeted to 50% by Day 42, this still
provided a high fluorescence signal (same signal as unsupplemented CFPS) for
detection in the VITA mission; most stability was lost by Day 56. In conclusion, the
shelf-life of the in-house formulated system currently stands at 1 month. The system
can still be utilised until 1.5 months with 50% activity remaining.

Collectively these results enhanced the shelf-life of the VITA cell-free components to
enable preservation at room temperature (1.5 months from integration, launch and
transit to the ISS). Ideally, the stability should be further enhanced for an additional
month or two to account for any rocket launch delays. By doing so, a platform with
3-month stability would also be available for any earth-based applications for the on-

site and on-demand platform. In this case, further stability studies should be
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conducted at a wider range of temperatures (0°C — 50°C) to cover the temperatures
that are commonly experienced on earth. Furthermore, temperature exposure studies
could be performed to understand how the system behaves during temperature

fluctuations.
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Chapter 6 Towards obtaining functional and pure

therapeutics from cell-free systems

6.1 Introduction

Chromogenic proteins are ideal for sensing applications, which is why they are often
chosen for synthetic biology projects involving biosensing. sfGFP detection has been
instrumental in understanding the science behind CFPS and has been the protein
product-of-choice for many cell-free biosensors in the past (Pardee et al., 2014, Grawe
et al., 2019, Voyvodic et al., 2019). In this project so far, sfGFP was not only used for
the development and optimisation of the in-house system, but also for calculating
and extending its shelf-life. It mainly served as a model protein for other protein
therapeutics that have applications in low resource/extreme environments. For the
first time in this work, therapeutic protein expression was explored and reported in

this chapter.

Given that these protein-based products are intended for human administration,
several considerations need to be made, starting from purity. Affinity
chromatography and size exclusion chromatography are perhaps the most
commonly utilised methods for purification of biopharmaceuticals, but not much
work has been published on purification of cell-free products. The challenges of
protein purification for point-of-care applications are many and are well reviewed
elsewhere (Thole et al., 2022). Therefore, innovative cell-free expression and
purification methods are starting to be published only recently (DeWinter et al.,
2023). This chapter initially discuses some mainstream purification experiments for
analysing the structure and function of cell-free products (one chromogenic control

and one therapeutic) and further explores tertiary and secondary structure analysis.

On a different note, there was significant interest in two-in-one protein purification
principles due to the mass, energy and storage constrains on the on-site and on-
demand system. Hence, an idea to exploit ‘Nanobodies” as a purification and quality
control tool was conceived. Nanobodies are single domain antibodies that are small,
recognise and bind to target antigens (i.e. therapeutic proteins in this case) (Dmitriev
et al., 2016). Therefore, co-expression of the therapeutic protein and the
corresponding nanobody was investigated — co-expression has been performed in
cell-based systems, but is interesting in cell-free reactions for many reasons. First, it
allows synthesis of more than one product at a time for therapeutic applications (e.g.
personalised medications). Secondly, it allows for production of complexes, thereby
increasing the portfolio of biomolecules that can be synthesised in a cell-free manner.
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Lastly, it introduces the possibility of expressing proteins that may interact with one
another, which could be exploited for many more applications such as protein
pulldown/purification. Due to its potential to serve as a versatile tool for cell-free

applications, this was a final idea that was explored in this chapter.

This chapter details multiple experiments that were pursued from various ideas
which could, in their own right, be an independent project. Even though they might
not all link together, each subject contains immense potential that is further discussed
in the future work section in the next chapter and due to restrictions in time, some

ideas could not be pursued until completion.
The broad aims for this chapter are —

(a) Demonstrate the expression of model therapeutic proteins in the in-house
cell-free system based on constructs that were developed in Chapter 3, and

troubleshoot if and when necessary.

(b) Experiment with ideas for in situ purification and quality control for on-site
and on-demand applications of the cell-free system for obtaining regulatory
approval.

a. Test co-expression of proteins in the cell-free system, enabling a
Nanobody-driven approach as a dual purification and quality control

operation.

6.2 Results and discussion

6.2.1 Cell-free expression of therapeutic proteins

As discussed in Chapter 1 (Introduction), five therapeutic proteins were chosen for
on-site, on-demand applications based on their importance for human health and
their need in low resource/extreme environments. The five proteins were reteplase,
entolimod, granulocyte-colony stimulating factor (G-CSF), alfimeprase, and
teriparatide. They form a diverse cohort of therapeutic proteins varying broadly in
size and number of disulfide bonds, but do not require any other complex post-
translational modifications (Table 1.3, Chapter 1)
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6.2.1.a Successful detection of therapeutic protein expression in the PURExpress system

In Chapter 4, the NEB PURExpress system was first used to monitor cell-free stGFP
expression prior to the development of the in-house system. Similarly, it was used
once again to detect the expression of the five therapeutic protein constructs prior to
in-house tests. Since the therapeutic proteins are not chromogenic, detection was
carried out through SDS-Page analysis of end-point cell-free reactions.

Four out of the five proteins were easily visible on the SDS-Page gel, with
teriparatide, the exception, detected with some uncertainty due to its low size (Figure
6.1). This is perhaps the first reported synthesis of some of the five protein
therapeutics in a cell-free system. Cell-free synthesis of tissue plasminogen activator
(of which reteplase is a truncated form) has been shown previously (Yang et al., 2019).
Unfortunately, further western blot (anti-His) analysis could not be performed
because all proteins in the PURExpress are also His-tagged.

Cell-free expression of therapeutic proteins in the PURExpress system

KDa (-) lad Ret GCSF Alf Ent Ter

Key

Ret — Reteplase; 40 KDa

GCSF - Granulocyte colony simulating factor; 19 KDa
Alf - Alfimeprase; 24 KDa

Ent — Entolimod; 35 KDa

Ter — Teriparatide; 4.1 KDa

Figure 6.1: Cell-free expression of therapeutic proteins using the NEB PURExpress system. SDS-Page
showing proteins separated based on size in five samples expressing reteplase, G-CSF, alfimeprase, entolimod, and
teriparatide alongside a negative control (*-') and protein ladder (“lad’). The expected sizes of the five proteins ae
provided below and bands are marked with a red asterisk where known; teriparatide band marked with black asterisk
due to uncertainty and low size.

6.2.1.b Successful detection of most therapeutic proteins in the in-house cell-free system

The ability of the in-house cell-free system to express proteins other than stGFP was
tested for the first time in this section. All five therapeutic constructs were added to

in-house cell-free mix (all experiments were performed in aqueous format). This time,
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a western blot was chosen for detection of cell-free produced His-tagged proteins
since all other proteins in the cell-free extract were derived from crude bacterial
lysate, unlike PURExpress. Anti-His western blot revealed expression of three
therapeutic proteins, namely entolimod, reteplase, and alfimeprase, but no bands
were detected in the samples that contained DNA coding for G-CSF and teriparatide
(full gel not shown below, however, no bands were detected lower than 15 kDa;
Figure 6.2, a). Considering that expression was detected for these proteins in the
PURExpress system (Figure 6.1), the in-house cell-free extract may be preventing
production of these proteins.

The NEB PUREXxpress kit contains disulfide bond enhancing supplements that can be
added to PURExpress reactions targeted to express proteins with multiple disulfide
bonds. The kit instructions specify that the supplement contributes to higher level
expression of soluble disulfide bonded proteins; to test this, in-house cell-free
reactions were supplemented and compared to previously tested unsupplemented
reactions. Western blot analysis confirmed that supplementation of disulfide bond
enhancers did not enable production of G-CSF nor teriparatide (full gel not shown
below, however, no bands were detected lower than 15 kDa; Figure 6.2, b).
Furthermore, similar bands for entolimod, reteplase and alfimeprase were detected
as seen in the unsupplemented reactions, with no notable increase in band intensities
(Figure 6.2). Therefore, the disulfide bond enhancers did not improve production in
the in-house system. It is difficult to form any hypotheses or theories in this case as
the enhancers are a proprietary formulation of proteins in buffer (based on an
additional band observed on the supplemented blot; Figure 6.2 b). The cell-free
extract is derived from the reducing environment in the bacterial cytoplasm and it is
currently unknown whether the enhancers change this environment in the cell-free
reactions. Although no other firm conclusions can be drawn based on this
information and results, production of entolimod, reteplase and alfimeprase was

successfully shown.
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Figure 6.2: In-house cell-free expression of therapeutic proteins. (a) Anti-His western blot showing five
protein samples expressing entolimod (Ent), granulocyte-colony stimulating factor (G-CSF), reteplase (Ret),
alfimeprase (Alf), and teriparatide (Ter) alongside a negative control (*-'), known sample (sfGFP) and protein
ladder (“lad’). 10 uL protein loaded in each lane. Where present, proteins of interest were marked with a red asterisk
(*); ladder sizes have been provided on the right. (b) Same as (a), but samples were supplemented with disulfide
bond enhancers (provided in the PURExpress NEB kit), which are also His-tagged (bands seen in all samples
around 25 kDa).

6.2.1.c RT-qPCR analysis: mRNA levels provide insights into lack of G-CSF and
Teriparatide expression

The absence of G-CSF and teriparatide bands in the western blot (Figure 6.2, a) could
be explained in two ways: degradation took place soon after expression, or, no
expression took place. Western blots and SDS-Page gels typically allow signs of
degradation such as smearing of samples or fragmented, low-migrating bands to be
seen, which was not the case in Figure 6.2. For the latter suspicion, one method to
obtain insight into the absence of expression would be to study mRNA levels. CFPS
is driven by transcription of DNA template into mRNA which is subsequently

translated into protein-of-interest, so mRNA translation is a prerequisite for protein
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production. Hence, the hypothesis was that the absence of protein production is a

result of absence of mRNA expression.

In order to test this hypothesis, a qualitative RT-qPCR experiment was planned with
the following set-up: cell-free reactions were first performed with the therapeutic
DNA templates alongside a negative control (pET20b; no expression) and a positive
control (sfGFP; known expression). After reaction completion, mRNA was isolated
from the reactions and reverse transcribed to obtain cDNA (complementary DNA).
Here, samples without reverse transcriptase were also prepared as additional
controls, which are instrumental to account for any background qPCR amplification
from the DNA templates or any non-specific primer binding. Using specifically
designed primers and DNA-binding dyes, the amplification of the cDNA copies was

quantified to obtain indirect information about starting mRNA levels.

The traditional metric used for analysing real-time PCR data is the cycle threshold
value, which is the cycle number at which the fluorescent signal (from double
stranded DNA) exceeds a certain background signal. Cycle threshold values are
inversely proportional to the amount of starting material (in this case, mRNA derived
cDNA). Typically, values < 20 indicate abundance and values > 30 indicate a weak
presence of staring material (Notarangelo et al., 2021, Waudby-West et al., 2021).
When cycle threshold values were compared for the various therapeutic templates,
significantly low values were found for all five therapeutics (Figure 6.1, a). This
indicates the presence of good levels of mRNA in all cell-free reactions with
therapeutic templates. Surprisingly, high values were recorded for sfGFP templates
which was unexpected as high-level expression of stGFP was found in all previous
studies (Chapters 4 and 5). However, a high cycle threshold for pET20b was found,
as expected, as the template does not contribute to any expression.

Additionally, it was important to study any differences between samples that
underwent reverse transcription versus those that did not, to account for
amplification from any background templates such as the plasmid DNA itself. The
experimental set-up included a DNA wipeout step that in theory should eliminate all
genetic material except RNA, however this is inefficient. As a result, amplification
was still reported in samples without reverse transcriptase (Figure 6.3, a; red data
points). Nevertheless, therapeutic samples that were reverse transcribed had a
significantly lower cycle threshold, indicating higher amounts of starting material in
the form of mRNA. All observations were also visually confirmed through agarose
gel electrophoresis, where all five therapeutic samples treated with reverse
transcriptase produced brighter bands (Figure 6.3, b). The sfGFP cycle threshold
values remain a mystery; high cycle threshold values were seen despite protein

production and no significant difference was reported between the two sample
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conditions, due to unknown reasons. No predominant bands pertaining to stGFP
were detected on the agarose gel either, hence, the only possibility that remains is a
failure of RNA isolation and further experimentation is required to draw firm

conclusions.

(a) Raw qPCR measurements (b)  qPCR productson an agarose gel
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¢

Figure 6.3: Qualitative RT-qPCR analyses provides insights into cell-free mRNA levels. (a) A plot of
cycle threshold values obtained by amplifying cDNA from reverse transcribed (green data points) and non-reverse
transcribed mRNA (red data points) from end-point cell-free reactions. Experiments were performed in triplicates
(n = 3); data are shown as mean + SD; Unpaired t-test was performed to compare means;, P value
>0.05=ns, P<0.05=% P<0.01="% P<0.001=*** and P < 0.0001 = ***. (b) 1% agarose gel loaded with
amplified gPCR reactions shown in (a), alongside molecular ladder (‘lad’); samples with highest cycle threshold
values for reverse transcribed (“+) and non-reverse transcribed (*-*) conditions were loaded onto the gel.

Despite the positive control not behaving as expected, good levels of all five
therapeutic mRNAs were found in the cell-free samples. Hence, the fact that
production of G-CSF and teriparatide was not detected (in Section 6.2.1.b) is perhaps
not due to a failure of transcription, rather mRNA translation. Degradation of mRNA
is not an uncommon problem in CFPS; however, it is unlikely to be the reason for
lack of production, as production of other proteins have been successfully shown. G-
CSF and teriparatide are the smallest in size out of the five (19 kDa and 4.1 kDa,
respectively), hence, this could be a contributing factor for no/low production in
bacterial extracts. In fact, this kind of behaviour has been reported for cell-free
systems in literature before. A change in strain or addition of a fusion tag has been
reported to solve this issue, e.g. ‘'SUMO fusion tag’ which was shown to improve
production and solubility of target proteins (DeWinter et al., 2023, Meng et al., 2023)..
In conclusion, more strategies need to be considered for production of more protein
therapeutics. Although the fusion tag strategy was not progressed in this work, it
would be an excellent starting point for expression of G-CSF and teriparatide.

132



6.2.2 Purification of cell-free products

This section describes the purification of two main proteins: sfGFP (fluorescent
protein) and reteplase (therapeutic protein) for structural and functional experiments
later discussed in this chapter. Both proteins contained a C-terminal histidine tag that
was utilised for either bead-based (Ni?* charged beads) or Ni-NTA column-based
purification following cell-free synthesis. The histidine tag was also utilised for

detecting the two proteins on a western blot by probing with anti-His antibody.

6.2.2.a Purification of cell-free expressed sfGFP and reteplase at 37°C and 32°C

Reteplase is a fairly complex and large protein, and it is well-known that lowering
the cell culture temperature aids higher levels of more soluble protein, in cell-based
batch cultures (Schein, 1989, Sadeghi et al., 2011). Hence, one aim that was addressed
here was the effect of lowering cell-free reaction temperature to 32°C from 37°C.
Another aim was to purify reteplase and sfGFP for future studies, hence cell-free
reactions (totalling a volume of 400 uL) coding for sfGFP and reteplase each were
prepared for expression at both 32°C and 37°C and subsequently purified using a
histidine tag pulldown method facilitated by magnetic Ni-NTA beads.

Reteplase and sfGFP were successfully purified and this was confirmed through SDS-
Page and western blot analysis (Figure 6.4). The bands for sfGFP in cell-free reactions
and hence total concentration after purification was significantly higher than that of
reteplase (Figure 6.4, b vs. d), perhaps owing to reteplase’s higher size and
complexity. Most interestingly, reteplase expression was significantly higher at 32°C
than 37°C which was clear on the western blot, but not on SDS-Page due to low yields
(Figure 6.4, d). No such difference was observed for sfGFP (Figure 6.4, b).

The results indicate that lowering the temperature of cell-free reactions may
contribute to better expression of soluble proteins, which is particularly important for
proteins intended for therapeutic applications. Lowering reaction temperature (for
bacterial cell extracts) is not a parameter that has been investigated thoroughly in
literature, and this suggests that optimisation of cell-free reaction conditions will be
necessary for efficient synthesis of a wide range of proteins, similar to the
optimisation that is typically carried out in cell-based methods.
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(@) SDS-Page analysis of purified sfGFP-His (b) Western blot analysis of purified sftGFP-His
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Figure 6.4: Purification of cell-free expressed sfGFP and Reteplase-His. (a) SDS-Page of various fractions
collected during the purification of sfGFP-His following cell-free synthesis at 37°C and 32°C, alongside negative
control ("-*) and protein ladder, (b) Anti-His western blot of various fractions collected during the purification of
sfGFP-His following cell-free synthesis at 37°C and 32°C, alongside negative control ("-') and protein ladder, (c)
SDS-Page of various fractions collected during the purification of reteplase-His following cell-free synthesis at
37°C and 32°C, alongside negative control (*-') and protein ladder, (d) Anti-His western blot of various fractions
collected during the purification of reteplase-His following cell-free synthesis at 37 °C and 32°C, alongside negative
control ("-') and protein ladder.

6.2.2.b Fluorescence standard curve

The chromogenic nature of sfGFP was exploited yet again, to enable estimations of
protein yields from CFPS. Purified sfGFP described in the previous section was
utilised to produce a standard curve (fluorescence against protein concentration) that
allows extrapolation of protein yields from fluorescence signals. Dilutions of purified
sfGFP (Section 6.2.2.a) were made, fluorescence intensities were measured using a
Nanodrop™ 3300 and protein concentration was determined through a DC assay for
the same samples. Thus, obtained values were plotted to obtain a concentration
versus fluorescence standard curve (Figure 6.5, a & b). The Nanodrop detection
threshold was reached at 2.5 mg/mL sfGFP concentration, beyond which dilution will
need to be made (Figure 6.5, b). The concentration of the purified sftGFP protein was
found to be ~ 3.7 mg/mL (Table 6.1).
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Table 6.1: Extrapolation of pure sfGFP protein concentration from DC assay standard curve

Absorbance (750 nm) | Dilution factor Total concentration (mg/mL)

0.1346
0.135 5 3.678 +0.007
0.1351
(a) DC assay standard curve (b) Fluorescence standard curve
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Figure 6.5: Cell-free protein yield determination. (a) Standard curve of bovine serum albumin protein
concentrations and absorbance at 750 nm from which pure sfGFP concentrations were extrapolated. R? value
indicates the goodness of fit for the linear regression performed to extrapolate unknown sfGFP protein
concentrations (R? = 1 indicates that regression fitted data perfectly); (b) Standard curve of pure sfGFP protein
concentrations [extrapolated from standard curve shown in (a)] and corresponding fluorescence signals. Line
equation and goodness of fit (R?) provided on the graph; Experiments were performed in triplicates (n = 3); data
are shown as mean + SD.

Standard curves serve as a tool for estimating protein concentrations and are typically
based on BCA assay data. Their usefulness and relative accuracy have been expanded
for yield analyses in cell-free studies for fluorescent proteins like sftGFP (Wiegand et
al., 2018, Au - Levine et al., 2019). In a similar initiative, protein yields were estimated
for selected in-house cell-free experiments, as summarised in Table 6.2. Obvious
differences were observed due to supplementation with maltodextrin or lactose in
some samples, for example or due to samples being lyophilised or stored in a
different format. Evidently, other large variations in yield were primarily thought to
be due to batch-batch variation, which is a well-known disadvantage in CFPS
(Hunter et al., 2018, Cole et al., 2019). Moreover, some discrepancy may arise from
estimating sfGFP concentrations in crude cell-free reactions based on standard curves
obtained from purified protein, although fluorescence intensities were normalised to
anegative control to account for any background fluorescence. Although batch-batch
variation was not further studied in this thesis, some methods and studies could be
referred to for future work (Banks et al., 2022).
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Table 6.2: Example estimates of yields from previous experiments. Concentrations were extrapolated from
standard curve shown in Figure 6.5, b and yield was calculated based on reaction volume. Examples from
commercial systems and other research groups are provided for comparison.

fGFP Reacti
Experiment reference ?ﬁfj;:cice vohel;::(()::L) Protein yield (mg/mL)
Figure 4.13 Fresh CFPS 492928.6 + 95367.17 50 0.84
RFUs
Figure 4.13 Lyophilised CFPS 166630.7 + 2132.66 40 1.617
RFUs
Figure 5.14 Highest DoE 393717.1 +34610.59 50 3.821
formulation RFUs
Figure 5.15 Month 1 stability 544487.6 + 42703.17 40 5.285
sample RFUs
Commercial: PURExpress Reported by manufacturer >0.5
(Des Soye et al., 2019) Reported on a Cell Chemical Biology 2.67
Michael Jewett group PRI

6.2.3 Structural and functional studies of cell-free synthesised proteins

So far, expression of therapeutic proteins reteplase, entolimod and alfimeprase was
successfully shown, and reteplase was further purified by leveraging the C-terminal
His-tag. The next step was to assess the structure and function of cell-free produced
proteins to further assess their suitability for therapeutic applications. Reteplase was
chosen as an ideal primary candidate for such studies for several reasons: in-house
expression, and purification was shown previously. Additionally, it is one of the
more complex proteins, composed of nine disulfide bonds, and also the highest in
size making it a fairly ambitious target. Lastly, provided functionality is shown,
relatively simple activity assays could be performed to validate thrombolytic action.
Hence, reteplase, along with sfGFP (a known functional protein) were the two main

proteins studied in this section.

6.2.3.a Tertiary and quaternary structure analysis

Disulfide bond formation is important for the function of reteplase (Zhuo et al., 2014).
Although sfGFP does not contain any native disulfide bridges, there is a small
possibility for two cysteine residues in the protein background to interact with one
another, leading to unknown/new structure formation (Aronson et al., 2011). The
state of disulfide bond formation in cell-free synthesised and purified reteplase and
sfGFP (cell-free and cell-based sources) was studied through non-reducing SDS-Page

and native-Page analysis.
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It was hypothesized that cell-free-synthesised reteplase formed some/all disulfide
bonds and hence would produce a band shift on a protein gel when compared under
reducing and non-reducing/native conditions. The native-Page gel first revealed
many bands for both reteplase and stGFP, which indicates the presence of protein in
many sizes, or the presence of contaminants (Figure 6.6, a). Three faint bands were
observed for reteplase, which indicates a fragmented protein fraction; this may
correspond to a complete protein (highest band) and two fragmented domains
(kringle 2 and serine protease domains further below); this pattern has been
documented previously (Ma et al., 2019, Izadi et al., 2021). Interestingly, two bands
were seen for sfGFP from both cell-based and cell-free sources on the native-Page gel.
Both bands produced fluorescence when the gel was exposed to blue light, indicating

that both bands correspond to sfGFP, perhaps a result of dimerization.

Both reducing and non-reducing fractions of reteplase were identical with no shift
observed, which indicates that no disulfide bonds were formed whatsoever (Figure
6.6, b). Multiple bands were observed further confirming the protein fragmentation
intuition. Many other high and low migrating bands indicate protein aggregation
and/or degradation or low sample purity. Interestingly, reduced and non-reduced
sfGFP samples produced a different gel pattern (Figure 6.6, b). The reduced samples
only produced one predominant band at ~ 25 kDa whereas the non-reduced samples
also produced other high-migrating bands; similar to the native and fluorescent gel,
this may correspond to dimers or trimers. Collectively, functionality of stGFP was
confirmed on the protein gels, because structurally and functionally active protein is
a prerequisite for fluorescence. However, there is low confidence of the same for
reteplase. The results reported here are not sufficient to proceed with activity assays
for functionality tests, however, secondary structure analysis was pursued for more

insight.
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Figure 6.6: Tertiary and quaternary structure analysis. (a) Native gel (No B-mercaptoethanol or SDS or heat)
loaded with reteplase, sfGFP (purified from cell-based or cell-free manufacturing routes) alongside molecular
ladder. An image of the same gel on a blue light transilluminator also shown for visualising the fluorescent signal
from sfGFP. (b) An SDS-Page gel loaded with reteplase, sfGFP (purified from cell-based or cell-free manufacturing
routes) alongside molecular ladder shown under reducing (‘R’) and non-reducing conditions (‘NR’; no B-
mercaptoethanol or heat). Bands thought to correspond to reteplase marked with red arrows and known bands
corresponding to sfGFP are marked with a black or white arrow.

6.2.3.b Secondary structure analysis

Secondary structure is the regular, local structure of the protein backbone, and is a
3D intermediate before proteins fold into their tertiary structures and is characterised
by the hydrogen bonding pattern in the peptide backbone (Stollar and Smith, 2020).
The two broad types and most commonly found secondary structural elements are
a-helices and B-sheets; determining such compositions can provide more information
about the integrity of expressed and purified proteins. Therefore, secondary structure
information can shed light on the previously discussed discrepancies in tertiary
structure analysis. Circular Dichroism and Fourier Transform Infrared (FTIR)
spectroscopies are two predominant techniques used to analyse protein secondary
structure (Greenfield, 2006, Barth, 2007). Both techniques are complimentary and are
often used hand-in-hand to obtain definitive information about purified recombinant
proteins (Calero and Gasset, 2005, Goormaghtigh et al., 2009). Hence, both techniques
were employed for the analysis of the following purified proteins: Reteplase
(following cell-free synthesis); sfGFP (following cell-free synthesis and cell-based
synthesis routes), with the hypothesis that the cell-free system produces correctly
folded proteins, as seen in cell-based manufacturing routes

Contrary to the previous bead-based approach, the proteins were first synthesised

through a cell-free or cell-based route and then purified using a His-Trap column
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(nickel affinity chromatography) inside an AKTA start protein purification system.
The wash fractions were discarded, and the eluted fractions were collected and
concentrated to obtain the final purified protein sample (Figure 6.7). Unlike Section
6.2.2.a, the proteins were exchanged in D20 instead of H20 to reduce background
signal arising from H2O in the FTIR amide I region, as suggested in literature (Yang
et al., 2015). The final concentration of purified reteplase was approximately eight
times lower than that of sfGFP (cell-free and cell-based), and this was also visible in
the UV absorbance recordings taken during elution (Figure 6.7, c). This could be
attributed to the low yield of reteplase in cell-free reactions, as observed in Section
6.2.2.a. Nevertheless, this concentration met the threshold for secondary structure
analysis and hence was subject to FTIR and CD spectroscopy.
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Figure 6.7: Purification of proteins for secondary structure analysis. UV absorbance recordings taken during affinity column chromatography shows the wash steps (first peak), elution
steps (subsequent peaks) and elution fractions (‘Frac Mark’) for three proteins (a) sfGFP (cell-free), (b) sfGEP (cell-based ) and (c) reteplase.
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i Fourier transform infrared spectroscopy (FTIR)

FTIR has long been used to derive protein compositions based on absorption of
infrared light. The FTIR spectrum has many amide bands due to vibrations in the
protein sample. Most notably, the amide I and amide II bands correspond to the C=O
and N-H stretching and bending, which in turn are involved in the hydrogen bonding
pattern of a protein’s secondary structure. The amide I band is regarded as the most
useful predictor for assessing protein structure, due to higher sensitivity (Yang et al.,
2015). The raw spectra of the above three purified proteins was first obtained using
an Agilent Cary 630 Spectrometer (Figure 6.8). Non-amide regions such as the
functional group and fingerprint region are useful for chemical identification. On the
other hand, regions such as amide A, I, Il and III are analysed for proteins, hence, the

labelled amide I region was selected for further analysis.

Raw FTIR Spectra

Amide A Amide T II & IIT

Functional group region Fingerprint

region

Reteplase

IR absorbance

sfGFP (cell-free)

sfGFP (cell-based)

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 6.8: Unprocessed infrared spectra of purified proteins reteplase (black trendline), (b) sfGEP (cell-
free; dark green trendline) and (c) sfGFP (cell-based; fluorescent green trendline). The main amide bands
(A, I, I & 11I) are highlighted alongside other characteristic regions such as the functional group and fingerprint
regions. The three spectra are shown on an offset Y-axis (IR absorbance) across wavenumbers 4000 to 500 cm™.
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The amide I band often manifests as one peak and resolved peaks corresponding to
each secondary structure are invisible compared to band width. Hence, the peaks are
deconvoluted from the raw spectra by employing mathematical tools such as Fourier
self-deconvolution and second derivative analysis. For deconvoluting the amide I
peak from Figure 6.8, the second derivate of the spectra was first obtained for the
identification of individual peaks, which were then fitted and assigned a secondary
structure based on previously published assignments (Jackson and Mantsch, 1995,
Yang et al., 2015, Sadat and Joye, 2020). Second derivate analysis performed in
OriginLab revealed hidden peaks in all three protein samples (Figure 6.9). Three
peaks were identified for reteplase and sfGFP (cell-based), and four peaks for stGFP
(cell-free). The assigned secondary structures and their percentage in the protein
composition were calculated based on peak wavenumber and area integral. Although
the peak positions were largely invariable, the intensities differed among the three
different samples. The following peak assignments were made based on previously
published work: 1625 = 3-sheet, 1639 = 3-sheet, 1647 = random coils, 1666 = 3-turn,
1667 = 3-turn, 1690 = B-turn (Jackson and Mantsch, 1995, Yang et al., 2015, Sadat and
Joye, 2020).

The secondary structure assignments were similar in sfGFP from cell-free and cell-
based synthesis, which predominantly had a-helices and p-sheets configurations
(Figure 6.9, a & b). This was expected as the protein populations contain the same
protein manufactured in a different route; the two baseline subtracted data were also
observed to be similar in trend, as were the raw spectra in Figure 6.8. The peak
assignments and secondary structure compositions reported in one published study
significantly matched that of wild type GFP studied using FTIR and that of
previously known sfGFP secondary structure as discussed in Chapter 3 (3.2.2)
(Herberhold et al., 2003). Moreover, stGFP was present in its native, functional form

(due to fluorescence observed during characterisation) in these two routes.

The same conclusion could not be drawn for reteplase. Firstly, the amide I region had
shifted to the right, with a notable peak at 1613 cm (Figure 6.9, c). The peak
assignment was side chains, which formed 91.7% of the reteplase’s secondary
structure. Although a-helices and 3-sheets were found in a lower percentage, this
does not match published spectra for reteplase in either the correctly folded or
improperly folded format in inclusion bodies, or structural predictions carried out by
other groups (Ghaheh et al., 2019, Naeimipour et al., 2020). Although there is good
confidence in these peak-fitted spectra as the cumulative peak fit overlaid the baseline
subtracted data well, there is low to no confidence in the secondary structure of

reteplase synthesised from the in-house cell-free system.
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(a) sfGFP (cell-based synthesis) (b) sfGFP (cell-free synthesis) (¢) Reteplase
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Figure 6.9: Infrared spectrum in the amide I region of (a) sfGFP (cell-based), (b) sfGFP (cell-free) and (c) reteplase. The figures show the curve fitted and baseline subtracted
data along with the individual peaks for each spectrum. The table summarises peak wavenumbers, the secondary structure assignment and percentage secondary structure. The
percentage secondary structure was calculated from the area under each hidden peak and indicates the relative amount of each structure. Spectrum shown for one purified sample only.
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ii Circular Dichroism (CD) spectroscopy

Circular Dichroism (CD) spectroscopy studies the differential absorbance of right and
left circular polarised light in chiral sample (biomolecules such as proteins are largely
chiral). The CD spectra of proteins that predominantly contain a-helices, 3-sheets, or
random coils appear different, and this property can be used to find out secondary
structural information for unknown or purified proteins (Woody, 1995). Hence, the
three purified samples that underwent FTIR analysis was also subject to CD
spectroscopy. It should be noted that only a qualitative analysis was performed for
confirmation, hence the raw spectra for each protein were plotted without peak

analysis (Figure 6.10).

Three raw CD spectra were collected for each of the three proteins along with the HT
(photo multiplier) voltage readings. Appropriate dilutions of the proteins were made
if and when HT values exceeded 600. Three spectral measurements are shown for
dilutions with low noise (HT < 600) for each purified protein sample (Figure 6.10). In
the case of stGFP, both cell-free and cell-based samples produced a distinct negative
absorption band in the 210 nm — 220 nm region which is a well-known characteristic
of B-sheet rich proteins. Moreover, the spectral pattern was largely similar to that
reported in literature for other variants of GFP, all of which contained the conserved
B-barrel formed from (-sheets (Visser et al., 2002).

The spectra obtained from sfGFP cell-free and cell-based samples produced a very
similar trend and (3-sheet composition, which aids the argument that these two
samples contain the same protein population. These spectra are however starkly
different to that of reteplase, which was expected as reteplase composition is
different to that of stGFP. For reteplase, a positive absorption band was detected in
the 200 nm - 210 nm region of the spectrum, which is a characteristic of proteins with
a a-helical content (Figure 6.10). In fact, this spectrum closely matched the only CD
spectra that was found in literature for the closely related protein - alteplase (Lu et
al., 2019). The paper reports CD spectra for biologically active alteplase, a second
generation tissue plasminogen activator from which reteplase was derived from —
reteplase is a single-chain deletion mutant and is ~20 kDa smaller than alteplase
(Mandi et al., 2010). Although the spectra for alteplase may not be appropriate for
quantitative analysis due to these structural differences, it still serves as a model for
predicting some structural and functional aspects of reteplase. Collectively, the
reteplase CD spectra suggests that the in-house, cell-free synthesised protein may
have intact secondary structure. Deconvolution of the bands may provide further
insight. In addition, spectral recordings taken at lower wavelengths (with a new lamp
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and less noise for higher protein concentration) may provide a better basis for

comparison with previously published spectra.

Far UV Circular Dichroism spectra
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Figure 6.10: Raw Circular Dichroism (CD) spectra for purified sfGFP (cell-free and cell-based) and
reteplase in D20 shown at optimised concentrations. The concentrations indicate the final concentration in
the CD sample which was optimised based on HT (photo multiplier) voltage recordings (< 600); spectra taken when
HT wvalues exceeded 600 were considered too noisy and were discarded. Trends shown for three samples prepared
independently (the grey trendlines indicate error). X-axis covers wavelengths from 190 nm to 280 nm (< 190 nm
values could not be taken due to overused lamp hours) and Y-Axis indicates ellipticity, which is related to
observance (reported in millidegrees or ‘mdeg’).

6.2.3.c Conclusions from tertiary and secondary structure analyses

Overall, stGFP was a good candidate for functional analyses as fluorescence is easily
visualised (simply through the naked eye) and detected (using spectroscopy) only in
correctly folded proteins. stGFP was found to form dimers and potentially trimers in
the non-reducing gels, and this was further confirmed in fluorescent gels (Figure 6.6,
a &b). FTIR and CD spectroscopy resulted in the identification of B-sheets as the main
secondary structure component, with good agreement to other studies reported in
literature (Figures 6.9 & 6.10). Lastly, a good level of confidence was obtained to
conclude that both cell-free and cell-based manufacturing routes led to the synthesis

of structurally and functionally active sfGFP.

145



Tertiary and secondary structure analysis for reteplase resulted in some puzzling
findings. No shifts in reteplase bands were observed in reducing and non-reducing
gels (Figure 6.6, b). FTIR analysis lead to the identification of some a-helical and f3-
sheet components, but the vast majority of the composition was designated to
random coils. On the other hand, CD analysis suggested a-helix to be the richest
secondary structural component in reteplase. The CD spectra largely agreed with
spectra of a similar protein reported in literature whereas FTIR findings did not.
These conflicting results did not allow progression of reteplase for further in vitro
activity assays at this time. One cause for these conflicting findings could be protein
aggregation and/or fragmentation. This was somewhat visible in the form of multiple
bands detected in the gels (Figure 6.6). Hence, significant optimisation of cell-free
expression and purification procedures should be undertaken to mitigate this. Then,
tertiary and secondary structure analysis should be repeated before proceeding to
test activity.

The use of secondary structure analysis has informed the understanding of the
integrity of the purified proteins and confirm the similarities between cell-based and
cell-free expression routes. This is perhaps the first collection of studies that tapped
into FTIR and CD spectroscopy to unravel information on post-cell-free synthesised
proteins. Owing to its usefulness, it is hoped that they could be further exploited for

studying stability, integrity and quality control of cell-free products.

6.2.4 Co-expression studies

This section introduces one final experimental idea — co-expression of proteins in cell-
free systems for capture and quality control of target protein - and to the best of our
knowledge, is the first demonstration of production of more than one type of protein
in cell-free systems for this purpose. The vision of the on-site and on-demand
platform would require delivery of purified and functional therapeutics at point-of-
care, with in-built quality control features. To achieve this, a nanobody driven in-situ
purification process was envisioned. ‘Nanobodies’ are target recognition fragments
of an antibody and can be generated for virtually any therapeutic protein-of-interest
and can be engineered to bind to target protein(s) only when it is found in a
structurally and functionally active state (Dmitriev et al., 2016). This is a highly
desirable property, as nanobodies can be used to capture only functional protein,
which allows it to function as a quality control applicant. For example, stGFP and its
nanobody (sfGP-Nbs) will only bind when both proteins are synthesised and present
in their structurally active states (Figure 6.11, a). Moreover, tags can be introduced in
the nanobody construct to enable pulldown/purification of the active complex and
any change or failure to form the correct structure will not allow retention during the

pulldown process (e.g. during affinity chromatography). Although histidine or
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cellulose binding domain based tags could be considered, scarless tags such as the
SNAC-tag or SUMO-tag are better candidates for obtaining protein products that
meet regulatory standards (Dang et al., 2019, DeWinter et al., 2023) (supplementary
information). Collectively, the envisioned strategy involved co-expression of target
protein and its nanobody to serve as a quality control measure, to test the integrity of

target proteins for on-site, on-demand CFPS.

To test this strategy, a feasibility study was first conducted to test co-expression of
sfGFP and the sfGFP-Nbs(7 in the in-house cell-free system. The stGFP-Nbs(7 is one
of the sfGFP nanobodies (or NBS in short) and is made up of 122 amino acids (13.1
kDa in length) and contains two disulfide bonds, when folded correctly. This was
chosen from previously published work, and due to its low size and high binding
efficiency (stGFP capture ECso of 24.1 + 8.1 nM) (Twair et al., 2014). Both the stGFP
and NBS constructs contained a C-terminal histidine tag and cell-free products were
detected on western blots by means of an anti-His antibody. Cell-free reactions were
performed with no DNA, sfGFP only and NBS only DNA, and both sfGFP and NBS
DNA (Figure 6.11, b). Bands corresponding to stGFP and NBS were detected on the
western blot in individual reactions and bands for both were seen in the co-
expression reactions (Figure 6.11, b, lanes 6 & 7). This provides support for the

concept that more than one protein can be produced via CFPS.

The co-expression reactions were subject to reducing and non-reducing (‘native-like")
environment similar to previous analysis in Figure 6.6. Since successful co-expression
of both protein and nanobody was achieved, the hypothesis was that the resultant
protein-nanobody complex would manifest together as a higher sized band in a
western blot in native-like conditions when compared to reduced samples detected
as two separate bands. There was indeed a shift in individual bands for NBS in native
samples and faint bands were spotted around 37 kDa, which may indicate either a
higher band migration pattern for GFP or this may correspond to the GFP-NBS
complex (Figure 6.11, b, lanes 8 & 9). No other bands were detected on the western

blot apart from the ones visible on the cropped portion.
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(@) Experimental concept (b) Reducing and non-reducing gel analysis
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Figure 6.11: Co-expression studies. (a) Illustration of the experimental concept. Proteins and Nanobodies
can be expressed together and binding will be achieved only when both parties are in structurally and functionally
active states. The Nanobody can be engineered to contain tags that could be exploited for purification of the target
protein. (b) Western blot of the reactions with (*+) and without (-°) DNA coding for sfGFP (‘GFP’) and sfGFP-
Nbs07 ("NBS’) in reduced and ‘native-like” conditions. The term ‘native-like’ refers to samples that were prepared
with Native-Page sample loading buffer which does not contain SDS, however, were exposed to SDS in the gel
running buffer. Green arrow indicates sfGFP, and red arrow indicates sfGFP-Nbs07. Two reactions were
performed and shown for each condition tested.

To further confirm if the faint bands at ~ 37 kDa were in fact the NBS-GFP complex,
another SDS-Page analysis was performed, without western blotting however, to
enable fluorescence imaging of the gel. The stained SDS-Page gel did not provide any
distinct bands, understandably due to overloaded protein content, which was why
western blots were performed previously (Figure 6.12, a). However, more insight was
obtained when the same gel was captured under a blue light transilluminator.
Fluorescence from sfGFP was readily visible in reactions containing stGFP DNA in
both reduced and native-like environments; an upward band migration was also
detected in native conditions (Figure 6.12, b, lane 1). As expected, no fluorescence
was detected in NBS only or negative control samples (Figure 6.12, b, lanes 2 and *-').
Although fluorescence was detected in co-expressed reactions, two main differences
were observed. Firstly, the fluorescence signal was much lower than the stGFP only
sample (Figure 6.12, lane 1 vs. 3). This perhaps indicates that the yield of proteins
differs during co-expression. Secondly, the fluorescent bands in the sftGFP only and
co-expression reactions were in the same position in both reduced and native-like
conditions (Figure 6.12, lane 1 vs. 3). This result leads to the conclusion that stGFP
was not found bound to NBS after CFPS reaction completion (this analysis was

conducted immediately after CFPS).
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(a) Coexpression studies: SDS-Page (b) Fluorescent gel
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Figure 6.12: SDS-Page and native PAGE analysis. (a) SDS-Page, and (b) Fluorescent gel of the reactions with
(“+') and without (-) DNA coding for sfGFP (‘GFP’) and sfGFP-NbsO7 (‘NBS’) in reduced and 'native-like’
conditions. The term ‘native-like’ refers to samples that were prepared with Native PAGE sample loading buffer
which does not contain SDS, however, were exposed to SDS in the gel running buffer.

There is enough evidence for sfGFP and NBS expression, individually and during co-
expression but no evidence for their interaction in the latter condition. One
explanation for this could be the improper formation of the two disulfide bonds in
sfGFP-Nbs07, or lack thereof. Disulfide bonds are critical for the structural stability
of nanobodies and several studies reported reduced thermal denaturation
temperatures when mutations were introduced (Rudikoff and Pumphrey, 1986,
Hagihara et al., 2007, Akazawa-Ogawa et al., 2015, Liu et al., 2019). Disulfide bonds
improve antigen binding in general, but the second disulfide bond is thought to
reduce aggregation-induced irreversible denaturation and increase the
conformational stability of the nanobody (Govaert et al., 2012, Kunz et al., 2018).
Therefore, creating a cell-free environment that promotes disulfide bond formation
and further qualitative and/or secondary structure analysis of co-expressed proteins
are the next calls-to-action prior to testing purification strategies for the protein

complex.
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6.3 Summary

The first set of experiments outlined in this chapter involved the production of five
therapeutic proteins for on-site and on-demand applications. Four of five proteins
were successfully produced using the PURExpress system, where teriparatide
expression was detected with uncertainty. Production of three of five proteins was
successfully shown using the in-house method. Teriparatide and G-CSF synthesis
was perhaps unsuccessful due to low protein size. Supplementation of disulfide bond
enhancers neither caused production of the two proteins nor increased the levels of
the other three proteins. RT-qPCR analysis was sought for understanding reasons for
lack of G-CSF and teriparatide synthesis. Although the positive control did not
behave as expected, mRNA pertaining to all five therapeutic constructs was detected
- such analyses must be repeated for more concrete understanding and better
confidence in control samples. Overall, some suggestions for improving production
were made and in summary, this included fusion-tag approaches (such as SUMO tag)

and altering CFPS extract strains.

The next set of experiments focused on cell-free synthesis of reteplase and sfGFP at
37°C and 32°C and their subsequent purification. CFPS reaction temperature of 32°C
showed higher yields for reteplase but no significant difference in sfGFP - this
signified that reaction parameters must be optimised for each protein product.
Moreover, a standard curve was generated for estimating CFPS yields based on
sfGFP protein concentration and fluorescence. This proved to be a great tool for
predicting yields in previous reactions’” fluorescence and will certainly be useful to
estimate protein yield when the VITA platform is tested on the ISS (Chapter 5).
Tertiary and secondary structure analysis confirmed the presence of structurally and
functionally active sfGFP, however, conflicting results for reteplase did not allow in
vitro activity assays to be carried out at this time. Since neither method is fully
successful in determining protein secondary structure, CD spectra is often presented
aside FTIR spectra for confirmation purposes, which was also the rationale in this
work. One cause for conflicting findings from these two methods could be protein
aggregation and/or fragmentation. As already recognised, significant optimisation of
cell-free expression and purification procedures should be undertaken.

The final set of experiments described the idea of co-expression of proteins such as
nanobodies to capture and purify target protein. Feasibility studies showed the
expression of sfGFP and the sfGFP nanobody in a single reaction, however,
interaction could not be established which was likely due to limitations in disulfide
bond formation. Further work is required to understand CFPS kinetics (if and how it
differs) during co-expression and also any extract strain modifications or

supplements to aid disulfide bond formation. The purity of cell-free produced
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therapeutics must meet regulatory standards for approval for human administration,
therefore, the nanobody-protein strategy is a reassuring quality control feature for
the manufacturers and the regulators, in the context of an on-site and on-demand

platform in austere environments.
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Chapter 7 Conclusions

7.1 Recap of project objectives

The motivation behind this research was to establish an on-site and on-demand
biomanufacturing platform based on cell-free protein synthesis for the production of
protein therapeutics. The objective was to explore innovative approaches and new
ideas that could enable applications of this system in extreme and low-resources
environments. The project started with the following research aims to address this

main objective:

a) Develop an in-house cell-free protein synthesis platform based on bacterial cell
extract by leveraging advanced biochemical and synthetic biological techniques
and optimise the system for high synthesis efficiency.

b) Explore formats through which the cell-free platform could be transported and
distributed for point-of-care applications in remote locations on Earth or for
space-based applications. Build on previously published work related to
lyophilisation or drying, but also test new methods such as microglassification
and the use of other scaffolds that may allow ease of use in a remote setting by
any individual.

¢) Design, build and test the platform for the VITA mission, a European Space
Agency Orbit Your Thesis 3! payload for technology demonstration on the
International Space Station. Perform sample stability and instrumentation tests to
ensure the integrity of the cell-free payload and the ability to collect real-time data
on reaction kinetics.

d) Expand the repertoire of synthesised proteins to include five therapeutic proteins,
involving studying the structure and functionality of the expressed protein(s) and
employing new approaches to overcome challenges associated with in-situ

purification.

In summary, the first three objectives were successfully achieved from results shown
in Chapters 3, 4 and 5. Chapter 6 was partially successful in the fulfilling the final
objective, however, further work is required for a full picture. The main conclusions
from each of the chapters are first laid out, the recommended further work is then
detailed in the following section. Finally, some regulatory challenges, which are seen
as long-term future work, are discussed in the final section of this chapter. There are
certainly more improvements that can be made, but this project has constructed a
good foundation for a bacterial cell-free system for on-demand production of

proteins of value in extreme and low-resource environments.
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7.2 Overall conclusions and achievement of research objectives

The key findings reported in this thesis, their relevance to the research objectives and

their contribution to the CFPS field is summarised below.

The third chapter described the generation of two critical elements for in-house cell-
free protein expression: cell-free extract preparation and DNA templates for
expression of proteins-of-choice. To achieve the first goal, a bacterial strain, BL21 Star
(DE3) was chosen for cell-free extract preparation. This strain was successfully
modified through transformation of pAR1219, which enhanced T7 polymerase levels.
Further optimisation led to identification of optimal IPTG concentration (0.5 mM),
cell growth temperature (37°C) and time of harvest (2 hours post induction or ~ ODsoo
= 3 to 4) for obtaining the most soluble T7 polymerase levels, which is a prerequisite
for transcription of DNA template in CFPS. As for the DNA templates, six main
cloning projects were undertaken for generating constructs for expression of sfGFP
(fluorescent reporter), reteplase, entolimod, alfimeprase, and G-CSF (model
therapeutic proteins for on-demand applications in extreme and low-resource
environments). Hence, the work detailed in this chapter successfully led to the

generation of two key components that make up a tailored cell-free system.

The fourth chapter focused heavily on the development of the in-house CFPS system
following experimentation with commercial NEB PURExpress and Promega S30A
platforms. Then, a series of experimental trials led to the identification of optimal
concentrations of energy components (double the concentration typically reported in
literature), magnesium glutamate (20 mM), and DNA template (300 ng). Molecular
crowding agent PEG, also significantly enhanced expression, taken together with a
higher fraction of cell-free extract in the reaction mix. The distinct differences of the
optimised CFPS developed here to those reported in literature are the higher energy
component and DNA template concentrations, which was thought to be due to the
omission of phosphoenol pyruvate (an energy compound containing more high
energy phosphate bonds) and a slightly higher protein concentration in the cell-free
extract. Thus, a highly efficient in-house cell-free system was developed, meeting the
first thesis objective. This is a particularly novel set of findings as T7 polymerase is
often supplemented into reactions widely discussed in literature, adding an extra
step and making reactions costlier. The BL21 Star (DE3) — pAR1219 strain
circumvents these issues. When combined with the optimised conditions, the in-
house cell-free system performed on par with the highly efficient commercial NEB

PUREXxpress system.

The fourth chapter also met the second thesis objective — formats for on-site and on-

demand application. Two main methods were thoroughly assessed for fulfilling this
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aim, namely, microglassification, and drying (air drying and freeze-drying; freeze-
drying on paper for the ‘cellulose stacks approach’” and as lyophilised pellets were
the methods tested). Although microglassification offers great potential (discussed in
the future work section), it failed to preserve the cell-free extract in a reconstitutable
format, likely due to protein denaturation and aggregation. Lyophilisation, however,
preserved all components in ‘one-pot’, enabling a ‘just-rehydrate” format for CFPS.
This was further expanded to lyophilisation on cellulose stacks capable of
kickstarting CFPS upon layering and rehydration. One type of cellulose was found
to have superior retention capabilities and a further feasibility study was performed
where lyophilised stacks of the superior cellulose type were rehydrated and applied
to dissolving microneedles, which successfully dissolved with the cell-free
synthesised sfGFP. In conclusion, the work discussed in this chapter sets the scene
for synthesis of life-saving and life-enhancing therapeutics, but a significant amount
of work is required to meet challenges that emerge from batch-batch variation,

purification, and meeting regulatory standards.

The fifth chapter aimed to demonstrate the cell-free technology developed in the
previous chapters in a truly extreme environment — the International Space Station.
The mission, VITA (Visualising In-situ Tx-T1 Astropharmaceuticals), was introduced
and the ability to detect stGFP through fluorescent spectroscopy and imaging
following rehydration of the cell-free components was shown in an automated
manner. The mission instrumentation sub-system was successfully able to capture
CFPS time course for four hours using a teleoperated set-up. To address other mission
objectives, reaction temperature was lowered to 30°C and the reaction volumes were

increased to up to 250 puL, with no significant impact on CFPS yield.

The next challenge that was tackled in this chapter was CFPS component shelf-life,
which was found to be less than one week through stability studies. A series of
exploratory investigations led to the identification of sugars such as {3-lactose to
enhance room temperature stability, and maltodextrin to enhance the yield in fresh
reactions. A subsequent design of experiments approach allowed combinations of
these sugars, in addition to molecular crowding agent PEG, to be tested through
short-term stability studies. The best identified formulation (25 mM MDX, 20 mM [3-
lactose, and 5% 6000 kDa PEG) was progressed to long-term stability studies, where
findings showed full stability until 1 month, but only 50% retention by 1.5 months. In
conclusion, the shelf-life of the in-house formulated system was improved from 1
week to 1.5 months, enabling good preservation of cell-free components for the VITA
mission. Although the stability should be furthered for at least an additional month
or two to account for any rocket launch delays, these results were reasonably

successful in accomplishing the third thesis objective.
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The sixth chapter partially achieved the final thesis aim by demonstrating in-house
cell-free synthesis of all target therapeutic proteins except for teriparatide and G-CSF.
As disulfide bond enhancers did not aid expression and RT-qPCR analysis showed
the presence of their mRNA, it is thought the teriparatide and G-CSF were not seen
due to their low size. stGFP was purified from cell-free and cell-based routes, the
former serving as a positive control and the latter for comparison with the cell-free
sample. Purified cell-free sftGFP was utilised for producing a fluorescence standard
curve, which allowed yield predictions based on fluorescence signals. Next, reteplase,
a complex target, was chosen for further purification and functional analysis. It was
found that lowering cell-free reaction temperature to 32°C improved the yield. FTIR
and CD analysis confirmed that both cell-free and cell-based sfGFP samples had
secondary structures composed mainly of -sheets. FTIR analysis of reteplase
suggested a high probability of random coils, but CD showed a high propensity to a-
helices. Due to these conflicting findings, no functional assays were carried out and
it was concluded that protein aggregation or degradation may be the cause of this
result and further optimisation of reaction conditions would be required. Lastly,
nanobodies were successfully co-expressed with the target protein in a single
reaction, however, non-reducing and fluorescent gels failed to show their interaction,
likely due to lack of formation of appropriate disulfide bonds, which are essential for
nanobody stability. In conclusion, this chapter met some aims and explored some
new ideas, which were not fully executed but contain great potential to revolutionise
CFPS in the future.

7.3 Recommendations for Future Research

This thesis has aimed to establish an on-site and on-demand manufacturing platform
based on cell-free protein synthesis. Whilst several formats, targets and tests were
attempted, there are certainly some areas that require further investigation or

refinement, as detailed below.

Chapter 4 showed the development and optimisation of a bacterial strain that formed
the basis of cell-free extract preparation. Although the bacterial extract was chosen
because they tend to be easier and faster to prepare and contribute to higher yields,
they are not ideal for synthesising proteins that require low to high number of post-
translational modifications. This was evident in Chapter 6, where small proteins such
as G-CSF and teriparatide could not be expressed, and disulfide bonds could also not
be formed in reteplase. In order to tackle the former, some suggestions for improving
expression were made and in summary, this included fusion-tag approaches to
improve both expression and solubility. For example, SUMO tag, which stands for

small ubiquitin-like modifier, can be fused to the N-terminal of the protein of interest
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and later be cleaved using the ubiquitin-like protease-1 to leave behind a scarless,
soluble product (Guerrero et al., 2015).

Many therapeutic proteins belong in the category of antibodies and hormones, which
typically contain disulfide bonds. Hence, an on-site and on-demand system should
allow such critical features to be formed during protein synthesis. Although BL21
Star (DE3) - pAR1219 allows some disulfide bonds to form, the stability of the bond
is very low due to the net reducing environment. Thus, a change of strain with an
oxidising environment could be worth considering. Overexpression of thioredoxin,
chaperones and disulfide bond isomerases may aid the formation of disulfide bonds,
however, strains such as SHuffle (New England BioLab), Origami (Novagen) and
Rosetta-gami 2 (DE3) (Novagen) are commercially available (de Marco, 2009).
Furthermore, their existing compatibility with T7 expression offers an easy workflow
and good adaptability to the already developed and optimised in-house cell-free
system. Future work could focus on optimizing CFPS conditions to enhance protein
folding, incorporation of chaperones/folding catalysts, and development of other
eukaryotic systems that support specific post-translational modifications
(glycosylation and phosphorylation being the most common types). This would
enable the production of functional and biologically relevant proteins in on-site CFPS

platforms.

The stability of cell-free components is a subject that requires more time and resource
investment. Although a good improvement was made from one week to 1.5 months
in Chapter 5, the target of 2 months stability at room temperature could not be
achieved. Further DoE studies with more intricate concentrations of the (3-lactose,
maltodextrin and PEG supplements could lead to the identification of a better
formulation (concentrations were scaled by a factor of 10 in this study and could be
decreased to 2). Furthermore, new candidates and energy sources could also be
tested; stability tests for the cell-free components on cellulose stacks are necessary as

the described studies were conducted in lyophilised pellet format.

Specifically to ensure the success of the VITA mission, short temperature exposure
studies should be conducted to understand how the system behaves during
temperature fluctuations. This is in case the payload experiences a higher
temperature during launch to the ISS, depending on the rocket that is selected (a
window of 10°C - 35°C for SpaceX dragon and 10°C - 46.1°C for the Orbital Science
Cygnus launch vehicle). The initial studies should test exposure to temperatures of
22°C as this is thought to accelerate degradation than the lower temperatures based
on results shared in Chapter 5. For Earth-based applications of the on-demand
platform, further stability studies should be conducted at a wider range of

temperatures (0°C — 50°C) to cover the temperatures that are commonly experienced
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on Earth. Furthermore, temperature exposure studies (intervals of exposure to high
temperatures such as 50°C for Earth-based applications and 46.1°C for the Cygnus
launch vehicle) could be performed.

In relation to the co-expression studies in Chapter 6, further work is required to
understand CFPS kinetics (if and how it differs) during co-expression, and any extract
strain modifications or supplements to aid disulfide bond formation in nanobodies,
as above. Co-expression kinetics could be monitored in real-time by expression of
two fluorescent proteins, for example, and the VITA mission aims to study how this
would alter in microgravity. Hence, a good understanding from ground studies is
tirst required. It is also important to balance target protein and nanobody expression

levels, as bottlenecks should be avoided during both expression and purification.

7.4 Future work for addressing challenges of on-demand biomanufacturing

An on-demand biomanufacturing system must be flexible, portable, and user-
friendly. This thesis has set the scene, but further work is required for enhancing the
efficiency, automation and multiplexing with other technologies such as purification

and quality control.

A compact and lightweight CFPS platform would allow for better distribution and
deployment in resource-limited settings. The systems could further be made easy to
use by incorporating automatic processes through a robotic platform or a
microfluidic device, similar to ‘lab-on-a-chip” platforms. For end-to-end automation,
various steps will need to be streamlined and built in, for example: sample
preparation (i.e. rehydration of cellulose stacks or lyophilised pellets in the case of
this in-house system) and addition of DNA template depending of the required target
protein and purification strategy (i.e. nanobodies); mixing of these reagents; an
environmental control and monitoring system (temperature, mixing rates and time

limit for reaction progression).

Another challenge for on-demand manufacturing of therapeutics is the on-demand
synthesis of the required DNA template. Rapid synthesis and assembly of the DNA
template is required for protein synthesis, and this could be facilitated by methods
such as high throughput DNA assembly, or by using inkjet printing to obtain
customised oligonucleotides through orderly deposition of the nucleotide building
blocks (Li et al., 2019). The technology readiness levels of these platforms are still low
for adoption in automated biomonitoring platform; however, they contain promising
attributes that could be exploited in the near to distant future. The regulatory

milestones associated with DNA assembly are provided in the next section.
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Another area where further innovation is required is the integration of on-site CFPS
platforms with downstream applications for administration of the synthesised
protein. An example is coupling the platform with a purification system, like an
affinity or size exclusion column, to achieve the nanobody driven purification
strategy discussed in Chapter 6. This may not be required for diagnostic applications
like biosensing. Further protein engineering tools and technologies will be required
for quality control and varying the drug delivery method. From the end user’s point
of view, developing usable interfaces, instructions, and providing initial training will
enable widespread adoption of this CFPS platform. This will also ensure that users
from a diverse background (non-STEM users) and levels of expertise are able to
access and take advantage of the versatility of this technology.

7.5 Meeting regulatory standards

Meeting regulatory standards for cell-free products is perhaps the most challenging
of all. It involves rigorous procedures to ensure products are pure, safe, and
efficacious. It is first important to understand the regulatory guidelines that are in
place for applications in a specific target market. For example, regulations are
instated by the Food and Drug Administration (FDA) in the US, European Medicines
Agency (EMA) for the European Union and the Medicines and Healthcare Products
Regulatory Agency (MHRA) for the UK following Brexit, for approval of medicines
and medical devices (MHRA, 2021). Next, preclinical assessments must be made via
in vitro and toxicological studies to evaluate the safety and efficacy of the product.
Since the on-demand biomanufacturing platform aims to synthesise market-available
and well understood biologics, the regulatory process may be different and more

focussed on purity and quality assurance.

During the design phase, additional considerations should be made to obtain
‘scarless” protein product, meaning no additional tags incorporated for purification
should remain intact in the final product. Self-cleaving tags (those that cleave without
additional protease or chemical treatments) such as Intein are good candidates for
further work. Intein remove themselves via self-splicing, and this can be induced
commonly through a pH or temperature change or by addition of a ligand (Aranko
and Iwai, 2021). In relation to the DNA synthesis and assembly methods described
previously, it is crucial to account for ethical and legal implications, especially when
involving sensitive or regulated DNA sequences for the proteins, nanobodies, and
tags. Guidelines and safety precautions should be well understood before carrying

out any genetic modification.

Good Manufacturing Practices (GMP) must next be implemented to ensure consistent

production and quality control. Although the work conducted as part of thesis did
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not aim to reduce batch-batch CFPS variation, it addressed the issue of quality control
through implementation of the nanobody strategy. Although successful binding
could not be shown at this time, further work is required to fully validate this
proposition. By allying with analytical methods to characterise the synthesised
biologics, these methods will help identify and quantify critical attributes such as
purity, stability and impurities. Product-specific data could be acquired for the first
set of cell-free produced biologics in the form of activity assays, animal studies and
subsequent clinical trials that are designed to evaluate dosing, pharmacokinetics and

immunogenicity.

Based on the success and fulfilment of the above, applications with relevant data
should be sent to the relevant regulatory bodies for market authorisation. It is
important to engage promptly with the agencies during the review process and
address any further concerns they may have. Although this process may be
straightforward for applications of the platform on Earth, the laws and regulations
remain blurry for space-based applications. For example, there is a lack of clinical
evidence on the use and effects of medicines on the ISS, which is formed of many
cooperating agencies with their own regulatory bodies (The Department of State,
1998, Blue et al., 2019). This type of ‘Intergovernmental Agreement’ allows each
partner to enforce their national jurisdiction in outer space, and the elements and
equipment they bring such as laboratories are territories of that partner’s State. The
reason as to why there are no specific regulations so far is because space related
activities are still primarily government-led, and it is thought that new regulations
(e.g. utilising space resources) are starting to be laid as more commercial interest is
arising. The possibility of a new regulatory body (‘Space Medicines Agency’) and
their role in ensuring post-process regulatory/quality control procedures, dosage and
administration has been suggested (Sawyers et al., 2022, Seoane-Viano et al., 2022).
Telemedicine and Telepharmacy will no doubt play a big role in the future of space

travel, but the legal framework will follow slowly but surely.

Finally, it is essential to develop a surveillance plan to keep track of the performance
and safety of the biologics that were synthesised and administered from the on-
demand platform after gaining approval for distribution. The collected data could be
used to analyse risks and adverse effects but could also be useful feedback for future
improvement of the system. Although the regulatory challenges are many, they
ensure safe and useful access to valuable therapeutics. It is still early days to address
the many regulatory challenges for extreme environments, but it is important to
consider these during the design, build and test cycles for on-demand

biomanufacturing platforms.
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Supplementary information

Synthetic DNA fragments

> sfGFP_His

TAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAATAATIT
TGTTTAACTTTAAGAAGGAGATATACATATGCGTAAAGGCGAAGAGCTGTT
CACTGGTGTCGTCCCTATTCTGGTGGAACTGGATGGTGATGTCAACGGTCAT
AAGTTTTCCGTGCGTGGCGAGGGTGAAGGTGACGCAACTAATGGTAAACTG
ACGCTGAAGTTCATCTGTACTACTGGTAAACTGCCGGTACCTITGGCCGACTC
TGGTAACGACGCTGACTTATGGTGTTCAGTGCTTTGCTCGTTATCCGGACCAT
ATGAAGCAGCATGACTTCTTCAAGTCCGCCATGCCGGAAGGCTATGTGCAG
GAACGCACGATTTCCTTTAAGGATGACGGCACGTACAAAACGCGTGCGGAA
GTGAAATTTGAAGGCGATACCCTGGTAAACCGCATTGAGCTGAAAGGCATT
GACTTTAAAGAAGACGGCAATATCCTGGGCCATAAGCTGGAATACAATTTT
AACAGCCACAATGTTTACATCACCGCCGATAAACAAAAAAATGGCATTAA
AGCGAATTTTAAAATTCGCCACAACGTGGAGGATGGCAGCGTGCAGCTGGC
TGATCACTACCAGCAAAACACTCCAATCGGTGATGGTCCTGTTCTGCTGCCA
GACAATCACTATCTGAGCACGCAAAGCGTTCTGTCTAAAGATCCGAACGAG
AAACGCGATCATATGGTTCTGCTGGAGTTCGTAACCGCAGCGGGCATCACG
CATGGTATGGATGAACTGTACAAACACCACCACCACCACCACTGA

> Reteplase_His

GTAAAACGACGGCCAGTGAATTCGAGCTCATATGAGCTACCAGGGCAACA
GCGATTGCTACTTCGGCAATGGCAGCGCCTATCGCGGCACCCACAGCCTGA
CCGAAAGCGGCGCCAGCTGCCTGCCGTGGAATAGCATGATCCTGATCGGCA
AAGTGTATACCGCCCAGAACCCGAGCGCGCAGGCGCTGGGTCTGGGTAAAC
ATAATTATTGTCGCAATCCGGATGGCGATGCGAAACCGTGGTGCCATGTGCT
GAAAAATCGCCGCCTGACCTGGGAATATTGCGACGTGCCGAGCTGCAGCAC
CTGCGGCCTGCGTCAGTATAGCCAGCCGCAGTTCCGCATTAAAGGCGGCCT
GTTCGCGGACATTGCGAGCCATCCGTGGCAGGCGGCCATCTTCGCGAAACA
TCGCCGCAGCCCGGGCGAACGCTTCCTGTGTGGCGGCATCCTGATTAGCAG
CTGCTGGATCTTAAGCGCGGCGCACTGCTTCCAGGAACGCTITCCCGCCGCAT
CACCTGACCGTGATTCTGGGCCGCACCTACCGCGTGGTGCCGGGTGAAGAA
GAACAGAAATTCGAAGTGGAAAAATACATCGTGCACAAAGAATTCGATGA
CGATACCTACGATAACGACATTGCCCTGCTGCAGCTGAAAAGCGATAGCAG
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CCGCTGCGCCCAGGAAAGCAGCGTGGTGCGCACCGTGTGTCTGCCGCCGGC
AGACCTGCAGCTGCCGGATTGGACCGAATGCGAACTGAGCGGCTATGGCAA
ACACGAAGCCCTGAGCCCGTTCTATAGCGAACGCCTGAAAGAAGCCCACGT
GCGCCTGTACCCGAGCAGCCGTTGCACCAGCCAGCACCTGCTGAACCGCAC
CGTGACCGACAACATGCTGTGCGCCGGCGACACCCGCAGCGGTGGTCCTCA
AGCCAACCTGCATGACGCCTGCCAGGGCGACAGCGGCGGTCCTCTGGTGTG
TCTGAACGACGGCCGCATGACCCTGGTGGGCATTATCAGCTGGGGCCTGGG
CTGCGGCCAGAAAGATGTGCCGGGCGTGTACACCAAAGTGACCAACTACCT
GGACTGGATTCGCGATAATATGCGCCCGCATCATCACCATCACCACTAA

> Entolimod_His

GTAAAACGACGGCCAGTGAATTCGAGCTCATATGGCACAGGTGATCAATAC
CAATAGCCTGAGCCTGCTGACCCAGAATAATCTGAATAAAAGCCAGAGCA
GCCTGAGCAGCGCGATTGAACGCCTGAGCAGCGGCCTGCGCATCAATAGCG
CCAAAGATGATGCGGCCGGCCAGGCCATTGCCAATCGCTTCACCAGCAATA
TTAAAGGCCTGACCCAGGCCAGCCGCAATGCCAATGATGGCATCAGCATTG
CGCAGACCACCGAAGGCGCGCTGAATGAAATCAATAATAATCTGCAGCGC
GTGCGCGAACTGAGCGTGCAGGCGACCAATGGCACCAATAGCGATAGCGA
TCTGAAAAGCATTCAGGATGAAATCCAGCAGCGCCTGGAAGAAATCGATCG
CGTGAGCAATCAGACCCAGTTCAATGGCGTGAAAGTGCTGAGCCAGGATAA
TCAGATGAAAATTCAGGTGGGCGCGAATGATGGCGAAACCATCACCATCGA
TCTGCAGAAAATCGATGTGAAAAGCCTGGGCCTGGATGGCTTCAATGTGAA
TAGCCCGGGCATTAGCGGCGGCGGCGGCGGTATTCTGGATAGCATGGGCAC
CCTGATTAATGAAGATGCCGCCGCCGCGAAAAAAAGCACCGCGAATCCGCT
GGCGAGCATTGATAGCGCGCTGAGCAAAGTGGATGCCGTGCGCAGCAGCCT
GGGCGCAATTCAGAATCGCTTCGATAGCGCCATTACCAATCTGGGCAATAC
CGTGACCAATCTGAATAGCGCCCGCAGCCGCATTGAAGATGCGGATTATGC
CACCGAAGTGAGCAATATGAGCAAAGCCCAGATTCTGCAGCAGGCCGGCA
CCAGCGTGCTGGCACAGGCAAATCAGGTGCCGCAGAATGTGCTGAGCCTGC
TGCGCCATCATCATCATCACCATTAA

> G-CSF_His

GTAAAACGACGGCCAGTGAATTCGAGCTCATATGACCCCTCTGGGCCCTGC
AAGCAGCCTGCCGCAGAGCTTCCTGCTGAAATGCCTGGAACAGGTGCGCAA
AATTCAGGGCGATGGCGCGGCGCTGCAGGAAAAACTGTGTGCGACCTATAA
ACTGTGCCATCCGGAAGAACTGGTGCTGCTGGGCCATAGCCTGGGCATTCC
GTGGGCCCCGCTGAGCAGCTGCCCGAGCCAAGCACTGCAGCTGGCGGGCTG
CCTGAGCCAGCTGCATAGCGGCCTGTTCCTGTATCAGGGCCTGCTGCAGGCG
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CTGGAAGGCATCAGCCCGGAACTGGGCCCGACCCTGGATACCCTGCAGCTG
GATGTGGCCGACTTCGCGACCACCATCTGGCAGCAGATGGAAGAACTGGGC
ATGGCCCCGGCGCTGCAGCCTACACAGGGCGCAATGCCGGCGTTCGCGAGC
GCATTCCAGCGCCGTGCCGGCGGTGTGCTGGTGGCAAGTCATCTGCAGAGC
TTCCTGGAAGTGAGCTATCGCGTGCTGCGCCATCTGGCGCAGCCGCATCATC
ATCATCACCATTAA

> Alfimeprase_His

GAGCTCATATGAGCTTCCCGCAGCGCTATGTGCAGCTGGTGATCGTGGCCGA
TCATCGCATGAATACCAAATATAATGGCGATAGCGATAAAATCCGCCAGTG
GGTGCATCAGATTGTGAATACCATCAATGAAATCTATCGCCCGCTGAATATC
CAGTTCACCCTGGTGGGCCTGGAAATCTGGAGCAATCAGGATCTGATCACC
GTGACCAGCGTGAGCCATGATACCCTGGCCAGCTTCGGCAATTGGCGCGAA
ACCGATCTGCTGCGCCGCCAGCGCCATGATAATGCCCAGCTGCTGACCGCG
ATTGACTTCGATGGCGATACCGTGGGCCTGGCGTATGTGGGCGGCATGTGCC
AGCTGAAACATAGCACCGGCGTGATCCAGGATCATAGCGCCATCAATCTGC
TGGTGGCGCTGACCATGGCGCATGAACTGGGCCATAATCTGGGCATGAATC
ATGATGGCAATCAGTGTCATTGCGGCGCGAATAGCTGCGTGATGGCGGCGA
TGCTGAGCGATCAGCCGAGCAAACTGTTCAGCGATTGTAGCAAAAAAGATT
ATCAGACCTTCCTGACCGTGAATAATCCGCAGTGTATCCTGAATAAACCGC
ATCATCATCATCACCATTAATAACTCGAGGGATCC

> Teriparatide_His

GAGCTCATATGAGCGTGAGCGAAATCCAGCTGATGCATAATCTGGGCAAAC
ATCTGAATAGCATGGAACGCGTGGAATGGCTGCGCAAAAAACTGCAGGAT
GTGCATAACTTCCATCATCATCATCACCATTAATAACTCGAGGGATCC

>NBS07 His

AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGAGACCACAACG
GTTTCCCTCTAGAAATAATTITTGTTTAACTITAAGAAGGAGATATACATATG
CAGGTGCAGCTGCAGGAGTCTGGGGGAGGCTCGGTGCAGGCTGGAGGGTCT
CTGAGACTCTCCTGTGCAGCCTCTGGAAACACTCACATTACATTGGCCTGGT
TCCGCCAGGCTCCAGGGAAGGAGCGCGAGGGGGTCGTTITTTATITACACTA
GTACTGGTTACACATACTATTCCGACTCAGTGAAGGGCCGATTCACCATCTC
CCAAGACAACGCCAAGAACACGGTGTATCTGCAAATGGACAACCTGAAAC
CAGAGGACGCTGGCATGTACTACTGTGCAGCAGGACGCACCCGTAGTGTTC
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GACCTGGTGGCAGAATCGACCCCGGGGCATTTGATTACTGGGGCCAGGGGA
CCCAGGTCACCGTCTCCTCACACCACCACCACCACCACTGAACTCGAG

Plasmid maps

> sfGFP_His

(4119 .. 4163) pET20b(+)_fwd.HIS \ sfGFR.HIS_rev (4111 .. 4141)

(3365 .. 3427) pET20b(+)_rev.HIS . §
(3406 .. 3451) sfGFP.HIS_fwd — ."I
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Figure S 1: Plasmid design for the pET20b-sfGFP-His DNA created using SnapGene. sfGFP sequence is
highlighted in green and contains a C-terminal hexahistidine tag.
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> Reteplase_His

6><His._ T7 terminatorREY (4596 ., 4614)

mcs|
(4520) PaeR7I-Xhol .
[ | — _'---

(4443) BsrGI —
(4375) Eagl ——

(3993) EcoRI

(3816) Smal _
(3814 TspMI - Xmal -

(3428) Ndel ———
(3386) Xbhal

(334a .. 3367) T7 promoterFOR ~
(3328) Bglll

pET20b_RET-6xHis-optimized
4682 bp

Figure S 2: Plasmid design for the pET20b-Reteplase-His DNA created using SnapGene. Reteplase sequence is
highlighted in purple and contains a C-terminal hexahistidine tag.
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> Entolimod_His

(4340) PaeR7I - Xhul‘ T7 terminatorREY (4416 .. 4434)

(3950) Smal — —— .
{3958) TspMI - Xmal __\ R
' «7 terminator H‘“QH “‘w.x o
K-
*qab P

(3426) Ndel |
(3386) Xbal _ —

(3348 ., 3367) T7 promoterFOR —
{3328) Bglll

confirmed_pET20b_ENT-6xHis-optimized
4502 bp

Figure S 3: Plasmid design for the pET20b-Ent-His DNA created using SnapGene. Entolimod sequence is
highlighted in purple and contains a C-terminal hexahistidine tag.
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> G-CSF_His

(4053 .. 4071y T7 terminatorREY

(3608 .. 3617) T7 terminatorREY

(3348 . 33672 T7 promoternFOR -

confirmed_pET20b_GCSF-6xHis - optimized
4139 bp

Figure S 4: Plasmid design for the pET20b-GCSF-His DNA created using SnapGene. G-CSF sequence is
highlighted in purple and contains a C-terminal hexahistidine tag.
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> Alfimeprase_His

{3348 .,

ar

PET20b_ALF-6xHis-optimized
4220 bp

T7 promaot

Figure S 5: Plasmid design for the pET20b-Alf-His DNA created using SnapGene. Alfimeprase sequence is

highlighted in purple and contains a C-terminal hexahistidine tag.
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> Teriparatide_His

[MCS| TER_rev (3614 ., 3650)
(3631 .. 3668) TER assembly vec_for ~

HISTEG) -

(3467 .. 35013 TER assembly vec_rev —
{3482 .. 3517) TER_for

RES
|T7 promoter|”

pET20b_Teriparatide_His assembly 11_6_21
3798 bp

Figure S 6: Plasmid design for the pET20b-Ter-His DNA created using SnapGene. Teriparatide sequence is
highlighted in purple and contains a C-terminal hexahistidine tag.
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> NBS07_His

(3797 .. 3827) NBSO7 assembly vector.FOR . MBSO07 assembly fragment.REV (3797 .. 3820)

(3384 .. 3441) NBSO07 assembly vector.REV
\
(3414 .. 3441) NBS07 assembly fragment.FOR :

pET20b(+)-NBS07-His assembly
3965 bp

Figure S 7: Plasmid design for the pET20b-sfGFP-Nanobody07-His DNA created using Snapgene. The Nanobody
sequence is highlighted in yellow and contains a C-terminal hexahistidine tag.

In situ purification templates (In silico designs)

The cellulose binding domain strategy was considered for the immobilisation of cell-
free produced proteins onto cellulose when carried out in the paper-based format.
Similar to the pET system used for the above therapeutics and fluorescent reporter,
the design contained an N-terminal T7 promoter and ribosome binding sequence.
The cellulose binding domain was considered as an N-terminal or C-terminal tag for
the gene of interest, separated by a SNAC tag (designs 1 and 2 below; further details
on linkers and tags are provided in Figure S.8). The nanobody strategy was
considered for in situ purification and quality control of cell-free produced target
proteins. For the initial proof-of-concept experiments described in Chapter 6, stGFP
and its nanobody sfGFP-NBS-07 were co-expressed. To implement this strategy, the
existing sfGFP gene was considered for co-expression with two nanobody designs.
The first design involved a cellulose binding domain attached to the nanobody via a
flexible linker (for above paper-based expression methods) and the second was a his-

tagged nanobody construct, which was utilised in Chapter 6 (designs 3 and 4 below).
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@ Cellulose binding domain strategy

T7 promoter

RBS Gene of interest SNAC Cellulose binding domain

5 e ¥

@ Cellulose binding domain strategy

T7 promoter

RBS Cellulose binding domain SNAC Gene of interest

5 —— ¥

Nanobody strategy

T7 promoter
RBS sfGFP Co-express this
g —3 with below
T7 promoter
RBS sfGFP Nanobody Linker* Cellulose binding domain
5 N — 5
@ T7 promoter
RBS sfGFP Nanobody His
5 3

*linker is necessary for nanobody to functionally bind to POI
Not necessary for cellulose binding domainto bind to cellulose

Cellulose binding domain linker strategies for in situ purification

In addition to the above in silico designs, three linkers were considered for connecting
tags (such as the cellulose binding domain) and target protein(s). They were SNAC,
Intein and PhoCl, chosen for their cleavage properties and ease of implementation
for on-site and on-demand applications. The main features of these linkers are
summarised in Figure S.8, where it is evident that each linker has equally
advantageous and disadvantageous properties. Linker designs should be carefully

chosen and implemented based on end application.

T7 promoter

RBS Gene of interest SNAC Cellulose binding domain
@ ¥ ¥
T7 promoter
RBS Gene of interest Intein Cellulose binding domain

oF .

T7 promoter

RBS Gene of interest PhoCl Cellulose binding domain

@ 5 I &
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Linker Cleavage

SNAC

Buffer exchange required, need to

-GSHHW- cleavesin the presence of NiCl, NO get Nicl, out

Intein Random cleavage possible

during expression, cleavage
[ ] Self-cleaves when temp/pH changes NO maygmt%e very e fﬁcientg.

Overnight cleavage required!

PhoCl

Buffer exchange potentially not

. . require if wash is performed with
X Cleavesin the presence of light (400nm) YES ﬁnll buffer after ]j};ht. Regulatory

[Visual confirmation of expression] issues due to scar, although an ideal
feature for on-demand visualisation

Figure S 8: Linkers considered for the in situ purification designs, their methods of cleaving, remaining scars and
points to consider

Room temperature measurements for stability studies

Room temperature stability studies were conducted on the lab bench, where the lab
temperature was monitored every 30 minutes from August 2022 to June 2023, the
time period in which all stability studies were conducted. The average temperature
experienced by all samples were ~ 20°C, which falls within the room temperature
range (Figure S5.9). The temperature during winter months were significantly lower
(~ 16°C) and summer months were significantly higher (~ 21°C). All other stability
studies (at 40°C and 4°C) were conducted in a stability oven and fridge respectively.
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TS-D35 temp Signatures

Initialised by: tejasvi shivakumar
Company: University of Nottingham
Date/Time: 26/07/2022 13:34

Stopped by: tejasvi shivakumar
Company: University of Nottingham
Date/Time: 28/06/2023 16:41

i 6

Approved by:
Company:
Date/Time:

Sep 2022 Jan 2023 May 2023

¥ - Celsius(C)

From: 26 July 2022 13:34:17 - To: 28 June 2023 13:34:17

Figure S 9: Taken using the Lascar EL-21CFR-2-LCD Temperature & Humidity Data Logger, one reading taken
every 30 minutes.

Impact of refrigeration on post-flight cell-free samples until for the VITA

mission

Following the completion of the VITA mission, an astronaut will move the cube to
the ISS fridge for sample storage until a return flight carries the cube back to Earth
(also in a refrigerated format). Upon return of the experiment, several post-flight
analyses will be performed, subject to intact sample integrity. To study and quantify
the viability of post-cell-free-synthesised samples, a simulation of this operation was
carried out. Cell-free reactions that produced sfGFP was immediately moved to the
fridge upon reaction completion and fluorescence was quantified every month for
four months (the maximum time in the fridge on the ISS). No significant difference
was observed between the month 0 and month 4 samples, implying that sample
integrity was preserved during this period (Figure S.10). It is important to note that
this data confirms stability and viability only for sfGFP (as fluorescence implies
stability and activity sfGFP). This experiment would need to be repeated for any other

target protein, such as a therapeutic.
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Fluorescence of cell-free synthesised sfGFP-His at 4°C over time
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Figure S 10: Fluorescence of cell-free synthesised sfGFP-His at 4°C over 4 months. Fluorescence recordings were
taken every month; experiments were performed in triplicates (n = 3); data are shown as mean + SD. Two-way
repeated measures ANOVA was performed to test significance; P value > 0.05 = ns.
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