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Abstract 

Conventional vaccines have been instrumental in reducing worldwide morbidity and mortality 

of infectious diseases. However, some diseases require improvements to their vaccines or do 

not have an effective vaccine. This has led to the development of next generation vaccines 

including messenger ribonucleic acid (mRNA) vaccines, a versatile platform allowing simple 

exchange of encoded antigen sequences for different pathogens in the mRNA. Alternatively, 

self-amplifying mRNA (saRNA) presents a vaccine platform which replicates in situ using 

Alphavirus-derived non-structural proteins, mimicking viral replication and prolonging antigen 

expression. This has the potential to improve immune responses and significantly lower mRNA 

vaccine doses. Although this is a promising platform, a vector is essential to protect saRNA 

from ribonuclease degradation and deliver saRNA into cells. Lipid nanoparticles (LNPs) are a 

safe, highly efficient delivery system, with multiple approved mRNA vaccines. However, saRNA 

is significantly larger than mRNA, and hence LNPs need to be optimised to achieve efficient 

delivery. Two main categories of LNPs have been denoted, ionisable (iLNPs) and permanently 

cationic LNPs (cLNPs). cLNP lipids are less expensive to synthesise and have recently been used 

successfully to deliver saRNA vaccines. Hence, these were predominantly examined in this 

study. A library of empty cLNPs were successfully produced using lipid film hydration (LFH) 

with sizes <150 nanometres (nm). When saRNA was complexed exteriorly to cLNPs (saRNA-

Ext-cLNPs) varying sizes were observed depending on the N:P used. N:P ratio is the molar ratio 

of nitrogen and phosphate on the lipids and RNA respectively, hence larger sizes are expected 

at a lower N:P. saRNA formulated on the interior of cLNPs (saRNA-Int-cLNPs) were produced 

by microfluidics or a modified solvent injection (SI) method. Microfluidics formulated saRNA-

Int-cLNPs had small sizes and lower polydispersity indices (PDIs) compared to the larger sizes 

and PDIs of SI formulated cLNPs. The library of saRNA-cLNPs were optimised by transfecting 

mammalian cells with saRNA encoding reporter genes at a variety of N:P ratios. Generally, the 

size of the LNPs did not influence the delivery efficiency and the main contributor was N:P 

ratio for both saRNA-Ext- and saRNA-Int-cLNPs. DOTAP (1,2-dioleoyl-3-trimethylammonium-

propane) and DOTMA (1,2-di-O-octadecenyl-3-trimethylammonium propane) performed the 

best, particularly the F1 cLNPs. Although dimethyldioctadecylammonium (DDA) cLNPs 

showed poorer delivery efficacy at 24 hours post-transfection, interesting effects on saRNA 

expression kinetics were observed. A remarkable boost in expression was observed from 24 
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to 48 hours, and saRNA-Int DDA-cLNPs outperformed DOTAP and DOTMA cLNPs at 48 hours. 

High encapsulation efficiencies of >90% were observed for all cLNP candidates and the top 

saRNA-Ext-cLNPs candidates were not toxic. Even though unfavourable results were obtained 

upon intramuscular injection of saRNA-Ext-cLNPs into mice, this could be as a result of lipid 

film hydration (LFH) production and could be solved by microfluidics formulation. Although 

setbacks related to purification of saRNA-Int-cLNPs limited in vivo examination, these showed 

a strong potential for saRNA delivery for delivery of saRNA vaccines in the future. Overall, the 

work in this dissertation has developed the protocols for production and characterisation of 

LNPs. A library of potential cLNP candidates for saRNA vaccine delivery have been optimised 

in cell culture, with many showing highly efficient saRNA delivery. This will facilitate saRNA 

vaccine development and examination in a pre-clinical setting in South Africa, reducing 

reliance on the global North for equitable access of RNA vaccines and improving preparedness 

for potential future pandemics. 
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Chapter 1 

Introduction 

From variolation as early as 1000 A.D. and the development of the smallpox vaccine to 

conventional and now nucleic acid vaccines, improvements in immunisation strategies have 

continuously been made. Throughout history conventional vaccines have had an immense 

global impact on health and the economy through the prevention of infectious disease spread 

and mortality (1,2).  

 

Variolation generally involved exposing the patient to scab material from an infected 

individual, which led to symptoms of the illness (1). There was however, marked improvement 

in survival compared to natural infection. Eventually, Edward Jenner developed a smallpox 

vaccine by using the less virulent cowpox virus to vaccinate individuals, leading to the 

eradication of smallpox (2). Louis Pasteur’s discovery of attenuation resulted in rabies and 

anthrax vaccines, and the development of modern conventional vaccines followed. 

Conventional vaccines utilise the complete or parts of the infectious agent. These include 

inactivated vaccines, which use infectious particles killed by heat or chemicals, and attenuated 

vaccines where the pathogen is weakened, but still able to replicate. Subunit vaccines 

administer part of the organism as a purified protein or a polysaccharide (3). Polysaccharides 

can also be covalently bound to proteins in the form of conjugate vaccines (4). Finally, toxoid 

vaccines use inactivated microbe toxin (5).  

 

These vaccines have had an immense global impact by preventing infectious disease spread 

and mortality (6,7). However, effective vaccines are not yet available for many detrimental 

diseases such as human immunodeficiency virus (HIV), and dependency on more costly and 

complex egg or mammalian cell culture methods to manufacture vaccines can limit clinical 

development. These shortcomings have led to the development of next-generation vaccine 

platforms including nucleic acid (NA) vaccines. This provides the opportunity to improve the 

immune response to vaccines by mediating cellular CD8+ T-cell immunity alongside CD4+ T-

cell, humoral and B-cell immunity produced by the conventional vaccines. These will also 

provide a platform to rapidly respond to microbe variants and disease outbreaks. Together 

with these NA vaccines are their delivery and adjuvant systems. For synthetic NAs, non-viral 
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vectors have played a pivotal role in the success of RNA vaccines, such as with the COVID-19 

pandemic. Among these, lipid nanoparticles (LNPs) have shown the most clinical success, 

however constant improvements of these vectors and adaptation for emerging NA 

technologies is crucial for future success of this promising platform. 

 

1.1. Utilising Nucleic Acids for Next-Generation Vaccines 

Nucleic acid-based vaccines involve the delivery of genetic material in the form of nucleic acids 

(DNA or RNA) encoding antigenic sequences. Genetic vaccines differ from most conventional 

vaccines, as they stimulate both B-cells and CD4+ and CD8+ T-cells. B-cells are stimulated by 

proteins translated from the nucleic acid. These proteins are also processed and modified by 

cellular machinery resulting in T-cell stimulation through peptide presentation to T-cells on 

major histocompatibility complexes I and II (MHC class I and II, Figure 1.1.1) (8). NA vaccines 

circumvent the risk of occasional viral reactivation caused by attenuated vaccines. Although 

attenuated polio vaccines are very effective, they can cause outbreaks of vaccine-derived 

poliovirus, which differ from the wild-type virus (9). The versatility of these platforms allows 

rapid antigen design by conventional cloning techniques, while maintaining the ability to add 

or remove antigen modifications, such as glycosylation motifs all of which may improve 

vaccine efficacy (10). 

DNA-based nucleic acid vaccines encompass the use of viral vectors encapsulating viral DNA, 

and delivery of plasmid DNA (pDNA) to express antigenic proteins in cells. Use of viral vectors, 

such as adenoviral vectors, to deliver their nucleic acids encoding antigens, have shortcomings 

such as pre-exposure anti-vector neutralising antibodies which may limit prime and boost 

vaccine efficacy by vector clearance (11). Two major hurdles limit use of pDNA vaccines: the 

risk of genomic integration, and potential expression of unwanted genes encoded in the DNA 

vector, such as antibiotic resistance. To express the vaccine antigens, the DNA has to be 

delivered into the nucleus (Figure 1.1.1B), a process which is not very efficient using non-viral 

vectors, as endosomal escape releases nucleic acids into the cytoplasm. Hence, historically 

these have not performed well in clinical trials (12). Nevertheless, both viral vector and pDNA 

vaccines have still shown promise such as in their use in Severe Acute Respiratory Syndrome 

Coronavirus 2 (SARS-CoV-2) vaccines (13,14).  
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Figure 1.1.1. Mechanism of action of nucleic acid vaccines delivered using non-viral vectors. 

Nucleic acids can be packaged into non-viral vectors including LNPs and polymeric 

nanoparticles. A) RNA vaccines: i) RNA-Nanoparticle vaccines enter the cell by endocytosis 

and are released from the endosome into the cytoplasm (ii). iii) Protein antigens are translated 

from the RNA which can be secreted if a signal peptide is present (iv) resulting in B cell and T 

helper cell responses. Translated antigen is also processed by the Golgi into MHCI (v) where it 

can be displayed on the cell surface and presented to CD8+ T cells (vi). B) DNA vaccines: I) 

DNA-Nanoparticle vaccines enter the cells by endocytosis, however unlike RNA vaccines they 

must be delivered into the nucleus (II) to be transcribed into mRNA (III) and proteins are then 

translated (IV). After translation, the process of antigen secretion and MHC presentation is 

identical to that of RNA vaccines (V-VII).  
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In the current light of the two Food and Drug Administration  (FDA) approved COVID-19 

vaccines, mRNA vaccines have been propelled into the spotlight as a platform for pandemic 

preparedness, and safe for human use following worldwide administration (15–17). 

1.2. Synthetic RNA as a Platform for Vaccines 

The first glimpse into the potential for the use of in vitro transcribed (IVT) RNA for vaccines 

and therapies in 1990 showed expression of reporter genes after injection of messenger RNA 

(mRNA) in mice (18). However, therapeutics and vaccines initially avoided RNA due to 

instability, poor delivery efficiency, and poor immune stimulation. Upon development of 

technologies and further understanding of IVT RNA, these short-comings were either 

overcome, or used to the advantage of therapies (19), and are continuously being improved 

(20).  

RNA vaccines encompass many types of synthetic or non-synthetic RNA including mRNA, self-

amplifying RNA (saRNA) and circular RNA. Synthetic RNA is produced enzymatically through 

IVT, while non-synthetic RNA can be derived from organisms such as yeast. The work in this 

dissertation will focus on synthetic RNA, specifically mRNA and saRNA. RNA vaccines hold 

some significant advantages over DNA and conventional vaccines. Firstly, they can be 

delivered and directly translated in the cell cytosol (Figure 1.1.1A). This eliminates the 

challenge of crossing the nuclear membrane and the risk of genomic integration and 

expression of undesired genes found in pDNA (21). Unlike inactivated and live attenuated 

vaccines, there is no risk of reactivation and infection of the pathogen. The short half-life of 

RNA allows for easier dosage calculation as it is not functional for long periods of time. 

Improvements have also been made in the production of RNA to reduce immune system 

recognition of the RNA, resulting in improved antigen translation. IVT is a simple, cost-effective 

method of RNA production, and can be scaled to large scale Good Manufacturing Practice 

(GMP)-compliant manufacturing. Formulation of the RNA in non-viral vectors allows for 

streamlined GMP production of different vaccines, with simple quality control analysis as the 

non-viral vector systems are very similar or the same. This removes optimisation of 

purification of different mRNA vaccines, unlike for subunit vaccines, where purification 

changes based on the vaccine as proteins may have vastly different characteristics.  

The consistent molecular structure of different RNA vaccine candidates allows this 

streamlined production. Conventional mRNA comprises a 5′ cap, 5′ untranslated region (UTR), 
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coding sequence (CDS), 3′ UTR and a poly A tail (Figure 1.2.1A). The 5′ cap is comprised of a 

7′-methylguanosine cap, which is a guanosine nucleotide modified with a methyl group (CH3), 

joined to the 5′ end of the first nucleotide by a triphosphate bond. The cap is recognised by 

eukaryotic initiation factors (eIFs) and is essential for translation of the CDS (22). UTRs have 

been shown to be essential for efficient translation of mRNA and regulation thereof, and 

improved duration of RNA expression (23–27). These can be derived from natural eukaryotic 

mRNA, viruses, or are completely synthetic. The poly A tail is important for RNA stability and 

enhancing translation (28,29).  

 

 

 

 

 

Figure 1.2.1. Comparison of components of conventional messenger RNA (mRNA) and self-

amplifying RNA (saRNA). A) mRNA consists of a 5′ Cap 1, Untranslated Region (UTR), Coding 

Sequence (CDS), 3′ UTR and poly-A tail. B) saRNA contains similar aspects however, they 

contain a subgenomic promotor upstream of the CDS and their UTRs are adapted from 

Alphavirus conserved sequence elements (CSEs) preventing immune suppression of 

translation. They also contain genes encoding the non-structural replication proteins (nsP1-

4), allowing for replication in situ. 

 

1.2.1. In Vitro Transcription Methodology of RNA 

The process of synthesising mRNA/saRNA involves the incorporation of these components 

into a DNA sequence, most commonly a pDNA backbone, downstream of a bacteriophage 

promoter. This is then used as a template for IVT of the synthetic RNA. IVT is an enzymatic 

reaction that does not require cells for production. When pDNA is utilised, the pDNA vector 

must be completely linearised at the end of the poly A sequence by restriction digestion prior 

to IVT so that the RNA polymerase “falls off” the template after transcription of the complete 

RNA sequence. Other important components of the reaction include ribonucleotide 

triphosphate (rNTP) monomers, which are incorporated into the growing RNA sequence by 

the RNA polymerase. Magnesium ions are an important component in this interaction 
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between the rNTPs and the enzyme (30,31). After synthesis, the DNA is degraded, and the 

RNA is purified to remove all reaction components prior to capping or formulation. 

Initially, commercially available cap analogues, which mimic the first capped NTP were 

incorporated at the start of the RNA during IVT, however this resulted in inefficient translation 

due to reversed or inefficient capping (32,33). Newer technologies including vaccinia virus-

based enzymatic capping with 2′-O-methyltransferases (34–36), the anti-reverse cap analogue 

(ARCA) and the highly efficient co-transcriptional CleanCap® analogue system from TriLink 

BioTechnologies (37) provide alternative, efficient and scalable capping methods. The use of 

the Vaccinia Capping and CleanCap® systems in the Moderna (16) and Pfizer/BioNTech (38) 

SARS-CoV-2 mRNA vaccines respectively emphasise the clinical relevance of these 

technologies. The poly A tail can be added through enzymatic methods or by incorporating 

the sequence into the pDNA vector. The size of naturally occurring mRNA poly A tails are 

variable, while optimal IVT mRNA poly A tails have been shown to be 100-120 bp (24,39). 

Enzymatic addition is limited by requirement of an additional purification step and 

inconsistent poly A tail length (24,40). Although, alteration of the long, repeating DNA-

incorporated poly A tail during propagation of pDNA in E. coli can also be problematic (40,41). 

A possible solution to this problem involves using a split poly A sequence in the pDNA, with 

each 40-60 base pair sequence joined by a linker sequence as used in the BioNTech COVID 

mRNA vaccine (42). The synthesised synthetic RNA can then be used as a drug substance in 

RNA vaccines and therapeutics. 

1.2.2. Applications of Conventional mRNA Vaccines 

Since RNA design and production is a streamlined process, RNA can be applied to a broad 

spectrum of vaccines and therapeutics. mRNA has been extensively applied to cancer and 

infectious diseases through active and passive vaccination (20,43). Two mRNA vaccines against 

SARS-CoV-2 (Spikevax and Comirnaty) have been fully approved by the FDA. Passive 

vaccination by delivering antibodies to prevent infection has been achieved in pre-clinical 

studies against hepatitis B virus (44), HIV (45), and respiratory syncytial virus (RSV) (46). 

Although these have shown great promise for vaccines, they are limited by factors such as 

high production costs due to the requirement of modified nucleotides, and higher doses. Self-

amplifying RNA (saRNA) vaccines are a technology that may be able to overcome some of 

these shortcomings and improve immune responses to RNA vaccines. 
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1.2.3. Mimicking Viral Amplification Using Self-amplifying mRNA Vaccines 

Although mRNA vaccines simply result in translation of the desired antigen, saRNAs 

additionally code for a positive-sense alphavirus-derived RNA-dependent RNA polymerase 

complex (RdRP), comprised of non-structural proteins 1-4 (nsP1-4; Figure 1.2.1B). This allows 

in situ mRNA amplification following recognition of the 5′ and 3′ conserved sequence 

elements (CSEs) found in the viral UTRs (8). These UTRs regulate replication of the RNA and 

recruitment of host proteins important during replication as a result of their secondary 

structures, thermodynamics and motifs (47). nsP1 is involved in association and sequestration 

of nsP1-4 and saRNA with the plasma membrane resulting in saRNA immune escape (48).  

nsP2 acts as a protease and RNA helicase, regulating the expression of the other nsPs by 

breaking down excess protein and changing secondary RNA structures, which alters RNA-

protein interactions. nsP3 mediates host-viral protein interactions important for RNA 

replication, and nsP4 is an RNA-dependent RNA polymerase, which is responsible for 

transcription of the RNA, resulting in replication. saRNA is a positive-sense RNA, meaning that 

proteins can be translated directly from the viral RNA. Upon transcription of a negative strand 

by nsP4, double stranded intermediates form, after which the positive-sense strand and 

subgenomic mRNA can be synthesised from the negative-sense strand resulting in the 

translation of proteins.  

nsP1 and nsP2 are also important in RNA capping, which is performed differently to 

conventional eukaryotic capping. In eukaryotic mRNA capping, after RNA triphosphatase 

activity removes one of the three phosphate groups from the first NTP at the 5′ end of the 

RNA, guanosine monophosphate is added by guanyltransferase to form the GpppN 

triphosphate linkage. This is followed by addition of a 7′-methyl (CH3) group on the guanosine 

added to the RNA, forming a cap 0 structure. Finally, a methyl group is added onto the second 

oxygen of the ribose of the first nucleotide, forming a cap 1 structure. In Alphaviruses, 

although there is cap-dependent translation, only a cap 0 structure is produced. This occurs 

by removal of one phosphate from the 5′ end of the RNA by nsP2. nsP1 then methylates 

guanosine monophosphate, this 7′-methyl guanosine monophosphate is then added to the 

diphosphate 5′ end of the RNA, which is catalysed by the 7′-methyl guanyltransferase activity 

of nsP1, forming the required cap 0 structure (47,48). 
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Figure 1.2.2. Translation of conventional versus self-amplifying RNA vaccines in situ. mRNA 

(left) enters the cell (i) is simply used to translate the antigen (ii), which can then be processed 

in the Golgi onto MHC (iii + iv) and/or secreted (v), and presented to the immune system, 

stimulating B- and T-cell responses. After cell transfection (vi; Right) saRNA is additionally used 

to translate nsP1-4, triggering in situ RNA replication (vii). This results in prolonged and 

amplified antigen expression and presentation to the immune system (viii + ix), improving 

cellular and humoral immune responses at significantly lower doses. Adapted from 

“Conventional vs. Self-Amplifying mRNA Vaccines,” by BioRender.com (2023). Retrieved from 

https://app.biorender.com/biorender-templates. 

  



Chapter 1 

9 
 

Although nsP1 causes immune escape of the saRNA, the double stranded RNA (dsRNA) 

intermediates can still be recognised by pattern recognition receptors, resulting in a self-

adjuvating, innate immune response. Similar to conventional mRNA, single stranded RNA 

(ssRNA) stimulates toll-like receptors and cellular receptors. However, the combination of the 

two intermediates mimics an acute viral infection improving stimulation of anti-pathogenic T- 

and B-cell immunity (49,50). An innate interferon response is also stimulated in resident cells 

at the site of injection such as myocytes for intramuscular injection (50). Adaptive immune 

responses are then stimulated by antigen presenting cells, such as dendritic cells [DCs; (51)].  

Amplification of the antigen-encoding mRNA and the addition of a subgenomic promoter on 

the 5′ end of the CDS coding region significantly boosts antigen expression (52), and results in 

prolonged antigen expression at lower RNA doses than conventional mRNA vaccines (Figure 

1.2.2; (53)). Vogel et al. compared an mRNA and saRNA influenza vaccine encoding the  

haemagglutinin (HA) antigen (53). Equal protection against influenza virus could be achieved 

with 80 µg and 1.25 µg doses of mRNA and saRNA respectively, which is a 64-fold reduction 

in required dosage of saRNA. However, unlike conventional mRNA, saRNA is considerably 

longer (∼9-12 kb), making it more sensitive to degradation and physical shear stress during 

handling, which may complicate synthesis, purification, and formulation. 

saRNA was first described in literature for vaccination as early as 1994, where Zhou et al. (54) 

used naked intramuscular injection of Semliki Forest virus-based saRNA to immunise mice 

against influenza virus nucleoprotein. They obtained detectable antibody levels for a single 

and boost vaccination. Since then, many vaccination studies have been conducted against 

infectious diseases and cancer [reviewed in (8,55,56)]. A variety of saRNA vaccines have been 

examined for infectious diseases such as viruses including HIV-1 and rabies virus; bacteria such 

as Streptococci; and parasites such as Toxoplasma gondii. saRNA encoding multiple pathogen 

epitopes have also shown promise when used in pre-clinical influenza vaccines encoding 

multiple influenza antigens (57), and a Toxoplasma gondii hexaplex saRNA (58). Passive 

vaccinology against Zika virus using an saRNA encoding the neutralising monoclonal antibody 

(mAb) ZIKV-117 has also shown promise (59). An alternative use of saRNA in cancer 

therapeutics involving the delivery of saRNA encoding cytokines to stimulate immune 

responses and cause immunogenic cancer cell death shows encouraging flexibility of the 

platform (60,61). Although these synthetic RNA platforms allow broad applicability depending 
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on the desired application, if the RNA is unable to enter the cell, the vaccine is unlikely to have 

a high efficacy. It is unfavourable for naked RNA to naturally enter cells due to the negative 

charge of both the RNA and the cell membrane. It is also susceptible to ribonucleases (RNases) 

and hence needs to be protected from degradation (62). Hence, an efficient system needs to 

be optimised to deliver and protect RNAs and provide an adjuvant response for vaccines. Non-

viral vectors satisfy this need efficiently; however, these vectors may still need optimisation 

for much longer saRNA vaccines.  

1.3. Delivery of saRNA Vaccines, an Essential Factor in Vaccine Efficacy 

A plethora of approaches have been used to deliver RNA vaccines, including physical methods 

such as gene guns, electroporation, and viral and non-viral vectors. Physical approaches are 

limited by equipment size, and viral vectors are cannot be produced synthetically, but rather 

are produced by more complex cell culture techniques (63). Non-viral vectors combine the 

advantages of cell-independent formulation and simple administration for efficacious RNA 

vaccines. Many different non-viral vectors including cationic nanoemulsions (CNE), polymers 

and lipid nanoparticles (LNPs) have been used extensively with success (64). LNPs have been 

studied for decades and are being continuously improved for use with RNA. Many drugs and 

vaccines utilising RNA-LNPs have reached FDA approval including Onpattro (65), Spikevax (16) 

and Comirnaty (38). LNPs have also been utilised in a plethora of non-RNA FDA approved 

therapeutics, such as Doxil® which is used in combination with doxorubicin, a small molecule 

chemotherapeutic (66). The plethora of data showing pre-clinical and clinical safety and 

efficacy of this platform prompted its assessment as a saRNA delivery platform in this project.  

1.3.1. Overview, Composition, and Adjuvant Effects of Lipid Nanoparticles 

LNPs are essentially spheres made up of lipids (fats). The lipids are comprised of two ends, a 

hydrophilic and hydrophobic end, hence they are soluble in alcohols such as ethanol, but 

when they are mixed with an aqueous solution such as water, they shield their hydrophobic 

region and expose their hydrophilic region. This is a spontaneous process and results in the 

formation of vesicles (spheres). While the structures of these LNPs differ based on the lipids 

used, they are all generally similar and can be used to encapsulate small molecule drugs, DNA, 

RNAs and proteins.  

Generally, LNPs are formulated using an ionisable or permanently cationic lipid, a helper or 

neutral phospholipid, cholesterol, and a lipid conjugated to polyethylene glycol (PEGylated 
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lipid). Table 1 shows the chemical structures of the different lipids in each subdivision. The 

ionisable/cationic lipid is responsible for drug substance (RNA, DNA, protein) complexation 

using its positive nitrogen group. Phospholipids assists in endosomal escape by altering its 

physical structure, and cholesterol improves LNP structural stability [reviewed in (67)]. The 

PEGylated lipid can reduce the size of the LNPs and is important for storage and in vivo 

structural stability, and preventing immune clearance (68). An important characteristic of 

RNA-LNPs is the ratio of the positively charged nitrogen of the lipid to the negatively charged 

RNA phosphate known as the N:P ratio, which determines how much of each is added. Two 

main LNP subsets have been defined, ionisable (iLNPs) and cationic LNPs (cLNPs, also known 

as lipoplexes). iLNPs (Figure 1.3.1A) consist of lipid monolayers, the NAs are surrounded by 

inverted micelles in the “electron-dense” core (69), while cLNPs (Figure 1.3.1B) consist of lipid 

bilayers (70). Ionisable lipids used in iLNPs remain relatively neutral at a physiological, neutral 

pH. At an acidic pH such as in endosomes, the ionisable nitrogen group of the lipid adopts a 

positive charge. This allows the lipids to interact, and fuse with the negatively charged 

endosomal membrane, resulting in endosomal escape and release of the RNA payload into 

the cytosol (71). Hence, formulation of RNA is also performed at an acidic pH. RNA is diluted 

in an acidic buffer, and when mixed with lipids that are dissolved in alcohol, the lipid’s ionisable 

nitrogen group becomes cationic. The anionic RNA forms a complex with the lipids, and LNPs 

spontaneously form, resulting in the RNAs being encapsulated within the LNPs. These LNPs 

naturally mediate cellular uptake using low density lipoprotein receptor (LDLR)-based 

endocytosis facilitated by Apolipoprotein E (ApoE) LNP surface adsorption [Figure 1.3.1C, 

(72)].  

cLNPs are similar in composition to iLNPs, however they use lipids that have permanently 

cationic nitrogen groups, regardless of the pH of their environment. This allows high 

percentages of RNA encapsulation, and delivery to cells as a result of the opposing charges of 

both components (73). The main cellular uptake mechanism of cLNPs is thought to be clathrin-

mediated endocytosis [Figure 1.3.1D; (74)], however caveolae-mediated endocytosis, and 

macropinocytosis independent of this mechanism are also thought to mediate cLNP entry 

(75–79).  
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Table 1. Structures, Chemical Names and Molecular Weights of Lipids used in LNPs. 
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Figure 1.3.1. Structure and mechanism of RNA delivery using Lipid Nanoparticles (LNPs). Generally, LNPs consist of a cationic/ionisable lipid, 

cholesterol, a phospholipid, and a PEGylated lipid. A) Ionisable LNPs (iLNPs) consist of a single lipid layer surrounding an electron-dense core 

comprising of RNA surrounded by inverted micelles. B) Cationic LNPs (cLNPs) consist of lipid bilayer surrounding an aqueous core. RNA can either 

be complexed internally (left and right) or externally (middle). These LNPs can also be un-PEGylated (left and middle) or PEGylated (right). C) 

iLNPs adsorb ApoE onto the surface of the LNP, resulting in LDLR-mediated cellular entry. D) cLNPs are permanently positively charged, facilitating 

entry into negatively charged cells. This occurs predominantly by clathrin-mediated endocytosis. Adapted from Kairuz et al. (20).
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Although LNPs are both effective at delivery of RNA and protection from RNases, they also 

provide an adjuvant effect, improving vaccine efficacy. Although the exact mechanism is not 

fully understood yet, many different lipids have been shown to activate different arms of the 

immune response. The immunogenicity is also important to note, as high protein expression 

may not be the sole contributor to vaccine efficacy. Blakney and colleagues found that 

although the polymer pABOL [poly(CBA-co-4-amino-1-butanol)] showed high luciferase 

expression from saRNA, immunogenicity of a SARS-CoV-2 saRNA-polymer vaccine was lower 

than that of LNP-based vaccines (80).  

Different lipids are known to activate different cell types and alter innate immune responses 

(81,82). For example, DOTAP does not induce production of pro-inflammatory cytokines in 

DCs (83). However in monocytes, T-cells and B-cells, type 1 interferon responses and T helper 

cell type 1-related cytokine release was observed as a result of toll-like receptor 4 (TLR4) 

recognition of DOTAP (84). Cellular signalling pathways activated downstream of recognition 

by pattern recognition receptors is dependent on the lipid structure (85), which is important 

to consider when designing LNPs for vaccine use. 

LNP size has shown to have an effect on cytokine production (86), and surface modification by 

protein adsorption resulting in formation of a protein corona on the LNP surface increases 

macrophage uptake (87). However, this corona may be detrimental to RNA delivery, and hence 

to prevent opsonisation, many LNPs use a PEGylated lipid to create a steric barrier.  

1.3.2. Production Methods Used for LNP Formulation 

Since characteristics such as size is important in vaccine efficacy, production methodology is 

an important consideration. Acceptable sizes of the LNPs for RNA vaccines are generally below 

100 nm (88), however larger particle sizes have been used with success (62). The 

polydispersity index (PDI) of the LNPs is especially important to measure, this indicates the 

LNP size distribution within the single LNP population. This is calculated by dividing the square 

root of the standard deviation by the mean particle size (89). A value of 0.3 is generally 

accepted as the cut-off, with lower PDI values indicating a more homogeneous size 

distribution of the single LNP population. The method of formulation also needs to ensure 

that there is a high percentage of RNA that is complexed to the lipid, known as the 

encapsulation efficiency. The scale of production is an important consideration, as methods 
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used in a small-scale research laboratory may not be scalable to a large scale GMP setting or 

may need different equipment or optimisation.  

Originally, lipid film hydration (LFH) was predominately used for LNP production (Figure 

1.3.2A). This method, developed by Bangham et al. (90), is performed by evaporating the  

solvent the lipids are dissolved in using an inert gas, forming a multilamellar lipid film. The film 

is then hydrated with a buffer of choice, allowing the spontaneous formation of large 

multilamellar vesicles [MLVs; (91)]. This buffer can contain the drug or RNA of interest, 

allowing encapsulation of the drug substance interiorly. However, these MLVs are limited in 

use by their larger size and heterogeneity. Size reduction methods such as extrusion, 

homogenisation, and sonication (Figure 1.3.2B) can be performed to reduce size and 

heterogeneity, forming small unilamellar vesicles (SUVs). Extrusion involves pressurised  

movement of MLVs through polycarbonate membranes with defined pore sizes (92). While 

scale-up of extrusion is difficult, it is not impossible, as Doxil® currently uses LFH, freeze thaw 

cycles, and extrusion for cLNP production (93). Sonication involves using sound waves at 

ultrasonic frequencies to homogenise or break up the MLVs, allowing them to form small 

unilamellar vesicles (SUVs). Probe sonication may cause contamination from the probe, and 

damage to lipids and RNA. Bath sonication is a more feasible method as there is not 

breakdown of the lipids, however RNA is sensitive to physical disruption and may be degraded 

by the shearing force. Other homogenisation methods using high-pressure pumps to force 

LNPs through an interaction chamber at a high pressure to homogenize, may be a much better 

option for scale up. However, this method still poses issues related to high shear, which may 

be difficult for internal formulation of RNA.  

Many of the limitations of these traditional “top-down” approaches can be overcome by using 

“bottom-up” methodologies. Batch production or solvent injection was an earlier method of 

production prior to microfluidics, this involves injecting lipids dissolved in solvent into an 

aqueous solution while stirring (94). Modern microfluidics (Figure 1.3.3) is currently a very 

efficient, scalable method of RNA-LNP production. Microfluidics involves controlled mixing of 

an aqueous solution containing RNA and an organic phase containing the lipids of interest. 

This method allows for precise control over parameters such as flow rate, flow rate ratio, shear 

force and mixing, especially when using modern technologies such as Precision NanoSystems 

microfluidics and Knauer impingement systems.  
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Figure 1.3.2. Formulation of LNPs using lipid film hydration (LFH). A) LFH involves evaporating 

the organic solvent off of the lipids, forming a dry lipid film. This film is then hydrated with 

buffer (which can contain the drug of interest), resulting in large multi-lamellar vesicles (MLVs) 

being formed. B) Large MLVs can be converted into small uni-lamellar vesicles (SUVs) using 

methods such as bath sonication and homogenisation followed by extrusion. These methods 

involve breaking the LNPs apart, either through sonic or physical force, after which the LNPs 

will spontaneously re-form as SUVs.  
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Asymmetrical microfluidics tubing geometry and impingement used in the respective systems 

results in chaotropic advection, resulting in efficient RNA encapsulation (95). The downside of 

this technology is cost, as many of the large-scale systems and their consumables are 

expensive, often using single use consumables. Impingement systems, which do not use 

consumables such as microfluidics cassettes, while maintaining the ability to scale up 

production, may be a more affordable form of microfluidic production. 

 

 

 

 

 

 

 

 

 

Figure 1.3.3. Microfluidics, a modernised method of LNP formulation. Lipids dissolved in 

alcohol and RNA dissolved in a buffer are mixed by a microfluidics device through a 

microfluidics cartridge. This formulates RNA-LNPs with diameters generally <100 nm. The 

example shown is utilising the Precision NanoSystems® IgniteTM, however impingement 

systems are an alternative, efficient microfluidics system. 

 

1.3.3. Application of Lipid Nanoparticles for Efficient Delivery of saRNA Vaccines 

LNPs have been widely used in the delivery of mRNA and saRNA vaccines, in pre-clinical and 

clinical trial studies (8,96). Geall et al. were the first to use non-viral vectors for saRNA vaccine 

delivery through the use of iLNPs comprised of an ionisable lipid, phospholipid, cholesterol, 

and PEGylated lipid, to deliver saRNA encoding a RSV fusion glycoprotein (97). Following this, 

many other saRNA vaccines have utilised iLNPs for successful saRNA vaccine delivery 

(50,57,62,98–103). Although they have been more extensively used than cLNPs in saRNA 
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vaccine delivery, they are limited by their increased production costs, hence cLNPs still present 

a potential alternative delivery system. saRNA delivered using the cLNP platform have shown 

potential using both RNA internally formulated (saRNA-Int-cLNPs; Figure 1.3.1A and B), or 

when added to “empty” cLNPs, resulting in external formulation (saRNA-Ext-cLNPs, Figure 

1.3.1B). Although some studies show inferiority to iLNPs, further optimisation of saRNA-cLNPs 

and use of a larger variety and more novel lipids may improve the applicability. Blakney and 

colleagues have recently studied the efficacy of cLNPs lacking a PEGylated lipid, allowing a 

comparison of saRNA-Int- and saRNA-Ext-cLNPs (62). Although variability was observed in 

RNase protection for saRNA-Int versus saRNA-Ext DOTAP and DDA cLNPs, and in vivo 

expression of DDA cLNPs, both formulations resulted in antigen-specific immunogenicity. 

saRNA-Ext-cLNPs induced stronger HIV-1 Immunoglobin G (IgG) titres after the first (prime) 

dose than saRNA-Int-cLNPs. Although saRNA-Ext-cLNPs showed a reduction or minimal boost 

IgG in titres after the boost dosage, saRNA-Int-cLNPs had a large boost in IgG titres. In another 

study a design of experiments (DOE) approach was utilised to examine cLNPs in skin explants 

to observe cellular distribution of saRNA expression after intradermal injection (104). Fifty 

percent of GFP+ cells were identified as immune cells despite being a low percentage of the 

total skin cells, presenting the potential feasibility of these cLNPs as intradermal injection 

vaccine candidates. With the importance of different cell populations in an effective immune 

response, this highlights the advantages of examining alternative routes of RNA-LNP vaccine 

administration. Intradermal and intranasal administration are simpler and less invasive to 

perform and may prove beneficial based on the mode of pathogen infection and required 

immune response. This translates to a sociological impact, as fear of needles may increase the 

hesitancy of patients to receive an RNA-LNP vaccine administered intramuscularly. These 

studies on saRNA-cLNPs highlight the importance of identifying and examining a library of 

cLNPs in vivo.  

In an important study comparing different non-viral formulations, Lou et al. compared DOTAP 

and DDA cLNPs comprising cationic lipid, DOPE, and a PEGylated lipid, to benchmark iLNPs, 

and DOTAP CNEs using a rabies saRNA vaccine (103). cLNPs were able to produce a strong 

antibody response comparable to iLNPs at a higher dose, however at the lower dose tested, 

iLNPs outperformed cLNPs. Cellular responses similar to the commercial Rabies vaccine were 

observed for cLNPs and CNEs, however iLNPs had significantly improved CD8+ T cell responses 
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and CD4+ responses. Anderluzzi performed similar experiments, where polymeric 

nanoparticles and a proprietary CNE (CNE56) induced superior humoral and cellular immune 

responses (105). cLNPs were less potent, however this could be due to the formulation lacking 

cholesterol or a PEGylated lipid, which differs to that of the formulations used by Blakney and 

Lou. Therefore, the composition of the cLNPs is especially important, and multiple candidates 

should be evaluated to achieve a better comparison.  

RNA-LNPs represent an efficacious, scalable technology for application to RNA vaccines. Self-

amplifying RNA presents advantages over conventional mRNA as it can be administered at 

lower doses, mimics viral replication for enhanced antigen expression, and does not require 

expensive modified nucleotides for synthesis. However, delivery of these RNAs, which are 

significantly longer than conventional mRNA, still requires optimisation. While iLNPs are more 

commonly used for saRNA delivery, permanently cationic lipids are cheaper, and have a longer 

history of safe use in the pharmaceutical industry. cLNPs have recently been explored for 

delivery of saRNA vaccines with success, showing potential to be utilised for human use. Since 

cLNPs are permanently cationic, they allow for high encapsulation efficiencies, RNase 

protection, and delivery to cells in a receptor-independent manner.  

This research conducted in this dissertation involved designing and evaluating the saRNA-cLNP 

platform for use in saRNA vaccines. Plasmid DNA templates were cloned to improve saRNA 

transgene expression. The in vitro transcription of saRNA was optimised to accommodate the 

larger size of these RNAs compared to conventional mRNAs. Different methods of LNP 

production were explored including lipid film hydration, modified solvent injection, and 

microfluidics. This is advantageous to produce consistent, high quality and homogenous LNPs. 

External and internal saRNA formulation, and alteration of N:P and LNP size was explored to 

examine their effects on saRNA delivery, expression, and expression kinetics of different 

saRNA-cLNP candidates. This impacts delivery and vaccine efficacy, as well as production 

methodology, and hence is important to study. The investigation of different lipids and lipid 

combinations with different immunological and pharmacological profiles could aid in 

improving immune responses for the requirements of different vaccines. cLNPs were 

examined in cell culture and in vivo to obtain important data on expression, biodistribution 

and toxicity. While DOTAP and DDA have been examined in previous studies, this was the first 

known study to examine DOTMA as a cationic lipid for saRNA delivery.  
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Overall, a saRNA vaccine pipeline for cloning and production of future vaccine candidates in 

South Africa has been developed. A library of saRNA-cLNPs has been examined, with potential 

to be examined in vivo and for future saRNA vaccine candidates. These technologies could 

improve vaccine efficacy in lower middle-income countries such as South Africa by lowering 

production costs and dosage. 
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1.4. Aim and Objectives 

This dissertation aimed to investigate the design, production, optimisation, and 

characterisation of saRNA-cLNPs for use in vaccines.  

Objectives: 

- To clone saRNAs encoding reporter genes using conventional cloning methodology. 

- To in vitro transcribe large saRNAs by optimising the reaction based on current 

available kits and literature. 

- To produce lipid nanoparticles and formulate saRNA-LNPs by examining and optimising 

a variety of formulation techniques. 

- To characterise saRNA-cLNP size, zeta potential and encapsulation efficiency using 

dynamic and electrophoretic light scattering, and RiboGreen assays respectively. 

- To examine the delivery efficiency and expression kinetics of saRNA-cLNP candidates 

using fluorescence microscopy and firefly luciferase assays. 

- To evaluate cell culture toxicity of in vivo saRNA-cLNP candidates using an MTT assay. 

- To examine delivery efficacy of saRNA-cLNPs in vivo after intramuscular injection in 

NMRI mice. 



Chapter 2 

23 
 

Chapter 2 

Methods 

 

2.1. Generation of reporter gene self-amplifying RNA vectors 

To generate a vector that produces saRNA that encodes for the reporter genes enhanced 

green fluorescent protein (eGFP) or Firefly luciferase (Fluc), basic bacterial cloning was 

performed using T7-VEE-eGFP as the backbone plasmid (cloning strategy schematics in Figures 

2.1.1 and 2.1.2).  

pUC57-saRNA-MCS-polyA(60) (saRNA-MCS; Supplementary Figure 1A) and pGL4.50[luc2; 

CMV; Hygro] (pGL4.50 Luc2; Supplementary Figure 1B; Promega, WI, USA) were propagated 

in NEB Turbo E. coli (New England Biolabs, NJ, USA; Appendix 5.1.4 and 5.1.5) and purified 

using the Qiagen Plasmid Maxi Kit (Qiagen, MD, USA; Appendix 5.2.7). These were screened 

using restriction digestion and agarose gel electrophoresis (Supplementary Figure 2A). To 

insert the Luc2 gene into the subcloning vector, saRNA-MCS was digested with Hind III and 

Nhe I (Figure 2.1.1). The pGL4.50[luc2; CMV; Hygro] plasmid was digested with Hind III and 

Xba I, which allowed for the removal of Luc2 (Supplementary Figure 2B). Digests were 

electrophoresed on a 1% Tris-Acetate EDTA (TAE) agarose gel in a TAE running buffer. DNA was 

stained with ethidium bromide and examined using the Omega Fluor gel documentation 

system (aplegen, CA, USA) under ultraviolet light. The desired bands of 2697 bp and 1692 bp 

for saRNA-MCS and pGL4.50 Luc2 respectively, were extracted and purified using the QIAquick 

Gel Extraction Kit according to the manufacturer’s instructions (Qiagen, MD, USA; Appendix 

5.3.1). A ligation was performed using T4 DNA ligase (ThermoFisher Scientific, MA, USA) at a 

1:3 and 1:5 vector:insert ratio (1:0 control included) at room temperature for 10 minutes to 

generate saRNA-MCS-Luc2-polyA(60) (Supplementary Figure 3). NEB® Turbo Competent E. coli 

cells (New England Biolabs, NJ, USA) were transformed with the ligation reaction by heat shock 

at 42 °C followed by an overnight incubation on ampicillin selection agar plates. Colonies were 

picked and cultured, and pDNA was extracted by alkaline lysis (Appendix 5.2.8). Restriction 

analysis of saRNA-MCS-Luc2-polyA(60) was performed with restriction enzymes Lgu I and Apa 

I, which yielded band sizes of 2268, 1278, 484 and 359 bp (Supplementary Figure 4A).  
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To remove the eGFP, puromycin resistance genes, internal ribosomal entry site (IRES), 3′ UTR 

and 25 bp poly A sequence from the T7-VEE-eGFP plasmid (Supplementary Figure 7A) and 

replace it with the Luc2 gene, 3′ UTR and 60 bp poly A sequence from T7-MCS-Luc2-polyA(60) 

both plasmids were digested with Nde I and Mlu I (Figure 2.1.1.). The 9394 bp and 1902 bp 

bands of interest from T7-VEE-eGFP and saRNA-MCS-Luc2 were gel extracted (Supplementary 

Figure 4B; Appendix 5.3.1). Ligation of T7-VEE-eGFP and saRNA-MCS-Luc2 generated T7-

saRNA-VEE-Luc2-polyA(60) (Figure 2.1.1, Supplementary Figure 8A). Restriction analysis of T7-

saRNA-VEE-Luc2-polyA(60) using Bsp1407 I and Lgu I yielded band sizes of 7010 and 4286 bp 

(Supplementary Figure 6).  

 

Table 2. Description and Source of Plasmids Utilised and Generated in the Study   

Plasmid Name Description Generated/Reference 

T7-VEE-eGFP saRNA-eGFP reporter RNA production 

plasmid containing a 25 bp poly A 

sequence 

Steven Dowdy 

(Addgene plasmid # 

58977) 

T7-VEE-Fluc-IRES-

mCherry 

saRNA-Fluc-mCherry reporter RNA 

production plasmid containing a 25 bp 

poly A sequence 

Unpublished 

pUC57-saRNA-MCS-

polyA(60) 

Subcloning plasmid containing VEE 3′ UTR 

and a 60 bp poly A sequence. For 

subcloning reporter genes/vaccine 

antigens into the T7-VEE-eGFP plasmid 

backbone. 

Generated by 

GeneScript (NJ, USA) 

pGL4.50[luc2; CMV; 

Hygro] 

Commercial plasmid containing a codon 

optimised Fluc gene, Luc2 under the 

control of a cytomegalovirus promoter. 

For cloning Luc2 into the saRNA plasmid 

Purchased from 

Promega (WI, USA) 

saRNA-MCS-Luc2-

polyA(60) 

Subcloning vector containing Luc2 gene This study 

T7-saRNA-VEE-Luc2-

polyA(60) 

saRNA-Luc2 reporter RNA production 

plasmid containing a 60 bp poly A 

sequence 

This study 

T7-saRNA-VEE-eGFP-

polyA(60) 

saRNA-eGFP reporter RNA production 

plasmid containing a 60 bp poly A 

sequence 

This study 
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Figure 2.1.1. Schematic of cloning strategy of T7-saRNA-VEE-Luc2-polyA(60). From left to right, the Luc2 gene was removed from 

pGL4.50[luc2/CMV/Hygro] and cloned into pUC57 saRNA-MCS-polyA(60) to generate saRNA-MCS-Luc2-polyA(60). The Luc2 gene, 3′ UTR and 

poly A sequence were removed from saRNA-MCS-Luc2 and cloned into T7-VEE-eGFP, replacing the eGFP-IRES-Puro genes, and 3′ UTR and poly A 

sequence of the original plasmid. This generated T7-saRNA-VEE-Luc2-polyA(60). 
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To generate an alternative saRNA-eGFP production plasmid, the IRES, puromycin resistance 

selection gene, 25 bp poly A sequence of T7-VEE-eGFP were removed and replaced with the 

VEE 3′ UTR and a 60 bp poly A sequence from saRNA-MCS (Figure 2.1.2). Both plasmids were 

digested with Not I and Mlu I (Supplementary Figure 5A and B). Fragment sizes of 10 169 bp 

and 174 bp were gel extracted for T7-VEE-eGFP and saRNA MCS (Appendix 5.3.1). Ligation of 

T7-VEE-eGFP and saRNA-MCS generated T7-saRNA-VEE-eGFP-polyA(60) (Supplementary 

Figure 8B). Restriction analysis of T7-saRNA-VEE-eGFP-polyA (60) using Kpn I and Xba I yielded 

band sizes of 4967, 3972 and 1404 bp (Supplementary Figure 6). T7-VEE-GFP was a gift from 

Steven Dowdy (Addgene plasmid # 58977; http://n2t.net/addgene:58977; 

RRID:Addgene_58977) 

2.2. In vitro transcription of self-amplifying RNA 

To prepare pDNA vectors for in vitro transcription, linearisation was performed. T7-saRNA-

VEE-eGFP-polyA(60) and T7-saRNA-VEE-Luc2-polyA(60) vectors were linearised by restriction 

digestion with Mlu I (ThermoFisher Scientific, MA, USA) for 2 hours at 37°C. The linearised 

product was purified by sodium acetate precipitation; 1/10 volume sodium acetate and 2.5× 

volumes 100% ethanol were added to the reaction followed by a precipitation incubation at -

80°C for 15 minutes. The pDNA was pelleted by centrifugation at 14 000 ×g for 15 minutes at 

4°C, followed by a 70% ethanol wash. Purified linearised pDNA was resuspended in nuclease-

free water to a concentration above 1 µg/µl. Linearisation was confirmed by electrophoresis 

on a 1% TAE agarose gel in a TAE running buffer. DNA was stained with ethidium bromide and 

examined using the Omega Fluor gel documentation system (aplegen, CA, USA) under 

ultraviolet light. 

Initial IVTs were performed using either the AmpliScribe T7-Flash Transcription Kit (Epicentre 

Biotechnologies, WI, USA), TranscriptAid T7 High Yield Transcription Kit (ThermoFisher 

Scientific, MA, USA), and the RiboMAX™ Large Scale RNA Production System (Promega, WI, 

USA). The final optimised IVT was performed using an in-house reaction based on a design of 

experiments (DOE) journal article (106), increasing the T7 Polymerase from 100 units (U) to 

800 U. The reaction was set up as in Table 3 using a HEPES-based buffer (Table 4, Appendix 

Table 4). The IVT reaction was incubated at 37°C for 2 hours, followed by DNase treatment to 

remove the pDNA template for 15 minutes at 37°C. 
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Figure 2.1.2. Schematic of cloning strategy of T7-saRNA-VEE-eGFP-polyA(60). From left to right, the 3′ UTR and poly A sequence of pUC57 saRNA-

MCS-polyA(60) were cloned into the original VEE-eGFP plasmid to replace the IRES-Puro, 3′ UTR, and poly A sequence. This generated T7-saRNA-VEE-eGFP-

polyA(60). 
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RNA purification was performed by Lithium Chloride (LiCl) precipitation. A LiCl precipitation 

solution (7.5 M LiCl, 50 mM EDTA) was added to a final concentration of 2.5 M LiCl and 

incubated at -20°C for a minimum of 30 minutes to precipitate RNA. This was then pelleted by 

centrifugation at 14 000 ×g for 15 minutes at 4°C. The supernatant was discarded, and the 

RNA pellet was washed with ice-cold 70% v/v ethanol followed by a 10-minute centrifugation 

step (14 000 ×g, 4°C). The ethanol was completely discarded, and the RNA pellet was 

resuspended in nuclease-free water and stored in aliquots at -80°C to maintain integrity. 

Quantification of RNA was performed by spectrophotometry using a NanoPhotometer® 

(Implen, CA, USA). RNA integrity was assessed using a denaturing formaldehyde-agarose gel 

(Appendix 5.4.3). The RNA (1 µg) was mixed with an equal volume of 2× loading dye buffer 

containing formamide, SDS and ethidium bromide (ThermoFisher Scientific, MA, USA). To 

denature the RNA, the dilution was incubated at 70°C for 10 minutes followed by incubation 

on ice for 5 minutes before adding the mixture to the gel. The gel was electrophoresed for 45 

minutes at 80 V in a 3-(N-morpholino)propanesulfonic acid (MOPS)-formaldehyde-based 

buffer. RNA size was measured using either the ssRNA ladder (New England Biolabs, NJ, USA) 

or the RiboRuler HR (ThermoFisher Scientific, MA, USA).   

Table 3. DOE In Vitro Transcription Reaction Setup. 

                                                           

 

   

 

 

 

Table 4. Components of 1× DOE Transcription Buffer. 

 

 

 

 

Component Final Concentration 

Nuclease-Free Water (To Final Volume) 

rNTPs (ATP, CTP, GTP, UTP) 10 mM each 

Cap Analogue 10 mM (8 mM for CleanCap AU) 

Transcription Buffer 1× 

Linearised Template 100 ng/µl 

RNase Inhibitor 0.04 U/µl 

T7 RNA Polymerase 8 U/µl 

Component Concentration (mM) 

HEPES 40 

Magnesium acetate 75 

DTT 40 

Spermidine 0.2 

Sodium acetate 10 
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The saRNA was co-transcriptionally capped using the Anti-Reverse-Cap-Analogue (ARCA, Cap 

0; New England, NJ, USA), for in vitro/cell culture experiments and CleanCap® AU (Cap 1; 

TriLink Biotechnologies, CA, USA) for in vivo experiments. Enzymatic capping was performed 

using the Vaccinia Capping system and 2´-O-Methyltransferase (Cap 1; New England Biolabs, 

NJ, USA). Integrity of enzymatically capped RNA was confirmed again by denaturing 

formaldehyde-agarose gel electrophoresis (Appendix 5.4.3). 

Vaccinia capping was performed by diluting 10 µg of RNA in 13.5 µl of nuclease-free water. 

This was denatured at 65°C for 5 minutes, followed by incubation on ice for 5 minutes. The 

reaction was then set up according to Table 5, incubated for 1 hour at 37°C, and purified using 

LiCl precipitation (Appendix 5.4.1). 

 

Table 5. Vaccinia Capping System Reaction Setup 

  Initial Concentration Volume (µl) 

Denatured uncapped RNA ----- 13.5 

10× Capping Buffer 10× 2 

GTP 10 mM 1 

SAM  4 mM 1 

Vaccinia Capping Enzyme 50 U/μl 1 

mRNA Cap 2´-O-Methyltransferase 50 U/μl 1 

Murine RNase Inhibitor 40 U/μl 0.5 

Total volume  20 

 

 

2.3. Lipid Nanoparticle Production 

DOTAP, DOTMA, DDA, DSPC, DOPE and DMG-PEG 2000 were obtained from Avanti Polar 

Lipids, Inc (AL, USA). Cholesterol was obtained from Sigma-Aldrich (MO, USA).  

LNPs were produced using three different methods: LFH, microfluidics and modified solvent 

injection (SI). LFH was used to produce saRNA-Ext-cLNPs; and microfluidics or modified SI were 

used to produce saRNA-Int-cLNPs. Lipid stocks were dissolved in ethanol at a concentration of 

20 mg/ml and stored under a nitrogen gas layer. Multi-component LNP lipid formulation stocks 

(20 mg/ml) were pre-mixed and stored at -20°C (Appendix Table 5). 
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2.3.1. Production of LNPs using LFH and external formulation of RNA 

Multi-component LNP lipid stocks were diluted to 4-10 mg/ml in ethanol to a final volume of 

0.5-1 ml in a glass Poly Top vial. Lipid films were produced by evaporating the ethanol using 

nitrogen under spiral flow using the Smart Evaporator C1 (BioChromato, Inc.; JP) for 15-20 

minutes. This spiral flow allowed for a more evenly distributed lipid film. The vial was placed 

in a desiccator containing silica gel beads to absorb moisture, and the lipid film was vacuum 

desiccated for 2 hours to remove any residual ethanol. Lipid films were then hydrated with 

HEPES buffered saline (HBS; Appendix 5.5.1) for 30 minutes with occasional vortexing. HBS 

was pre-warmed at a temperature above the lipid’s phase transition temperature. The 

hydrated film was incubated overnight at 4°C to ensure sufficient hydration. To create 

unilamellar vesicles and reduce LNP size, bath sonication and extrusion were performed. Bath 

sonication was performed for 12-15 minutes using the Bandelin Sonorex (Bandelin, BE, DE). 

LNPs were then sized using the ZetaSizer Pro Blue (Malvern Panalytical, UK) to determine the 

extrusion membranes needed.  

Extrusion was accomplished using the Avanti® Mini Extruder (Avanti Polar Lipids, Inc, AL, USA) 

according to manufacturer’s instructions. The appropriate porous polycarbonate membrane 

was chosen based on unilamellar vesicle particle size, choosing the first membrane with a 

slightly smaller pore size than the LNPs. Two membrane supports and the chosen 

polycarbonate membrane were pre-wet in HBS. The extruder components were washed 

thoroughly with detergent and rinsed with injection-grade water. The extruder was then 

assembled in the order of extruder outer casing, internal membrane support with O-ring, 1 

filter support, polycarbonate membrane, 1 filter support, internal membrane support with O-

ring, Teflon bearing, retainer nut (Figure 2.3.1A). The assembled extruder was placed into the 

heating block and pre-wet with 1 ml of HBS to avoid sample loss. LNPs were loaded into one 

of the 1 ml Hamilton syringes and assembled with the extruder (Figure 2.3.1B). The heating 

block was then heated to a temperature above the LNPs phase transition temperature. LNPs 

were then extruded by passing the LNPs from one syringe to the other through the membrane 

a minimum of 11 times to ensure a uniform size distribution. This was performed an odd 

number of times so that the final LNP solution was in the opposite syringe, this guarantees 

that no debris was brought over from the original solution. This was performed sequentially 

from higher to lower pore sizes ranging from 400 nm – 100 nm, cleaning and assembling the 
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extruder between every membrane. LNPs were sized post-extrusion and Zeta Potential was 

measured using the ZetaSizer Pro Blue (Malvern Panalytical, Malvern, United Kingdom). 

saRNAs were complexed externally by mixing with LNPs at different N:P ratios (Positive 

nitrogen on the cationic lipid:Negative phosphate on the RNA) and incubating the mixture at 

room temperature for 30 – 45 minutes before use. Size and zeta potential measurements were 

then performed as before. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.1. Set-up of the Avanti® Mini Extruder for reducing LNP size. A) Set up of the 

assembly of the extruder using pre-wet filter supports and polycarbonate membrane. B) After 

pre-wetting the extruder with HBS, bath sonicated LNPs were loaded onto one side of the 

extruder in the black heating block, preheated above the lipids’ phase transition 

temperatures, and extruded by passing the solution from one syringe to the other through 

the membrane a minimum of 11×, with the final extrusion pushing the LNPs into the syringe 

on the right. 

For size and zeta potential measurements, 40 µl (usually 40 µl, but dependant on the 

concentration on the LNP solution) of LNPs were diluted to 1 ml with nuclease-free water. For 

sizing, this was added to a clear rectangular cuvette, placed in the ZetaSizer, and run under 

default conditions (n=3 technical replicates). For zeta potential the dilution was placed in a 
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cuvette with gold-plated electrodes using a 1 ml syringe, and any bubbles were removed. This 

was placed in the ZetaSizer and run under default conditions (n=3 technical replicates). 

N:P was calculated by calculating the moles of RNA to be used (RNA Molecular Weight=333.8 

g/mol), dividing this by the desired ratio (e.g. 6:1 N:P – divide by 6) to determine the number 

of moles of cationic lipid to be used. From this, the weight of cationic lipid component required 

can be calculated.  

2.3.2. Internal RNA-LNP formulation using microfluidics 

For microfluidics, LNPs were produced using the NanoAssemblr® IgniteTM (Precision 

NanoSystems, Canada) using NxGen cartridges. Lipids were dissolved in ethanol at a final total 

lipid concentration of 4-20 mg/ml and RNA was dissolved in 100 mM Tris buffer (pH 7; 

ThermoFisher Scientific, MA, USA) or 6.25 mM Sodium Acetate buffer (pH 5; Appendix 5.5.2) 

for cLNPs and iLNPs, respectively. The diluted lipids and RNA were drawn into separate 

syringes and attached to the NxGen cartridge in the NanoAssemblr Ignite machine. Solvent 

and aqueous phases were mixed simultaneously at a 3:1 flow rate ratio (FRR) and a total flow 

rate of 5-15 ml/min. Ethanol was removed either by buffer exchange and concentration, or 

dialysis. For buffer exchange and concentration, the final LNP formulation was diluted 

approximately with 40× the volume of 10 mM Tris Buffer (pH 7) or PBS (pH 7.4) or for cLNPs 

and iLNPs, respectively. This was then concentrated using Amicon® Ultra-15 Centrifugal filters 

(10 kDa MWCO; Sigma-Aldrich, MO, USA) by centrifugation in a swing bucket rotor at 2000 ×g 

for 30 minutes with washing of the membrane between centrifugation steps. This was 

repeated until the solution was at the desired final volume, followed by filter sterilisation using 

Acrodisc® Supor® membrane syringe filters (Pall Corporation, NY, USA). cLNP dialysis was 

performed against 10 mM Tris buffer for cLNPs for 2 hours with mixing using Pur-A-LyzerTM 

Midi dialysis kit (3.5 kDa MWCO, Sigma-Aldrich, MO, USA). Size and zeta potential 

measurements were then performed as mentioned previously. 

2.3.3. Modified solvent injection formulation of RNA-LNPs 

Modified solvent injection method was performed for internal formulation of RNA-LNPs. RNA 

was diluted in 100 mM Tris buffer (pH 7, ThermoFisher Scientific, MA, USA) or 6.25 mM 

Sodium Acetate buffer (pH 5; Appendix 5.5.2) for cLNPs and iLNPs, respectively. Ten and 

twenty micrograms were used for final formulation volumes of 100 and 200 µl, respectively. 

The dilution volume was equal to that of the required lipid volume. The appropriate volume 
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of a 20 mg/ml lipid mix, dependent on the N:P ratio, was added by pipetting, followed by 

addition of 100 mM Tris buffer (pH 7) up to the final formulation volume. The mixture was 

then vortexed for 5 seconds. Particle size measurements were then performed as before. 

These were roughly produced RNA-cLNPs, and hence were used solely for cell culture 

transfection experiments. 

2.4. RNA quantification and Encapsulation Efficiency assessment 

To quantify RNA in formulated RNA-LNPs (effective dose) and assess encapsulation efficiency 

of RNA-Int- and RNA-Ext-LNPs, the Quant-iT RiboGreen RNA Kit (ThermoFisher Scientific, MA, 

USA) was used. This assay allows quantification of unformulated RNA in the absence of a 

detergent, and total RNA after lysis of LNPs with a detergent (Triton X-100). The encapsulation 

efficiency and effective dose (encapsulated RNA) can subsequently be calculated using this 

information. 

The assay was set up in a black 96-well plate (ThermoFisher Scientific, MA, USA) as in Figure 

2.4.1. An appropriate amount of RNA-LNP sample was diluted in 250 μl total volume of 1× TE 

buffer, pH 7.5 (Figure 2.4.1, Row A). An appropriate concentration was calculated as that 

required to achieve a final concentration in a range of 1-1.5 ng/µl after addition of the 

RiboGreen dye. A background control was included to exclude background interference of 

Triton X-100. Fifty microlitres of the diluted sample were further diluted in 50 µl of either TE 

buffer (pH 7.5), or in Triton buffer (2% Triton X-100 in TE buffer; Appendix 4.6.4). This was 

performed in duplicate. A standard curve was set up as in Table 6. These included Triton buffer 

to mitigate background interference from Triton X-100, allowing accurate quantification of 

total RNA in the sample after LNP lysis (Figure 2.4.2). Samples were then incubated at 37°C 

for 10 minutes to lyse LNPs in the presence of the Triton X-100 detergent. Ribogreen reagent 

was then added to each well (100 µl of a 1:100 dilution of Ribogreen reagent). Fluorescence 

was measured using the GloMax® Explorer (Ex: 475 nm; Em: 500-550 nm; Promega, WI, USA). 

Encapsulation efficiencies and effective saRNA concentrations were calculated using the 

following equations where total RNA (µg/ml) was calculated using the standard curve:  

Encapsulation Efficiency (%) = 

(1 −
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑅𝑁𝐴 𝐿𝑁𝑃𝑠 𝑖𝑛 𝑡ℎ𝑒 𝐴𝑏𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝐿𝑦𝑠𝑖𝑠

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑅𝑁𝐴 𝐿𝑁𝑃𝑠 𝐿𝑦𝑠𝑒𝑑 𝑤𝑖𝑡ℎ 𝑇𝑟𝑖𝑡𝑜𝑛 𝐵𝑢𝑓𝑓𝑒𝑟 
) × 100 
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Effective Concentration (µg⁄ml)= 

𝑇𝑜𝑡𝑎𝑙 𝑅𝑁𝐴 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (µ𝑔/𝑚𝑙) × 𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) 

 

 

 

 

 

 

 

 

Figure 2.4.1. Set up of the RiboGreen Assay in a black 96-well plate. LNP dilutions were 

performed in row A. LNPs from row A were further diluted in either TE buffer (Row B and C) 

to measure un-encapsulated RNA, or Triton Buffer (Row D and E) to lyse LNPs and measure 

total RNA content. A range of rRNA standards from 2.5-0.1 ng/µl were set up according to 

Table 6, and 100 µl were added to Rows F and G in duplicate. The plate was then incubated 

at 37°C to lyse LNPs in the presence of detergent, 100 µl of RiboGreen dye was added to 

Rows B-G, and fluorescence was measured using excitation and emission filters of 475 nm 

and 500-550 nm respectively. Wells labled “B” indicate the blank control. 

 

Table 6. Standard curve for Ribogreen Assay set up using provided rRNA standards 

 

Final RNA 

concentration 

(µg/ml) 

Volume of 20 

µg/ml stock 

(µl) 

1× TE Buffer 

(µl) 

1× Triton 

Buffer (µl) 

Volume 

Added per 

well (µl) 

Volume of RiboGreen 

Dye Added per Well (µl) 

2.5 65 65 130 100 100 

1 26 104 130 100 100 

0.5 13 117 130 100 100 

0.25 6.5 123.5 130 100 100 

0.1 2.6 127.4 130 100 100 



Chapter 2 

35 
 

2.5. Cell culture experiments  

2.5.1. Transfection of cells with eGFP-self-amplifying RNA 

HEK293 (Human Embryonic Kidney) cells were used to examine delivery efficiency of RNA-

LNPs. Cells were maintained in complete Dulbecco’s Modified Eagle’s Medium (DMEM, 4.5 g/L 

glucose; Gibco, ThermoFisher Scientific, MA, USA) containing 10% foetal bovine serum (FBS), 

penicillin (100 000 U/ml) and streptomycin (100 µg/mL; Appendix 5.7.1). Cells were seeded in 

a 48-well plate (30 000 – 36 000 cells/well) the day before transfection. Two hundred 

nanograms of saRNA-LNPs were used per well. RNA-LNPs were diluted to a final concentration 

of 6.67 ng/µl and 30 µl was added to each well. LipofectamineTM MessengerMaxTM (LMMax; 

Invitrogen, MA, USA) was used as a positive control as it is a liposomal formulation that yields 

remarkably high transfection efficiency in cell culture. LMMax was diluted in OptiMEM and 

incubated for 10 minutes at room temperature. RNA was diluted in OptiMEM, added to the 

LMMax dilution, mixed, and incubated at room temperature for 5 minutes before 30 µl (200 

ng) was added per well. Transfection efficiency was examined at 24- and 48-hours post-

transfection unless otherwise stated. For eGFP RNA transfections, the EVOS Fluorescence 

Microscope (Invitrogen, MA, USA) was used to examine transfection efficiency.  

2.5.2. Luciferase Assay 

The Luciferase® Reporter Assay System kit (Promega, WI, USA) was used to assess transfection 

efficacy of HEK293 cells transfected using RNA-Luc2-LNPs. At 24- or 48-hours post-

transfection, media was removed from cells. Cells were lysed by incubation in passive lysis 

buffer with shaking for 15 minutes at room temperature. LARII substrate (50 µl) was mixed 

with 10 µl of cell lysates in a white 96-well plate, and relative light units were detected using 

the GloMax® Explorer (Promega, WI, USA). Background luminescence values from the 

negative control were subtracted from experimental luminescence values. 

2.5.3. Cell viability assay 

To ensure no substantial cellular toxicity was being caused by saRNA-LNPs, an MTT assay was 

performed. Viable cells metabolise MTT [3-(4, 5-dimethylthiazol-z-yl)-2, 5-

diphenyltetrazolium bromide] (Sigma-Aldrich, MO, USA) into a purple formazan that can be 

detected by absorbance at 570 nm. HuH7 cells were maintained in low glucose (1g/L) 

Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, ThermoFisher Scientific, MA, USA) 

containing 10% foetal bovine serum (FBS), penicillin (100 000 U/ml) and streptomycin (100 
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µg/mL; Appendix 5.7.1). HuH7 cells (10 000 cells/well) were seeded in a 96-well plate 24-

hours prior to transfection with 100 ng of saRNA-LNPs. Cells transfected with delivery vehicle 

alone (empty LNP or Lipofectamine) served as controls. Cells treated with 25% DMSO for 30 

min were included as a positive control for cellular toxicity. MTT assays were performed 24 

hours post transfection. Media was aspirated from the cells. A mixture of 20 µl of 5 mg/ml 

MTT (in PBS) and 80 µl of cell culture media was added per well and incubated for one hour 

at 37 °C (5% CO2). The growth media/MTT mix was then aspirated, and the formazan product 

was resuspended in 200 µl DMSO, absorbance was measured at 570 nm using an iMark 

microplate reader (BioRad, CA, USA). Background absorbance was measured at 690 nm (an 

unrelated wavelength to the purple formazan) and subtracted from experimental values. 

2.6. In vivo experiments 

Animal experiments were conducted according to protocols approved by the University of the 

Witwatersrand Animal Research Ethics Committee (AREC, AESC2021/08/03/C). NMRI mice (3-

5 weeks old, approximately 20 g) were injected intramuscularly (IM) in the hindlimb with 5 µg 

saRNA-cLNPs or empty LNPs. HBS injections were used a negative control. Two RNA-Ext-cLNP 

candidates were assessed. Three mice were included per group, and an empty LNP per LNP 

candidate and saline control group were included. 

For bioluminescence imaging, mice were injected intraperitoneally with 150 mg/kg of D-

luciferin (GoldBio, MO, USA), anaesthetised with 1% isoflurane, and imaged using the 

CaliperLS IVIS bioluminescence system (PerkinElmer, MA, USA). Imaging was undertaken using 

bioluminescence exposure times of 1-30 seconds. Mice were imaged at 6- and 24-hours post 

injection, followed by imaging every other day (days 3, 5 and 7). Retro-orbital bleeding was 

performed after exposure to isoflurane at 6 hours for assessment of innate cytokine 

production and day 7 for toxicity assessment if expression was observed.  

2.7. Figures and Statistical Analysis 

Figures were created using Biorender.com and GraphPad Prism 5. Statistical analysis was 

performed using GraphPad Prism 5 using either a two-tailed unpaired student t-test, or a one-

way ANOVA followed by a Tukey post-hoc test. Experiments were performed with a minimum 

of 3 biological replicates. 
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Chapter 3 

Results 

3.1. Optimisation of in vitro transcription using bi-cistronic saRNA constructs 

The original saRNA production plasmids contained nsP1-4 from the Venezuelan equine 

encephalitis (VEE) Alphavirus, with a poly A sequence of 25 bp (Supplementary Figure 7). Two 

constructs were used: one encoding eGFP and a puromycin resistance gene, linked by an 

internal ribosomal entry site (IRES, Supplementary Figure 7A); the other contained Fluc (Firefly 

luciferase) and mCherry (a red fluorescent protein), also linked by an IRES (Supplementary 

Figure 7B). Restriction analysis of T7-VEE-eGFP-Puro yielded the expected band sizes of 11 521 

bp from EcoR I digestion and 5948, 3651, 1093, and 829 bp from Pst I and Sac I digestion 

(Figure 3.1.1). Similarly, for VEE-Fluc-mCherry expected bands of 12 523 bp from EcoR I 

digestion and 6950, 3651, 1093 and 829 bp from Pst I and Sac I digestion (Figure 3.1.1). 

Linearisation of pDNA was performed using Mlu I for 2 hours, purified by sodium acetate-

ethanol precipitation, and complete linearisation was confirmed using agarose gel 

electrophoresis (Figure 3.1.2A). Initially, in vitro transcription was performed using the 

AmpliScribe T7-Flash Transcription Kit (Epicentre Biotechnologies, WI, USA) according to the 

kit instructions with a 30-minute incubation at 37°C. While the control IVT yielded a single, 

distinct band when electrophoresed on a denaturing formaldehyde agarose gel, the saRNA-

eGFP and -Fluc IVTs showed degradation or incompletely transcribed RNA as seen by the light 

bands at the estimated sizes (9699 and 10 701 nt for saRNA-eGFP-Puro and saRNA-Fluc-

mCherry respectively) followed by a smear under the band (Figure 3.1.2B). When the 

incubation time was increased to 2 hours, there was an improvement, however a significant 

smear was still visible (Figure 3.1.2C). Temperature optimisation was attempted using the 

Ampliscribe IVT kit, however no improvement was observed (Supplementary Figure 12A). IVT 

was also performed using the TranscriptAid T7 High Yield Transcription Kit (ThermoFisher 

Scientific, MA, USA) and the T7 RiboMAX™ Express Large Scale RNA Production System 

(Promega, WI, USA) at a 20 µl scale, however no improvement in saRNA quality was observed 

(Figure 3.1.2D).  
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Figure 3.1.1. Screening of original template pDNA for saRNA in vitro transcription. saRNA 

template pDNA containing the VEE non-structural replication genes and either eGFP-IRES-

Puro or Fluc-IRES-mCherry were used as templates for IVTs. The identity of these plasmids was 

confirmed using restriction digest analysis. pDNA was restricted with EcoR I and Pst I/Sac I. 

The expected bands were observed for VEE-eGFP-Puro and VEE-Fluc-mCherry. Wells labelled 

“C” indicate undigested pDNA controls. A forward slash indicates a double digest. NEB 1 kb 

Plus Ladder shown in Supplementary Figure 11A.
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Figure 3.1.2. Optimisation of IVT for production of saRNAs. A) Complete linearisation of 

pDNA using Mlu I was confirmed. (B-D) IVT of saRNA was optimised. Initially, the AmpliScribe 

kit was used, with incubation times of 0.5 hours (B) and 2 hours (C). A slight band is present 

at the expected sizes; however, smears can be observed for both incubation times. D) The 

RiboMax and TranscriptAid IVT kits were also examined (20 µl reactions). A shows a Tris-EDTA 

agarose gel. B, C and D show formaldehyde agarose gels. Wells labelled “C” indicate kit IVT 

controls. Arrows indicate linearised product (A) and expected size of saRNA band (B-D). NEB 

ssRNA Ladder shown in Supplementary Figure 11B.
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Eventually, only a 100 µl reaction using the RiboMAX kit was successful, with the majority of 

the saRNA visibly intact on the gel (Figure 3.1.3A). However, enzymatic capping of this saRNA 

using the Vaccinia Capping System (Promega, WI, USA) resulted in further degradation (Figure 

3.1.3B).  

Using the rationale that since saRNA is significantly longer than mRNA and hence requires a 

specific buffer and IVT composition, two in-house buffers and IVT reactions were set-up 

(Appendix Tables 2-4). These were based on the TriLink CleanCap AU protocol (107) and a 

preprint design of experiments (DOE) journal article (106), which are specific to saRNA. 

Although the TriLink-based IVT did not yield intact or complete saRNA transcripts (Figure 

3.1.4A), the DOE-based IVT yielded a single, strong saRNA band (Figure 3.1.4B) prompting the 

use of this methodology going further. The DOE method was specifically designed for saRNA 

and included increased rNTP concentrations, the use of Magnesium Acetate (MgOAc2) in place 

of MgCl2 as a source of Mg2+ ions and an increased amount of linear pDNA at 0.1 µg/µl instead 

of 0.05 µg/µl. As enzymatic capping resulted in saRNA degradation, co-transcriptional capping 

using the anti-reverse cap analogue (ARCA, Figure 3.1.4C) and TriLink’s CleanCap AU cap 

analogue (CCAU, Figure 3.1.4D) was performed using the DOE IVT method. These reactions 

yielded intact saRNA similar to that of the uncapped saRNA control. While ARCA is a dimer, 

cap 0 structure, CCAU is a trimer cap 1 analogue, making it more specific, with a higher capping 

efficiency and improved translation of protein from RNA.  

Functionality of saRNAs was examined by transfection of HEK293 cells. saRNA-eGFP-Puro 

expressed eGFP as analysed by fluorescence microscopy (Figure 3.1.5A). As expected, CCAU-

saRNA-eGFP showed a clear increase in fluorescence intensity compared to ARCA-saRNA-

eGFP. Expression of saRNA-eGFP continued until day 15, after which the study was ended due 

to poor cell health caused by over-confluency (Figure 3.1.5B). However, neither mCherry, nor 

Fluc expression was detected after transfection using saRNA-Fluc-mCherry. This was 

attributed to possible interference caused by the IRES, as upstream and downstream genes 

can have an inhibitory impact on one another (108). As a result of this, new pDNAs were 

cloned to remove the IRES and downstream gene and lengthen the poly A sequence to 

improve expression and stability of the saRNA constructs. 
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Figure 3.1.3. Successful saRNA IVT through scale-up of RiboMax Kit. A) Scale up of the 

RiboMax kit from a small-scale (20 µl, left) to a large-scale (100 µl, right) IVT reaction yielded 

a strong band above 6000 nt on the formaldehyde agarose gel. (B) Upon enzymatic capping 

of this saRNA using the vaccinia enzymatic capping (VCE) system, saRNA degradation was 

observed. All gels shown are formaldehyde agarose gels. Wells labelled “C” indicate kit IVT 

controls. Arrows indicate expected size of saRNA band. RiboRuler HR RNA Ladder is shown in 

Supplementary Figure 11C. 
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Figure 3.1.4. Development of a saRNA-specific in-house IVT reaction. In-house IVT reactions 

were set-up according to the TriLink CCAU, and a DOE pre-print journal article. While the 

TriLink-based IVT did not produce intact saRNA (A), a design of experiments (DOE)-based 

approach based on a pre-print journal article showed strong bands at three different T7 

polymerase concentrations (B). This IVT was successful when ARCA (C) or CleanCap AU (CCAU, 

D) co-transcriptional capping reagents were used, when compared to an uncapped control. 

All gels shown are formaldehyde agarose gels. Wells labelled “C” indicate kit IVT controls. 

Arrows indicate expected size of saRNA band (B-D). NEB ssRNA and ThermoFisher RiboRuler 

HR RNA Ladders shown in Supplementary Figures 11B and C, respectively. 
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Figure 3.1.5. Comparison of different capping techniques for saRNA in cell culture. HEK293 

cells were transfected with saRNA and visualised using a fluorescence microscope. A) Strong 

expression of saRNA-eGFP was visualised using ARCA (Cap 0) and CCAU (Cap 1), at 24, 48 and 

72 hours. B) Despite degradation, enzymatically (Vaccinia) capped saRNA-eGFP showed good 

expression of eGFP at 24 hours. Expression could be visualised up to day 15 in cell culture. 

Scale bar = 400 µm. 
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3.2. Cloning of saRNA vectors and In Vitro Transcription of RNA 

To solve lack of Fluc expression from saRNA-Fluc-IRES-mCherry, basic cloning was used to 

generate two saRNA production plasmids expressing reporter sequences: T7-saRNA-VEE-

Luc2-pA(60) and T7-saRNA-VEE-eGFP-pA(60) (Figure 3.2.1; Supplementary Figures 10 and 11). 

These plasmids were generated using T7-VEE-eGFP (Supplementary Figure 7A) as the 

backbone.  

The IRES, puromycin resistance selection gene, VEE 3′ UTR and poly A sequence were removed 

from the original T7-VEE-eGFP plasmid (Figure 2.1.1). These were then replaced with the VEE 

3′ UTR and 60 bp poly A sequence of the subcloning vector to generate T7- saRNA-VEE-eGFP-

pA(60) (Figure 3.2.1A; Supplementary Figure 8B). The eGFP gene was also replaced with Luc2, 

a codon optimised Fluc gene to generate T7-saRNA-VEE-Luc2-pA(60) to produce a reporter 

RNA for in vivo experiments (Figure 3.2.1A; Supplementary Figure 8A). 

These plasmids were confirmed by restriction digestion (Figure 3.2.2). T7-saRNA-VEE-eGFP-

pA(60) was screened, with expected bands of 10 343 bp from Bgl II digestion, and 4967, 3972 

and 1404 bp from Kpn I and Xba I digestion observed. T7-saRNA-VEE-Luc2-pA(60) screening 

yielded expected bands of 11 296 bp for Bgl II digestion and 4967, 3972 and 1404 bp for Lgu 

I and Bsp1407 I digestion, confirming pDNA identity. eGFP and Luc2 saRNA plasmid sequences 

were further confirmed by sanger sequencing (Supplementary Figures 9 and 10).  

To prepare pDNA for IVT, linearisation was performed with Mlu I for saRNA. Complete 

linearisation was confirmed by agarose gel electrophoresis (Figure 3.2.3A). IVT using the 

modified DOE protocol was performed and intact saRNA was confirmed by denaturing agarose 

gel electrophoresis (Figure 3.2.3B). saRNA was intact regardless of cap analogue, as ARCA and 

CCAU were successfully incorporated without degradation (Figure 3.2.3C).  
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Figure 3.2.1. Schematic diagrams of cloned saRNA constructs. As a result of failure of the Fluc-IRES-mCherry construct to express the desired 

transgenes, new constructs were designed and cloned. Cloned saRNA constructs increased the length of the poly A sequence and removed the 

IRES, keeping the original eGFP gene (A) or replacing it with a codon optimised Fluc gene (Luc2; B). pDNA sizes for eGFP and Luc2 are 10 343 and 

11 296 bp, respectively. Full plasmid maps shown in Supplementary Figure 8. 
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Figure 3.2.2. Screening of propagated saRNA plasmids. Prior to use of pDNA for IVT, saRNA 

pDNA production vectors were screened using restriction digestion and agarose gel 

electrophoresis. T7-saRNA-VEE-eGFP-pA(60) and T7-saRNA-VEE-Luc2-pA(60) were screened 

with Bgl II and Kpn I/Xba I, and Bgl II and Lgu I/Bsp1407 I respectively and yielded the expected 

bands. Wells labelled “C” indicate undigested pDNA controls. “Bsp I” denotes digestion with 

Bsp1407 I. A forward slash indicates a double digest. NEB 1 kb Plus Ladder shown in 

Supplementary Figure 11A. 
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Figure 3.2.3. Preparation of pDNA and in vitro transcription of new saRNA constructs. (A) 

Linearisation of saRNA constructs with Mlu I were confirmed using agarose gel 

electrophoresis. A single band could be visualised on the gel. (B) saRNA-eGFP and saRNA-Luc2 

were successfully transcribed using the DOE protocol. Formaldehyde agarose gels show full-

length intact band visible above 6000 nt on the ladder. (C) Co-transcriptional capping using 

ARCA and CCAU was successfully performed with no indication of IVT inhibition, degradation, 

or incomplete transcription. A) Wells labelled “C” indicate undigested plasmid controls. 

Arrows indicate linearised pDNA product, NEB 1 kb Plus Ladder shown in Supplementary 

Figure 11A. B and C) Wells labelled “KC” indicate IVT kit controls. ThermoFisher RiboRuler HR 

RNA Ladder shown in Supplementary Figure 11C. 
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RNA function was examined following HEK293T cell transfection, ARCA-capped saRNA 

expressed eGFP high levels, with the new saRNA construct outperforming the original saRNA-

eGFP (Figure 3.2.4A). Unlike saRNA-eGFP-Puro, the saRNA-eGFP transgene expression could 

already be observed at 6 hours. Amplification of eGFP expression can be clearly seen from 6- 

to 24-hours and 24- to 48-hours post-transfection, especially for the saRNA-eGFP construct. 

Hence, ARCA-saRNA-eGFP instead of ARCA-saRNA-eGFP-Puro was used for optimisation of 

LNPs in cell culture and in vitro experiments. It is also important to use a similar saRNA 

construct for eGFP and Fluc to improve consistency, as both new constructs do not contain an 

IRES. This improved expression is most likely as a result of removal of the IRES and additional 

Puromycin gene, which may have been dampening eGFP expression, and lengthening of the 

poly A sequence, which may improve stability and half-life of the saRNA.  

ARCA-saRNA-Luc2 was able to successfully express Fluc (Figure 3.2.4B). As expected, CCAU 

capped saRNA improved translation significantly, with CCAU-saRNA-Luc2 expressing similar to 

that of pDNA at 24 hours post-transfection (Figure 3.2.4B). CCAU-saRNA-Luc2 had a 1.7-fold 

increase in expression compared to ARCA-saRNA-Luc2.  
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Figure 3.2.4. Successful transgene expression of new RNA transcripts in cell culture. HEK293 

cells were seeded in 48-well plates 24 hours prior to transfection with saRNA. Improved 

expression was observed with new saRNA-eGFP constructs at all timepoints. A) Comparison 

of old and new saRNA-eGFP transcripts at 6-, 24-, and 48-hours post-transfection (Scale bar = 

400 µm). B) Expression of saRNA-Luc2 co-transcriptionally capped with ARCA or CCAU 

compared to pDNA 24-hours post transfection. Statistical analysis performed using a one-way 

ANOVA followed by a Tukey post-hoc test (C) or a two-tailed, unpaired T-test (D); p ≤ 0.01 (**) 

p ≤ 0.001 (***), not significant (n.s); n=3.  



Chapter 3 

50 
 

3.3. Formulation and Optimisation of LNPs By Lipid Film Hydration  

Cationic lipids, mainly DOTAP and DDA, have shown great success in formulation and delivery 

of saRNA vaccines (62,103). With this information, three main permanently cationic lipids: 

DOTAP and DDA along with DOTMA, were formulated alongside a helper lipid (either DSPC or 

DOPE), and cholesterol (Chol). A library of lipid combinations was assembled based on 

previous literature or new lipid molar ratios (see Appendix Table 5). CaliVax, a commercial 

liposome comprised of DOTAP:Chol in a 1:1 molar ratio, was also investigated. Initial saRNA-

LNP formulations were assessed using ARCA-saRNA-eGFP. 

3.3.1 Optimisation of LFH and production of empty LNPs for formulation of saRNA-Ext-cLNPs 

Initially, DOTAP:Chol cLNPs (50:50 molar ratio) were produced using LFH to optimise the bath 

sonication step. A bath sonication of 12.5 minutes reduced the size of the LNPs sufficiently for 

extrusion using membranes with a pore size ≤ 200 nm (Figure 3.3.1A). However, it was later 

observed that bath sonication produced empty cLNPs of various sizes, and therefore, prior to 

extrusion, sizing was performed to confirm which filters would be required. 

A library of LNPs were produced by LFH using different ratios of cationic lipid, cholesterol, and 

phospholipid (Appendix Table 5). Empty LNPs were successfully produced by LFH with sizes 

below 150 nm after extrusion (Figure 3.3.1B, Supplementary Table 1). However, this method 

was not very consistent, as seen with empty DOTAP and DOTMA B1, where there is a 

difference in size between two different LNP batches (sets A and B). saRNA-Ext-cLNPs were 

complexed at different N:P ratios and were used to transfect cells with saRNA-eGFP to 

optimise the N:P ratio.  
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Figure 3.3.1. Optimisation of LFH production of empty cLNPs and formulation of a library of 

empty cLNPs. A) After overnight hydration of the lipid film bath sonication of DOTAP:Chol 

(50:50 mol ratio) was optimised to achieve the lowest size before extrusion. The smallest size 

was achieved with 12.5 minutes of sonication. B) Size and PDI of empty cLNPs formulated by 

LFH. Lipid compositions can be found in Appendix Table 5. Bars and symbols represent size 

(left y-axis) and PDI (right y-axis) of cLNPs respectively; dotted line indicates PDI cut-off of 0.3. 

n=3 for A) and B). Size (d.nm) is a measure of the particle diameter in nm.  
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3.3.2. Transfection Efficiency of saRNA-Ext-cLNPs is More Dependent on N:P Ratio and Less 

on Particle Size 

Adsorption of saRNA on the surface of cLNPs was initially assessed (saRNA-Ext-cLNPs). CaliVax, 

a commercially available empty cLNP consisting of DOTAP:Cholesterol at a 1:1 weight:weight 

(w:w) ratio initially performed best at a N:P ratio of 3:1. However, after fine optimisation, a 

2.5:1 ratio was found to improve expression (Figure 3.3.2A). Transfection efficiency and saRNA 

expression was amplified after 48- and 72-hours. At day 5, expression persisted, with CaliVax 

2.5:1 N:P outperforming the 3:1 ratio (Figure 3.3.2B).  

Based on this, in-house cLNPs produced using LFH were assessed. Initially DOTAP and DOTMA 

B1 saRNA-Ext-cLNPs based on previous literature were optimised (Figure 3.3.3A). After 24 

hours, all N:P ratios appeared to have similar efficacy, and hence 12:1 and 8:1 N:P were further 

analysed as these are common ratios in the literature for saRNA. When these were analysed 

at both 24 and 48 hours, important information on the effect of the LNPs on saRNA replication 

was obtained (Figure 3.3.3B and C). DOTAP B1 12:1 showed minimal amplification of 

expression, while an 8:1 N:P displayed improved expression at 48 hours. Hence, examining 

transfection efficiency past 24 hours is crucial to optimise N:P ratio and lipid composition of 

the cLNPs. DOTMA B1 12:1 and 8:1 however appeared relatively similar at both 24 and 48 

hours. As expected, transfection of cells grown in serum-free media showed improved 

transfection efficacy, as it is known that FBS has an inhibitory effect on cLNPs (109,110).  

Based on these results, other saRNA-Ext-cLNPs were optimised. Some saRNA-Ext-cLNPs such 

as DOTMA F1 and F2 performed optimally at higher ratios (Figure 3.3.4A and B), while others  

such as DOTAP F2 and F1, performed better at a lower N:P (4:1, Figure 3.3.5A and B). Although 

DOTAP F1 4:1 showed a clear improvement in performance at 48 hours, F1 LNPs all generally 

performed well. DOTMA saRNA-Ext-cLNPs appear to be the most efficient at RNA delivery, 

followed by DOTAP, especially the “F1” and “F2” formulations. The “G1” and “I1” formulations 

appeared to perform secondary to these (Figure 3.3.6 and 3.3.7). Although G1 8:1 N:P cLNPs 

performed optimally at 24 hours, expression at 48 hours was either barely maintained or 

reduced for DOTAP and DOTMA (Figure 3.3.6A and B). This is in contrast to the lower ratios, 

as DOTAP G1 6:1, 4:1, and 3:1 N:P ratios resulted in a dramatic increase in saRNA expression 

(Figure 3.3.6A and B). 



Chapter 3 

53 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.2. Formulation optimisation of saRNA-Ext-cLNPs with CaliVax in HEK293 cells. A) 

Fine-tuned optimisation of CaliVax saRNA-cLNPs. CaliVax was formulated with saRNA-eGFP at 

different N:P ratios and used to transfect cells. Delivery efficacy indicated by eGFP expression 

was examined and compared at 24-, 48-, and 72-hours post-transfection by fluorescence 

microscopy. B) Expression of saRNA for the 3:1 and 2.5:1 N:P ratio CaliVax RNA-cLNPs can still 

be observed at day 5 post-transfection. CaliVax is abbreviated to “CV.” N:P ratios are labelled 

adjacent to the relevant fluorescence microscopy image. Scale bar = 400 µm.
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Figure 3.3.3. B1 saRNA-Ext-cLNPs and the effect of serum on transfection efficacy. A) DOTAP 

and DOTMA B1 LNPs formulated at different N:P ratios were used to transfect HEK293 cells. 

Fluorescence microscopy was used to examine transfection efficacy only at 24 hours initially. 

B and C) N:P ratios of 12:1 and 8:1 were further examined for DOTAP (B) and DOTMA (C) B1 

saRNA-Ext-cLNPs at 24 and 48 hours to allow comparison of saRNA amplification kinetics. 

Removal of FBS by transfecting HEK293 cells grown in serum-free media was also examined 

for DOTAP B1 (B). N:P ratios are labelled above the relevant fluorescence microscopy image. 

Scale bar = 400 µm. 
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Figure 3.3.4. DOTMA F1 and F2 cLNPs show improved efficiency at higher N:P ratios. DOTMA 

F1 and F2 LNPs were complexed at different N:P ratios and used to transfect HEK293 cells. 

Transfection efficacy was examined by fluorescence microscopy after 24 and 48 hours. A) 

DOTMA F1 saRNA-Ext-cLNPs performed the best at a 12:1 N:P ratio, however at 48 hours the 

8:1 ratio performed similarly to the 12:1 ratio. B) At higher (9:1) ratios, similar cLNPs 

exchanging the phospholipid DOPE with DSPC, also showed improved efficacy compared to 

the lower (6:1 and 3:1) N:P ratios. N:P ratios are labelled above the relevant fluorescence 

microscopy image. Scale bar = 400 µm. 
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Figure 3.3.5. Larger DOTAP saRNA-Ext-cLNP sizes do not affect transfection efficacy in 

HEK293 cells. DOTAP F1 (A) and F2 (B) LNPs displayed improved delivery efficacy when 

complexed with saRNA at lower N:P ratios. Although both LNPs have the same 

DOTAP:Cholesterol:Phospholipid mol percentage composition, the phospholipid used in F1 

LNPs is DOPE, while F2 LNPs exchange this for DSPC. For DOTAP F1 (A), although lower N:P 

ratio worked optimally, there was no N:P that worked distinctively poorly. This was much more 

distinct for F2 LNPs (B), where 4:1 clearly performed optimally. N:P ratios are labelled above 

the relevant fluorescence microscopy image. Scale bar = 400 µm. 
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G1 formulations contain reduced cationic lipid, and increased phospholipid percentage 

compared to the F1 formulations, indicating that an increased molar percentage of the main 

cationic (complexing) lipid appears to be a significant factor in improved saRNA delivery. I1 

saRNA-Ext-cLNPs were able to maintain their expression from 24 to 48 hours. Although all 

DOTAP I1 cLNP N:P ratios appeared to have a similar transfection efficacy, only the 8:1 N:P 

ratio performed well for DOTMA I1 LNPs (Figure 3.3.7A and B). I1 LNPs consisted of a 50:50 

mol% ratio (~1:1 w:w ratio) of cationic lipid:DOPE, as opposed to CaliVax’s 1:1 w:w ratio of 

DOTAP:cholesterol, which shows that although DOPE assists with endosomal escape, 

replacing it with Cholesterol may not necessarily reduce transfection efficacy by limiting RNA 

release. Since LNPs with 3 components including both Cholesterol and a phospholipid show 

better delivery efficacy, this implies a synergistic effect of the two in cLNPs. Overall, it also 

changes the characteristics of the LNPs as the optimal N:P is also altered.  

DDA saRNA-Ext-cLNPs consistently showed lower expression at 24 hours compared to DOTAP 

and DOTMA, as seen by the F2 and B1 formulations (Figure 3.3.8A and B). While DDA F2 cLNPs 

expressed poorly at 24 hours, a marked amplification of saRNA expression was observed at 48 

hours, with a 12:1 N:P ratio outperforming the other ratios. B1 DDA LNPs showed improved 

expression at 24 hours, however this was not amplified as drastically, and more so maintained 

at 48 hours. Although DDA saRNA-Ext-cLNPs did not perform as well as DOTAP and DOTMA at 

24 hours, previous studies have shown they are efficient vaccine delivery vehicles and may 

still be good candidates to explore further in vivo (62), especially the F2 cLNPs, where 

expression is significantly amplified at 48 hours.  
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Figure 3.3.6. G1 formulations follow the trends of DOTAP and DOTMA B1 saRNA-Ext-cLNPs. DOTAP and DOTMA G1 cLNPs were complexed with 

saRNA-eGFP at a range of N:P ratios and examined for transfection efficacy of HEK293 cells at 24 and 48 hours. A) DOTAP G1 cLNPs performed 

better at lower ratios, particularly 6:1, 4:1 and 3:1. Although these did not work as well as 8:1 at 24 hours, they outperform the 8:1 ratio at 48 

hours post-transfection. B) DOTMA G1 8:1 performed optimally at 24 hours, however this was reduced at 48 hours, where 8:1-3:1 N:P ratios 

performed similarly. N:P ratios are labelled above the relevant fluorescence microscopy image. Scale bar = 400 µm.
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Figure 3.3.7. Optimisation of I1 saRNA-Ext-cLNPs by transfection of HEK293 cells. I1 cLNPs 

were complexed with saRNA at N:P ratios of 12:1, 8:1 and 6:1. Transfection efficacy was 

examined by fluorescence microscopy after 24 and 48 hours. A) While DOTAP I1 8:1 LNPs 

performed the most efficiently at 24 hours, all N:P ratios worked similarly at 48 hours. B) In 

contrast, only an 8:1 ratio performed well at 24- and 48-hours post-transfection for DOTMA I1 

saRNA-Ext-cLNPs. N:P ratios are labelled above the relevant fluorescence microscopy image. 

Scale bar = 400 µm.
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Figure 3.3.8. The important effect of DDA cLNPs on amplification of saRNA expression. DDA F2 and B1 cLNPs were complexed with saRNA at a 

wide range of N:P ratios and used to transfect HEK293 cells. Transfection efficacy was examined by fluorescence microscopy after 24 and 48 

hours. A) F2 DDA saRNA-Ext-cLNPs performed poorly at 24 hours, while at 48 hours post transfection, a marked boost in expression was observed, 

especially for the 12:1 N:P ratio. B) B1 LNPs expressed better than F2 cLNPs at 24 hours, however there was more of a maintenance than an 

amplification of RNA expression at 48 hours. N:P ratios are labelled above the relevant fluorescence microscopy image. Scale bar = 400 µm.



Chapter 3 

61 
 

Importantly, although particle sizes differed vastly between optimally performing LNP 

compositions, it was ultimately the N:P ratio that determined cell transfection efficacy. While  

empty LNP sizes were similar (Figure 3.3.1B), the sizes of optimal saRNA-Ext-LNPs ranged from 

162 nm for DOTMA F1 12:1 to 575 nm when DOTAP F2 4:1 was complexed (Figure 3.3.9A, 

Supplementary Table 1). Similarly, empty CaliVax had an average size of 97 nm, this increased 

to 348 nm upon addition of saRNA (Figure 3.3.9A). As expected, when saRNA was complexed 

exteriorly, LNP size increased with decreasing N:P as the number of RNA molecules per LNP 

increases (Figure 3.3.10). The PDI range was also quite large, with some PDIs above the 0.3 

threshold (Figure 3.3.9A). While the size and PDI of some of these LNPs may not be suitable 

for human injection, this is most likely to be a result of limitations of LFH. Alternatively, empty 

LNPs could be made smaller using microfluidics while LFH is a cheaper alternative to screen 

potential saRNA-Ext-LNP candidates. The zeta-potentials of these were very positive, as 

expected of the permanently cationic nature of the LNPs (Figure 3.3.9B). While adding saRNA 

did decrease the zeta potential, it was still very positive even at lower N:P ratios (Figure 

3.3.9B). 
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Figure 3.3.9. Physical characteristics of formulated saRNA-Ext-cLNPs. A) Size of optimal 

saRNA-Ext-cLNPs. A large range of sizes was observed despite optimal performance in cell 

culture experiments. PDIs were generally below 0.3, with some being greater than the 0.3 cut 

off. Green bars represent saRNA-Ext-cLNPs that meet both the size and PDI criteria, red bars 

indicate cLNPs with large sizes, PDIs or both. B) As expected, cLNPs were very positive (>60 

mV, millivolts). Upon addition of saRNA, zeta potential decreased proportionally to N:P ratio. 

A) Bars and symbols represent size and PDI of cLNPs respectively; dotted line indicates PDI 

cut-off of 0.3. n=3 for A) and B). Size (d.nm) is a measure of the particle diameter in nm. 
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Figure 3.3.10. Dependence of size on N:P ratio of saRNA-Ext-cLNPs. ZetaSizer graph for 

DOTMA I1 saRNA-Ext-cLNPs is shown, there is a shift in size with different N:P ratios. Empty 

LNPs were the smallest, as N:P ratio decreased from 12:1 to 6:1, corresponding to addition of 

more RNA molecules, the size of the saRNA-Ext-cLNPs increased (arrow). Size (d.nm) is a 

measure of the particle diameter in nm. 

 

3.4. In vitro toxicity and in vivo assessment of saRNA-cLNP candidates 

As a result of good in vitro eGFP expression, CaliVax and DOTMA and DOTAP F1 were assessed 

for in vivo efficacy. Initially, expression was confirmed by formulating RNA-Ext-cLNPs using 

saRNA-Luc2, transfecting cells, and assessing Fluc expression at 72 hours (Figure 3.4.1A). 

DOTAP F1 8:1 and 6:1 N:P ratios were chosen as opposed to a 4:1 N:P ratio as the size and 

PDIs were poor as seen earlier. saRNA-Ext-cLNPs showed reduced expression when compared 

to LMMax, which was expected. However, CaliVax 2.5:1 saRNA-Ext-cLNPs performed 

significantly better. The reduction in expression could also be as a result of the duration of cell 

growth affecting cell health, and hence expression. LMMax seems to deliver saRNA at a much 

higher efficiency, hence a more appropriate control, such as an established saRNA-LNP (e.g., 

using SM-102 or Dlin-DMA-MC3) would probably result in a more accurate comparison. 

DOTAP saRNA-Ext-cLNPs expressed at similar levels at both an 8:1 and 6:1 ratio, and hence an 
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8:1 ratio was chosen going forward in accordance with general higher N:P ratios used for 

saRNA.  

Based on these results, an MTT assay was performed, no significant toxicity was observed 

(Figure 3.4.1B). Cellular toxicity did increase when RNA was complexed with LNPs as compared 

to empty LNPs, however this toxicity was not statistically significant. 

cLNPs for in vivo studies were produced by LFH. The sizes of these empty LNPs were 74 and 

122 nm with PDIs of 0.177 and 0.098 for DOTAP F1 and DOTMA F1 respectively (Figure 3.4.2A). 

However, upon addition of saRNA, sizes increased to 355 and 222 nm for DOTAP F1 and 

DOTMA F1 respectively, with PDIs above or approximately equal to the 0.3 cut-off. Regardless, 

the encapsulation efficiencies for all saRNA-cLNPs were very high (~98%; Figure 3.4.2B), and 

RNA-cLNPs were still able to express in cell culture (Figure 3.4.2C). Blakney et al. (62) were 

able to utilise larger saRNA-Ext-cLNPs in vivo, showing good expression and anti-viral immune 

responses. Although, these studies used microfluidics to produce empty cLNPs and not LFH.  

For in vivo studies NMRI mice were either injected with 5 µg of saRNA-cLNPs or an equal dose 

of empty LNPs (negative control). Bioluminescent imaging was performed at 6 and 24 hours, 

followed by every other day until day 7. Unfortunately, none of the mice displayed any protein 

expression from saRNA-Luc2 delivery using the LNPs (Supplementary Figure 12). Similarly, 

saRNA-CaliVax showed no expression at day 3 or day 7 post-injection, where peak expression 

is expected. 
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Figure 3.4.1. Expression comparison and toxicity assessment of in vivo saRNA-Ext-cLNP 

candidates using saRNA-Luc2. A) Comparison of saRNA-Ext-cLNP expression at 72 hours using 

RNA-Luc2. CaliVax showed the best performance, followed by DOTAP F1 and lastly DOTMA F1 

cLNPs. LMMax was used as a positive control. B) An MTT assay was performed at 24 hours 

post-transfection to assess toxicity, none of the cLNPs show a significant reduction in viability 

compared to the negative control. Statistical analysis performed using a one-way ANOVA 

followed by a Tukey post-hoc test; p ≤ 0.01 (**) p ≤ 0.001 (***), not significant (n.s). A) Symbols 

above bars represent statistical analysis compared to the relevant LMMax control. RLU – relative light 

units. n=3 for A) and B) 
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Figure 3.4.2. Formulation and characterisation of DOTAP and DOTMA F1 RNA-Ext-cLNPs for 

in vivo assessment. A) cLNPs were produced using LFH and complexed exteriorly with saRNA-

Luc2. Sizes and PDIs were quite large, particularly for saRNA-DOTAP F1 8:1, which was <250 

nm with a PDI approximately equal to the 0.3 cut-off. B) Encapsulation efficacies were 

assessed by a RiboGreen Assay, showing very high encapsulation efficiencies of 98% of saRNA 

within the cLNPs. C) Expression of injected cLNPs was assessed in cell culture, and expression 

was confirmed after 24 hours. A) Bars and symbols represent size and PDI of cLNPs 

respectively; dotted line indicates PDI cut-off of 0.3.  
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3.5. Internal Formulation of saRNA-cLNPs (saRNA-Int-cLNPs) 

To examine alternative saRNA formulation strategies, saRNA-Int-cLNP formulation was 

performed. This was achieved by two methods: microfluidics and a modified SI method 

adapted from Zhang et al. (111) and Melo et al. (112).  

3.5.1. Microfluidics formulation of PEGylated saRNA-Int-LNPs 

DOTAP E1 cLNPs (DOTAP:Chol:DOPE:DMG-PEG2000) at an 8:1 N:P ratio was formulated using 

microfluidics with a size, PDI and Zeta Potential of 76.3 nm, 0.11 and 10.47 mV respectively 

(Figure 3.5.1A and B, Supplementary Table 1). The zeta potential is significantly lower than the 

un-PEGylated cLNPs produced by LFH, this is possibly due to the PEGylated lipid “shielding” 

the charge of the cationic lipid. These delivered saRNA-eGFP poorly, however upon use of 

serum-free media, a marked increase in expression was observed (Figure 3.5.2). This suggests 

an influence of serum constituents on the cLNPs, agreeing with literature showing that cLNPs 

interact with serum proteins and are not stable when injected systemically due to permanent 

positive charges (109,110). However, these have been utilised previously for saRNA vaccines, 

even when un-PEGylated (62). Hence, this may be a case of in vitro results often not aligning 

with in vivo results (113). iLNPs were also examined as these are currently the most utilised 

platform for RNA vaccines. DLin-DMA-MC3 has been extensively used in iLNPs, and hence was 

examined as a comparison. E2 iLNPs were formulated at 12:1 and 8:1 N:P ratios and were <50 

nm after purification by concentration columns (Figure 3.5.1A, Supplementary Table 1). These 

had a high encapsulation efficiency of 95% (Figure 3.5.3A). Although the 12:1 N:P performed 

better than 8:1, poor efficacy of both was observed (Figure 3.5.3B). Considering these have 

been successfully applied to saRNA vaccines, this result was surprising (97). This could be as a 

result of kidney as opposed to liver cells being used, as these LNPs intrinsically target cells 

overexpressing LDLR. It also exposes a poor correlation between cell culture and in vivo 

efficacy (113). These LNPs were optimized for encapsulation of significantly smaller siRNAs, as 

this LNP is used in Onpattro® (Patisiran) (114), which could also explain poor release of 

encapsulated saRNA. The zeta potentials of all the PEGylated LNPs were close to neutral, 

however cLNPs were slightly more positively charged, while iLNPs were more negatively 

charged (Figure 3.5.1B). 
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Figure 3.5.1. Characteristics of saRNA-Int-LNPs formulated using microfluidics. A) saRNA-Int-

cLNPs and -iLNPs were successfully produced using microfluidics with sizes <100 nm and low 

PDIs. B) While all LNPs were relatively neutral, PEGylated E1 cLNPs were slightly positively 

charged, while PEGylated iLNPs were slightly negatively charged. C) All microfluidics 

formulated LNPs showed high encapsulation efficiency (>90%). A) Bars and symbols represent 

size and PDI of cLNPs respectively; dotted line indicates PDI cut-off of 0.3. Size (d.nm) is a 

measure of the particle diameter in nm.  
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MC3 H2 8:1 N:P LNPs were also produced with low sizes (Figure 3.5.1A, Supplementary Table 

1), and these worked more efficiency showing improvement in Fluc expression compared to 

MC3 E2 iLNPs (Figure 3.5.5B). This is possibly as a result of a lower percentage of the PEGylated 

lipid (DMG-PEG2000), reducing hinderance of the LNPs from interacting with and entering 

cells. A higher ionisable lipid percentage and less cholesterol could have also improved 

expression, which was similar to what was observed for the RNA-Ext-cLNPs (Appendix Table 

5). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5.2. Delivery efficacy of DOTAP E1 saRNA-Int-cLNPs in HEK293 cells. DOTAP E1 cLNPs 

did not perform well in serum-containing media, showing minimal eGFP expression, however 

this increased upon removal of serum from the media. Scale bar = 400 µm. 
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Figure 3.5.3. Unexpected poor delivery efficacy of MC3 E2 saRNA-Int-iLNPs in cell culture. 

MC3 E2 iLNPs did not perform well in cell culture experiments, showing minimal Fluc (Luc2) 

expression at 24 and 48 hours compared to LMMax (A). When LMMax is omitted from the 

graph, some luminescence can be observed (B). The 8:1 N:P performed better than the 12:1 

N:P. 
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3.5.2. A simple modified solvent injection can produce functional saRNA-Int-cLNPs 

To screen saRNA-Int-cLNPs without the need to formulate using microfluidics, a modified SI 

method was used. This involves simply adding the lipids in ethanol to the diluted RNA and 

vortexing for a few seconds. This was able to produce saRNA-Int-cLNPs with efficiently 

encapsulated saRNA, albeit with variable size distributions (Figure 3.5.4A, Supplementary 

Table 1). Some had multiple peaks, poor PDIs, larger sizes or aggregation (e.g., DDA B1 12:1), 

while others had single peaks with acceptable PDIs and sizes (DOTAP and DOTMA B1). This 

results from a cruder method of mixing as compared to microfluidics, which makes use of 

highly controlled flow rates and low turbulence. Nonetheless, high encapsulation efficiencies 

were observed (>90%, Figure 3.5.4B) and were used for internal LNP screening prior to 

microfluidics formulation. In contrast, iLNPs had poor encapsulation efficiency when 

formulated using SI independent of buffer composition, pH, and ionisable lipid used, as 

neither SM-102 nor DLin-MC3-DMA LNPs H2 cLNPs were able to efficiently encapsulate saRNA 

using this method (<70%, Figure 3.5.4B). 

Transfection efficiency of saRNA-cLNPs using the modified solvent injection method was 

evaluated using saRNA-Luc2. Once again transfection efficacy was mainly dependent on N:P 

ratio. For B1 saRNA-Int-cLNPs (Figure 3.5.5A), although DOTAP B1 12:1 performed the best at 

24 hours post-transfection, at 48 hours a reduction in expression was noted. Regardless, 

DOTAP B1 8:1 saRNA-LNPs showed a slight increase in expression from 24 to 48 hours, which 

is expected, considering the amplifying nature of saRNA. DOTMA B1 12:1 performed poorly 

and showed drastically reduced expression at 48 hours, while DDA B1 cLNPs aggregated and 

were therefore not assessed for transfection efficiency.  

Similar to saRNA-Ext-cLNPs, F1 saRNA-Int-cLNPs formulated using the modified solvent 

injection method displayed improved performance (Figure 3.5.5B). Although DOTAP F1 8:1 

cLNPs performed the best at 24 hours, only a small increase in expression was observed at 48 

hours post-transfection. However, at 12:1 and 15:1 N:P ratios, although a lower expression 

level was observed at 24 hours, the expression more than doubled at 48 hours. DDA F2 12:1 

saRNA-cLNPs, showed a similar pattern to DOTAP F1 15:1 and 12:1, however a substantial 4-

fold increase was observed from 24 to 48 hours. This was an impressive result, showing how  
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Figure 3.5.4. Formulation of saRNA-Int-cLNPs using a modified solvent injection method. A) 

cLNP sizes were all above 100 nm with variable PDIs. B) Despite larger sizes and PDIs, cLNPs 

displayed high encapsulation efficacy of saRNA. iLNPs were unable to efficiently encapsulate 

RNA using this method. A) Bars and symbols represent size and PDI of cLNPs respectively; 

dotted line indicates PDI cut-off of 0.3. Size (d.nm) is a measure of the particle diameter in nm. 

 

 

 

 



Chapter 3 

73 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5.5. The effect of lipid choice and N:P ratio on transfection efficacy of saRNA-Int-

cLNPs produced using the modified solvent injection method. A) For B1 cLNPs, DOTAP B1 at 

an N:P ratio of 12:1 performed the best, with a reduction in efficacy for an 8:1 ratio (left). 

Transfection efficacy did not seem to amplify at 48 hours; however, the expression kinetics 

were similar to the LMMax control (right). B) Effect of saRNA-Int-cLNP lipid composition and 

N:P ratio on saRNA expression kinetics for F1/F2 cLNPs. N:P ratio altered initial delivery, and 

amplification kinetics of saRNA. While DOTAP 15:1 and 12:1, and DDA F2 12:1 show minimal 

expression at 24 hours post-transfection, they show a significant increase in expression after 

48 hours. Statistical analysis performed using a one-way ANOVA followed by a Tukey post-hoc 

test; p ≤ 0.001 (***), not significant (n.s). n=3 for both A) and B).  
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different cationic lipids can significantly alter saRNA expression kinetics, making it a strong 

candidate for in vivo assessment. DOTMA F1 12:1 performed relatively poorly, with no 

substantial increase in expression from 24 to 48 hours. Only DOTMA saRNA-Int-cLNPs 

performed worse than the MC3 control included, which also did not result in amplification of 

Fluc expression as discussed previously. 

3.5.3. Comparison of Microfluidics and Solvent Injection is Limited by Purification Difficulties 

In an attempt to compare the modified solvent injection method and microfluidics, DOTAP F1 

12:1 and DDA F2 12:1 saRNA-Int-cLNPs were produced using both methods. While the LNPs 

produced using the modified SI method were not purified (crude), LNPs produced using 

microfluidics were dialysed prior to use in transfection. Dialysis resulted in a loss in sample, 

which limited their use in in vivo studies, however purification using concentrator columns 

resulted in aggregation of LNPs, prompting favour of LNP dialysis. Microfluidics LNPs were 

generally smaller compared to the modified solvent injection method, with a minor size 

increase after dialysis (Figure 3.5.6A). Upon transfection of HEK239 cells, a marked reduction 

in transfection efficacy was shown compared to crude LNPs produced using the modified SI 

method (Figure 3.5.6B) despite maintenance of encapsulation efficiency. The saRNA-Int-cLNPs 

produced using the modified SI method were able to replicate transfection efficacy and 

expression dynamics as before (Figures 3.5.6B and 3.5.5B) 

Similar loss in potency was observed after purification of PEGylated D1 cLNPs. Although sizes, 

PDIs and encapsulation efficiency remained the same before and after dialysis (Figure 3.5.6C 

and D), potency was reduced. Expression almost tripled from 24 to 48 hours when crude 

saRNA-Int-cLNPs were used to transfect cells (Figure 3.5.6E). However, purified LNPs showed 

no expression of Fluc transgene. Despite issues with purification, which can be optimised, 

DOTAP D1 8:1 saRNA-Int-cLNPs were able to deliver saRNA to cells and allow for amplification  

of saRNA, and hence, these D1 LNPs still show strong potential for in vivo use. Similarly, other 

saRNA-Int-cLNPs such as DDA F2 12:1 and DOTAP F1 12:1 were very promising candidates 

when evaluated using the modified SI method, which should be translatable to microfluidics 

after the purification is optimised.
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Figure 3.5.6. Loss in saRNA-Int-cLNP potency upon purification of saRNA-Int-cLNPs. A) saRNA-Int-cLNPs produced using microfluidics (MF) were 

smaller than those formulated with the modified SI, although all LNPs were >100nm with the exception of DDA F2 SI formulated cLNPs. However, 

all PDIs were <0.3. A minimal increase in size was observed from before (BD) to after dialysis (AD) of DDA F2 12:1 saRNA-Int-cLNPs. B) Dialysed 

cLNPs formulated using microfluidics lost their delivery efficacy in cell culture compared to crude LNP controls formulated using SI. PEGylated D1 

LNPs formulated using MF had similar sizes and PDIs (C), and encapsulation efficiencies (D) before and after dialysis. However, their potency is 

lost after purification (E). A and C) Bars and symbols represent size and PDI of cLNPs respectively; dotted line indicates PDI cut-off of 0.3. Size 

(d.nm) is a measure of the particle diameter in nm.
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Chapter 4 

Discussion 

The COVID-19 pandemic has brought mRNA to the forefront as an effective platform for 

vaccines. Improvements in RNA and antigen design, and delivery of these vaccines is essential 

to the progression of mRNA as a versatile and accessible drug substance (20). saRNA has 

advantages over conventional mRNA such as use of unmodified nucleotides in place of 

modified nucleotides which reduces production costs, and the requirement of significantly 

lower doses (80), which may improve vaccine equity. Although saRNA has been studied 

alongside conventional mRNA, with its first use in an influenza vaccine in 1994 (54), it has only 

been further investigated and become more relevant recently, especially after successful 

delivery of an RSV vaccine with a non-viral vector (97). This highlights the importance of 

developing non-viral vector platforms to drive the success of RNA vaccines, however much is 

still to be investigated to optimise these platforms. The work in this dissertation provides a 

platform for both development of saRNA for vaccines, and the vectors required for successful 

delivery and subsequent immune responses.  

4.1. rNTP: Mg2+ ratio and pDNA template dose are crucial factors in IVT of longer RNA 

transcripts 

IVT optimisation was performed as kits used for conventional mRNA IVTs were not efficient at 

producing RNA with significantly longer transcripts. Agreeing with the literature, the 

Magnesium ion (Mg2+)  to NTP ratio appears to be very important for in vitro transcription, 

especially of saRNA (106). While the TriLink protocol used a total NTP: MgOAc2 ratio of 1:1.35, 

the DOE buffer 1:1.88 with additional sodium acetate. These Mg2+ ions have a dual function: 

(a) They bind to NTPs and act as a co-factor resulting in incorporation of nucleotide 

monophosphates into the synthesised RNA strand; (b) they are required for the binding of the 

T7 polymerase onto the linearised pDNA template (30,31), which is an essential step in 

transcription initiation. The concentration of Spermidine, which allows dissociation of RNA 

polymerase from the DNA template (115), is also important for saRNA. The DOE buffer uses 

10× less Spermidine, which may promote prolonged association of the T7 polymerase with a 

much longer DNA template, and hence prevent premature dissociation of the enzyme before 

a complete saRNA is transcribed. An increase in DNA template concentration was also shown 
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to be important as using a lower concentration in the High Yield and AmpliScribe IVTs did not 

show successful IVT. However, doubling the concentration such as in the RiboMax kit and DOE 

protocol, produced intact saRNA transcripts. Although these factors were important for 

saRNA, they seemed less important for production of conventional mRNA, as all kits 

successfully transcribed the mRNA kit controls. 

4.2. Successful cloning of new saRNA templates and expression kinetics of saRNA 

The cloning strategy for the new saRNA pDNA templates is simple and has a high success rate. 

These constructs allow for efficient linearisation and in vitro transcription of saRNA, which 

were able to express prominent levels of transgene (eGFP and Fluc). This was dependent on 

the capping mechanism used, while enzymatically capped saRNA was able to be expressed, 

this was not as strong as co-transcriptional capping. This was most likely as a result of 

degradation of saRNA during capping, and this method may not be suitable for capping of 

significantly longer RNAs. Co-transcriptional capping however, especially TriLink’s CleanCap 

AU reagent, resulted in significantly higher transgene expression, similar to that of pDNA after 

24 hours. This is a highly efficient and specific system as it is a trimer as opposed to previous 

dimer analogues (116). Co-transcriptional capping also holds the advantage over enzymatic 

capping as it eliminates an additional purification step between the IVT and capping reactions, 

which will be essential in large scale production of saRNA to reduce degradation of the longer 

RNA through turbulent handling.  

4.3. LFH as a useful, cost-efficient tool for cell culture screening of RNA-Ext-LNP candidates 

Non-viral vectors are vital to deliver the encapsulated RNA into cells, prevent RNase-mediated 

degradation, and act as an adjuvant. These all ensure that antigens can be translated, and an 

effective immune response can be developed. In this body of work, LNPs were chosen as these 

have been successfully utilised in approved vaccines and therapies. Empty cLNPs were 

successfully formulated using lipid film hydration, and saRNA could be formulated externally 

with high encapsulation efficiency. LFH is a “top-down” approach, and hence may not be the 

most optimal method of production, as seen with the variability in sizes between batches of 

empty LNPs such as the DOTAP and DOTMA B1 cLNPs. These cLNPs also had larger sizes 

compared to those produced using microfluidics. There were difficulties in producing DDA 

cLNPs, such as ones containing DOPE (such as F1), which is why it was substituted for DSPC. 

Requirement of heating the lipids above their phase transition temperature during hydration, 



Chapter 4 

78 
 

sonication, and extrusion increases the difficulty of this method as this temperature is 

relatively high in certain cases (the phase transition temperature of DSPC is 55°C [114]). 

Hence, at a larger scale, “bottom-up” approaches such as microfluidics and solvent injection, 

may be more suitable to produce these LNPs in a simpler, more reproducible manner. 

Nonetheless, this method is a relatively cheap method of producing cLNPs to examine saRNA-

Ext-cLNPs candidates in vitro, as this is significantly cheaper than screening using microfluidics. 

Cationic lipids have the advantage of reduced cost compared to ionisable lipids, and cLNPs 

have an extensive track record in successful use for non-RNA therapeutics (66), emphasising 

their clinical relevance. These have recently shown success in the saRNA vaccine field (62,103–

105). 

4.4. Promising cell culture results for potential saRNA-Ext-cLNPs 

Many of the saRNA-Ext-cLNP candidates showed prominent levels of RNA delivery as seen by 

transgene expression. The composition and N:P ratios were the most important LNP 

considerations influencing the delivery, as larger sizes were often able to deliver more 

efficiently that smaller sizes and vice versa. While Lipofectamine MessengerMax (LMMax) 

delivered saRNA much more efficiently, this was used as a control for transfection rather than 

a comparison for saRNA-Ext-cLNPs, as LMMax is not used for in vivo delivery of saRNA. A more 

appropriate comparison would be an LNP that is known to deliver saRNA efficiently in vivo, 

such as the MC3 iLNPs used for the saRNA-Int-cLNPs (97). Nonetheless, high transfection 

efficacy for optimised formulations was clearly evident. No significant toxicity was measured 

in cells transfected with these LNPs. Interestingly, LNPs formulated with RNA were generally 

more toxic than LNPs alone, suggesting a combinational effect when the RNA is complexed to 

the LNP in the non-significant toxicity observed.  

4.5. Possible explanations for failure of saRNA-Ext-cLNP candidates in vivo 

Despite positive cell culture results, in vivo results for the top candidates were negative, with 

no expression of saRNA visible after any of the timepoints. This could be due to a multiplicity 

of reasons including the size of the LNPs. While the large size may not be detrimental in cell 

culture, factors such as immune responses and organ architecture may affect LNP 

pharmacology. The immune system may result in clearance of LNPs by the mononuclear 

phagocyte system before cell transfection can occur (reviewed in (67)). It has been shown that 

larger LNPs are cleared more rapidly due to an increase in surface area for immune recognition 
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(117). However, Blakney et al. formulated saRNA-Ext-LNPs with relatively large sizes (>175 nm) 

despite being formulated with microfluidics. These saRNA-cLNPs expressed transgene and 

resulted in an immune response (62,104). A study published by Moderna also found that the 

immunogenicity of mRNA-LNPs increased with increasing size up to 105 nm, after which 

immunogenicity decreased with an increase in size, albeit only up to 150 nm. Regardless, 

larger LNPs still resulted in robust immune responses (118). Therefore, microfluidics may be 

the distinguishing difference, and may be required for positive in vivo results as it is a more 

robust method of LNP production.  

Addition of a PEGylated lipid may further improve delivery efficacy by preventing clearance by 

the immune system by reducing size and opsonisation of the LNP surface. PEG is also beneficial 

for LNP stability in vivo and during storage (reviewed in (119)). It may also negatively impact 

the LNP depot effect, which may be favourable for RNA vaccine efficacy (88). The difference 

in organ architecture between 2D versus 3D cell layout may affect transfection efficacy, as cell 

culture results also do not strictly correlate with in vivo efficacy (111). Zhang et al. (111) 

screened their library of LNPs, and some LNPs that did not perform well in cell culture, showed 

the highest expression in vivo. Secondary tissue structure, and different cell types in cell 

culture versus in vivo environments may be the reason for these inconsistencies. 

Generally, mice showed no weight loss and were healthy when performing welfare checks 

based on physical examinations. Innate cytokines and in vivo toxicity were not examined as 

the candidates failed to efficiently deliver the RNA and result in expression. However, 

cytometric bead arrays would be used to assess cytokine production, and measurement of 

alanine and aspartate transaminases would determine whether any toxicity was caused. 

4.6. Effects of saRNA-Int-LNP formulation on saRNA expression kinetics 

mRNA vaccines are generally formulated inside the LNPs using microfluidics for clinical use. In 

this study, multiple cLNPs and iLNPs were formulated with saRNA internally using 

microfluidics. These generally had small sizes and high encapsulation efficiencies, however 

there was variability in their delivery. This could be a result of cell culture versus in vivo efficacy 

as some of these, in particular the MC3 formulations, were utilised by Geall et al. with 

successful in vivo results (97). Regardless, MC3 H2 LNPs showed relatively good cell culture 

efficacy. Interestingly, the expression kinetics of the saRNA were not expected, with no 

increase in expression despite the expected RNA replication. However, this could be a result 
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of the lipid being developed for use with siRNAs (114), which are even smaller than mRNAs. 

Hence, MC3 may not be suitable or require more optimisation to be used efficiently with 

saRNA. The disadvantage of microfluidics, especially at a smaller scale, is the cost. The 

equipment and cartridges are quite costly, especially if the goal is screening in vivo candidates. 

However, this platform is scalable, streamlined, and provides a highly precise, chaotropic and 

non-turbulent method for internal and external formulation of saRNA-LNPs (120).  

To overcome costs associated with microfluidics when screening saRNA-Int-LNPs, a modified 

solvent injection method was used to formulate based on the solvent injection method. 

Although larger cLNPs with higher PDIs were produced, the formulation was successful in 

producing saRNA-Int-cLNPs with high encapsulation efficiencies. The larger sizes and PDIs of 

LNPs formulated by modified solvent injection would be solved by using microfluidics. 

however, iLNPs showed low encapsulation efficacy, and hence should only be produced using 

microfluidics.  

Overall, for saRNA-Int-cLNPs and saRNA-Ext-cLNP candidates examined, DOTMA and DOTAP 

showed the most potential for saRNA delivery, in particular the F1, B1 and F2 formulations. 

DOTMA has generally not been examined in the literature, as DOTAP has been preferred. 

DOTMA is the non-ester analogue of DOTAP, which could improve LNP stability in vivo and 

during storage, and is simpler to synthesise. This could be an advantage over ester analogues, 

as no toxicity was observed in cell culture by omission of this feature. However, one important 

result that could have easily been omitted if only short-term expression was analysed is the 

potential of DDA for saRNA delivery. In both saRNA-Ext-cLNPs and saRNA-Int cLNPs, while DDA 

saRNA-LNPs showed minimal expression at 24 hours post-transfection, after 48 hours this was 

significantly boosted. This shows a difference in the delivery kinetics of DDA, possibly affecting 

endosomal escape or RNA release kinetics from the LNP. Hence this formulation should not 

be omitted from future studies. PEGylated D1 saRNA-Int-cLNPs, despite showing lower 

expression than non-PEGylated cLNPs, also have potential in vivo to minimise clearance and 

improve expression. Importantly, the difference between the E2 cLNPs, which showed 

minimal expression, and these D1 cLNPs, is the omission of cholesterol. Unlike with iLNPs, 

cholesterol may have an inhibitory effect on these PEGylated cLNPs. While the DOTAP B1 

saRNA-Int-cLNP 12:1 showed a reduction in expression from 24- to 48-hours, the 
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lipofectamine control displayed a similar trend which may indicate the possibility of an issue 

with the transfection itself (cell health etc.) rather than the LNPs themselves. 

saRNA-Luc2 was used in these experiments, and showed how quantification of the transgene 

expression is especially useful for assessment of LNP efficacy and expression kinetics. For 

saRNA-eGFP, a technique such as flow cytometry should be used to allow for this 

quantification in future. These results showed that studying LNP composition in combination 

with N:P ratio is especially important in developing the optimal LNP formulation that 

accommodates saRNA delivery as well as efficient RNA replication to allow a lower dose to be 

used in humans. This emphasises the importance for comparisons of saRNA and mRNA, due 

to the short-lived expression of conventional mRNA. Although this may seem like an extensive 

process, this could be improved by using a design of experiments approach (104). 

4.7. Solutions to successfully purify saRNA-cLNP candidates 

Purification of saRNA-Int-cLNPs was attempted using two methods: concentrator columns and 

dialysis, with multiple difficulties persisting. Loss of sample and LNP potency were the main 

setbacks, the loss in sample suggests interaction of the LNPs with the dialysis membrane. 

Suggestions such as pre-wetting the membrane and washing the membrane after dialysis did 

not improve this. To solve these obstacles, different dialysis cassettes could be tested to try 

and reduce membrane binding. However, dialysis is not a scalable method, and a method 

closer to a tangential flow filtration system should be optimised, such as improving the use of 

the concentrator columns. Centrifugal concentrator column use resulted in membrane 

fouling, preventing buffer exchange and concentration. The reason for this could be as a result 

of high centrifugation speeds (2000 ×g), which could be lowered. Membrane fouling could 

also be due to instability and subsequent aggregation when a centrifugal force is applied to 

unPEGylated LNPs, as PEGylated iLNPs and cLNPs are purified well using this method. The 

buffer could be altered to change aspects such as pH and component concentrations as this 

may improve LNP stability. 

One limitation of RNA-LNPs is their long-term storage stability, using sucrose to stabilise the 

LNPs may also assist downstream applications, such as lyophilisation which involves the 

removal of water by sublimation. This results in formation of a “cake” which can be 

reconstituted in water or a buffer of choice (20,121). This is a technique only applied more 
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recently to LNPs, and will assist in improving transportation stability in lower middle income 

countries such as South Africa (20). 
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Conclusions and Future Work 

The work outlined in this dissertation will aid in development of LNPs and the processes for 

production, characterisation, and assessment of saRNA- and mRNA-LNP vaccines in South 

Africa. A flexible platform for saRNA vaccines in combination with LNP formulation has been 

successfully established. Three different production methods were examined. While modified 

solvent injection and LFH are substantially cheaper, they may not be optimal for clinical 

application due to size constraints. Microfluidics was able to produce consistently smaller and 

higher quality LNPs, however, purification still requires optimisation. Although positive results 

for LFH-produced LNPs were not observed in vivo, optimisation of a library of saRNA-cLNPs 

has been achieved. This includes both saRNA-Int-cLNPs and saRNA-Ext-cLNPs, which still have 

potential to be examined in vivo. Interesting results on the expression kinetics of saRNA and 

their relationship with composition of LNPs and the N:P ratio was observed. It is therefore 

essential to optimise these characteristics correctly to maximise the potential of the saRNA 

platform.  

Future studies will resolve issues with saRNA-Int-cLNP purification to prevent aggregation and 

allow in vivo assessment. saRNA-Ext-cLNPs formulated using empty LNPs produced using 

microfluidics should be examined in vivo as this may be the determining factor for successful 

delivery. Different routes of injection, such as intradermal and intranasal administration, could 

also be examined. This will be important in examining less invasive vaccine administration, 

which could show an improvement in vaccine uptake as a result of reduced pain. This may 

have a beneficial effect on immune responses by delivering the RNA to different cell types, 

including an increased proportion of antigen display to immune cells (104). Novel LNPs should 

also be examined to specifically cater for mRNA and saRNA delivery and reduce reliance on 

lipids that require licencing for commercial use. Improving RNA-LNP stability by lyophilisation 

would increase storage and transportation temperatures from ultra-low temperatures to 

temperatures typically used for conventional vaccines (4°C). Following South Africa’s reliance 

on first world countries for mRNA-LNP vaccine supply, this study represents an important 

development towards independence on mRNA vaccine production from the global North. This 

platform provides an advancement in the current RNA technologies in Africa, improving 

preparation for any future pandemics.
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Chapter 5 

Appendix 

5.1. Bacterial culture 

5.1.1 Luria Bertani (LB) medium (1 L) 

Ten grams tryptone, 5 g yeast extract and 5 g NaCl were dissolved in one litre of dH2O, mixed 

and autoclaved at 121 °C for 30 minutes. 

5.1.2. LB-agar medium (1 L) 

Fifteen grams of agar was added per 1 L LB media, mixed and autoclaved at 121 °C for 30 

minutes. The solution was left to cool until it reached 55 °C after which 1 ml (100 mg) of 

ampicillin antibiotic stock (1000 ×, 100 mg/ml) was added. LB-Agar was poured into bacterial 

agar plates (25 ml per plate) at left to cool until solid. Agar plates were stored at 4 °C until 

needed or for no less than 2 months.  

5.1.3. Ampicillin (1000 × stock, 100 mg/ml, 10 ml) 

One gram of ampicillin was dissolved in 5 ml injection grade SABAX H2O. Five millilitres of 

100% ethanol were added to the solution. This was filter sterilised through a 0.2 µm filter and 

stored at -20 °C. 

5.1.4. Transformation of chemically competent bacteria 

Twenty nanograms of purified pDNA, or 5 µl of ligation mix was added to 50 µl of chemically 

competent NEB Turbo E. coli cells (New England Biolabs, NJ, USA) and incubated on ice for 30 

minutes. This was heat shocked at 42 °C for 90 seconds, followed by incubation on ice for 5 

minutes. The transformation mix was then added to an agar plate supplemented with 

ampicillin and evenly spread across the surface. Agar plates were incubated upside down 

overnight at 37 °C. 

5.2. Plasmid DNA Extraction Buffers 

5.2.1. Re-suspension Buffer (P1, one litre) 

Re-suspension buffer was prepared by dissolving Tris Base (6.06 g) and EDTA (3.72) in 800 ml 

dH2O. The pH was adjusted to pH 8 with NaOH and the volume was adjusted to one litre with 

dH2O. The solution was autoclaved at 121 °C for 30 minutes and stored at 4 °C. After the 

solution had cooled, 100 mg of RNase A was added. 
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5.2.2. Lysis Buffer (P2, one litre) 

Lysis buffer was prepared by dissolving 8 g NaOH and 10 g sodium dodecyl sulphate (SDS) in 

dH2O. This was autoclaved at 121 °C for 30 minutes and stored at room temperature. 

5.2.3. Neutralisation Buffer (P3, one litre) 

Neutralisation buffer was prepared by dissolving potassium acetate (294.5 g) in 500 ml dH2O, 

the pH was adjusted to 5.3 with glacial acetic acid. The volume was adjusted to 1 litre with 

dH2O, autoclaved at 121 °C for 30 minutes, and stored at 4 °C. 

5.2.4. Wash Buffer (QC, one litre)  

Wash buffer was prepared by dissolving sodium chloride (NaCl, 58.44 g) and MOPS (3-

morpholinopropane-1-sulphonic acid, 10.46 g) in 800 ml of dH2O. The pH was adjusted to 7 

using NaOH after which 150 ml of isopropanol was added. The volume was adjusted to 1 litre 

with dH2O, autoclaved at 121 °C for 30 minutes, and stored at room temperature. 

5.2.5. Equilibration Buffer (QBT, one litre) 

Equilibration buffer was prepared by dissolving 43.83 g NaCl and 10.46 g MOPS in 800 ml 

dH2O. The pH was adjusted to 7.0 with NaOH, and 150 ml of isopropanol and 15 ml of 10% 

Triton X-100 were added. The volume was adjusted to 1 litre with dH2O. 

5.2.6. Elution Buffer (QF, one litre) 

Elution buffer was prepared by dissolving 73.05 g NaCl and 6.06 g Tris Base in 800 ml of water. 

The pH was adjusted to 8.5 using hydrochloric acid (HCl). Isopropanol was added (150 ml) and 

the volume was adjusted to 1 litre. 

5.2.7. Small scale purification of pDNA (without column) for screening of ligation reactions 

Bacteria were inoculated overnight at 37 °C in 10 ml of LB media supplemented with 

ampicillin. The was performed using a colony from a bacterial plate transformed with a ligation 

mix. 

The next day, the bacterial culture was centrifuged at 3000 ×g for 15 minutes after which the 

supernatant was removed. The pellet was resuspended in 180 µl of re-suspension solution 

and transferred to a 1.5 ml microcentrifuge tube. Lysis buffer (160 µl) was added and 

vigorously mixed, this was incubated at room temperature for 5 minutes. One hundred and 

twenty microlitres of neutralisation solution was added to the solution and mixed thoroughly, 
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followed by incubation on ice for 5 minutes. The solution was centrifuged at maximum speed 

(12 000-14 000 ×g) at 4 °C for 10 minutes. The supernatant was transferred to a new tube and 

600 µl of isopropanol was added and incubated for 2 minutes at room temperature to 

precipitate the DNA. This was centrifuged at maximum speed for 20 minutes at room 

temperature. The pellet was washed with 1 ml of 70% ethanol followed by centrifugation at 

maximum speed, 4 °C for 5 minutes. The supernatant was removed, and the pellet was air-

dried, followed by resuspension in dH2O. 

5.2.8. Large-scale purification of plasmid DNA (QIAGEN Plasmid Maxi Kit (Qiagen, MD, USA)) 

Bacteria were inoculated overnight at 37 °C in 200-300 ml of LB media supplemented with 

ampicillin. The was performed using a colony from a bacterial plate, or a glycerol stock of 

bacteria containing the pDNA of interest.  

The next day, the bacterial culture was centrifuged at 6000 ×g for 15 minutes. The pellet was 

resuspended in 10 ml re-suspension buffer, followed by addition of 10 ml lysis buffer, and 

mixed vigorously. This was incubated at room temperature for 5 minutes after which 10 ml of 

neutralisation buffer was added and the solution was mixed. This was incubated on ice for 20 

minutes. The solution was centrifuged at 10 000 ×g, 4 °C for 45 minutes. A column was 

prepared by addition of 10 ml equilibration buffer and allowing the solution to empty by 

gravity flow. The supernatant of the centrifuged solution was added to the column and 

allowing it to flow through by gravity flow. The supernatant was filtered using biochemical 

cotton to remove any precipitants prior to addition to the column. The column was then 

washed twice with 30 ml of wash buffer. Plasmid DNA was eluted by adding 15 ml of elution 

buffer. To precipitate the pDNA, 10.5 ml of isopropanol was added to the eluted DNA and 

centrifuged at 10 000 ×g, 4°C for 40 minutes. The supernatant was removed, and the pellet 

was washed by adding 5 ml of 70% ethanol and centrifuging at 10 000 ×g, 4°C for 20 minutes. 

The supernatant was removed, the pellet was air-dried and re-suspended in injection grade 

dH2O. 

 



Chapter 5 

87 
 

5.3. Cloning 

5.3.1. Extraction and purification of restriction digest fragments from an agarose gel 

Purification of gel fragments was performed using the QIAquick® Gel Extraction Kit (Qiagen, 

MD, USA). The DNA fragment of interest was excised from the gel. The gel slice was weighed 

and 3 volumes of buffer QG was added to 1 volume of gel and incubated at 50 °C for 10 

minutes with vortexing every 3 minutes. One gel volume isopropanol was then added, and 

the sample was added to a spin column (800 µl maximum per spin). The column was 

centrifuged at maximum speed (12 000-14 000 ×g) for 1 minute and the flow through was 

discarded. This was repeated until all of the gel-mixture has been passed through the column. 

The column was washed twice by adding 750 µl buffer PE, incubating at room temperature 

for 5 minutes, and centrifuging at maximum speed for 1 minute. The DNA fragment was eluted 

into a clean tube by adding 30 µl of buffer EB, incubating at room temperature for 5 minutes, 

followed by centrifugation at maximum speed for 1 minute. A second elution was done into a 

separate tube to increase DNA yield. If possible, the fragment was re-electrophoresed on an 

agarose gel to confirm purity. 

5.3.2. Ligation of DNA fragments 

Ligations were set up according to the manufacturers’ recommendations at vector:insert 

ratios of 1:0 (control), 1:3 and 1:5. The ligation reactions were incubated at room temperature 

for 10 minutes, or overnight at 4 °C and 16 °C followed by bacterial transformation. 

Appendix Table 1. Primers used for plasmid sequencing. 

Primer Name Primer Use Primer Sequence (5 ′ → 3 ′) 

MCS Fw saRNA and 
MCS pDNA 
Sequencing 

CAGCTTGTCTGTAAGCGG 

MCS Rv CGGCTCGTATGTTGTGTG 

Luc2 Fw ATCAAATACAAGGGCTAC 

eGFP IF AGATCCGCCACAACATCGAG 

Sequencing was performed by Inqaba Biotech (GP, RSA). 

5.4. In vitro transcription of saRNA 

5.5.1. Lithium Chloride precipitation solution (10 ml, 7.5 M LiCl, 50 mM EDTA) 

A 0.5 M EDTA stock solution (10 ×, 50 ml) was made by dissolving 7.3 g EDTA in UltraPure™ 

DNase/RNase-Free Distilled Water (Invitrogen, MA, USA) and adjusting the pH to 8.0 using 

NaOH. LiCl solution was made by mixing 3.2 g LiCl with 1 ml of the 0.5 M EDTA solution and 
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topping up the solution to 10 ml with nuclease-Free water. This was filter sterilised and stored 

at 4 °C. 

5.5.2. In-House IVT Buffers and Reactions 

Spermidine (200 mM, 0.5 ml) and DTT (1 M, 0.5 ml) stock solutions were prepared by 

dissolving 77.1 mg and 14.5 mg respectively in nuclease-Free water, followed by filter 

sterilisation. 

The 5 × DOE IVT buffer was set up according to the following table: 

Appendix Table 2. Composition of 5× DOE-based saRNA IVT B 

Component Final Concentration 
(mM) 

Stock Concentration 
(mM) 

Volume of stock (µl) 

HEPES 200 1000 100 

Magnesium acetate 375 1000 187.5 

DTT 200 1000 100 

Spermidine 1 200 2.5 

Sodium acetate 50 3000 8.3 

Nuclease-Free Water   101.7 

This was stored at -20 °C in foil for light protection. 

Appendix Table 3. Composition of 10× TriLink CleanCap AU Protocol IVT Buffer 

Component Final Concentration  Stock Concentration 
(mM) 

Volume of stock (µl) 

Tris·HCl pH 8.0 400 mM 1000 400 

Magnesium acetate 270 mM 1000 270 

DTT 100 mM 1000 100 

Spermidine 20 mM 200 100 

Triton X-100 0.2% v/v  2 

Nuclease-Free Water   128 

 

Appendix Table 4. TriLink In Vitro Transcription Reaction Setup. 

 

 

 

 

 

 

Component Final Concentration 

Nuclease-Free Water (To Final Volume) 

rNTPs (ATP, CTP, GTP, UTP) 5 mM each 

Cap Analogue 4 mM 

Transcription Buffer 1× 

Linearised Template 50 ng/µl 

RNase Inhibitor 1 U/µl 

Yeast Inorganic 

Pyrophosphatase 

0.002 U/µl 

T7 RNA Polymerase 8 U/µl 
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5.5.3. Formaldehyde Agarose Gel Electrophoresis 

10× MOPS Buffer (0.2 M MOPS, 0.05 M Sodium Acetate, 0.01 M EDTA; 1 litre): 

To prepare 10× MOPS buffer for gel and running buffer preparation, 41.85 g MOPS (3-

morpholinopropane-1-sulfonic acid), 3.72 g sodium acetate and 20 ml of a 0.5M EDTA solution 

were added to 800 ml of nuclease-free water. The pH was adjusted to 7.0 using sodium 

hydroxide, and the volume was adjusted to 1000 ml. This was stored at room temperature 

protected from light by foil. 

Gel and running buffer preparation: 

A 1% gel (100 ml) was prepared by adding 1 g of agarose in 72 ml of nuclease-free water. This 

was dissolved by microwaving the solution. This was left to cool down to ~55°C, after which 

10 ml of 10× MOPS Buffer and 18 ml of 37% formaldehyde was added. The solution was 

poured into a gel casting tray and left to solidify before use. 

5.6. LNP Production 

5.6.1. HEPES Buffered Saline (HBS, 1 L, 20 mM HEPES, 150 mM NaCl, pH 7.5) 

HEPES (4.8 g) and NaCl (8.8 g) were dissolved in UltraPure™ DNase/RNase-Free Distilled Water 

(Invitrogen, MA, USA). The solution was adjusted to pH 7.5 with NaOH and filter sterilised. 

HBS was stored at 4 °C and protected from light. 

5.6.2. Sodium Acetate Buffer for iLNP Formulation (500 ml, 650 mM stock, pH 5) 

Sodium Acetate (26.7 g) was dissolved in nuclease-free water, this was adjusted to pH 5 with 

acetic acid, adjusted up to 0.5 ml and filter sterilised. Buffer was stored at 4 °C and diluted to 

6.25 mM before use. 

5.6.3. Lipid Nanoparticle Stocks and Mixes 

Lipids were dissolved in 100% ethanol at 20 mg/ml and stored at -20 °C. Lipid mixes were set 

up according to the table below: 
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Appendix Table 5. Composition of lipid mixes for LNP formulations. 

LNP 
I.D. 

LNP Composition Molar Percentage Source of Molar 
Ratio 

B1 Cationic Lipid:Cholesterol:DOPE 35:49:16 (62) 

D1 Cationic Lipid:DOPE:DMG-PEG2000 49:49:2 (103) 

E1 Cationic Lipid:Cholesterol:DOPE:DMG-PEG2000 40:48:10:2 (103) 

E2 Cationic Lipid:Cholesterol:DSPC:DMG-PEG2000 40:48:10:2 (103) 

F1 Cationic Lipid:Cholesterol:DOPE 50:40:10 (122) 

F2 Cationic Lipid:Cholesterol:DSPC 50:40:10 (122) 

G1 Cationic Lipid:Cholesterol:DOPE 45:25:30 This study 

H2 Cationic Lipid:Cholesterol:DSPC:DMG-PEG2000 50:38.5:10:1.5 (88) 

I2 Cationic Lipid:DOPE 50:50 This study 

 

5.6.4. Triton buffer for Ribogreen Assay (2% Triton X-100, 1× Tris-EDTA, 100 ml) 

To prepare a 2% Triton X-100 buffer, 2 ml of Triton X-100, 10 ml of 10× TE Buffer (ThermoFisher 

Scientific, MA, USA) were added to 88 ml of nuclease-free water. This was mixed by magnetic 

stirring and stored at 4°C. 

5.7. Mammalian Cell Culture 

5.7.1. Penicillin/Streptomycin (1000 × stock, 100 000 U/ml Penicillin, 100 µg/ml 

Streptomycin) 

Fifteen millilitres of stock solution were prepared by dissolving 0.9 g penicillin and 1.5 g 

streptomycin in PBS. The solution was filter sterilised (0.2 µm) and stored at -20 °C in 0.5 ml 

aliquots.  

5.7.2. Transfection of RNA 

Cells in 96- and 48-well plates were transfected with 100 ng and 200 ng, respectively.  

Lipofectamine MessengerMax (LMMax; ThermoFisher Scientific, MA, USA) was used to 

transfect RNA and used as a positive control in LNP comparison experiments. LMMax was 

diluted in OptiMEM and incubated for 10 minutes. RNA was diluted in OptiMeM 

(ThermoFisher Scientific, MA, USA) and then added to the LMMax dilution and incubated for 

5 minutes after which the mix was added to the cells. LMMax was added at a ratio of 1:1.6 

(1.6 µl LMMax per microgram of RNA). RNA-LNPs were diluted in OptiMEM prior to addition 

to cells. 

Lipofectamine 3000 (L3000; ThermoFisher Scientific, MA, USA) was used to transfect cells with 

pDNA. L3000 was diluted in OptiMEM, and DNA was diluted in P3000 reagent and OptiMEM. 
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These were then mixed and incubated for 5 minutes, after which they were added to cells. 

L3000 was used at a ratio of 1:1 (1 µl L3000 per microgram of DNA). 
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Chapter 6 
Supplementary Data 
 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1. Plasmid Maps of pUC57 saRNA-MCS-polyA(60) and pGL4.50[luc2/CMV/Hygro]. A) saRNA-MCS-polyA(60) contains the 

VEE 3′ UTR and a 60 bp poly A sequence. B) pGL4.50 contains a codon optimised Firefly luciferase gene under the control of a cytomegalovirus 

(CMV) enhancer and promoter. 

A) B) 



Chapter 6 

93 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2. Screening and digestion of pGL4.50 Luc2 and saRNA-MCS-

polyA(60) for saRNA-MCS-Luc2 cloning. A) pUC57 saRNA-MCS-polyA(60) and 

pGL4.50[luc2/CMV/Hygro] (pGL4.50 Luc2) were screened by restriction digestion (left). Bands 

on the gel match the expected bands from the simulated gel (right). B) saRNA-MCS-pA(60) 

and pGL4.50 Luc2 were digested with Hind III and Nhe I and Hind III, Xba I, and Stu I, 

respectively. The desired fragments of 2697 bp and 1692 bp for saRNA MCS and pGL4.50 Luc2 

respectively (outlined in red) were gel extracted. 
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Supplementary Figure 3. Plasmid map of saRNA-MCS-Luc2-polyA(60). After ligation of the 

luciferase (Luc2) gene into saRNA-MCS-polyA(60), saRNA-MCS-Luc2-polyA(60) was generated. 

This contains the Luc2 gene upstream of a 60 bp poly A sequence and the VEE 3′ UTR. 
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Supplementary Figure 4. Screening of saRNA-MCS-Luc2 and cloning of T7-saRNA-VEE-Luc2-

polyA(60). A) After ligation of Luc2 into saRNA-MCS, clones screened by restriction digest with 

Lgu I and Apa I. The expected bands of 2268, 1278, 484 and 359 bp were present for 6 out of 

the 8 clones. B) saRNA-MCS-Luc2 and VEE-eGFP were digested with Nde I and Mlu I. The 

desired fragments of 9394 bp and 1902 bp for T7-VEE-eGFP and saRNA-MCS-Luc2 respectively 

(outlined in red) were gel extracted.  
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Supplementary Figure 5. Cloning of T7-saRNA-VEE-eGFP-polyA(60). The puromycin 

resistance selection gene, 3′ UTR and poly A sequence of T7-VEE-eGFP were replaced with 3′ 

UTR and poly A sequence of saRNA-MCS. A and B) T7-VEE-eGFP and saRNA-MCS were 

digested with Not I and Mlu I. The desired fragments of 10 169 bp and 174 bp for T7-VEE-eGFP 

and saRNA MCS respectively (outlined in red) were gel extracted. The 174 bp band was 

exceptionally light (B, left). However, upon overexposure of the gel with UV light, the band 

was visible and was able to successfully be extracted from the gel (B, right). Simulated gel 

pattern for both digestions is shown (A, right).  
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Supplementary Figure 6. Screening of T7-saRNA-VEE-eGFP-polyA(60) and T7-saRNA-VEE-

Luc2-polyA(60) clones. Final ligations using pDNA fragments prepared in Supplementary 

Figures 2 and 3 for T7-saRNA-VEE-Luc2-polyA(60) and T7-saRNA-VEE-eGFP-polyA(60) 

respectively were performed. T7-saRNA-VEE-eGFP-polyA(60) and T7-saRNA-VEE-Luc2-

polyA(60) clones were screened using Kpn I and Xba I, and Bsp1407 I and Lgu I respectively 

(left). Simulated gel pattern is shown (right). 
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Supplementary Figure 7. Plasmid maps of T7-VEE-eGFP and T7-VEE-Fluc-IRES-mCherry. Production plasmids for in vitro transcription of saRNAs 

expressing eGFP/Puromycin resistance and Fluc/mCherry genes. Linearisation was performed with Mlu I to prepare plasmids for IVT. 
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Supplementary Figure 8. Plasmid maps of T7-saRNA-VEE-Luc2-pA(60) and T7-saRNA-VEE-eGFP-pA(60). A) T7-saRNA-VEE-Luc2-pA(60) and B) 

T7-saRNA-VEE-eGFP-pA(60) are RNA template pDNA encoding the nsP1-4 for saRNA replication and a mono-cistronic reporter gene downstream 

of a subgenomic promoter. The RNA sequence is downstream of a T7 promoter, and the pDNA can be linearised using Mlu I. 
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Supplementary Figure 9. Sequence alignment of sequencing results with T7-saRNA-VEE-

eGFP-pA(60) reference sequence (Ref Seq). Forward (nsP4 Fw), internal (GFP IF), and reverse 

(Amp Rv) primers were designed to sequence the beginning (A) and end (B) of the eGFP gene 

and the cloning site prior to the 3′ UTR and at the poly A sequence (B) to ensure no significant 

mutations had occurred. Two guanine to cytosine substitutions were present in the non-

coding region (B), however these were outside of the Kozak sequence (blue box). All other 

bases aligned completely, with a full 60 bp poly A-T sequence present (B, green boxes). 
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Supplementary Figure 10. Sequence alignment of sequencing results T7-saRNA-VEE-Luc2-

pA(60) reference sequence (Ref Seq). Forward (nsP4 Fw), internal (Luc2 Fw), and reverse 

(Amp Rv) primers were designed to sequence the beginning (A) and end (B)of the Luc2 gene 

that was cloned, as well as the cloning site at the poly A sequence (C) to ensure no significant 

mutations had occurred. Degenerate bases (highlighted in yellow) were confirmed to be the 

correct base using the chromatogram. All other bases aligned completely, with a full 60 bp 

poly A-T sequence present. 
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Supplementary Figure 11. DNA and RNA Ladders Used in Agarose Gel Electrophoresis. A) 

The NEB 1 Kb Plus DNA Ladder was used for agarose gel electrophoresis for pDNA screening 

and identifying DNA fragments to gel extract. NEB ssRNA (B) and ThermoFisher Scientific 

RiboRuler HR RNA (C) Ladders used for denaturing agarose gel electrophoresis analysis of IVT 

RNA. 

 

 

 

 

A) NEB 1 Kb Plus DNA Ladder B) NEB ssRNA Ladder 

 

C) ThermoFisher Scientific 

RiboRuler HR RNA Ladder 
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Supplementary Figure 12. In vivo bioluminescence images of NMRI mice injected i.m. with 

saRNA-Ext-cLNP candidates. Mice were injected with CCAU-saRNA-Luc2 formulated 

exteriorly to cLNPs produced using LFH. Images were obtained at 6- and 24-hours, and days 3, 

5, and 7 post-injection. Representative images at 24-hours and day 7 post-injection have been 

included. Exposure time was set from 1-30 seconds, with 30 seconds of exposure shown. No 

expression can be seen at either time points. Expression of saRNA should peak at day 7. 
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Supplementary Table 1. Size and PDI numerical values of formulated Lipid Nanoparticles. 

LNP Code Formulation Method RNA Formulation  Size (d.nm) ± SD PDI ± SD 

CaliVax LFH Empty 96.84 ± 0.550 0.055 ± 0.026 

DOTAP F1 LFH Empty 118.3 ± 0.084 0.079 ± 0.015 

DOTMA F1 LFH Empty 110.3 ± 0.943 0.088 ± 0.015 

DOTAP G1 LFH Empty 131.2 ± 0.882 0.136 ± 0.003 

DOTMA G1 LFH Empty 134.5 ± 0.871 0.087 ± 0.021 

DDA B1 LFH Empty 122.9 ± 1.389 0.062 ± 0.020 

DOTAP B1 Set 1 LFH Empty 101.8 ± 0.736 0.111 ± 0.012 

DOTAP B1 Set 2 LFH Empty 121.5 ± 0.864 0.075 ± 0.007 

DOTMA B1 Set 1 LFH Empty 103.9 ± 0.930 0.090 ± 0.015 

DOTMA B1 Set 2 LFH Empty 136.2 ± 0.815 0.122 ± 0.009 

DOTAP F2 LFH Empty 126.4 ± 0.459 0.098 ± 0.005 

DOTMA F2 LFH Empty 96.21 ± 2.081 0.204 ± 0.027 

DOTMA I1 LFH Empty 118.5 ± 1.478 0.071 ± 0.017 

DOTAP I1 LFH Empty 118 ± 0.9112 0.114 ± 0.011 

DDA F2 LFH Empty 143.5 ± 0.978 0.019 ± 0.024 

CaliVax 2.5:1 LFH saRNA-Ext-cLNPs 347.5 ± 17.31 0.424 ± 0.040 

DOTAP F1 4:1 LFH saRNA-Ext-cLNPs 734.0 ± 7.00 0.228 ± 0.051 

DOTMA F1 12:1 LFH saRNA-Ext-cLNPs 162.2 ± 1.51 0.195 ± 0.019 

DOTAP G1 8:1 LFH saRNA-Ext-cLNPs 167.8 ± 1.52 0.116 ± 0.025 

DOTAP G1 4:1 LFH saRNA-Ext-cLNPs 287.5 ± 3.21 0.258 ± 0.037 

DOTMA G1 8:1 LFH saRNA-Ext-cLNPs 174.3 ± 1.72 0.085 ± 0.013 

DOTMA G1 6:1 LFH saRNA-Ext-cLNPs 213.0 ± 3.85 0.217 ± 0.088 

DDA B1 6:1 LFH saRNA-Ext-cLNPs 451.9 ± 42.25 0.438 ± 0.027 

DOTAP B1 8:1 LFH saRNA-Ext-cLNPs 167.3 ± 1.15 0.168 ± 0.033 

DOTMA B1 12:1 LFH saRNA-Ext-cLNPs 174.0 ± 1.19 0.141 ± 0.005 

DOTAP F2 4:1 LFH saRNA-Ext-cLNPs 574.6 ± 1.41 0.371 ± 0.050 

DOTMA F2 9:1 LFH saRNA-Ext-cLNPs 178.2 ± 7.76 0.323 ± 0.041 

DOTMA I1 8:1 LFH saRNA-Ext-cLNPs 185.3 ± 0.45 0.175 ± 0.028 

DOTAP I1 8:1 LFH saRNA-Ext-cLNPs 171.8 ± 0.45 0.208 ± 0.032 

DDA F2 12:1 LFH saRNA-Ext-cLNPs 505.1 ± 16.74 0.404 ± 0.072 

DOTAP B1 12:1 Modified Solvent Injection saRNA-Int-cLNPs 166.4 ± 0.15 0.256 ± 0.030 

DOTAP B1 8:1 Modified Solvent Injection saRNA-Int-cLNPs 151.2 ± 1.62 0.260 ± 0.006 

DOTMA B1 12:1 Modified Solvent Injection saRNA-Int-cLNPs 204.3 ± 3.39 0.293 ± 0.028 

DOTAP F1 15:1 Modified Solvent Injection saRNA-Int-cLNPs 160.8 ± 1.51 0.303 ± 0.021 

DOTAP F1 12:1 Modified Solvent Injection saRNA-Int-cLNPs 187.4 ± 3.51 0.369 ± 0.009 

DOTAP F1 8:1 Modified Solvent Injection saRNA-Int-cLNPs 220.5 ± 8.49 0.436 ± 0.080 

DOTMA F1 12:1 Modified Solvent Injection saRNA-Int-cLNPs 287.8 ± 5.18 0.453 ± 0.005 

DDA F2 12:1 Modified Solvent Injection saRNA-Int-cLNPs 377.3 ± 6.91 0.435 ± 0.029 

MC3 H2 8:1 Modified Solvent Injection saRNA-Int-iLNPs 332.4 ± 4.77 0.255 ± 0.012 

DOTAP E1 8:1 Microfluidics saRNA-Int-cLNPs 76.2 ± 0.53 0.114 ± 0.202 

MC3 E2 12:1 Microfluidics saRNA-Int-iLNPs 46.0 ± 0.43 0.148 ± 0.013 

MC3 E2 8:1 Microfluidics saRNA-Int-iLNPs 49.2 ± 0.73 0.160 ± 0.018 

MC3 H2 8:1 Microfluidics saRNA-Int-iLNPs 55.1 ± 1.38 0.260 ± 0.040 
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