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Abstract 

DNA vaccines have been licenced for various purposes, including a 

therapeutic canine melanoma vaccine (Grosenbaugh et al, 2011), a 

prophylactic equine west nile virus vaccine (Davis et al, 2001), and more 

recently the ZyCov-D SARS-Cov-2 vaccine for humans (Khobragade et al, 

2022). DNA vaccines are stable, immunogenic, and provide a safe non-live 

approach to inducing both humoural and cellular immune responses in 

immune-rich environments such as the skin. Successful delivery of these 

vaccines is determined by the carrier since DNA alone fails to initiate 

immune responses due to rapid clearance in vivo. It was theorised that the 

formulation of a cationic liposome-DNA complex with controlled 

physicochemical characteristics would result in efficient uptake and 

expression of encoded proteins by dendritic cells (DCs), an essential step in 

initiating systemic immune responses. 

Cationic lipids interact electrostatically with the negatively charged DNA 

backbone, resulting in a stable DNA-liposome complex with tunable 

characteristics. In this thesis, a well characterised liposomal formulation 

composed of DC-Cholesterol and DOPE was selected for initial evaluation. 

Liposomes were prepared by the thin film method at different molar ratios 

of DC-Cholesterol: 25 mol%, 30 mol%, 35 mol%, 40 mol%, and 50 mol%. 

Formulations were combined with DNA at nitrogen: phosphate (NP) ratios 

of 3, 6, 9, and 12. Hydrodynamic size, zeta potential, and encapsulation 

efficiency were all measured alongside morphology by cryogenic 

transmission electron microscopy and fusion studies using fluorescence 

resonance energy transfer. Liposomes containing 35 mol% DC-Cholesterol 

and higher formed stable complexes with 100% encapsulation efficiency 

regardless of NP ratio. To balance the need for stability, an overall positive 

complex charge, and DOPE content, liposomes composed of 40 mol% DC-

Cholesterol were taken forward into transfection studies. 
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A panel of cell lines consisting of the human embryonic kidney cell line 

HEK293T, the murine fibroblast cell line NIH 3T3, and the murine dendritic 

cell line DC2.4 were selected for in vitro transfection studies. Liposomes 

were labelled with the lipophilic dye DiD and combined with a model 

plasmid encoding for green fluorescent protein and incubated with each cell 

line. Cells were stained with a live dead stain and assayed by flow cytometry. 

Uptake was evaluated by the percentage of live cells positive for DiD-

associated fluorescence; more than 90% of live cells showed uptake, 

regardless of cell line or NP ratio. GFP expression was evaluated by 

measuring the percentage of live cells positive for GFP. Expression was 

dependent on both cell line and NP ratio, where the expression was highest 

in HEK293T cells, moderate in NIH 3T3 cells, and low in DC2.4 cells. 

Endosomal trapping was investigated as a potential mechanism limiting 

GFP expression by pretreating cells with chloroquine diphosphate, an 

endosomal disruptor. No difference in GFP expression was observed, either 

in population of cells positive for GFP or mean fluorescence intensity, 

suggesting endosomal trapping is not a limiting factor. In a balb/c murine 

vaccination study, in vivo immune responses to DC-Chol/DOPE liposomes 

containing 40 mol% DC-Cholesterol and a model SARS-Cov-2 pDNA 

combined at NP ratios of 3 and 9 were measured. Liposome doses were 

injected subcutaneously on days 1, 8, and 15 before being sacrificed on day 

19. Antigen-specific serum antibody responses were measured by enzyme 

linked immunosorbent assay (ELISA) and splenocyte responses were 

measured by ELISpot. No immune responses were detected in response to 

liposomes formulated with DC-Cholesterol and DOPE. 

It was subsequently hypothesised that exchanging DC-Cholesterol with the 

multivalent cholesterol based lipid GL67 would improve GFP expression in 

dendritic cells, and that doing so would correlate with better immune 

responses in vivo. It was also hypothesised that inclusion of linolenic acid, a 

fatty acid that has been shown to directly interact with dendritic cells along 

with its metabolites, may increase GFP expression. When linolenic acid was 

included with either DC-Chol/DOPE or GL67/DOPE, no difference in GFP 

expression was observed when compared to formulations without linolenic 
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acid. Liposomes formed of 40 mol% GL67 and 60 mol% DOPE initiated 

strong expression of GFP in DC2.4 cells in a screening study, however, when 

taken forward into HEK293T and NIH 3T3 cells and three biological repeats 

carried out in all three cell lines, strong variation was observed in GFP 

expression. This may be linked to cell toxicity, cell variation, batch variation, 

temperature, or other unknown variables since the literature rarely 

describes both technical and biological replicability.  

Overall, this study has demonstrated that multivalency is an important and 

so far underexplored factor in cationic lipid choice for liposomes for 

dendritic cell delivery. Liposomes formulated with the multivalent cationic 

lipid GL67 appeared to elicit stronger expression of GFP in DC2.4 cells than 

liposomes formulated with DC-Cholesterol, although variation between 

biological replicates impeded conclusive comparisons and highlighted a key 

gap in the literature in describing replicability. This provides key 

information for the future development of cationic liposome formulation for 

dermal dendritic cell transfection and vaccination. 
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Chapter 1: Intradermal delivery of DNA vaccines 

1.1 Nucleic acid-based vaccines; requirements and future potential 

Vaccine is a term broadly given to antigenic preparations designed to 

initiate long-lasting protective immunity against a variety of diseases; 

historically, this has involved the preparation of attenuated or inactivated 

forms of the disease which are limited by complexity of preparation, 

variable efficacy, and potential risks (Lu et al, 2024). For example, the BCG 

vaccine against mycobacterium tuberculosis is considered to be the globally 

most widely-used vaccine but is extremely variable in its efficacy, the 

duration and strength of its effectiveness determined by mycobacterium 

strain variation and mutation, route of administration, patient age, and 

geographical location (Dockrell and Smith, 2017). More recently, the COVID-

19 pandemic has illustrated the challenge of rapid pathogenic mutation on 

vaccine design; normal declines in protection over time (Feikin et al, 2022) 

were exacerbated as formulations against earlier strains suffered from 

reduction in efficacy against newer mutations (Malik et al, 2022). Immune 

evasion by antigenic mutation has also been observed in human 

immunodeficiency virus and influenza (Weisblum et al, 2020) and is a 

hallmark of cancer progression (Hanahan and Weinberg, 2011).  

In addition, challenges to vaccine development include disruptions to global 

vaccinations and increasing likelihood of encountering new pathogens. The 

Vaccine Impact Modelling Consortium suggested that disruptions to global 

vaccination efforts due to the COVID-19 pandemic could be responsible for 

up to 967,000 additional deaths between the years of 2020 and 2030, but 

that intensified vaccination regimes may avert up to 79% of these deaths 

(Hartner et al, 2024). Additionally, a meta-analysis of global historical 

epidemics dating back to 1600 identified an increasing rate of pandemic 

occurrence resulting in a 44% chance of reliving another pandemic of a 

similar intensity experienced in COVID-19 in one’s lifetime (Marani et al, 

2021). All of these factors illustrate the need for safe and widely effective 

vaccines, particularly ones with the potential for rapid development. 
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Nucleic acid vaccines such as DNA or mRNA vaccines attracted global 

attention in 2020 when several mRNA vaccines against SARS-Cov-2 received 

emergency use authorisation from the United States Food and Drug 

Administration (US FDA), less than one calendar year from pathogen 

identification and sequencing (Bok et al, 2021). Although the speed of the 

development is partially attributable to expedited logistics in funding 

grants, collaborations, and other stages of development, nucleic acid 

vaccines as a technology lends itself to rapid development (Chakraborty et 

al, 2023). Either mRNA or DNA are modified to encode for a selection of 

target antigens before being coupled to a carrier, which enhances uptake 

and protects the nucleic acid from degradation in vivo (Conde et al, 2023). 

Upon delivery, cells translate the genetic transcripts into protein and 

produce the antigen using innate protein and antigen processing pathways, 

which then initiates an immune response.  

The first nucleic acid vaccines licenced for use in humans were based on 

mRNA and provided immunity against the spike protein on SARS-Cov-2, 

notably the BNT162b2 vaccine developed by Pfizer/BioNTech (Polack et al, 

2020) and the mRNA-1273 vaccine developed by Moderna (Jackson et al, 

2020; Baden et al, 2020). Since the main challenge of delivering mRNA is its 

inherent instability and susceptibility to degradation prior to translation, 

both vaccines condensed the mRNA in lipid nanoparticles. Formation of 

these nanoparticles relies on careful lipid selection and the essential 

inclusion of lipids that supply positive charges, which form stable 

electrostatic bonds with the negative charges in mRNA and enable its 

crossing of cell membranes (Chen et al, 2022). In comparison, the DNA-

based vaccine ZyCov-D offered lower but still significant protection against 

SARS-Cov-2 when the plasmid was delivered intradermally by needle-free 

injection (Dey et al, 2021; Khobragade et al, 2022). Plasmid DNA offers key 

advantages over mRNA such as increased stability, ease of manufacture, and 

lower toxicity, although suffers from the added challenge of needing to cross 

the nuclear membrane which is not required by mRNA (Liu, 2019). 
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Currently licenced DNA vaccines attribute their effectiveness to additional 

adjunctive effects in their formulation. A pDNA vaccine encoding for human 

tyrosinase was shown to significantly increase survival time in canines with 

oral malignant melanoma (Grosenbaugh et al, 2011). This effectiveness 

came from its xenogeneic properties; the canine host cells transcribed 

human tyrosinase, which is 85% homologous to canine tyrosinase. Its 

presentation on host cells enabled immune recognition of the protein, while 

being different enough to elicit an immune response where canine 

tyrosinase would have induced immune tolerance (Grosenbaugh et al, 

2011). Similarly, a pDNA vaccine against West Nile virus yielded immune 

protection that varied by species; a single intramuscular injection of the 

pDNA vaccine induced 100% protection in horses but required 

electroporation to be effective in mice (Davis et al, 2001). In fish crows, a 

single intramuscular injection prevented death but not infection (Turell et 

al, 2003). DNA vaccines in humans have encountered challenges initiating 

immune responses while remaining well-tolerated in terms of toxicity, 

requiring a broad immune response that includes both cellular and 

humoural immune cell types capable of both high frequency and high 

avidity responses (Xue et al, 2016). 

1.2 Antigen specific responses for prophylactic and therapeutic 

vaccination 

Therapeutic and prophylactic vaccination differ slightly by method of 

action; therapeutic vaccines such as cancer vaccines are administered to 

patients already suffering from the disease with the aim to either cure or 

simply improve symptoms (Noguchi et al, 2013). Prophylactic vaccines are 

administered to healthy people with the aim to induce immune memory 

against an antigen, to prevent or reduce severity of future infections without 

necessarily requiring an immediate immune response (den Hartog et al, 

2019). Both rely on established stages of immune response; innate or 

passive immunity scans the microenvironment for indications of tissue 

damage or dangerous pathogens and recruits adaptive or active immunity 

through antigen presentation (Pradeu and Cooper, 2012). Adaptive immune 
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cells are then capable of forming immune memory, where innate immune 

cells are not (Natoli and Ostuni, 2019). Adaptive immunity is a longer-term 

process involving an exhaustive array of cell types, subtypes, and 

phenotypes that precisely respond to the antigenic threat based on its origin 

and location, often in a coordinated response involving what are termed 

humoral and cell-mediated responses (Zhang et al, 2022). 

The type and extent of adaptive immune response is driven by dendritic 

cells (DCs), which pervade all tissues in a highly endocytic state and 

constantly sample antigens local to their environment (Carroll et al, 2024). 

Antigen acquisition involves a series of phenotypic changes, termed 

“activation”, that allow the DCs to initiate nonspecific immune responses 

and present antigen to naï ve T cells for antigen specific adaptive immune 

responses necessitated by three signals. DCs process and express antigen 

on major histocompatibility complex (MHC) receptors 1 and 2 (see section 

1.3), which interact with the T cell receptor (TCR) (signal one) alongside 

costimulatory receptors (signal two) and cytokines (signal three) to 

determine the T cell response (Clark et al, 2019). The presence of 

costimulatory receptor and cytokines are required for T cell activation and 

specific types determine type of response; for example, DC recognition of 

cytoplasmic double stranded DNA occurs through toll-like receptor 9 

(TLR9) which induces production of interferon gamma and other 

proinflammatory cytokines and increases expression of costimulatory 

receptors (Kis-Toth et al, 2011). This has the downstream effect of activating 

CD8+ T cells that produce interferon gamma and granzyme, a key protein in 

cell-mediated target cell death, alongside B cells that produce complement-

fixing antibodies including immunoglobulin G1 and G3 (IgG1 and IgG3). The 

process of activating dendritic cells to selectively deliver the three signals 

required for T cell activation is referred to as “licencing” and is necessary 

for sufficient T cell activation (Thaiss et al, 2011). 

When innate immune responses are insufficient in resolving the cause of 

cell damage or infection, the antigen specificity of adaptive immune 

responses provides a more targeted response. T cells include a variety of 
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subsets involved in cell-mediated and humoural immunity as well as 

immune regulation and memory, with some plasticity and functional 

overlap (Raphael et al, 2015). T cell subsets have historically been defined 

by their unique cytokine profiles and expression of either CD4 or CD8, 

receptors that recognise their dendritic cell costimulatory receptor 

counterparts. T cells expressing CD8 are also called cytotoxic T cells and are 

characterised by strong interferon gamma production and cell killing ability 

(Mosmann and Sad, 1996). In contrast, T cells expressing CD4 are generally 

termed T helper cells, due to their ability to influence and recruit other cells 

of the immune system. T helper type 1 cells are involved in cell-mediated 

inflammatory reactions including cytotoxic T cell support, interferon 

gamma production, and delayed-type hypersensitivity reactions, while T 

helper type 2 cells are involved in systemic humoural reactions such as B 

cell help, antibody production, and allergy (Mosmann and Sad, 1996; 

Raphael et al, 2015). Both CD8 and CD4 are referred to as coreceptors and 

are responsible for anchoring the TCR to MHC 1 and 2 respectively (Figure 

1). These interactions determine the type of T cell-mediated immune 

response, which requires the simultaneous activation of costimulatory 

receptors such as CD28 (Brownlie and Zamoyska, 2013). In contrast, 

coinhibitory receptors such as programmed death receptor 1 (PD-1) or 

cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) can induce antigenic 

tolerance in T cells (Rotte, 2019). All of these T cell subsets orchestrate 

immune responses specific to the antigen which is recognised by their T cell 

receptor; the mechanism of T cell maturation in the thymus deletes T cells 

that possess TCRs that either do not recognise self MHC, or are overly 

reactive to self MHC, effectively ensuring that the only T cells that survive to 
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maturity are ones that recognise antigens in need of immunogenic 

clearance (Kosmrlj et al, 2008).  

Figure 1. Type and amplitude of T cell-mediated immune response is determined 

through ligation of the TCR and coreceptors with MHC. Interactions with 

costimulatory receptors initiate proinflammatory responses, while coinhibitory 

receptors induce antigenic tolerance. 

Uniquely, B cells are capable of presenting antigen to T cells as well as 

sampling antigen from dendritic cells, but are activated by a combination of 

antigen engagement and chemokine exposure (Goodnow et al, 2010). Once 

activated, B cells differentiate into one of three phenotypic fates: antibody-

producing plasma cells, germinal centre B cells that proliferate and produce 

plasma cells, or long-lived circulating memory B cells that retain the antigen 

specificity alongside differentiation potential. The B cell marker CD40 is 

also switched off during differentiation, having been linked to the 

proliferation and survival of B cells and their differentiated counterparts 

(Lane et al, 1992). The authors demonstrate that its ligand is expressed on 

90% of activated CD4+ T cells and its inhibition suppresses B cell 

proliferation, but also that its expression can be induced by B-T cell 

interactions. Antibodies themselves possess one of five essential isotypes 

that operate in distinct places with distinct effector functions. For example, 

immunoglobulin G (IgG) circulates in blood and extracellular fluid, 

opsonising pathogens and activating complement, a group of proteins adept 

at killing dangerous cells such as those infected by SARS-Cov-2 (Noris et al, 
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2020). Antibodies are generally considered the classical example of 

humoural immunity due to their diversity in phenotype and effector 

functions as well as the sensitivity and specificity of detection assays such 

as the enzyme linked immunosorbent assay (ELISA) (Noval et al, 2021). 

Both T cell and B cell function and activation are driven in large part by 

dendritic cells, which is particularly observable in some immune-altered 

disease states. Using a human organotypic skin melanoma model, Blasio et 

al (2020) showed that dendritic cells could have the cluster of 

differentiation 14 (CD14) marker upregulated by three different melanoma 

cell lines, indicating influence towards an immunosuppressive phenotype. 

Although tumour-resident DCs are needed to licence anti-tumour activity of 

migratory T cells, tumour-mediated immunosuppression is often 

characterised by a decrease in DC numbers, impacting immunotherapy 

efficacy (Santana-Magal et al, 2020). This effect could be reversed by 

intradermal administration of a whole-cell DC vaccine, which increased 

immune infiltration into tumours and encouraged a systemic humoural and 

cell-mediated anti-tumour response (Bulgarelli et al, 2019). This has strong 

implications in developing therapeutic cancer vaccines – the phenotype and 

activation status of dendritic cells affects not only the local 

microenvironment but also T and B cell responses. Therefore, the signalling 

pathways and determining factors that determine antigen expression and 

DC activation must be considered when investigating nanoparticle vaccine 

delivery. 

1.3 Intracellular uptake and antigen expression pathways 

Nonviral gene delivery to any cell type depends on crossing the cell 

membrane before the complex is processed and translated into protein. This 

is challenging for most complexes to do passively due to their hydrophilic 

surface and large diameter, and consequently endocytosis has been 

observed as the predominant mechanism for complex internalisation 

(Khalil et al, 2006). Endocytosis pathways include clathrin-mediated, 

caveolae-mediated, and clathrin/caveolae-independent endocytosis as well 

as macropinocytosis, which all differ in coat composition and can affect the 
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fate of the internalised complexes. For example, cationic DNA-chitosan 

polyplexes transfected in HeLa cells showed highly efficient uptake in 

clathrin-independent endocytosis as well as endocytic escape into the 

cytoplasm (Garaiova et al, 2012). Endocytic escape is essential for 

successful uptake and transfection of many formulations which take 

advantage of receptor-mediated endocytosis through the inclusion of 

receptor ligands (Hinuma et al, 2022; Lorenz et al, 2011). Other 

nanoparticles evade endocytosis entirely, relying on integration with the 

cell membrane (Li et al, 2017). The specific machinery involved in 

endocytosis is heterogeneous and cell-dependent, and is experimentally 

investigated by using pharmacological inhibitors, cell lines with endocytosis 

proteins knocked down or mutated, or reduction in temperature to 

suppress endocytosis (Iversen et al, 2011). 

Endocytosis is altered in dendritic cells due to their roles in antigen 

sampling, processing, and presentation on MHC 2 which strongly involve 

endocytic vesicles (Sabado et al, 2007). Nucleated non-antigen presenting 

cells are generally only capable of presenting endogenous antigen on MHC 

1 and do not constitutively express MHC 2, except in states of dysregulation. 

MHC 2 expression on tumour cells can suppress anti-tumour immune 

responses (Johnson et al, 2016) and in hypersensitivity disorders, its 

induction on mast cells contributes to pathogenesis (Kambayashi et al, 

2009). Expression of exogenous antigen on MHC 2 involves delayed 

acidification of endosomes, reduced acidity of lysosomes, and activation-

dependent regulation of MHC trafficking to and from the cell membrane 

(Roche and Furuta, 2015). This is due to the need for proteolysis of whole 

antigen into peptides suitable for MHC binding without complete antigen 

degradation. Processing of exogeneous antigens through the MHC class 2 

pathway occurs within the endosome, in which MHC 2 molecules exit the 

rough endoplasmic reticulum bound to an invariant chain that occupies the 

antigen binding site. When the MHC-containing endosome fuses with an 

endosome containing antigenic material, the invariant chain is exchanged 

for the exogeneous antigen peptide and the final complex transported to the 

cell membrane for expression (Blum et al, 2013). Although most 
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endocytosis receptors are recycled through early endosomes, in dendritic 

cells MHC processing in late endosomes and lysosomes is facilitated by 

certain endosomal receptors such as the multilectin receptor DEC-205 

(Mahnke et al, 2000). This is different to the pathway for endogenous 

antigen expression on MHC 1; endogenous antigens are processed into 

peptide fragments in the cytosol before entering the rough endoplasmic 

reticulum where they are bound to an MHC 1 molecule and transported to 

the cell surface (Ackerman and Cresswell, 2003). Both of these pathways are 

utilised when DCs are transfected with immunogenic complexes; an 

endocytosis receptor ligand conjugated with polyethyleneimine (PEI) and 

bound to plasmid DNA elicited both MHC 1 and 2 expression in mouse bone 

marrow-derived DCs (Diebold et al, 2001). However, the high toxicity of PEI 

in vivo has prevented extensive use without additional modifications and 

the induction of effective DC antigen presentation through plasmid DNA 

transfection requires a careful balance of toxicity/immunogenicity and 

safety (Israel et al, 2015). 

Delivery of DNA-encoded antigen encounters a challenge in achieving 

presentation on MHC 2, since this pathway relies on antigen sampling in the 

microenvironment and DNA delivery induces endogeneous antigen 

production. However, there are mechanisms by which this can be overcome. 

Dendritic cells can present antigens released by apoptotic cells (Rovere et 

al, 1998) or directly from stromal cells such as fibroblasts, which have the 

additional ability to induce dendritic cell activation or tolerance (Khosravi-

Maharlooei et al, 2016). DCs are also capable of cross-presenting 

exogeneous antigen on MHC 1, albeit through unknown endosomal 

mechanisms seemingly dependent on cell activation status (Segura et al, 

2009; Gutierrez-Martinez et al, 2015). Cross expression of endogenous 

antigen on MHC 2 is inducible during activation (ten Broeke et al, 2013), 

largely due to antigen sampling within the cell itself by a process called 

macroautophagy (Dengjel et al, 2005). Expression level by number of MHC 

molecules is also determinative of immune response; where individual TCR-

MHC receptor interactions are measured by strength of affinity, the overall 

cell-cell interactions measure total strength across all receptor interactions, 
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termed “avidity”, and is an important predictor of immune response 

(Kumbhari et al, 2020; Xue et al, 2016). High avidity TCR-MHC interactions 

can be achieved by effective antigen processing as well as the careful 

selection of immunogenic peptide epitopes for encoding on DNA. Although 

nanoparticle design strongly affects DC expression, the role of dendritic 

cells in initiating immune responses does not exist in a vacuum and can also 

be affected by the behaviour and phenotype of neighbouring cells. 

1.4 Intradermal cell populations for immune response initiation 

DNA delivery to dendritic cells must consider the environment in which 

they are plentiful. The skin is a rich immune organ, structured into three 

layers (Nguyen and Soulika, 2019); the outermost layer called the 

epidermis, the central layer called the dermis, and the innermost layer 

consisting of subcutaneous fat. The epidermis is divided into layers (Figure 

2), the innermost of which is the stratum basale, composed of immune cells 

such as Langerhans cells and T cells, melanocytes, and basal keratinocytes.  

Figure 2. Major structures found within the skin. 

The basal keratinocytes continuously supply the layers above with 

keratinocytes, forming a live keratinocyte layer that produce keratin 

filaments called the stratum granulosum. As keratinocytes reach the surface 

of the skin, they form a clear layer of dead cells called the stratum lucidum 
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and a tough, impermeable outermost layer of terminally differentiated 

corneocytes called the stratum corneum. Keratinocyte targeting for DNA 

vaccines have been explored by topical application of peptide complexes 

(Vij et al, 2015), but the strength of the stratum corneum barrier usually 

necessitates strategies that involve piercing it (Foldvari et al, 2006; 

Zakrewsky et al, 2015). The dermis can form extensions that protrude into 

the epidermis to supply lymphatic drainage and capillary blood supply, 

called the papillary dermis, while the reticular dermis is composed of 

immune cells including macrophages, lymphocytes, and mast cells as well 

as fibroblasts that secrete the supporting extracellular matrix (Nguyen and 

Soulika, 2019). The immune cell supply in the upper dermis, lower 

epidermis, and dermoepithelial junction make this zone the preferred 

target for DNA therapeutics in the skin (Chen et al, 2010; Sun et al, 2019) 

Dendritic cells exist both in circulation and in nearly every tissue in the 

human body but form an essential part of the skin’s immune barrier as 

langerin positive Langerhans cells and as dermal dendritic cells (Romani et 

al, 2011). A range of dendritic cell phenotypes populate the skin, with 

varying capabilities of eliciting cytotoxic or T cell responses, categorised by 

route of differentiation and often correlating with function (Eisenbarth, 

2019). Antigen uptake occurs in dermal DCs and is processed and presented 

on MHC class I and II; activated DCs migrate to the lymph node (LN) where 

a rich source of naï ve T cells are located (Egawa and Kabashima, 2020). 

Antigens originating in the dermal environment can also migrate to the 

lymph node before being taken up by lymph node dendritic cells (Tozuka et 

al, 2016), and involvement of the lymph node is thought to be an essential 

part of dermal immunity. T cells activated by specific antigens upregulate 

expression of homing molecules specific to the origin of antigen, such as E-

selectin and P-selectin for skin homing (Issekutz and Issekutz, 2002). Upon 

contact with the target antigen in situ, T cells produce large quantities of 

proinflammatory cytokines and initiate cell death by production of perforin 

and granzyme, among other cell-mediated mechanisms (Egawa and 

Kabashima, 2020). Activated T cells also activate B cells through CD40 and 

CD40 ligand, which has a reciprocal activating effect on effector T cells and 
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antigen presenting cells; administration of a CD40 agonist in a murine 

tumour model resulted in a shift in phenotypes of effector T cells, antigen 

presenting cells, and secreted cytokines in favour of anti-tumour responses 

(Byrne and Vonderheide, 2016).  

Dermal stromal cells also provide integral immune support and regulation. 

Keratinocytes are the most dominant cell type in the skin, proliferating and 

differentiating to continually supply the epithelium with new cells. This 

proliferation is essential in wound healing and defence; these 

microenvironments are strongly influenced by keratinocyte secretion of 

immune-modulating cytokines in response to pathogen recognition by toll-

like receptors (TLR) (Piiponen et al, 2020). Furthermore, keratinocytes 

express the integrins αvβ6 and αvβ8, which allow transforming growth 

factor beta (TGF-β) to become biologically active. TGF-β is an essential 

growth factor for Langerhans cell migration to the lymph node upon 

activation (Mohammed et al, 2016). In inflammatory disease states, 

keratinocyte autocrine secretion of proinflammatory cytokines drives the 

dysregulated microenvironment and sustains T cell and Langerhans cell 

responses (Xu et al, 2021). Conversely, in cases of vitiligo where dermal 

autoimmunity results in the destruction of melanocytes, keratinocyte 

production of the chemokines CXCL9 and CXCL10 provide T cell homing 

signals that results in finely tuned T cell recruitment and localisation within 

the skin. The pathogenesis of vitiligo was found to be driven almost 

exclusively by keratinocyte control of the microenvironment, where 

individual immune cell populations were not essential (Richmond et al, 

2017). This kind of cell control is important given the continual remodelling 

of the skin originating from the basal layer; epithelial basal cell density has 

been observed to regulate immune cell density and positioning in a regular 

tiling pattern (Park et al, 2021). Single cell transcriptomic analysis by RNA 

sequencing identified keratinocyte subsets that correlated with normal 

epidermal function, but differentially overexpressed MHC 1 molecules and 

could directly present antigen to T cells when in a psoriatic state (Liu et al, 

2022; Klicznik et al, 2018).  
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Dermal fibroblasts are a heterogeneous cell population responsible for the 

synthesis and remodelling of the extracellular matrix in the skin with 

comprehensive roles in immune regulation, both in physiological and 

disease states. Derived from mesenchymal cells, they are essential in skin 

structural support and both secrete and respond to cytokines, chemokines, 

and growth factors. During inflammation, fibroblasts directly communicate 

with a variety of immune cells including neutrophils, B cells, T cells, and 

macrophages to increase cell migration, maturation, proliferation, and 

adhesion (Stunova and Vistejnova, 2018). Similarly to keratinocytes, 

fibroblasts moderate the pathogenesis of vitiligo through production of 

CXCL9 and CXCL10 (Xu et al, 2022) and atopic dermatitis through 

proinflammatory cytokine production (He et al, 2020). However, fibroblast-

mediated immune regulation occurs extensively through cell-cell 

interactions directly with dendritic cells. Fibroblasts interact with dendritic 

cells via β2 integrins on DCs via CD90 and ICAM-1 on fibroblasts, inducing 

dendritic cell maturation that upregulates MHC and costimulation receptor 

expression alongside DC-mediated cytokine secretion more effectively than 

DC activation by bacterial lipopolysaccharide (Saalbach et al, 2007). During 

dengue virus infections, fibroblast-activated dendritic cells increased 

production of type 1 interferons and elicited moderate T cell proliferation 

despite virally compromised antigen presentation mechanisms (Montes-

Gomez et al, 2020). Conversely, cancer-associated fibroblasts can induce 

strongly immunosuppressive environments by polarising macrophages 

towards an immunosuppressive phenotype, inducing myeloid-derived 

suppressor cells, and reducing dendritic cell antigen presentation and 

activation (Davidson et al, 2021). 

Alongside extensive local regulation of innate immunity by fibroblasts, 

dendritic cells, and keratinocytes, the presence and biology of lymphatic 

vessels allow for adaptive immune cell recruitment and support (Lane et al, 

2018). Not limited to passive transport, lymphatic capillaries and 

endothelial cells are highly responsive to inflammation, where fluid 

transport is tightly controlled and adhesion molecules and chemokines 

upregulated for essential DC trafficking. Following viral infection or 
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vaccination with viral subunits, lymphatic endothelial cells have been found 

to scavenge and store antigen dependent on dose and inflammation of the 

microenvironment for future memory immune responses (Tamburini et al, 

2014). This can backfire where autoreactivity is concerned; lymphatic 

epithelial cells can induce T cell tolerance to neoplasms and reduce immune 

cell recruitment to the tumour site, but also facilitate tyrosinase-specific T 

cell autoimmunity in vitiligo (Lund et al, 2016). Regardless, lymphatic 

vessels support a unidirectional interstitial fluid flow and are lined with 

highly endocytic and permeable endothelial cells with approximately 100 

µm gaps between them. These and their expression of key dendritic cell-

specific adhesion molecules and chemokines are essential for DC 

recruitment into the tissues as well as migration towards local lymph nodes 

(Randolph et al, 2005). Immunostaining and microscopy of skin obtained 

from human plastic surgery patients revealed a spatial relationship 

between dendritic cells and lymphatic vessels, suggested to be linked to 

dendritic cell behaviour. Dendritic cells that exhibit strongly dendritic 

morphology less than 30 µm below the dermoepithelial junction had 

predominantly interstitial locations, suggesting activated and patrolling 

behaviour. Dendritic cells more than 150 µm below the dermoepithelial 

junction had a more rounded morphology and perivascular locations, 

suggesting increased motility (Wang et al, 2014). It is clear that the 

regulation of immune responses in the skin are regulated by nonimmune 

bystander cells as well as self-renewing dendritic and Langerhans cell 

populations and migratory immune cell recruitment. Successful delivery 

strategies to the skin and the initiation of antigen-specific immune 

responses will need to consider the dermal environment as a complex 

system. 

1.5 Intradermal DNA delivery 

Naked DNA delivered to the skin is prone to degradation at various stages 

of delivery, from significant tissue degradation to enzymatic degradation in 

the cytoplasm by DNAses (Elnekave et al, 2011). In a study investigating 

biodistribution of a multiantigen naked DNA vaccine by quantitative 
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polymerase chain reaction, researchers compared intravenous, 

intramuscular, and intradermal delivery of injections containing 200 µg 

pDNA. The plasmid persisted the longest in situ when administered 

intradermally and reached all lymph nodes assayed, where only two lymph 

nodes were reached when administered intramuscularly. The local pressure 

of the skin resulted in a higher localised concentration for longer than either 

of the other two administration sites. However, only three out of 36 mice 

given intradermal DNA were positive for pDNA at 28 days, the threshold at 

which it was deemed likely to initiate immune responses, and this was 100-

fold lower than the original dose (Tuomela et al, 2005). Furthermore, 200 

µg pDNA is an unrealistic dose for clinical use when scaled up for human 

use. Chesnoy and Huang (2002) delivered 20 µg of naked pDNA encoding 

for luciferase intradermally, aiding delivery by electroporation. They found 

that expression was transient and highly dependent on the ionic strength of 

the solution, hypothesising that the elevated level of ions would protect DNA 

from adsorption and increase availability for epidermal cell uptake. Faurez 

et al (2010) suggested that since DNA is a polyanion and cannot interact 

with negatively charged cell membranes, pDNA uptake is likely to be cell 

dependent and variable but likely requires additional tools or formulations 

that disrupt the cell membrane. Furthermore, these studies only measure 

expression and biodistribution; the initiation of immune responses 

provides an additional hurdle in successful DNA vaccine design.  

Mechanistically, delivery to the skin aims to reduce the amount of time 

pDNA vaccine formulations spend in the tissue or the cytoplasm. 

Electroporation is a common method to enhance uptake, involving the 

supply of an electrical charge to temporarily destabilise local cell 

membranes and increase permeability (Elnekave et al, 2011). A study by 

Smith et al (2020) intradermally administered 100 µg of pDNA encoding for 

the SARS-Cov-2 spike protein in guinea pigs with electroporation 

immediately following injection. Systemic immune responses were 

observed, including high titers of neutralising antibodies as well as T cell-

mediated responses as early as 7 days post single injection. The change in 
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permeability is not limited to cell membranes, having been observed to 

induce changes in vascular structures, with dendritic cells leaving the skin 

through lymphatic vessels within 8 hours of intradermal pDNA 

immunisation with electroporation (Smith et al, 2014). As well as its role in 

improving uptake of DNA, electroporation has been found to induce 

production of pro-inflammatory cytokines in the skin and function as a 

potential adjuvant, improving dendritic cell migration and augmenting 

antigen-specific responses immune responses to pDNA encoded antigens 

(Todorova et al, 2017). This is possibly due to superficial tissue injury which 

releases cell derived compounds that can in turn activate patrolling 

dendritic cells and Langerhans cells; however, the discomfort of the initial 

pulse of electroporation and potential for localised tissue damage may 

prevent widespread use in the clinic. 

Alternatives to electroporation rely on physical gene delivery methods such 

as biolistics, which precipitates pDNA and directly transfects cell 

membranes by high velocity acceleration. For example, the Helios “gene 

gun” involves the complexation of pDNA with the cation spermidine before 

precipitating that complex on gold microparticles and firing at high velocity 

to deliver intradermally. The role of spermidine in this preparation can be 

optimised further; a study replacing it with a cell penetrating peptide 

preparation delivered intradermally in mice observed splenic T cell 

responses indicative of systemic cell-mediated immunity, as well as 

neutralising antibodies to the encoded SARS-Cov-2 spike protein (So et al, 

2024). This has been compared to needle free injection which involves high 

pressure liquid injection with a nozzle diameter smaller than the outer 

diameter of a standard 21G needle. Auto-reloading needle free injection 

systems are commonly used in livestock for a variety of drugs, and is less 

uncomfortable than electroporation or high volume needle injections 

(Trimzi and Ham, 2021). A study by Nguyen-Hoai et al (2021) intradermally 

delivered pDNA encoding for the breast cancer antigen HER2, comparing 

delivery by gene gun and needle free jet injection. In a tumour challenge 

study where mice were immunised on days 1 and 15 and injected with 

tumour cells on day 25, pDNA delivered by gene gun provided protection 
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against tumour growth in 70% of mice compared to only 30% in the jet 

injection group. Systemic antibody production and T cell responses to the 

HER2 epitope were only detectable after gene gun, but the authors 

suggested this limitation may be due to the low immunogenicity of HER2. 

Indeed, a study immunising rabbits with pDNA encoding for select HIV 

antigens observed strong immune responses when delivered by needle free 

injection (Chapman et al, 2023). However, the predominant downside to 

clinical adoption of the gene gun and needle free injection systems is the 

requirement for specialist equipment and expertise, potentially limiting 

widespread use in healthcare. 

Microneedle technology attempts to resolve this by manufacturing patches 

with an array of needle like microprojections attached to a backing plate 

designed to transiently pierce the stratum corneum to a depth up to 1 µm. 

This can involve application of the patch followed by topical DNA 

application, application of DNA-coated patches, or application of dissolving 

patches that incorporate pDNA within the usually polymeric formulations 

(McCaffrey et al, 2016). Topical administration of DNA nanoparticles 

following solid microneedle patch administration may limit pDNA 

availability, since less than 20% of the DNA may traverse the skin over an 8 

hour period (Niu et al, 2019). However, when an anthrax protective antigen-

encoding pDNA was condensed to the surface of polymeric nanoparticles 

composed of poly (lactic-co-glycolic acid) (PGLA), topical administration 

after the patch resulted in strong systemic immune responses (Kumar et al, 

2012). In another study, Seok et al (2017) coated a microneedle patch with 

PGLA-condensed pDNA encoding for H1N1 strain flu antigens. The titer of 

neutralising IgG antibodies in sera was approximately fourfold lower than 

that induced in the study by Kumar et al (2012); this may be explained by 

potential differences in immunogenicity of anthrax protective antigen and 

H1N1 flu antigens, as well as a dosing regimen that supplied the mice with 

half the dose of pDNA in the latter study compared to the former. Both 

studies elicited immune responses deemed to be statistically significant and 

protective. The formulations of dissolving microneedles are highly variable, 

designed in conjunction with the pDNA and associated nanoparticles to 
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optimise mechanical properties and loading efficiencies (Liao et al, 2017). 

However, various formulations have been successful in initiating antigen-

specific immune responses to pDNA encoded antigens (Li et al, 2023; Liao 

et al, 2017; Qiu et al, 2014). It is worth noting that all three of these studies 

examine different encoded antigens, nanoparticle formulations, and 

microneedle polymers for microneedle preparation which makes direct 

comparison difficult. Furthermore, many of these mechanical techniques 

can be used in parallel, such as electroporation of hollow microneedle 

arrays (Daugimont et al, 2010). The formulation of pDNA nanocarrier has 

been found to be highly predictive of immune response, and is of primary 

concern before selecting a method of delivery (Khalid and Poh, 2023). 

1.6 Vectors for DNA delivery; viral, nonviral, lipidic and polymeric 

Naked plasmid DNA delivery suffers from significant degradation, requiring 

immense doses to achieve adequate transfection in vivo (Tuomela et al, 

2005). Complexation with a vector can confer protection from these 

degradative systems as well as enhance uptake and immunogenicity, 

depending on the viral or nonviral formulation. Viral vectors take advantage 

of viral machinery that allows the virion to enter cells and integrate its 

nucleic acids into the host cell for protein production, with five main classes 

possessing one of two integration mechanisms. Adenovirus, herpes, and 

adeno-associated virus vectors persist in the cell nucleus as 

extrachromosomal episomes, while oncoretrovirus and lentivirus vectors 

integrate into host chromatin (Thomas et al, 2003). However, the efficacy of 

these vectors has historically suffered from significant toxicity, skewed 

immune responses towards antiviral cell-mediated immunity, and a risk of 

oncogenesis. Newer vectors have also been explored for a variety of cancers, 

finding mixed efficacy that is largely dependent on choice of antigen 

(Anderson and Schneider, 2007). The safety concerns and limitations of 

viral vectors have popularised nonviral alternatives, broadly composed of 

either lipids or polymers and tailored for the site of delivery and encoded 

antigen (Travieso et al, 2022; Ramamoorth and Narvekar, 2015). Nonviral 

vectors make up almost a third of total gene therapy clinical trials, and are 
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likely to grow in proportion due to continuous improvement in 

understanding of their limitations (Sharma et al, 2021). 

Nonviral polymeric structures have been used to deliver DNA-based gene 

therapeutics for a range of diseases. Generally, polymer formulations are 

based on one of a well-characterised library of polymers including poly L-

lysine (PLL), polyethyleneimine (PEI), poly (β-amino ester) (PBAE), poly 

(lactide-co-glycolide) (PGLA) as well as non linear dendrimer structures (Ke 

et al, 2020). Each of these polymers has unique strengths, varying in size 

and structure of nucleic acid it can condense, as well as its suitable sites of 

delivery due to differences in clearance rate and high cytotoxicity. PEI has 

been used extensively for DNA delivery, possessing a high charge density 

from three charged amine groups and attributing its success in transfection 

to its high rate of endosomal escape (Casper et al, 2023). However, PEI alone 

is significantly cytotoxic and modifications are needed to improve this: for 

example, the inclusion of a nontoxic copolymer such as polyethylene glycol 

(Terry et al, 2021). Other strategies take advantage of naturally occurring 

polysaccharides such as chitosan, which has a similar potential for 

endosomal escape as PEI (Richard et al, 2013) and maintains significant 

modifiability for improvements in toxicity and transfection (Mao et al, 2010; 

Bravo-Anaya, 2019). 

Polymer-based and lipid-based nonviral vectors are often compared and 

share many of the same strengths such as biocompatibility, modifiability, 

and scalability as well as many of the same limitations such as lack of 

immunogenicity (Wahane et al, 2020). However, lipid based nanoparticles 

have been suggested to have an advantage over other particulate systems 

due to their biodegradability, potential for controlled or modified drug 

release, and capacity for combination with other systems (Ghasemiyeh and 

Mohammadi-Samani, 2018). The structure of lipid-based nanoparticles can 

be altered by preparation method, achieving solid lipid nanoparticles (SLN) 

or more flexible liposome structures that are characterised by spherical 

phospholipid bilayers with an aqueous core (Radler et al, 1997). According 

to the “solid core” structure detailed by Zhigaltsev and Cullis (2023), lipids 
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must contain a hydrophilic and hydrophobic portion to assemble into 

liposomal lipid bilayers; any lipids included that are insoluble in a 

membrane progressively accumulate within the aqueous core depending on 

the overall composition. SLNs were formed by T-junction mixing a lipid-

containing ethanol phase and an aqueous phase; at 10 mol%, the insoluble 

lipid forms a “bulge” out of the membrane into the aqueous compartment 

and as content increases, stabilises into an SLN with a micelle-like structure 

containing a solid lipid core and outer lipid monolayer. Pink et al (2019) 

used a mixture of small angle neutron scattering and all-atom molecular 

dynamics to identify a mechanism of SLN formation by a phase inversion 

method in which non-bilayer forming lipids were heated and rapidly cooled 

before sonication. The lipids formed liquid aggregates that, at equilibrium, 

formed ordered solid aggregates that was strongly influenced by the shape 

of the lipids themselves. However, this method is unsuitable for DNA loading 

due to DNA denaturation at high temperatures. Francis et al (2020) formed 

SLNs by solvent emulsification, finding that the addition of DNA yielded 

lipoplexes that were heterogeneous in size and possessed undefined edges. 

This heterogeneity is absent when SLNs containing DNA are formed by 

microfluidics, which yields a monodisperse population of lipoplexes 

(Kulkarni et al, 2017). 

In comparison with SLNs, liposomes have a characteristic aqueous core 

which results in larger than average complex sizes and higher loading 

capacity (Ghasemiyeh and Mohammadi-Samani, 2018). Depending on the 

method of preparation and composition, liposomes can have a single 

phospholipid bilayer or multiple bilayers arranged into concentric or non-

concentric spheres, denoted as unilamellar, multilamellar, and 

multivesicular vesicles (Figure 3: Veera et al, 2022).  
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Figure 3. Liposomal structures, taken from Veera et al (2022). SUV = small 

unilamellar vesicles. LUV = large unilamellar vesicles. MLV = multilamellar vesicles. 

MVV = multivesicular vesicles. 

The extensive modifiability and high DNA loading capacity of liposomes 

make them particularly attractive. Cationic liposomes have been 

successfully used in a variety of studies delivering plasmid DNA for cancer 

therapeutics (Liu et al, 2020; Luiz et al, 2022) or as self-adjuvanting 

prophylactic vaccines for a variety of infectious diseases (Tretiakova and 

Vodovozova, 2022) with a wide range of lipids possessing nuanced benefits 

in their design. 

1.7 Cationic liposome formulations for DNA delivery 

As of 2022, all FDA-approved lipid nanoparticle formulations contain four 

lipids: an ionisable cationic lipid, a neutral helper lipid, cholesterol, and a 

polyethylene glycol (PEG)-lipid conjugate (Albertsen et al, 2022). These 

lipids fulfil important roles in forming stable complexes with nucleic acids 

as well as affecting delivery in vivo, and preparation method can be 

determinative of the resulting structure (Cullis and Hope, 2017). These 

systems are primarily solid core structures but the function of each lipid can 

also be taken as a guide for liposomal bilayer composition. 

To design liposomes capable of forming a stable complex with DNA, cationic 

lipids must be included. Positively charged amines on the cationic lipid 

interact with the negatively charged phosphate DNA backbone; this is 

measured and kept consistent by combing liposomes and DNA at molar 

nitrogen: phosphate (NP) ratios. The characteristics and composition of 

cationic lipids can be controlled to modulate the overall charge of the 

liposome, which has a resultant effect on how much DNA can be condensed 

into a single liposome (Caracciolo and Amenitsch, 2012). Two well-
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established cationic lipids are 1,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP) and 3β-[N-(N',N'-dimethylaminoethane)-carbamoyl] (DC-chol). 

Both lipids are monovalent, having only a single charged amine group. Ciani 

et al (2007) used circular dichroism to characterise liposomes composed of 

either lipid combined with the helper lipid 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE). The integrity of the liposomal bilayer 

structure was strongly preserved while the right handed helical structure of 

DNA was progressively lost after complexation, indicating that DNA wraps 

itself around the liposome structure. Using x-ray diffraction, Radler et al 

(1997) observed that as DNA content increased, the positive charge of 

DOTAP/DOPE liposomes decreased until an overall charge inversion was 

seen at the isoneutrality point, or the point at which the negative charge of 

DNA saturates the positive charge of the liposome. An overall cationic 

charge was deemed to be essential in ensuring colloidal stability and size 

monodispersity, because the positively charged complexes repelled each 

other in suspension but nearly neutral complexes were subject to fusion. 

The benefits of an overall cationic charge relate not only to the formation 

and stability of the DNA-liposome complexes, but also to their behaviour in 

biological environments. Henriksen-Lacey et al (2010) observed that 

cationic liposomes loaded with whole antigen remained at the site of 

injection and released antigen in a depot effect, while neutral liposomes 

easily released antigen into circulation and was associated with poorer 

immune responses. Cationic DNA-liposome complexes were also found to 

be more easily taken up by cells in vitro, with the endosomal pathway 

determined largely by complex size. In DC-Cholesterol-based lipoplexes, 

vesicles less than 300 nm in diameter were taken up by predominantly 

clathrin-mediated endocytosis in HEK293T cells while vesicles larger than 

500 nm were taken up by predominantly clathrin-mediated endocytosis 

(Yang et al, 2013). Transfection success was concluded to be based on 

endocytosis vesicle escape. 

More recently, variations in cationic lipid have been investigated for DNA 

delivery such as ionisable lipids, which are neutrally charged at 

physiological pH, and multivalent cationic lipids which possess more than 
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one protonatable amine group. The amphiphilicity of ionisable lipids is 

considered to be their strongest advantage; the neutral charge at 

administration makes the complex safer and better tolerated while 

retaining its capacity to destabilise the endosomal membrane when 

acidification induces a positive charge on the complex (Sun and Lu, 2023). 

The exact structures of ionisable lipids may strongly affect outcome in vivo; 

Algarni et al (2022) observed differential organ-specific gene expression 

dependent on ionisable lipid structure, with head group pKa and lipid tail 

structure potentially affecting strength of expression. As vaccine 

formulations they are strongly immunogenic and have been used in the 

COVID-19 BNT162b2 vaccine developed by Pfizer/BioNTech (Polack et al, 

2020) and the mRNA-1273 vaccine developed by Moderna (Jackson et al, 

2020; Baden et al, 2020). However, the exact structure of these lipids 

remains proprietary. Other ionisable lipids have been explored for use in an 

intratumourally administered subcutaneous cancer vaccine (Qin et al, 

2024) and a variety of both infectious and cancer vaccine targets 

administered intradermally by needle free jet injection (Sonoda et al, 2023) 

with various degrees of success. Conversely, Gomez-Aguado et al (2020) 

observed that the permanently cationic DOTAP alone outperformed a 

combination of DOTAP and the ionisable lipid (1,2-dioleoyl-3-

dimethylammonium propane) (DODAP). The importance of the relationship 

between structure and function is especially reflected when Zou et al (2022) 

formulated four ionisable lipids and found that liposomes formed with the 

multivalent lipid induced the highest expression of green fluorescent 

protein in A549 cells and effectively inhibited tumour growth when used to 

deliver an antitumour siRNA.  

Permanently multivalent cationic lipids have also been explored as means 

to improve complexation with pDNA due to their potential to moderate 

membrane charge density, or the average charge per unit area of the 

membrane (Ahmad et al, 2005). By synthesising a library of mono-, bi-, tri-, 

and pentavalent cationic lipids which differed only in head group 

composition, Ahmad et al (2005) showed that membrane charge density 

increased as lipid charges increased and was strongly predictive of 
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transfection efficiency in mouse fibroblasts. Cationic lipids with a higher 

number of positive charges could also form lower proportions of the 

membrane composition without DNA complexation decreasing. Joseph et al 

(2006) compared liposomal formulations composed of different 

monovalent lipids and a novel trivalent lipid ceramide carbamoyl-spermine 

(CCS) in their ability to deliver an influenza subunit vaccine and elicit 

systemic immune responses. While the monovalent lipids elicited local and 

systemic responses, the multivalent CCS-containing liposomes elicited 

equivalent or superior responses to the commercial vaccine co-

administered with cholera toxin as an adjuvant. Multivalent lipids were also 

found to load larger DNA molecules more efficiently when over 9,000 base 

pairs with stronger effects in vitro compared to lipofectamine 3000 (Sousa 

et al, 2022). The inclusion of multivalent lipids may also mirror the action 

of a self-assembly phenomenon where free multivalent cations in solution 

have been observed to interact with both DNA molecules and phospholipids 

in neutral or anionic liposome formulations (Tresset et al, 2007). 

Polyamines such as putrescine, spermidine, and spermine are naturally 

occurring bioactive polycations that have been observed to bind to nucleic 

acids and directly interact with multiple components and phases of an 

immune response (Proietti et al, 2020). Therefore, valency of cationic lipid 

may provide an important and potentially impactful variable in designing 

liposomes for DNA delivery to dendritic cells. 

Helper lipids including neutral phospholipids and cholesterol form the next 

two parts of the classical four-part lipid nanoparticle formulation. 

Cholesterol is essential for maintaining lipid membranes with 

homogeneous lipid distributions and it is a strong modulator of membrane 

fluidity and mechanical strength (Redondo-Morata et al, 2012), particularly 

when forming between 35 and 50 mol% of the total lipid composition. 

Briuglia et al (2015) studied the effect of controlling cholesterol in a range 

of formulations on both long term stability and drug release, finding that the 

optimum composition was 30 mol% cholesterol. Cholesterol-based cationic 

lipids combine the roles of the cationic lipid with the structural benefits of 

cholesterol, including DC-Cholesterol and a variety of other modified 
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cholesterols (Ju et al, 2016). The lipid GL67 combines a cholesterol base and 

the polyamine spermine, forming a trivalent cationic lipid that has been 

found to induce strong anti-tumoural immune responses in a mouse model 

(Siders et al, 2002). 

Neutral helper phospholipids form an equally essential part of the liposome 

formulation; selection of lipids with a conical shape at a carefully selected 

proportion of the overall liposome membrane have been found to 

significantly improve endosomal escape in vitro (Kolasinac et al, 2018). 

Endosomal maturation into lysosomes is a major bottleneck in preventing 

effective delivery of nonviral gene complexes, and formulations that have 

included fusogenic neutral helper lipids alongside cationic lipids have 

historically seen better DNA-encoded protein expression outcomes (Degors 

et al, 2019; Varga et al, 2005; Hatakeyama et al, 2009; Zheng et al, 2023). 

The conical shape of these lipids imposes a negative curvature on the bilayer 

and can induce a transition to non-bilayer phases (Zhigaltsev and Cullis, 

2023; Lonez et al, 2010). This transition negatively affects stability of the 

liposome but is highly conducive to endosomal escape, since it also disrupts 

the endosomal membrane structure, and its effects on liposome stability 

can be ameliorated by including cylindrical lipids and/or cholesterol. In 

particular, the fusogenic helper lipid DOPE has been well characterised in 

its augmentative effect on transfection both in vitro and in vivo (Du et al, 

2014; Caracciolo and Caminiti, 2005; Munoz-Ubeda et al, 2010). 

The final component of the four-part formulation described above is a 

PEGylated lipid; this is primarily to increase colloidal stability and increase 

circulation time as well as reduce toxicity, although this has been shown to 

negatively impact immune responses when PEGylated liposomes were 

compared to non-PEGylated liposomes (Carstens et al, 2011). This is 

advantageous when delivered intravenously, where extremely rapid blood 

clearance needs to be avoided (Semple et al, 2005) or intramuscularly, 

where tissue degradation would otherwise be a significant problem (Zhao 

et al, 2021). However, intradermal administration of cationic liposomes 

benefits from their depot effect and increased circulation is not necessarily 
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needed when gene expression is impaired by inclusion of PEGylated lipids 

(Ho et al, 2018).  

Some liposomal formulations have also included a functionalised lipid to 

encourage dendritic cell targeting and uptake through DC-specific 

endocytosis receptors. In particular, the mannose receptor is expressed on 

DCs and is involved in endocytic uptake as well as antigen internalisation 

for cross presentation (Schuette et al, 2016) and is therefore considered a 

potential target for DC delivery. Garu et al (2016) described a library of 

cationic lipids each containing a mannose-mimicking head chain and 

formulated liposomes with a 1:1 molar ratio of one of these lipids and 

dioleoylphosphatidylethanolamine (DOPE) to be complexed with DNA at a 

charge ratio of 4:1. The best performing lipid resulted in 20% of DCs 

transfected in vitro, and administration of the complex in vivo with DNA 

encoding for tumour antigens resulted in an almost complete tumour 

response. Liposomes described by Li et al (2013) included formulations 

composed of the cationic lipid DDAB, Cholesterol, and mannosylated 

cholesterol. Complexes were formed stepwise by complexation of DNA with 

protamine before addition of liposomes. Inclusion of the mannosylated 

cholesterol significantly increased cellular uptake while DC maturation was 

induced irrespective of mannose inclusion. Both of these papers alluded to 

mannose-dependent improvement in complex uptake but not expression. 

Expression of the mannose receptor on DCs also has the potential for 

negatively affecting an immune response due to mannose receptor 

interaction with CD45 on the T cell surface (Schuette et al, 2016). This 

upregulates expression of the inhibitory receptor CTLA-4 on the T cell 

surface and directly impairs its cytotoxic activity. Mannose receptors are 

also predominantly expressed on immature dendritic cells; activation of 

these receptors and downstream signalling pathways has been found to 

induce an anti-inflammatory immunosuppressive environment with the 

potential to induce antigen-specific immune tolerance (Chieppa et al, 2003). 

Functionalisation of dendritic cell ligands remains a promising strategy; 

another example is linolenic acid, a naturally occurring fatty acid that is 

metabolised into arachidonic acid and docosahexaenoic acid. All three 
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compounds have been found to be readily taken up by dendritic cells and 

induce dendritic cell maturation with knock-on effects on T cell activation 

and proliferation (Carlsson et al, 2015). Linolenic acid has been included in 

liposomal formulations previously and induced anti-tumour immune 

responses (Saad et al, 2023), but to date remains a novel strategy for 

liposomal DNA delivery to dendritic cells. 
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1.8 Thesis hypothesis 

It was hypothesized that cationic liposomes are a suitable delivery vehicle 

for plasmid DNA vaccine delivery, and that multivalency of the cationic lipid 

in the liposome formulation may affect pDNA uptake and expression in 

dendritic cells. As DC-Cholesterol and DOPE are well characterised in their 

ability to deliver pDNA to a variety of cells in vitro and to initiate immune 

responses in certain in vivo models, it could be used as a starting point to 

evaluate in dendritic cells. As multivalent lipids have been demonstrated to 

improve uptake, expression, and immune activation, a multivalent 

cholesterol-based lipid may improve dendritic cell expression of GFP when 

used to deliver GFP pDNA. 
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1.9 Thesis aims and objectives 

The aim of this project was to evaluate the effect of changing the valency of 

cationic lipid in liposome formulations on delivering pDNA to dendritic 

cells. An initial liposome formulation consisting of the monovalent 

cholesterol based lipid DC-Cholesterol and the helper lipid DOPE was 

characterised for physicochemical parameters including size, charge,  

encapsulation efficiency, and morphology. Expression of GFP was evaluated 

first in human embryonic kidney HEK293T, murine fibroblast NIH 3T3, and 

murine dendritic DC2.4 cell lines and cellular and humoural immune 

responses evaluated using a SARS-Cov-2 pDNA vaccine. The trivalent 

cholesterol-based lipid GL67 was then incorporated in a separate 

formulation with DOPE, characterised, and in vitro expression evaluated 

and compared with the previous formulation. 

The project objectives were as follows: 

• Characterise the physicochemical properties of liposomes composed 

of different ratios of DC-Cholesterol and DOPE, combined with GFP 

pDNA at different nitrogen: phosphate ratios (Chapter 3) 

• Deliver pDNA using DC-Cholesterol/DOPE liposomes, evaluating in 

vitro GFP expression in three cell lines and in vivo immune responses 

to a SARS-Cov-2 pDNA vaccine (Chapter 4) 

• Characterise physicochemical properties of, and evaluate in vitro 

expression of GFP induced by: DC-Cholesterol/DOPE/linolenic acid, 

GL67/DOPE, or GL67/DOPE/linolenic acid liposomes at different 

nitrogen: phosphate ratios (Chapter 5) 
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Chapter 2: Materials and Methods 

2.1 Materials  

Table 1. Materials and equipment, and the supplier 

Materials and equipment Supplier 
Chloroform >99% Sigma Aldrich 
3β-[N-(N′,N′-
dimethylaminoethane)- 
carbamoyl]cholesterol 
hydrochloride (DC-cholesterol) 

Sigma Aldrich 

Phosphate buffered saline (PBS) 
tablets 

Sigma Aldrich 

Chloroquine diphosphate Sigma Aldrich 
N4-Cholesteryl-Spermine HCl salt 
(GL67) 

Avanti Polar Lipids 

1,1'-Dioctadecyl-3,3,3',3'-
Tetramethylindodicarbocyanine, 4-
Chlorobenzenesulfonate Salt (DiD) 
solid 

Avanti Polar Lipids 

Linolenic acid (LA) Sigma Aldrich 
1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) 

Avanti Polar Lipids 

Zombie Violet™ Fixable Viability Kit Biolegend, UK 
GFP pDNA (pcDNA3-Clover) Addgene #40259 
Agarose powder Sigma Aldrich, UK 
Tris-acetate-EDTA (TAE) buffer 20x Thermo-Fisher, UK 
Luria Bertani (LB) broth powder Sigma Aldrich, UK 
LB agar powder Sigma Aldrich, UK 
Plasmid miniprep kit Qiagen, UK 
Plasmid midiprep kit Qiagen, UK 
1kb DNA ladder Sigma Aldrich, UK 
Ethidium bromide Sigma Aldrich, UK 
Hank’s balanced salt solution 
(HBSS) media 

Sigma Aldrich, UK 

Roswell Park Memorial Institute 
1640 medium (RPMI 1640) 

Sigma Aldrich, UK 

Dulbecco’s modified Eagle’s 
Medium (DMEM) 

Sigma Aldrich, UK 

foetal bovine serum (FBS) Sigma Aldrich, UK 
L-glutamine Sigma Aldrich, UK 
non-essential amino acids Sigma Aldrich, UK 
4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid 
(HEPES) buffer solution 1 M 

Sigma Aldrich, UK 

2-mercaptoethanol >99% Sigma Aldrich, UK 
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trypsin Ethylenediaminetetraacetic 
acid (EDTA) solution >99.7% 

Sigma Aldrich, UK 

dimethyl sulfoxide sterile filtered 
>99.7% (DMSO) 

Sigma Aldrich, UK 

isopropyl alcohol >99.7% Sigma Aldrich, UK 
paraformaldehyde 4% Sigma Aldrich, UK 
Lipofectamine 2000 transfection 
reagent 

Thermo-Fisher, UK 

Prestoblue viability reagent Invitrogen, UK 
Ampicillin sodium salt Sigma Aldrich, UK 

Filter syringe cap, 0.22 µm  Sigma Aldrich, UK 

(3,3´ -dioctadecyloxacarbocyanine, 
perchlorate) (DiO) 

Invitrogen, UK 

(DiIC18(3); 1,1′-dioctadecyl-
3,3,3′,3′-
tetramethylindocarbocyanine) 
(DiI) 

Invitrogen, UK 

COVID-19 SN17 plasmid DNA Scancell, UK 
 

2.2 Plasmid DNA isolation and quantification 

2.2.1 Isolation of GFP-expressing plasmid DNA from transformed E. 

Coli 

Ampicillin stock (100 mg/ml) was made by dissolving ampicillin in DI water 

and sterilising by 0.22 µm filter syringe cap and storing at -20°C in 100 µl 

aliquots until use. LB agar plates were prepared by adding 4 g LB agar in 

100 ml DI water in a 250 ml capacity bottle and microwaving until fully 

dissolved. The bottle cap was loosely taped in place and autoclaved before 

storing at 4°C until use. Prior to use, LB agar was microwaved until melted 

and left to cool slightly. Ampicillin stock was added to a final concentration 

of 100 µg/ml and approximately 20 ml agar was poured into each of five 

petri dishes and left to cool before storing wrapped in parafilm at 4°C upside 

down until use within one week. LB broth was prepared in 1 L glass bottles. 

20 g broth powder was added to 760 ml DI water, loosely capped and 

autoclaved. Before use, LB broth was warmed to 37°C and ampicillin added 

to a final concentration of 100 µg/ml. 

GFP-expressing transformed E. Coli resistant to ampicillin were taken from 

an agar stab and streaked on an agar plate containing ampicillin before 
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incubating at 37°C overnight. A single colony was taken using a sterile 

inoculating loop and inoculated into a 50 ml Falcon tube containing 10 ml 

LB broth with ampicillin and incubated for 6-8 h. Optical density of turbid 

broths were tested by diluting 500 μl bacteria with 500 μl fresh LB broth 

and measuring using a spectrophotometer. Broths with optical densities 

between 0.4 and 0.6 were centrifuged at 13000 rpm for 10 minutes, 

supernatants discarded, and pellets frozen at -20°C until needed.  

To isolate plasmid DNA, the Qiagen spin miniprep kit was used according to 

the instructions. Frozen pellets were defrosted and each pellet resuspended 

in 250 µl buffer p1 before transferring to a 1.5 ml capacity microcentrifuge 

tube. 250 µl buffer p2 was added and mixed by inverting the tube 4-6 times 

until the solution became clear, no longer than five minutes. 350 µl buffer 

N3 was added and mixed by inverting the tube 4-6 times. Precipitates were 

removed by centrifuging at 17,900 g for 10 minutes and 800 µl supernatant 

added to the spin column by pipette. Columns were centrifuged briefly for 

30 to 60 seconds and flow through discarded. Columns were washed by 

adding 750 µl buffer PE, centrifuging briefly and discarding flow-through. 

Columns were centrifuged for 1 minute to remove residual wash buffer and 

transferred to a clean 1.5 ml microcentrifuge tube. DNA was eluted by 

adding 50 µl sterile RNAse and DNAse-free water to the centre of the spin 

column, letting stand for 1 minute, and centrifuging for 1 minute. 

Concentration of extracted DNA measured using the Nanodrop and purity 

confirmed by an absorbance value >1.8 at 260/280 nm. Plasmid size was 

confirmed by gel electrophoresis (see section 2.2.2). Expression of GFP was 

confirmed by sequencing through the SourceBioscience postal sequencing 

service. For ongoing plasmid use, pDNA was sent to Genewiz, UK for 

gigaprep expansion and stored in 1 mg/ml aliquots of 100 µl at -20°C until 

needed. 

2.2.2 Confirmation of isolated plasmid DNA size by gel electrophoresis 

Agarose gel was made by dissolving 1 g agarose in 100 ml 1X TAE buffer in 

the microwave in 30 second bursts until fully dissolved. Ethidium bromide 
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(20 μl of 2.5 mg/ml stock) was added and poured into a gel mould while still 

warm, popping any bubbles with a pipette tip. A 10-well comb was inserted 

and the gel left to cool for one hour. Prior to use, the comb was removed and 

placed in the agarose gel tray before submerged in 1X TAE buffer. Per well, 

10 μl plasmid DNA mixture containing 8 μl plasmid DNA and 2 μl loading 

dye was loaded next to 5 μl of 1kb DNA ladder and the gel was run for 45 

minutes at 120 V before imaging. 

2.3 Liposome-DNA complex preparation and characterisation 

2.3.1 Formation of cationic liposomes by thin film method 

3β-[N-(N′,N′-dimethylaminoethane)-carbamoyl]cholesterol hydrochloride 

(DC-Chol, 537.26 g/mol), N4-Cholesteryl-Spermine HCl salt (GL67, 724.37 

g/mol), 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine,4-

Chlorobenzenesulfonate Salt (DiD, 959.91 g/mol) solid, linolenic acid (LA, 

278.43 g/mol) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, 

744.03 g/mol) stock solutions were prepared at 1 mg/ml in chloroform and 

combined in round-bottom flasks at given molar ratios (Table X). 

Chloroform was evaporated in a rotary evaporator at 1 mbar of pressure, 

40°C water bath and -10°C condenser. To ensure full evaporation of the 

solvent, dried thin films were subsequently placed under nitrogen for a 

minimum of 30 minutes per film. Films were then hydrated by the addition 

of 1 ml DI water filtered through 0.22 um filter warmed to 37°C to a final 

lipid concentration of 1 mM. Films were sonicated in 5-minute intervals 

until fully hydrated. Liposome suspensions were then extruded through 

Whatman polycarbonate filters with pore sizes of 0.2 μm using a hand 

extruder (Avanti Polar) and kept up to one week at 4°C. 
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Chapter 3 Formulations 

 

DC-Chol (mol%) DOPE (mol%) DiD (mol%) 
25 74.98 0.02 
30 69.98 0.02 
35 64.98 0.02 
40 59.98 0.02 
50 49.98 0.02 
Chapter 5 Formulations 
DC-Chol (mol%) DOPE (mol%) LA (mol%) DiD (mol%) 
32 47.98 20 0.02 
GL67 (mol%) DOPE (mol%) LA (mol%) DiD (mol%) 
40 59.98  0.02 
32 47.98 20 0.02 

Table 2. Liposome formulations by molar percentage of total 1 mM lipid 

concentration. One formulation was used in chapter 4 for in vitro and in vivo 

studies, consisting of 40 mol% DC-Cholesterol as characterised in chapter 3. 

 

 

Figure 4. Chemical structures of liposomal lipids used in formulations detailed in 

section 2.3.1. Taken from Avanti Polar Lipids (DC-Chol, DOPE, GL67) and Sigma 

Aldrich (LA). 

DC-Chol 

GL67 

DOPE 

LA 
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2.3.2 Formation of liposome-DNA complexes 

Liposome-DNA complexes were made by combining relevant quantities of 

1 mg/ml GFP pDNA stock to 100 µl 1mM liposome suspensions and 

incubating for 30 minutes at room temperature. DNA and liposome 

combinations were determined by nitrogen to phosphate ratios (NP ratios), 

where 2 moles Nitrogen per mole of DC-Chol and 1 mole of Phosphate per 

base (average mass 330 g/mol). NP ratios used include NP 3, 6, 9, and 12. 

2.3.3 Characterisation of liposomes using dynamic light scattering and 

zeta potential measurements 

The mean hydrodynamic diameter of liposomes was measured by dynamic 

light scattering (DLS) using the Malvern Zetasizer Nano ZS. Measurements 

represent a mean of 3 runs from one experiment, measured at 25°C and a 

fixed scattering angle of 173°. Zeta potential was measured using Malvern 

Zetasizer Nano ZS at 25°C and reported values are the mean of three runs 

from one experiment. Liposome suspensions were diluted to 0.1mM 

liposomes in 10mM NaCl and solution specifications were set to a medium 

viscosity of 0.8872 mPa and a medium refractive index of 1.540. Particle 

characteristics were set to measure phospholipids. 

2.3.4 Gel electrophoresis and retardation assay 

1% agarose gels were made by dissolving 1 g agarose powder in 100 ml TAE 

buffer in a microwave in 45 second intervals until clear. When cool to the 

touch, 20 μl of 2.5 mg/ml ethidium bromide (EtBr) was added and the gel 

poured into gel electrophoresis mould with 10-well combs inserted. When 

set, combs were removed and gels were submerged in TAE buffer. Wells 

were loaded with a 1-10kb DNA ladder, positive DNA-only control, and 30 μl 

liposome complexes prepared as in section 2.3.2. Gels were run at 130 mV 

for 45 minutes and imaged in a UV transilluminator. 

2.3.5 Calculation of encapsulation efficiency by densitometry 

Encapsulation efficiency in chapter 5 was determined by gel retardation as 

described in section 2.3.4. ImageJ V1.5 software was used for densitometry 
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to determine the intensity of the DNA band detected in the body of the gel. 

Band intensity found in each experimental condition was compared to the 

control band which contained a known quantity of pDNA (2 µg). 

Encapsulation efficiency was expressed as the percentage of DNA in the 

sample stably condensed by cationic liposome and calculated as in equation 

1.  

(1 −
𝐷𝑁𝐴 𝑖𝑛 𝑏𝑎𝑛𝑑

𝐷𝑁𝐴 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒
) 𝑥100 = 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐷𝑁𝐴 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 

Equation 1 
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2.3.6 Ethidium bromide displacement assay 

1.6 μl EtBr was diluted in 800 μl deionized water for EtBr-only control. 100 

μl DNA at 1 mg/ml was mixed with 20 μl EtBr to make DNA/EtBr stock at 

0.833 mg/ml DNA. In a black flat bottomed 96-well plate, 200 μl EtBr control 

was added to each of three wells. Relevant quantities of liposomes for each 

formulation and NP ratio were added to wells, supplied with 2.4 μl 

DNA/EtBr stock, and topped up to 200 μl total volume with water. For DNA 

control, 2.4 μl DNA/EtBr was added to 197.6 μl water. All samples were done 

in triplicate. Complexes were incubated at room temperature for 30 minutes 

and fluorescence read using the TECAN fluorescent plate reader at 560 nm 

excitation and 605 nm emission wavelengths. 

2.3.7 Fluorescence resonance energy transfer (FRET) studies 

FRET studies were carried out by Fady Mina and Abdullah Aljasser during 

Fady Mina’s first year research project in collaboration with Freya Leech and 

Abdullah Aljasser. FRET was carried out to investigate liposome membrane 

fusion (Figure 5). 

Dually labelled liposomes with DiO and DiI were prepared as described in 

section 2.3.1 with 33 µl of each DiO and DiI at 1mM added into the 

chloroform prior to evaporation. Plasmid DNA was added to a 1:1 mixture 

of dually labelled cationic liposomes and unlabelled cationic liposomes to 

achieve the relevant NP ratios. A fraction from this mixture without pDNA 

was used as a control. Samples were placed in a 96 well black flat bottomed 

plate and filtered DI water was added to reach a total sample volume of 200 

µl. The lipoplexes were left to stabilise at room temperature in the dark for 

30 minutes. For separate labelling, the same procedure was followed with 

one alteration: DiO-labelled liposomes and DiI-labelled liposomes were 

combined in a 1:1 mixture and pDNA added to investigate pDNA-initiated 

liposome fusion. Samples were excited at a wavelength of 460 nm and 

emission measured as follows: fluorescence of acceptor fluorophore (Fa) 

was measured at 566 nm and fluorescence of donor fluorophore (Fd) was 



Page 52 of 184 
 

measured at 506 nm and FRET efficiency calculated as in equation 2. 

Experimental design and expected outcomes are detailed in Figure 5. 

𝐹𝑅𝐸𝑇 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐹𝑅𝐸𝑇 𝐸) =  
𝐹𝑎

𝐹𝑑 + 𝐹𝑎
 

 

Figure 5. Experimental design of FRET studies. Lipid fusion and mixing is 

represented by changes in FRET efficiency when labelled and unlabelled 

liposomes are combined with pDNA. 

 

 

Equation 2 
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2.3.8 Cryogenic Transmission Electron Microscopy (cryoTEM): sample 

preparation and imaging 

Liposomes and liposome-DNA complexes at NP 3 and NP 9 were prepared 

as described in sections 2.3.1 and 2.3.2 at a total lipid concentration of 1 

mM. 3 ul liposomes were pipetted onto carbon grids and rapidly frozen in 

liquid ethane using the Gatan Cryoplunge 3. Samples were imaged by staff 

at the nanoscale and microscale research centre (nmRC) on the JEM JEOL-

2100 electron microscope. 
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2.4 Cell culture and treatments/transfection 

2.4.1 Maintenance of DC2.4 murine dendritic cell line 

The murine dendritic cell line DC2.4 was cultured in RPMI-1640 media and 

used between passages 3 and 10. Media were supplemented with Foetal 

Bovine Serum (10% v/v), L-glutamine (1% v/v), non essential amino acids 

(1% v/v), and HEPES buffer to a final concentration of 10 mM. Prior to use, 

50 ml media were aliquoted and 2.7 μl of 2-mercaptoethanol added. 

Aliquots were used within 48 h of preparation due to instability of 2-

mercaptoethanol in serum. Cells were incubated at 37°C and 5% CO2. Cells 

were incubated in T75 cell culture flasks until 80-90% confluent before 

passaging. This was done by aspirating media, washing adherent cells in 

approximately 10 ml warmed PBS, and scraping cells under PBS before 

pouring into a 15 ml falcon tube and centrifuging at 180 G for five minutes. 

Media was aspirated and the cell pellet resuspended in 5 ml fresh media, 0.8 

ml of which was transferred to a new flask and supplied with a further 10ml 

fresh media. Cells were passaged every 3-4 days. 

2.4.2 Maintenance of NIH 3T3 murine fibroblast and HEK293T human 

embryonic kidney cell lines 

The murine fibroblast cell line NIH 3T3 was used between passages 28 and 

50. The human embryonic cell line HEK293T was used between passages 

12 and 58. Both cell lines were cultured in DMEM media supplemented with 

Foetal Bovine Serum (10% v/v) and L-glutamine (1% v/v). Cells were 

incubated at 37°C and 5% CO2. Cells were incubated in T75 cell culture flasks 

until 80-90% confluent before passaging. This was done by aspirating 

media, washing adherent cells in approximately 10 ml warmed PBS, and 

incubating cells with 3ml Trypsin EDTA for five minutes at 37oC before 

diluting with 6 ml media and centrifuging at 180 G for five minutes. Media 

was aspirated and the cell pellet resuspended in 5 ml fresh media, 250 ul of 

which was transferred to a new flask and supplied with a further 10ml fresh 

media. Cells were passaged every 3-4 days. 
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2.4.3 Preservation of cells 

Cryopreservation of cells was done by expanding cells in up to six T75 cell 

culture flasks to 80-90% confluence. Cells were washed and detached from 

the flasks as described above, with each cell pellet resuspended in 1 ml 

expansion media containing 10% dimethyl sulfoxide (DMSO) (v/v) and 

transferred to 1.5 ml capacity cryovial. Cryovials were immediately 

transferred to a Mr Frosty container filled with isopropyl alcohol and frozen 

at -80°C overnight before transferring to liquid nitrogen storage.  

Cryopreserved cells were revived by rapidly defrosting the cryovials in a 

37°C water bath and diluting immediately in 9 ml warmed expansion media 

in a 15 ml falcon tube. Cells were washed by centrifuging at 180 G for five 

minutes and resuspended in 10 ml expansion media before transferring to 

a T75 cell culture flask and incubating overnight at 37°C 5% CO2. The next 

day, cells were counted and passaged as above. 

2.4.4 Cell transfection with green fluorescent protein (GFP)-encoding 

plasmid 

Cells were plated in 24-well cell culture plates at 1x105 cells per well. After 

plating, cells were incubated overnight at 37 °C and 5% CO2 to ensure 

adherence. Lipofectamine/DNA complexes were prepared in serum-free 

HBSS media at DNA: lipofectamine ratio of 1 µg: 4 µl. Lipofectamine/DNA 

complexes were made by preparing 500 ul HBSS containing 10 ug DNA and 

500 µl HBSS containing 40 µl lipofectamine before adding the DNA mix to 

the lipofectamine mix and incubating for 5 minutes at room temperature. 

DNA alone was diluted 10 μg DNA in 1ml HBSS for the control. Media, DNA, 

and lipofectamine complexes (100 μl each well containing 1 ug DNA) were 

added to the cells in triplicate and incubated at 37°C, 5% CO2 for 4 hours 

before washing and supplying with expansion medium and incubating for a 

further 24 hours. 
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2.4.5 Endosomal uptake assay by chloroquine diphosphate 

Cells were plated in 24-well cell culture plates at 1x105 cells per well. After 

plating, cells were incubated overnight at 37 °C and 5% CO2 to ensure 

adherence. Chloroquine diphosphate was diluted in HBSS to 50 µM for the 

DC2.4 cell line and 100 µM for the HEK293T and NIH 3T3 cell lines 

according to data from chloroquine diphosphate toxicity obtained following 

the prestoblue assay as described in section 2.4.7. Cells were washed and 

supplied with 500 µl per well of HBSS containing the relevant concentration 

of chloroquine diphosphate or HBSS alone. The transfection protocol was 

followed as described in section 2.4.4, adding the treatments to cells with 

and without chloroquine diphosphate. Cells were prepared and assayed for 

flow cytometry as described in section 2.4.6. 

2.4.6 Flow cytometry 

At the end of the transfection studies, cells were washed with PBS and 

detached with trypsin as described previously. Contents of each well were 

transferred to a clear round bottom plate before centrifuging at 180 G for 

five minutes and supernatants discarded. Zombie Violet viability dye 

staining solution was prepared by adding 10 μl dye to 4990 μl HBSS media; 

100 μl of the dye solution was added to each well, mixing gently by pipette, 

and incubated for 45 minutes at room temperature (approximately 25°C) 

wrapped in aluminium foil to protect from light. Cells were centrifuged at 

180 G for five minutes, washing in 200 μl HBSS per well twice. To fix the 

cells, 200 μl paraformaldehyde (4% in PBS) was added to each well and 

incubated again for 20 minutes at room temperature before washing and 

resuspending in 200 μl HBSS per well. Samples were run on a Miltenyi 

MACSQuant Analyzer 12 flow cytometer. 

2.4.7 Cellular toxicity of chloroquine diphosphate 

Cellular toxicity to chloroquine diphosphate was performed by Prestoblue 

assay. A solution of 1.6 mM chloroquine diphosphate in HBSS was prepared 

and serially diluted one in two to obtain nine total concentrations including 

1.6 mM, 800 µM, 400 µM, 200 µM, 100 µM, 50 µM, 25 µM, 12.5 µM, and 6.25 
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µM. DC2.4, NIH 3T3, and HEK293T cells were seeded at 1x105 cells/well in 

complete media in black 96-well cell culture plates and incubated overnight 

at 37°C and 5% CO2 to allow for adherence. Media were aspirated and 

chloroquine solutions added to triplicate wells and incubated for 4 h at 37°C 

and 5% CO2 with 1% Triton X-100 in PBS as a positive cell death control and 

complete media as a negative control. Cells were washed and Prestoblue 

reagent diluted 1/10 in HBSS; 100 µl diluted Prestoblue was added to each 

well and incubated for one hour before reading at 560/600 nm. 

2.5 Characterising immune responses in vivo 

2.5.1 Liposome-DNA complex preparation for in vivo use 

Liposomes composed of 40 mol% DC-Cholesterol and 60 mol% DOPE were 

prepared by thin film method as described in section 2.3.1 to a final lipid 

concentration of 20 mM. DNA encoding for SARS-Cov-19 spike (S) and 

nucleoprotein (N) antigens was used, referred to henceforth as SN17. DNA 

was diluted such that 200 µl contained 80 µg SN17 DNA in 2X PBS. 

Liposomes were diluted in nuclease free water and combined with the 

diluted SN17 DNA in equal volumes to obtain liposome-DNA complexes at 

NP 3 and NP 9 containing 10 µg DNA per 50 µl dose.  

2.5.2 Murine in vivo study husbandry and maintenance  

The murine immunisation study was carried out under a Home Office 

approved project licence (PC45ABD5B) held by Scancell, UK. Animal 

experiments were co-ordinated by Peter Symonds. Female Balb/C (Charles 

Rivers) mice were maintained in the animal unit at Nottingham Trent 

University according to home office guidelines and the project licence. 

Environmental conditions were maintained within 20 to 24°C ambient 

temperature and 40 to 70% humidity, with twelve hours of continuous 

artificial light per 24 h period and at least 15 air changes per hour. Animals 

were housed in groups of up to three in Techniplast Sealsafe Plus cages and 

furnished with Corn Cob bedding, sizzle-nest (Datesand Ltd., Cheshire, UK) 

and play tunnels. Animals were provided with Rodent 2018 Teklad Global 

Certified Diet (Envigo Laboratories U.K. Ltd., Oxon, UK) and tap water ad 
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libitum. Animals were provided with environmental enrichment items 

including wooden chew blocks and cardboard fun tunnels (Datesand Ltd., 

Cheshire, UK). The diet, water, bedding, and enrichment items were 

considered to not contain any contaminants that could reasonably be 

expected to affect the purpose or integrity of the study. 

2.5.3 Mouse immunisations, observations, and sacrifice 

Animal immunisations were carried out under a Home Office approved 

project licence (PC45ABD5B) by the team at at Scancell, UK. Mice were 

maintained in the animal unit at Nottingham Trent University according to 

home office guidelines and the project licence. Female Balb/C (Charles 

Rivers) mice were used and immunised with SN17.  All mice in Group A 

received 1 DNA bullet via gene gun on days 1, 8, and 15, prepared by Peter 

Symonds and containing 5 ug DNA. Three mice in group B received a single 

50 µl intradermal injection containing 10 µg SN17 pDNA with cationic 

liposomes at NP 3 on days 1, 8, and 15. Three mice in group C received a 

single 50 µl intradermal injection containing 10 µg SN17 pDNA with cationic 

liposomes at NP 9 on days 1, 8, and 15. Doses were selected in line with the 

standard protocol used by Scancell, UK. 

Morbidity/mortality inspections were carried out twice daily, early and late 

during the working period with the exception of weekends and university 

closure dates where they were carried out once per day. Individual clinical 

observations and individual body weights were performed immediately 

before dosing on days 1, 8, and 15. Mice were sacrificed on day 19 of the 

study by cervical dislocation. Blood was harvested immediately after 

sacrifice through a cut in the neck of the mouse. Spleens were removed and 

used immediately after sacrifice. 

2.5.4 Quantification of interferon gamma-producing splenocytes by 

ELISpot 

ELISpot assay was performed ex vivo with respect to the peptides: Spike 

Receptor Binding Domain (RBD) 505-524, S protein, N protein, RBD peptide 

pool, and N peptide pool. All peptides were stored as lyophilised powder at 
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-80 prior to reconstitution at 1 mg/ml in solution containing 20% DMSO v/v 

and 80% PBS v/v. 

Splenocytes harvested from mice from each group were treated and assayed 

independently. Ex vivo ELISpot assays were done using murine IFNγ capture 

and detection reagents according to the manufacturer’s instructions 

(Mabtech AB, Nacka Strand, Sweden). Capture antibodies (10 μg/ml) were 

coated onto wells of 96-well Immobilin-P plate and triplicate wells were 

seeded with 5x105 splenocytes in complete media (RPMI 10% FCS, 1% 

HEPES buffer, 1% glutamine, 1% penicillin/streptomycin) plus 2-

mercaptoethanol. Synthetic peptides were used at a final concentration of 5 

µg/ml in complete media plus 2-mercaptoethanol and added to these wells. 

Peptide pools and whole proteins (as detailed above) were used at a final 

concentration of 1 µg/ml.  

Following incubation, captured antibody was detected by a biotinylated 

anti-IFNγ antibody (1/1000) and development with a streptavidin alkaline 

phosphatase (1/1000) and chromogenic substrate. Spots were analysed 

and counted using an automated plate reader (CTL Europe GmbH, Aalen, 

Germany). A total of 9 individuals were assayed. 

2.5.5 Quantification of serum antibodies against S and N covid antigens 

by ELISA 

Blood was collected from mice and allowed to clot for at least 30 minutes at 

room temperature. Sera were collected by centrifuging coagulated blood at 

1000 g for 10 minutes and supernatant aspirated into a clean tube. Naï ve 

mouse serum samples were used as a control. Aliquots of 25 µl were 

prepared and stored at -20°C for future assays if required. Sera were serially 

diluted 1/10 in 2% BSA-PBS and incubated for one hour at room 

temperature (RT) in coated S1 protein (GenScript Z03501), N protein 

(GenScript Z034880 and RBD proteins (Sino Biological 40592 V08H85 and 

V08H90), Nunc Immuno plate F96 MaxiSorp ELISA plates, all at 200 ng/well 

and then blocked with casein. Following three PBS washes, S1 and RBD 

antibody binding was detected using a 3-step approach consisting of Goat-
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anti-mouse IgG, Fc biotin (Sigma B7401, 1:2000, 1 hour RT) followed by 

Streptavidin-HRPO conjugate (Invitrogen S911, 1:1500, 1 hour RT) and 

finally TMB core plus reagent (Bio-Rad BUF062C) for development. N 

antibody binding was detected using a 2-step approach where Goat pAb to 

mouse IgG (HRP) (Abcam ab20043, 1:5000, 1 hour RT) was used after the 

serum incubation step, followed by the development described above. In 

both instances, once sufficiently developed, the reaction was stopped using 

1M H2SO4 and the plates were read at 450nm wavelength on a plate reader. 

2.6 Role of temperature on the formation of DNA-liposome complexes 

Liposomes composed of GL67:DOPE were prepared using the thin film 

method as described in section 2.3.2 and dessicated under nitrogen. 

Variation in laboratory ambient temperatures was observed during the 

formation of liposome-DNA complexes in chapter 5. Liposomes and DNA 

aliquots were incubated at 4°C, 18°C, or 37°C for 30 minutes. Liposome-DNA 

complexes at NP 3, 6, 9, and 12 were formed as described in section 2.3.2 

and incubated at their given temperatures for a further 30 minutes. Size was 

measured by dynamic light scattering. 

2.7 Statistical analysis 

All data are displayed as mean ± standard deviation. Normal distribution 

was tested by the Shapiro-Wilk test. Student’s t-tests were performed to 

compare means of two groups. One way analysis of variance (ANOVA) with 

post hoc Tukey’s test was performed for comparisons of three or more 

group means. P-values of <0.05 were considered statistically significant; 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Statistical analysis was 

carried out using Graphpad Prism version 10. 
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Chapter 3: Characterisation of a model liposome 

formulation (DC-Cholesterol/DOPE) capable of condensing 

DNA into a stable complex 

3.1 Introduction 

Delivery of DNA-liposome complexes relies on the careful control of their 

physicochemical properties to prepare for a variety of biological 

interactions. DC-Cholesterol, a cholesterol-derived cationic lipid, is well 

characterised in combination with DOPE, a fusogenic helper lipid, and the 

focus of this chapter will be on the characterisation of this formulation with 

a model GFP plasmid. 

3.1.1 Methods of liposome preparation 

Liposome formation has been historically carried out by a variety of 

methods. Yang et al (2012) examined the effect of formulating DC-

Chol/DOPE liposomes using different preparation methods at mass ratios 

of 1:2, 1:1, and 3:2 and charge ratios of cationic lipid to DNA of 1, 2, and 4. 

Preparation of liposomes by thin film, reverse phase evaporation, or ethanol 

injection did not change morphology as measured by cryogenic 

transmission electron microscopy, all yielding spherical particles with 

integrated bilayers. Size was also not statistically different, forming 

liposomes 200 nm in diameter or lower. However, the thin film method 

yielded the most stable complexes with the highest zeta potential, resisting 

aggregation for up to two months. The researchers concluded that the thin 

film method was the most appropriate method for liposome formation.  

In contrast, a study by Maitani et al (2007) compared DC-Cholesterol/DOPE 

liposomes formed by ethanol injection and thin film method, concluding 

that ethanol injection-prepared liposomes led to increased GFP expression 

in HeLa cells. However, this was less significant when DOPE formed a larger 

proportion of total lipid content and the authors theorised that the ethanol 

injection method was more effective at homogeneously distributing DOPE 

when present in lower proportions. This chapter will therefore investigate 
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a range of formulations where DC-Cholesterol consists of up to 50 mol% of 

the total lipid content. 

3.1.2 DNA-liposome complex formation 

Interaction between cationic liposomes and DNA is driven by electrostatic 

interactions between the positively charged cationic lipid and negatively 

charged phosphate backbone on DNA (Rodriguez-Pulido et al, 2008). In a 

study investigating the compaction of DNA by cationic liposomes, 

Rodriguez-Pulido et al (2008) formed liposomes out of a 1:1 ratio of DC-

Cholesterol and DOPE, and combined them with calf thymus DNA (CT-DNA) 

at NP ratios of approximately 1, 2, 3, 4, 6, 8, and 10. Size and zeta potential 

were measured and complexes evaluated by cryogenic transmission 

electron microscopy and ethidium bromide displacement. The researchers 

plotted zeta potential as a function of NP ratio to identify the isoneutrality 

ratio (noted as L/D), or the ratio at which the negative charges of the DNA 

and positive charges of the cationic lipid result in a complex with a neutral 

overall charge (Figure 1). They discovered that with increasing NP ratio, the 

overall charge of the complex increased sigmoidally, reaching a plateau near 

the charge of the liposomes without DNA (Figure 6). 
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Figure 6. Taken from Rodrigues-Pulido et al (2008). Values of zeta potential (ζ, mV) 

of 1:1 DC-Chol/DOPE liposomes formed with calf thymus DNA in 40 mM HEPES 

buffer. Solid line: sigmoidal fit of zeta potential against lipid:DNA (L/D) mass ratio.  

Optimised encapsulation efficiency of pDNA was found when the 

formulation contained DC-Chol and DOPE at a ratio of 0.89:1 and NP ratio 

of 3.8 using Box Behnken design, a statistical experimental design to yield 

response surface insights (Yang et al, 2012). However, optimal 

encapsulation efficiency may not correlate with optimal transfection 

efficiency; Maitani et al (2007) combined DC-Cholesterol and DOPE at ratios 

of 1:2, 1:1, and 3:2 at NP ratios of 1 to 11, finding that the charge ratio of 

liposome to DNA in the complex affected luciferase activity differently 

depending on DC-Cholesterol:DOPE ratio. Without DOPE, the optimum 

charge ratio of liposomes to DNA for luciferase activity was 7:1, but 

formulations of DC-Chol:DOPE at 3:2 and 1:2 had an optimum charge ratio 

of 2:1, decreasing slightly as charge ratio increased. Strongest expression 

across all formulations was observed in liposomes composed of DC-

Chol:DOPE at a ratio of 1:2. This indicates that both content of DC-

Cholesterol as a proportion of total lipid content and liposome:DNA ratio 

affects transfection outcome. 
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3.2 Chapter Aims and Objectives 

3.2.1. Hypothesis 

• Liposomes composed of DC-Cholesterol and DOPE formed by thin 

film method are small, monodisperse, and positively charged, and 

efficiently condense DNA into a stable complex. 

3.2.2. Aims 

• To optimise the formulation method of liposome using DC-

Cholesterol and DOPE as model lipids. 

• To investigate complexation between DNA and cationic liposomes. 

• To evaluate mechanism of complexation between DNA and cationic 

liposomes. 

3.2.3. Objectives 

• Formulate liposomes at a range of cationic lipid compositions using 

the thin film method and measure size and polydispersity 

• Add DNA to liposomes during thin film hydration or after extrusion 

to optimise complexation method 

• Measure complexation efficiency using gel electrophoresis and 

ethidium bromide displacement 

• Assess structure of DNA-liposome complexes by cryogenic 

transmission electron microscopy 

• Investigate mechanism of DNA-liposome complexation by 

fluorescence resonance energy transfer 
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3.4 Results 

3.4.1 Empty liposomes by filter size 

Liposomes were initially formulated by thin film method as described in 

section 2.3.1 with a range of formulations consisting of 25, 30, 35, 40, and 

50 mol% DC-Cholesterol, with the aim to obtaining small, monodisperse 

liposomes with an overall positive charge. Liposomes were extruded by 

hand through membranes with pore sizes of 400, 200, or 100 nm. Size was 

measured by dynamic light scattering and monodispersity judged to be 0.2 

or below on the polydispersity index (Figure 7). 
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Figure 7. Physicochemical characterisation of cationic liposomes according to 

molar ratio of DC-Chol:DOPE. A) hydrodynamic diameter of liposomes and B) 

polydispersity index measured by dynamic light scattering, and C) zeta potential 

measured by electrophoretic mobility. Bars represent mean ± one standard 

deviation, one batch each filter size with 9 repeats for filter sizes 0.4 and 0.2 µm, 

three repeats for filter size 0.1 µm. ****p<0.0001; one-way ANOVA. 

For each formulation, a slight decrease in particle size was observed as 

membrane pore size decreased. Extrusion through any pore size resulted in 

liposomes greater than 600 nm with a negative zeta potential for 

formulations containing 25 mol% or 30 mol% DC-Cholesterol. 

Formulations containing 35 mol%, 40 mol%, or 50 mol% DC-Cholesterol 

were monodisperse and positively charged across membrane pore sizes, 

increasing in charge with DC-Cholesterol content. 

When liposomes were extruded through 400 nm pore size membranes, a 

reduction in liposome size was observed as DC-cholesterol content 

increased. This was also noticeable when extrusion was through 200 nm 
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pore size membranes, albeit to a lesser extent, and least of all through 100 

nm. Formulations containing 35 mol%, 40 mol%, or 50 mol% DC-

Cholesterol were taken forward due to the predictability in particle size and 

low polydispersity, extruded through 100 nm membranes for the 

consistency. 

3.4.2 Hydration of liposome thin films with DNA   

Formation of liposome-DNA complexes was first explored by hydrating lipid 

thin films with DI water. Thin films were first hydrated by water alone, 

either by vortex for 20 minutes (Figure 2A), shaking water bath for 24 hours 

(Figure 2B), or sonication for one minute (Figure 2C). Thin films were not 

hydrated by the water bath; water was still clear and there were visible lipid 

deposits on the bottom of the glass. Vortexing hydrated thin films 

moderately well, showing few lipid aggregates in solution. Sonication 

hydrated thin films into cloudy suspensions with no aggregates, but is not 

suitable for DNA due to shear stress.  

Vortexing was selected for further study in hydrating thin films with a DNA 

solution at NP 3. Vortexing for 23 minutes and 45 seconds yielded a 

homogenous suspension (Figure 2D) but visible aggregation was observed 

within minutes in the flask (Figure 2E) and in the extruder, preventing 

further extrusion (Figure 2F-G). Furthermore, vortexing for that duration 

presents potential for shear stress and associated damage to DNA. 

Therefore, sonication was chosen as the hydration method going forwards; 

to avoid excessive shear stress, DNA was added to liposomes after hydration 

as described in section 2.3.2. 
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Figure 8.  Attempted encapsulation of DNA during hydration of lipid thin films. A-

C represent hydration methods of thin films without DNA with DI water. A) thin 

film was vortexed for 20 minutes. B) thin film was placed in a water bath at 37°C 

for 24 hours and shaken continuously at 100 rpm. C)  thin film was sonicated for 

one minute. D-E represent hydration of thin film with water containing DNA; D) 

immediately after vortexing for 23 minutes and 45 seconds, E) five minutes after 

stopping the vortex. 
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3.4.3 Characterisation of complexes made by combining DNA and 

liposomes in suspension  

To understand the effect of adding DNA to cationic liposome preparations, 

liposomes extruded through a polycarbonate membrane of 0.1 um with DC-

Cholesterol content at or above 35 mol% were incubated with DNA at NP 

ratios of 3, 6, 9, and 12 as described in section 2.3.2. NP ratios were 

calculated by molar ratio of nitrogen groups (N) on DC-Cholesterol to 

phosphate groups (P) on DNA backbone where DNA is assumed to have a 

molecular weight of 660 g/mol. NP 3 can be understood as 3 nitrogen 

groups to 1 phosphate group.  

Particle size and charge were measured as described in section 2.3.3 (Table 

3). Addition of DNA to liposomes was observed to lead to increase in particle 

size regardless of formulation or ratio. For formulations with 40mol% or 

50mol% DC-Cholesterol, addition of pDNA at NP3 increased particle size the 

most. A decrease in polydispersity upon the addition of pDNA was observed 

regardless of ratio for all formulations. Addition of DNA led to a decrease in 

particle charge for 40mol% DC-Cholesterol when pDNA was added at NP3. 
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Table 3. Hydrodynamic size, polydispersity index, and zeta potential of liposome-

DNA complexes. Liposomes formulated with different molar ratios of DC-

Cholesterol:DOPE were combined with plasmid DNA encoding GFP (GFP pDNA) at 

different nitrogen: phosphate (NP) ratios. Data for hydrodynamic diameter and 

polydispersity index indicate mean of nine repeats ± one standard deviation. Data 

for zeta potential indicate mean of three repeats ± one standard deviation. 

Differences in group means were analysed by one-way ANOVA; ****p<0.0001, 

ns=not significant. 

 
Empty NP 3 NP 6 NP 9 NP 12  

Size (nm) p 

35mol% 

DC-Chol 
82 ± 4 105 ± 2 99 ± 1 92 ± 2 89 ± 1 **** 

40mol% 

DC-Chol 
119 ± 5 240 ± 7 159 ± 4 140 ± 3 141 ± 5 **** 

50mol% 

DC-Chol 
120 ± 1 218 ± 7 148 ± 1 140 ± 2 140 ± 5 **** 

PDI  

35mol% 

DC-Chol 

0.382 ± 

0.005 

0.158 ± 

0.004 

0.160 ± 

0.011 

0.196 ± 

0.020 

0.215 ± 

0.012 
**** 

40mol% 

DC-Chol 

0.213 ± 

0.011 

0.060 ± 

0.016 

0.120 ± 

0.003 

0.114 ± 

0.014 

0.113 ± 

0.017 

**** 

50mol% 

DC-Chol 

0.217 ± 

0.020 

0.068 ± 

0.032 

0.114 ± 

0.007 

0.134 ± 

0.014 

0.158 ± 

0.021 

**** 

Charge (mV)  

35mol% 

DC-Chol 

25.7 ± 1.5 33.6 ± 2.5 40.3 ± 

0.53 

40.3 ± 2.6 37.4 ± 3.7 ns 

40mol% 

DC-Chol 
42.3 ± 3.0 8.4 ± 2.0 35.9 ± 2.3 39.8 ± 1.2 43.2 ± 0.2 **** 

50mol% 

DC-Chol 
42.7 ± 1.6 40.7 ± 2.4 40.0 ± 

3.05 
42.7 ± 0.8 40.9 ± 2.8 ns 
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3.4.4 DNA encapsulation efficiency by gel retardation  

To investigate whether any DNA remained free in solution after 

complexation with liposomes, liposome-DNA complexes were run through 

1% agarose gels containing ethidium bromide as described in section 2.3.4 

(Figure 9). DNA detected within the gel is visible under ultraviolet light due 

to ethidium bromide intercalation; if DNA is uncomplexed, it should travel 

within the gel and be visible as a band the same distance as the free DNA 

control. 

Figure 9. Gel retardation of liposome-DNA complexes. Liposomes composed of DC-

Cholesterol and DOPE at A) 35mol% DC-Chol, B) 40mol% DC-Chol, and C) 50mol% 

DC-Chol were combined with GFP pDNA at NP ratios and loaded into 1% agarose 

gels to visualise unbound DNA. 

Gel retardation relies on free DNA having the ability to travel within the 

body of the agarose gel when a 120 V current is applied; no bands were 

observed in liposome conditions, indicating that 100% of the DNA was 

successfully condensed in all NP ratios. Densitometry was carried out in 

ImageJ and used to confirm that in all formulations, DNA was detectable 

within the body of the gel for the control DNA band but not in liposomal 

conditions at any NP ratio. 
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3.4.5 DNA encapsulation efficiency by ethidium bromide 

displacement 

Quantification of DNA complexation by cationic liposomes was investigated 

by ethidium bromide displacement as described in section 2.3.6. Before 

complexation, DNA was stained with ethidium bromide and fluorescence 

measured to investigate the degree to which conformational changes 

undergone in DNA during complexation to liposomes displaced the 

ethidium bromide. Reduction in fluorescence intensity was taken as 

indication of successful complexation (Figure 10). 

 

Figure 10. Ethidium bromide displacement of cationic liposomes prepared at a 

range of DC-Chol:DOPE liposomes and NP ratios. Data represent mean ± one 

standard deviation (N=4 measurements of single batch). 
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At NP 12, a 50% reduction in fluorescence was observed across 

formulations. Liposomes with 50 mol% DC-Cholesterol showed the greatest 

displacement at lower NP ratios compared to formulations with lower DC-

Cholesterol content.  

Ethidium bromide displacement is variable by formulation, resulting in a 

reduction in ethidium bromide fluorescence from 20-50%.
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3.4.6 Cryogenic transmission electron microscopy (cryoTEM) of DNA-

liposome complexes 

Structural analysis of liposome-DNA complexes was done by cryoTEM in 

collaboration with the nmRC at the University of Nottingham (section 2.3.8). 

A uniform population of single layered liposomes was observed in A. In B 

and C, addition of DNA yields “doughnut” shapes of multi-layered liposomes 

with darker, grainy space between layers suggested to be DNA.  

 

Figure 11. Cryogenic transmission electron microscopy images of liposomes 

prepared with 40 mol% DC-Cholesterol. A) liposomes without DNA, B) liposomes 

with DNA at NP 3, and C) liposomes with DNA at NP 9. Structures observed are 

indicated by arrows and referenced in the diagram. 
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To compliment dye exclusion studies and investigate further the effect of the 

addition of DNA to liposomes on the structure of the resulting complex, 

cryogenic transmission electron microscopy (cryo-TEM) was used to image 

the complexes (Figure 11). Due to the aqueous core, flash freezing in liquid 

ethane provided a more accurate representation of the complex structure 

than traditional dessication methods. Imaging of liposomes prior to the 

addition of DNA showed a uniform population of unilamellar liposomes. 

After the addition of DNA, multilamellar structures were observed with 

dark, grainy space between layers suggestive of DNA. 
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3.4.7 Liposome membrane fusion as a mechanism for DNA-liposome 

complexation 

To investigate the mechanism of liposome-DNA complex formation as 

observed by cryoTEM images in section 3.4.6, liposome membrane fusion 

was measured by fluorescence resonance energy transfer (FRET). FRET 

data was collected by Fady Mina during a project rotation at the beginning 

of his PhD under the supervision of the author of this thesis as described in 

section 2.3.7 (Figure 12). 

D
iO

+D
iI 

lip
oso

m
es

N
/P

 0

N
/P

 3

N
/P

 6

N
/P

 9

N
/P

 1
2

0.0

0.2

0.4

0.6

0.8

1.0

FRET effeciency (1:1 mixture of DiO+DiI/plain liposomes)

F
R

E
T

 e
ff

e
c

ie
n

c
y

✱✱✱✱ **

D
iO

+D
iI 

lip
oso

m
es

N
/P

 0

N
/P

 3

N
/P

 6

N
/P

 9

N
/P

 1
2

0.0

0.2

0.4

0.6

0.8

1.0

FRET effeciency (Separated DiO/Dil liposomes)

F
R

E
T

 e
ff

e
c

ie
n

c
y

ns

****
****

****

****

FRET E of DC-cholesterol:DOPE 43:57 lipoplexes

A) B)

 

Figure 12. FRET efficiency (FRET E) by two different approaches of DC-Chol:DOPE 

lipoplexes with different N/P ratios. A) FRET E of lipoplexes composed from a 1:1 

mixture of dually labelled DiO+DiI liposomes and unlabelled liposomes in presence 

of different N/P ratios. B) FRET E of lipoplexes composed from a 1:1 mixture of DiO 

and DiI labelled liposomes in presence of different N/P ratios. Results are displayed 

as mean ± S.D. with n=3; ****= P<0.0001 in comparison against all groups; 

**=P<0.01 in comparison against control group, ns=not significant compared to 

control groups. 

The first experiment (Figure 12A) involves the incubation of liposomes 

dually labelled with DiO and Dil with liposomes containing no fluorophores. 

A reduction in fluorescence indicates dilution of the dyes and fusion of the 

liposomal membranes, which was observed when DNA was added 

regardless of NP ratio. 

In the second experiment (Figure 12B), two populations of liposomes were 

prepared with only one of each fluorophore. When combined and DNA 

added, an increase in fluorescence (FRET E) was observed, indicating 

liposomal membrane fusion by DiO and DiL proximity. When DNA was 

added at NP 3, fluorescence equalled the positive control of dually labelled 

FRET E (1:1 mixture of DiO+DiL/plain liposomes) FRET E (separated DiO/DiL liposomes) 
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DiO+Dil liposomes with a gradual lessening of the effect as less DNA was 

added at higher NP ratios. 

3.5 Discussion 

Cationic liposomes present the capacity to condense negatively charged 

DNA into small, monodisperse, positively charged stable complexes. These 

complexes are attractive vehicles for vaccination purposes due to their 

nontoxicity and modifiability. In this study we have used a well-

characterised liposome formulation shown in the literature to be capable of 

condensing DNA into stable complexes (Rodriguez-Pulido et al, 2008; 

Maitani et al, 2007; Munoz-Ubeda et al, 2010) and initiating an antigen-

specific immune response (Perrie et al, 2003). In this chapter, the key aims 

were to formulate liposomes containing DC-Cholesterol and DOPE and 

condense them with DNA to obtain and characterise small monodisperse 

cationic complexes in preparation for cellular delivery studies in chapter 4. 

First, liposomes were formulated with DC-Chol and DOPE at different molar 

ratios. Small, monodisperse suspensions of liposomes were observed when 

DC-Cholesterol exceeded 35 mol% of total lipid content. Cholesterol is 

known to increase rigidity and permeability of liposome membranes 

(Kaddah et al, 2018). Redondo-Morata et al (2012) investigated the local 

properties of lipid bilayers in liposomes in a range of compositions of 

cholesterol forming up to 50 mol% using temperature-controlled atomic 

force microscopy. At 30 mol% or below, hydration was observed to yield 

heterogeneous populations of cholesterol-rich and cholesterol-poor 

liposomes. In the system described in this chapter, this would result in a 

heterogeneous population of liposomes with one population formed of 

primarily DC-Cholesterol and one formed of primarily DOPE. This may 

account for the increase in particle size, since an excess of DOPE in 

liposomal formulations has been linked to aggregation (Maitani et al, 2007). 

Redondo-Morata et al (2012) also noted that in compositions containing 40 

mol% and 50 mol% cholesterol, liposome bilayers were homogeneous. 

Although some heterogeneity was observed in formulations between 30 

mol% and 40 mol%, it was to a lower extent than observed in formulations 



Page 77 of 184 
 

containing less than 30 mol%; it was suggested that the two populations of 

cholesterol-rich and cholesterol-poor liposomes were no longer in 

equilibrium and instead were able to enrich each other. For these reasons, 

formulations containing above 35 mol% DC-Cholesterol were proceeded 

with to examine capability of condensing DNA. 

DNA was first added to liposomes during hydration, in the interest of 

encapsulating DNA within the liposome core. Significant aggregation was 

observed and presented a risk of shear stress to DNA integrity by the length 

of time on vortex. This led to the conclusion that complex formation should 

be pursued by adding DNA after liposome hydration and extrusion. When 

liposomes were hydrated without DNA by sonication and extruded, and 

DNA added to liposomes in suspension, small stable monodisperse 

complexes were obtained. 

Efficiency of DNA-liposome complexation was obtained by agarose gel 

retardation (Figure 3), ethidium bromide displacement (Figure 4), and 

cryogenic transmission electron microscopy (Figure 6). At first glance, the 

ethidium bromide displacement assay indicated only a moderate 

displacement of ethidium bromide at NP ratios of 9 and 12 and statistically 

insignificant displacement at NP 3 and 6, suggesting that the DNA is not 

bound tightly enough to the liposome to displace the ethidium bromide 

from where it intercalates between base pairs. This is in contrast to the 

agarose gels, which did not show detectable free DNA. However, Cryo-TEM 

showed multilamellar lipid structures with a dark, grainy layer between 

membranes suggestive of DNA. Previous literature has observed similar 

(Sternberg, Cevc papers). It is possible that DNA entrapment between 

liposome bilayers also entrapped ethidium bromide, preventing 

disassociation and decrease in signal. 

The mechanism of complex formation was investigated by FRET studies 

carried out by Fady Mina. FRET relies on the use of two or more 

fluorophores that can yield a stronger or distinct fluorescence spectra when 

in proximity with each other. When combined in the same suspension and 

DNA added, fusion of the membranes was observed by an increase in FRET 
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E due to the proximity of dyes recombining. When DNA was added at NP 3, 

fluorescence equalled the positive control of dually labelled DiO+Dil 

liposomes with a gradual lessening of the effect as less DNA was added at 

higher NP ratios. Fusion was therefore observed with the addition of DNA 

in proportion to the amount added; lower NP ratios with higher 

concentration of DNA caused a greater degree of fusion. It has been reported 

in the literature that DNA can initiate dynamic fusion of liposomal and 

biological membranes (Li et al, 2023) by structural reconfiguration, 

resulting in geminally bound liposomes with distinct loading 

compartments, or fully fused liposomes with mixed containments as 

observed in the cryoTEM images in this chapter. Using a FRET labelling 

system, Paez-Perez et al (2022) observed that addition of DNA to liposomes 

resulted in tendril-like DNA-based fusogenic nanostructures which were 

capable of overcoming repulsive electrostatic and steric forces between 

liposomes and destabilising membranes for lipid molecules to be exchanged 

between layers. This fusion mechanism was rapid, resulting in 

reorganisation of liposome membranes that yielded a population of stable 

complexes. This fusogenicity has promising implications for cellular uptake, 

and in chapter 4 will be investigated alongside induced GFP expression by 

liposome-DNA complexes composed of liposomes with 40 mol% DC-

Cholesterol. 

3.6 Conclusions 

DC-Cholesterol and DOPE yield small monodisperse liposomes when DC-

Cholesterol exceeds 35 mol% of total lipid composition. Complexes were 

best formed when DNA was added after liposomes were hydrated and 

extruded, and complexed 100% of DNA added at NP ratios 3, 6, 9, and 12. 

Cryo-TEM showed multilamellar structures, potentially due to restructuring 

of membranes and trapping of DNA between layers. This may account for 

additional trapping of ethidium bromide in the displacement assay and only 

moderate displacement, and is supported by FRET data indicating 

membrane fusion. 
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Chapter 4: Evaluation of encoded protein expression by 

DNA-liposome complexes formulated with DC-Cholesterol 

and DOPE 

4.1. Introduction 

As discussed in Chapter 1, elicitation of immune responses in vivo is 

dependent on the presentation of antigen by antigen presenting cells (APC). 

The intradermal microenvironment contains such APCs as dendritic cells, 

Langerhans cells, and fibroblasts (Drabick et al, 2001). Dendritic cells and 

their subtypes have been extensively researched as drivers of T cell 

response, and dermal fibroblasts have been found to influence the activation 

and maturation of dermal dendritic cells (Montes-Gomez et al, 2020). 

Investigation of the transfection efficiency of DC-Cholesterol and DOPE 

liposomes in cell lines representative of these cell types provides an 

opportunity to model the liposomes efficacy when administered 

intradermally in vivo (Garu et al, 2016).  

4.1.1. DC-Chol DOPE and cell line selection 

DC-Cholesterol/DOPE liposomes have been used to deliver plasmid DNA to 

a range of cell lines including the human breast cancer cell line SK-BR3 

(Zhang et al, 2010), the human embryonic kidney cell line derivative 

HEK293T (Yang et al, 2013; Choi et al, 2001), and the murine fibroblast cell 

line NIH 3T3 (Choi et al, 2001).  

A study by Inoh et al (2017) detailed the formation of liposomes using a 

cationic cholesterol lipid, cholesteryl-3β-carboxyamido ethylene-N-

hydroxyethylamine (OH-Chol), and DOPE. By complexing these liposomes 

with a plasmid DNA encoding luciferin, they evaluated transfection 

efficiency in bone marrow derived dendritic cells using the luciferase assay. 

A correlation was found between lipoplex size and gene transfection 

efficiency, as well as with the predominant endocytosis pathway; lipoplexes 

with an average diameter of less than 275nm were taken up by caveolae-

mediated endocytosis which is largely deemed non-degradative. This study 

highlighted that liposomes composed of DOPE and a cationic cholesterol 
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lipid structurally similar to DC-Cholesterol (Figure 1) are capable of 

efficiently transfecting dendritic cells.  

Figure 13. DC-Cholesterol structure taken from Avanti Polar Lipids, US. OH-

Cholesterol structure taken from Okayama et al (1997). 

Comparison of DC-Chol/DOPE lipoplex transfection efficiency in HEK293 

and NIH 3T3 cells reported low toxicity of the liposomes and cell-dependent 

transfection efficiency (Choi et al, 2001). Using a plasmid encoding for beta 

Gal and quantifying its production by beta galactosidase assay, HEK293 

showed activity approximately 40% of the positive control 

polyethyleneimine but significantly higher cell survival while NIH 3T3 

showed low transfection. For the purpose of this chapter, the transfection 

efficiency of DC-Cholesterol/DOPE liposomes will be investigated in 

HEK293T cells, a variant of HEK293 containing an SV40 cassette to improve 

transfection (Yang et al, 2013) as a well-established transfection model, NIH 

3T3 cells as a stromal fibroblast model, and a murine dendritic cell line 

DC2.4 (Perche et al, 2010) as the dendritic cell model. These cell lines were 

chosen to represent dermal dendritic cells to investigate direct immune cell 

uptake of lipoplexes (DC2.4), bystander fibroblast cells to assess bystander 

cell uptake of lipoplexes (NIH 3T3), and uptake of lipoplexes in a well-

characterised early screening transfection model (HEK293T). 

4.1.2. Methods for in vitro investigations of transfection efficiency 

The evaluation of transfection efficiency in cells has been done by 

quantification of protein expression using enzymatic assays such as 

luciferase (Drabick et al, 2001) or beta galactosidase (Choi et al, 2001), or 

fluorescent marker expression such as GFP (Garu et al, 2016). Both systems 

have advantages and disadvantages. Enzymatic assays quantify protein 

expression accurately, quickly, and cheaply. However, this quantifies total 

DC-Cholesterol OH-Cholesterol 



Page 81 of 184 
 

expression over a given cell population without providing information on 

how many cells express the encoded proteins, and cell toxicity assays must 

be carried out separately. Conversely, evaluating GFP by flow cytometry 

offers the opportunity to determine the population of cells expressing GFP 

and correlate with cell survival, as well as measure fluorescence intensity as 

an indirect indicator of levels of expression. For the cell population data, a 

pGFP DNA will be used in this chapter. 

4.1.3. Methods for in vivo investigations of vaccine delivery 

In vivo investigations of immune responses to a vaccine formulation are 

designed to measure antigen-specific responses including cell-mediated 

pathways such as proinflammatory cytokine production and humoural 

pathways such as antibody production. Both are initiated by T cells, which 

rely on the presentation of antigens by APCs (Clausen and Stoitzner, 2015); 

in the dermal compartment, dendritic cells continually sample the 

microenvironment for foreign or “dangerous” antigens before trafficking to 

local lymph nodes to present to naï ve T cells. Immature dendritic cells can 

have a deleterious or tolerogenic effect on T cells reactive to the antigen, 

while sufficiently activated mature dendritic cells initiate T cell responses, 

which can include both B cell activation for antibody production and 

systemic T cell expansion for cell-mediated responses. Measurement of 

these responses differs depending on both route of administration and the 

antigen being delivered. Dermal vaccination has potential benefits for both 

therapeutic and prophylactic vaccines, and investigation methodology 

differs slightly between the two. 

A study conducted by Layek et al (2015) examined immune responses 

initiated by an intradermally delivered polymeric hepatitis B DNA vaccine. 

Female balb/c mice were immunised intradermally with a second dose two 

weeks after the first. Antibody response in sera was evaluated by enzyme 

linked immunosorbent assay (ELISA), which consists of coating a 96-well 

plate with a detection antibody before incubating with serum and detecting 

antibody present by an enzymatic colour change. Cellular immune 

responses were evaluated by isolating splenocytes and stimulating with 
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hepatitis B antigen. Proinflammatory cytokine production was then 

measured again by ELISA, and cell proliferation was measured by MTT 

assay. Alternatively, cell-mediated immune responses can be measured by 

chromium release assay and the ex vivo ELISpot (Pudney et al, 2010). 

Chromium release assay measures the release of sodium chromate by 

splenocytes in response to cell death induced by incubation with antigen. 

The ex vivo ELISpot combines the steps followed in the study by Layek et al 

(2015), where splenocytes are incubated in a 96-well plate, stimulated with 

the target antigen, and interferon gamma production is measured by 

counting visible colorimetric spots. Pudney et al (2010) immunised mice 

with the melanoma antigen TRP2 and carried out a tumour challenge study 

by immunising mice with melanoma cells and measuring tumour growth 

with and without additional TRP2 vaccination. However, this chapter will 

model immune reactions using a SARS-Cov-2 model plasmid provided by 

Scancell, UK and evaluate antibody response by ELISA and splenocyte 

response by ELISpot in accordance with their preexisting protocols. 
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4.2. Hypothesis, Aims, and Objectives 

4.2.1. Hypothesis 

• Liposomes composed of DC-Cholesterol and DOPE effectively deliver 

DNA to fibroblasts and dendritic cells. 

4.2.2. Aims 

• To control for cell confluency and lipofectamine content in the 

transfection protocol 

• To evaluate the cellular uptake of DC-Cholesterol and DOPE 

liposomes in the HEK293T, NIH 3T3, and DC2.4 cell lines 

• To investigate the expression of GFP in vitro when GFP pDNA is 

delivered by DC-Cholesterol and DOPE liposomes 

• To investigate murine antigen-specific humoural and cell-mediated 

immune responses in vivo when a model SARS-Cov-2 pDNA is 

delivered intradermally by DC-Cholesterol and DOPE liposomes 

4.2.3. Objectives 

• Determine the effect of cell confluency and lipofectamine 

concentration on GFP expression in RAW cells 

• Assess uptake of GFP pDNA-liposome complexes in HEK293T, NIH 

3T3, and DC2.4 cells by flow cytometry 

• Measure GFP expression in HEK293T, NIH 3T3,  and DC2.4 cells 

when GFP pDNA is delivered by DC-Cholesterol/DOPE liposomes 

• Assess the extent of in vitro endosomal trapping  by measuring 

expression of GFP with and without a chloroquine diphosphate 

pretreatment of cells 

• Measure murine serum anti-nucleoprotein and anti-spike protein 

antibodies after immunisations with DC-Cholesterol and DOPE 

liposomes delivering a model SARS-Cov-2 pDNA 

• Measure interferon gamma production by splenocytes in response  

to SARS-Cov-2 nucleoprotein and spike protein antigens after 

immunisations with DC-Cholesterol and DOPE liposomes delivering 

a model SARS-Cov-2 pDNA 
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4.4 Results 

4.4.1 Influence of cell confluency and lipofectamine concentration on 

GFP expression and cell viability 

Initial transfection by lipofectamine 2000 was carried out in DC2.4 cells to 

control for cell seeding density and lipofectamine concentration due to its 

use as a positive control in subsequent transfections. Cells were seeded at 

either 1x105 or 2x105 cells per well in a 24-well cell culture plate and 

transfected with GFP pDNA at a ratio of 1 µg pDNA to 1.5 µl lipofectamine 

reagent, or 1 µg pDNA to 3 µl lipofectamine reagent. GFP expression was 

imaged by fluorescence microscopy in the EVOS fl microscope at 48 and 72 

h post transfection (Figure 14).  

When cells were plated at 1x105 cells per well, stronger GFP expression was 

observed in cells transfected using 3 µl lipofectamine per 1 µg pDNA. 

Viability of cells measured by live/dead stain as described in section 2.4.6 

did not appear to be reduced with the higher lipofectamine concentration. 

GFP expression remained stable up to 72 h. When cells were plated at 2x105 

cells per well, stronger GFP expression was also observed in cells 

transfected by the higher lipofectamine concentration. However, GFP 

expression decreased at 72 h compared to 48 h. Cell viability also decreased 

at 72 h and was lower overall compared to cells plated at a lower density. 

Experimentally going forward, cells were plated at 1x105 cells per well and 

transfected using 3 µl lipofectamine per 1 µg DNA.  
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Figure 14. GFP expression and cell viability of DC2.4 cells when lipofectamine and 

cell plating densities are controlled.  DC2.4 cells were plated in 24-well plates at 

1x105 (A-F) or 2x105 (G-L) cells per well and incubated for 2 h with 1 µg DNA per 

well. DNA was delivered by lipofectamine 2000 at a ratio of either 1.5  µl or 3 µl 

lipofectamine per 1 µg DNA. Cells were imaged at 48 and 72 h to detect GFP 

expression, and flow cytometry was used to determine cell viability by live/dead 

stain. 
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4.4.2 Cellular uptake of DNA-liposome complexes by cell line 

Liposomal uptake was investigated to establish the degree of internalisation 

in three cell lines, chosen to represent a classical transfection model 

(HEK293T), murine fibroblasts (NIH 3T3) and murine dendritic cell 

(DC2.4). Transfection was carried out as described in section 2.4.4, with 

cells prepared for flow cytometry as described in section 2.4.6. Data from 

flow cytometry were gated on live cells, determined by live/dead zombie 

stain, and DiD-associated fluorescence quantified by logarithmic shift in 

comparison to a negative cell population. Strong fluorescence was observed 

in all three cell lines, indicating effective (greater than 90% positive) uptake 

in live cells regardless of NP ratio or cell line (Figure 15). 
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Figure 15. Uptake of DiD-labelled liposome complexes composed of DC-Chol:DOPE 

(43:57) and GFP pDNA at different NP ratios. Bars represent percentage of live cells 

positive for DiD-associated fluorescence in HEK293T (left), NIH 3T3 (middle) and 

DC2.4 (right) cell lines. Viability was greater than 75% across all conditions. Bars 

represent mean ± one standard deviation (n=6 across two experiments).  
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4.4.3 GFP expression by cell line 

The capacity of DC-Chol/DOPE liposomes to induce GFP expression in the 

chosen cell lines was investigated by transfection and flow cytometry. 

Transfection efficiency and GFP expression was seen to be dependent on cell 

line more than NP ratio; while a slight increase in expression was observed 

with increase in NP ratio for DC2.4 and NIH 3T3 cells, the opposite was true 

for HEK293T cells. However, the strongest expression was observed in 

HEK293T cells, with moderate expression observed in NIH 3T3 cells, and 

low expression observed in DC2.4 cells (Figure 16). 
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Figure 16. Expression of GFP when delivered by DC-Chol:DOPE liposomes analysed 

by flow cytometry. Bars represent percentage of live cells that show GFP-associated 

fluorescence. N=3, n=3 per cell line. 
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4.4.4 Chloroquine toxicity by cell line 

To investigate potential endosomal entrapment of liposomes as a 

mechanism for limiting GFP expression, each of the three cell lines (NIH 

3T3, DC2.4, and HEK293T) was treated with a logarithmic curve of the 

endosome disruptor chloroquine disphosphate as described in section 2.4.7 

(Figure 17).  
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Figure 17. Chloroquine toxicity on NIH 3T3, DC2.4, and HEK293T cell lines by 

prestoblue assay. Cells were incubated with a range of chloroquine concentrations 

for 4 h and prestoblue used to determine cell viability. Data represent mean ± one 

standard deviation (N=12 across 3 experiments each) with nonlinear regression. 

DC2.4 cells were more sensitive to chloroquine diphosphate than NIH 3T3 

or HEK293T cells, with nonlinear regression showing a steeper curve. 

Concentrations were chosen below IC50 for each cell line for subsequent 

chloroquine diphosphate studies; 50 µM for DC2.4 and 100 µM for NIH 3T3 

and HEK293T.
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4.4.5 GFP expression with endosomal disruption by cell line 

Transfection was repeated with a 30 minute pretreatment with chloroquine 

diphosphate to prevent endosome acidification as described in section 

2.4.5; an increase in transfection efficiency with chloroquine pretreatment 

would indicate that endosomal entrapment of liposome complexes is 

occurring as a mechanism of GFP expression limitation.  
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Figure 18. Flow cytometry of HEK293T, NIH 3T3, and DC2.4 cells by DC-Chol:DOPE 

liposomes with and without chloroquine. Graphs show percentage of live cells 

expressing GFP (A, C, and E) and mean fluorescence intensity of the GFP-expressing 

cell population (B, D, and F) with and without chloroquine. Bars represent mean ± 

one standard deviation (N=6, two experiments). A one-way ANOVA with post hoc 

Tukey’s test was carried out to compare expression in each condition between 

untreated and chloroquine-treated cells. Differences were nonsignificant. 
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Across cell lines and NP ratios, no statistically significant difference in GFP 

expression was observed with or without chloroquine as determined by 

one-way ANOVA with individual comparisons.  
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4.4.6 Murine serum antibody response to a SARS-Cov-2 DNA vaccine 

A pilot animal study (described in sections 2.5.1-2.5.3) was carried out to 

investigate whether uptake and expression of encoded antigens in 

fibroblast or other dermal bystander cells is sufficient to mount an immune 

response to intradermally administered liposome-DNA complexes. Serum 

antibody response to pDNA encoding SARS-Cov-2 spike and nucleocapsid 

proteins was investigated by ELISA as described in section 2.5.5 (Figure 19).  
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Figure 19.  Murine serum antibody response to DNA-liposome complexes at NP 3 

and NP 9. Curves represent concentration of anti-COVID antibody in murine sera 

in a serial dilution of 1/10 for A) Nuclear protein and B) Spike 1 protein, N=3 mice 

per group. 

DNA was delivered by intradermal administration of liposomes at NP 3 or 

NP 9 and compared to DNA delivered by gene gun. Immune response is 

represented by increase in optical density at 450 nm; reciprocal dilution of 

serum shows a decreasing sigmoidal curve. This is observed in the gene gun 

control condition for both antigens (Figure 7), however there is no response 

observed when DNA is delivered by the liposomal formulations.
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4.4.7 Murine splenocyte response to a SARS-Cov-2 DNA vaccine 

 Splenocyte response to SARS-Cov-2 spike and nucleocapsid proteins was 

investigated by ELISpot as described in section 2.5.4 and response indicated 

by spots per million splenocytes. Cell stimuli included lipopolysaccharide 

(LPS), a gram-negative bacterial membrane component that induces a 

nonspecific immune response, as well as whole N and S1 protein, digested 

protein peptide pools for N protein and the receptor binding domain (RBD) 

for the S1 protein, and a specific immunogenic peptide sequence for the S1 

RBD. LPS initiated strong cellular response across all groups (Figure 8). 
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Figure 20. Splenocyte response to DNA-liposome complexes at NP 3. Bars 

represent number of IFNy spots per million splenocytes in response to given 

stimuli for A) 3x mice immunised with gene gun and B) 3x mice immunised with 

DNA-liposome complexes combined with SN17 pDNA at NP 3. N=3 mice per group. 

A) Murine splenocyte responses to SN17 pDNA delivered by gene gun 

B) Murine splenocyte responses to SN17 pDNA delivered by DC-Chol/DOPE liposomes at NP 3 
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DNA delivered by gene gun (Group A, Figure 8) showed antigen-specific 

response across stimuli but was strongest in response to the S1 RBD peptide 

pool. DNA delivered by liposome did not show any antigen-specific 

response. 
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4.5 Discussion 

Dendritic cells are key instigators of antigen-specific immune responses and 

present an ideal target for vaccine delivery. A major limitation of 

traditionally effective immunogenic delivery systems is their toxicity; 

liposomes composed of DC-Cholesterol and DOPE are well characterised 

and established as a system that can deliver DNA to a range of cell lines 

including SK-BR3 (Zhang et al, 2010), HEK293T (Yang et al, 2013; Choi et al, 

2001), and NIH 3T3 (Choi et al, 2001) with low toxicity. However, they have 

not been investigated regarding their capacity for DNA delivery to dendritic 

cells. In this chapter, we aimed to investigate whether liposomes can deliver 

to dermally relevant cells and initiate an immune response to antigens 

encoded in DNA.  

The murine dendritic cell line DC2.4 was used alongside the murine 

fibroblast cell line NIH 3T3 and the human embryonic kidney cell line 

HEK293T to establish a panel of cell lines designed to investigate 

transfection efficiency in the context of both classical in vitro screening 

(HEK293T) and the dermal immune landscape (NIH 3T3 and DC2.4). 

Expression of GFP revealed that transfection efficiency is cell line 

dependent, with HEK293Ts displaying transfection rates of 30-50%, NIH 

3T3s displaying transfection rates of 10-20%, and DC2.4s displaying 

transfection rates of 2-7%. In a study comparing transfection efficiency 

using the beta galactosidase assay in HEK293 and NIH 3T3 cells, Choi et al 

(2001) found that DC-Cholesterol/DOPE liposomes induced expression 

twice as strongly as lipofectin in HEK293T cells but NIH 3T3 cells were 

refractory to both conditions. The protocol used in this study mimics the 

protocol used by Choi et al (2001) very closely; liposome-DNA complexes 

were formed for 30 minutes before incubating on cells plated at 1x10^5 

cells per well in a 24 well plate for 4 h. The main differences were that, in 

this chapter, cells were incubated with only 1 µg DNA per well rather than 2 

µg, and results measured at 24 h rather than 48 h. In this study, we 

established that lipofectamine 2000 induced stronger expression than any 

NP ratio of liposome:DNA complex in HEK293Ts, however this can be 
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explained by the improved action of lipofectamine 2000 compared to 

lipofectin. Expression in NIH 3T3s were higher in this study; Choi et al 

(2001) also associated significant toxicity in NIH 3T3 cells which could be 

explained as a limiting factor of transfection. Decreasing DNA content per 

well during transfection to 1 µg would likely decrease associated toxicity, 

potentially accounting for the better expression. 

Efficient uptake with limited gene expression indicates that the limiting 

factor is in the processing of the DNA; commonly, this is thought to involve 

endosomal degradation of DNA prior to its escape into the cytoplasm where 

it is can cross the nuclear membrane for transcription. Chloroquine 

diphosphate prevents the acidification of the endosome when used to 

pretreat cell lines and has been used in previous literature to investigate 

endosomal escape by therapeutics. A study by Maitani et al (2007) 

evaluated DC-Chol/DOPE liposome transfection of a luciferase plasmid in 

HeLa cells. The effect of chloroquine diphosphate on luciferase activity was 

dependent on the molar ratio of DC-Chol to DOPE in formulation, finding 

that chloroquine diphosphate reduced luciferase activity in liposomes with 

a ratio of DC-Chol:DOPE of 1:2, but in formulations with a lower lipid 

fraction of DOPE (1:0 and 3:2), chloroquine made no difference. The 

conclusion drawn from this was that a higher content of DOPE led to 

endosomal escape, while formulations with a predominant content of DC-

Cholesterol did not. In this study, chloroquine diphosphate did not 

significantly alter GFP expression, but this could be explained by either a 

lack of endosomal escape or lack of endosomal uptake. Chloroquine toxicity 

indicated that DC2.4 cells were more sensitive to chloroquine diphosphate 

than HEK293Ts or NIH 3T3s. For endosomal assays, the concentration 

below IC50 was selected; for DC2.4 cells, this was 50 uM and for HEK293T 

and NIH 3T3 cells, this was 100 uM.  

Despite the low transfection in DC2.4 cells, we showed that transfection in 

NIH 3T3 cells is moderate. We proceeded with a pilot animal study to 

investigate the capacity of this formulation to initiate an immune response 

through bystander cells when delivered intradermally. Effective immune 
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responses occur through antigen specific responses by both cell-mediated 

and humoural pathways, characterised by splenocyte response and serum 

antibody response respectively. Assayed by ELISA, no antibody response 

was observed to either the encoded N or S1 SARS-Cov-2 protein when 

delivered by DC-Cholesterol: DOPE liposomes. Similarly, no splenocyte 

response was observed by ELISpot. The main limitation of this study is that 

splenocyte and antibody responses are systemic ones, and responses local 

to the site of administration were not measured. There is a chance that 

localised immune responses were initiated, which would need further study 

by measurement of cell phenotypes and inflammatory markers in the 

dermis or local lymph nodes and/or titration of pDNA encoding for 

bioluminescence markers for biodistribution (Roth et al, 2022). 

Effectiveness of DC-Cholesterol/DOPE liposomes in eliciting antigen 

specific immune responses has previously been found to be dependent on 

site of administration. Perrie et al (2003) described the immunisation of 

female B57 mice with DC-Chol/DOPE liposomes delivering plasmid DNA 

encoding for a hepatitis B antigen. Two subcutaneous doses 28 days apart 

resulted in systemic antigen-specific immune responses. In contrast, a study 

by Joseph et al (2006) found that two intranasal doses of DC-Chol/DOPE 

liposomes delivering a plasmid encoding for the hemagglutinin antigen 

seven days apart elicited only a low, local antibody response in the lung. The 

effect of site of delivery on immune responses to a given vaccine formulation 

has been examined at some length; a systematic review by Schnyder et al 

(2021) compared intradermal, intramuscular, and subcutaneous 

vaccinations. Although in some instances intradermal delivery was 

observed to induce better immune responses when compared to the 

equivalent dose subcutaneously or intramuscularly, intradermal 

vaccination was also observed to be more susceptible to local immune 

responses without systemic immune participation. A comparison of 

intranasal and intradermal delivery of a nanoparticle OVA DNA vaccine 

observed higher antibody titers via the intradermal route (Bal et al, 2012). 

Immune responses measured in this chapter are systemic ones, consisting 

of serum antibody response and splenocyte response. It can be suggested 
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that this is due to immune responses being either absent or restricted to 

local responses at the site of delivery, but local immune responses were not 

tested. Regardless, future formulations will need to increase 

immunogenicity in order for systemic immune responses to be observed. 

4.6 Conclusions 

DC-Cholesterol and DOPE were formulated and characterised in the 

previous chapter to establish a stable, monodisperse population of DNA-

liposome complexes. When delivered to DC2.4, NIH 3T3, and HEK293T cells, 

efficient uptake was observed across cell lines regardless of NP ratio. 

Expression of GFP was cell line dependent, with low expression in DC2.4 

cells, moderate expression in NIH 3T3s, and moderate to high expression in 

HEK293T cells. Expression was unchanged by chloroquine pretreatment, 

indicating that endosomal degradation of complexes is unlikely to be the 

limiting factor in low expression. A pilot animal study showed no significant 

immune response to the N or S1 SARS-Cov-2 antigens. 

DC-Cholesterol and DOPE alone are unable to initiate an immune response, 

either by direct dendritic cell expression or indirect cross presentation by 

bystander cells. Liposomes will be reformulated to attempt improvement of 

transfection in DC2.4 cells as an indication of immunogenicity; multivalency 

of the cationic lipid will be investigated by replacing DC-Cholesterol with 

the commercial lipid GL67, and linolenic acid will be included as a model 

adjuvant. 
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Chapter 5: Reformulation of liposomes for DNA delivery 

5.1. Introduction  

Results in chapter 3 established that liposomes prepared with DC-

Cholesterol efficiently condenses GFP pDNA with NP-ratio-dependent 

membrane fusion. However, results in chapter 4 show that this formulation 

yielded low expression of GFP in DC2.4 cells and failed to mount an immune 

response when administered intradermally in a pilot murine vaccination 

study. Previous research has indicated that formation of cationic liposomes 

with multivalent cationic lipids results in higher surface charge density of 

the liposome, better interactions between cationic lipid and negatively 

charged DNA or cell membranes, and consequently improved transfection 

(Sousa et al, 2022). The high positive charge density is also regarded as a 

factor that allows for decrease of cationic lipid content in formulations in 

order to reduce toxicity while maintaining transfection efficiency.  

Previous research detailing successful transfections of dendritic cell lines 

has involved additional immunostimulation alongside DNA-carrier 

complexes (Kornuta et al 2021; Heller et al, 2017) or been associated with 

significant cytotoxicity (Palumbo et al, 2012). However, antigen specific 

immune responses have been observed in studies when in vitro studies 

showed as little as 15-20% of DCs were transfected (Chen et al, 2013, Moku 

et al 2021, and Garu et al, 2016). Increasing the percentage of GFP positive 

live dendritic cells is likely to be associated with increased strength and 

specificity of immune responses elicited by in vivo delivery, and will be the 

focus of this chapter. 

5.1.1. Multivalent lipids  

A study investigating membrane charge density by synthesising bi-, tri- and 

pentavalent multivalent lipids found that transfection efficiency follows a 

bell shaped curve when plotted as a function of membrane charge density 

(Figure 1; Ahmad et al, 2005). A lower fraction of cationic lipid in overall 

liposome composition was associated with low transfection but as fraction 

increased, so did transfection efficiency, reaching an optimal peak before 
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levelling off and decreasing again. This was attributed to few or poor 

interactions between complexes and negatively charged cell membranes 

when membrane charge density is low, and inability for DNA release once 

in the cytoplasm when membrane charge density is high. The peak of the 

bell curve was observed to shift to favour lower molar percentage 

compositions as valency increased, suggesting there is an optimal charge 

density for both DNA binding and transfection. However, cell toxicity was 

not explored. Increasing charge density and overall positive charge of 

branched polyphosphoramidates, polymeric pDNA carriers, was found to 

increase transfection efficiency in HeLa, HEK293, and HepG2 cell lines (Ren 

et al, 2010). In response to Ahmad et al (2005), Caracciolo et al (2008) found 

an optimal charge density for transfection about one order of magnitude 

lower than Ahmad et al had reported and suggested that the discrepancy is 

due to structural changes in the cationic liposome upon interaction with 

anionic lipids. However, they showed that transfection efficiency does not 

correlate with structural phase changes of the liposomes, nor their rate of 

DNA release. 

Figure 21. Taken from Ahmad et al (2005). Transfection efficiency in relative light 

units (RLU) per mg total cellular protein plotted as a function of mol% DOPC for 

DNA complexes prepared with bivalent (green diamonds), trivalent(red squares),  

and two pentavalent (blue triangles and purple inverted triangles) lipids as well as 

the control monovalent lipid DOTAP (gray circles).  

Joseph et al (2006) compared ten liposomal formulations delivered 

intranasally and intramuscularly. Liposomal formulations containing 
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monovalent cationic lipids varied in efficacy; liposomes containing DC-

Cholesterol did not efficiently initiate immune responses, but liposomes 

containing DMTAP or DOTAP initiated low level immune responses. The 

liposome formulation containing the multivalent cationic lipid CCS 

consistently initiated the highest immune response. Neither intradermal 

delivery nor the role of dendritic cells was explored, rendering direct 

comparisons to this project impossible. However, the acknowledgement 

was made that a single i.m. injection of cationic liposomes elicited 

comparable systemic and splenic responses to two i.n. administrations. 

Lung antibody titers were much higher after i.n. administrations, suggesting 

local effects of delivery. Multivalent lipids have been shown to initiate 

strong, reliable immune responses when compared to their monovalent 

counterparts, and this comparison will be investigated in dendritic cells in 

this chapter. 

5.1.2. Spermine as a multivalent lipid 

Spermine has been used in a variety of polycationic DNA delivery systems 

including the polysaccharide spermine-dextran (Chen et al, 2013) and lipids 

ceramide-carbamoyl-spermine (CCS) (Joseph et al, 2006), L-shaped 

spermine derivatives (Thongbamrer et al, 2022), and GL67 (Siders et al, 

2002) all used in liposome systems. Spermine-dextran was used to deliver 

plasmid encoding the melanoma antigen gp100 to dendritic cells ex-vivo, 

which were then injected intradermally and significant tumour shrinkage 

observed in a mouse model (Chen et al, 2013). Joseph et al (2006) examined 

a range of liposome formulations delivering subunit influenza antigens, 

evaluating humoral and cellular responses in mice and rabbits. Neutral and 

anionic liposomes elicited low immune responses compared to select 

monovalent lipids, which induced broad local and systemic immune 

responses. The formulation including the multivalent spermine-based CCS 

induced superior immune responses to the commercial influenza vaccine 

when delivered intranodally. Intravenous delivery of a liposomal 

formulation consisting of GL67 and DOPE at a 1:3 molar ratio yielded strong 

antitumour effects in a mouse model (Siders et al, 2002).  
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5.1.3. Linolenic acid and metabolites 

Linolenic acid has been shown to have strong immune modulating effects, 

albeit driving anti-inflammatory states as examined in a psoriatic skin 

model (Morin et al, 2022) and in vitro monocyte model (Rodway et al, 2023), 

as well as reducing severe Covid-19 symptoms such as cytokine storms 

(Cianciosi et al, 2023). Morin et al (2022) developed an in vitro skin model 

by culturing psoriatic human fibroblasts in two plates until they formed an 

extracellular matrix. Human T cells were cultured on one plate and 

keratinocytes on the second plate for seven days before the sheet containing 

keratinocytes was seeded on the other. Treatment of these models with 

linolenic acid was observed to reduce the expression of CD45 in the tissue, 

a key T cell marker, and reduce the expression of proinflammatory cytokines 

including tumour necrosis factor alpha and interferon gamma, concluding 

that T cell mobility and activation were both suppressed. However, Rodway 

et al (2023) observed gene expression in the human monocyte cell line THP-

1 after treatment with alpha-linolenic acid; a selection of genes associated 

with chemotaxis, cell motility, and extravasation were upregulated, and 

membrane fluidity and integrity was found to be affected. Production of the 

anti inflammatory cytokine interferon beta was also measured, which was 

unaffected by the treatment. A meta-analysis (Ciancosi et al, 2023) 

examined linolenic acid when administered in a variety of in vitro models as 

well as orally, intramuscularly, and intravenously in vivo, including murine, 

bovine, and human models. All found an overall systemic anti-inflammatory 

effect marked by decreases in proinflammatory cytokines such as 

interleukin 6 and tumour necrosis factor alpha, chemokines such as 

interleukin 8, and reactive oxygen species. Downstream metabolites of 

linolenic acid including arachidonic acid and docosahexaenoic acid have 

been found to have differential effects on the immune system (Carlsson et 

al, 2015). This study found that dendritic cells readily take up these fatty 

acids and increase cell maturity, prostaglandin expression, and 

costimulatory receptor expression. When cocultured with T cells, T cell 

proliferation was reduced in response to a model OVA antigen; however, this 

suppression was not observed with linolenic acid. 
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Liposomal linolenic acid has been used in antiinfectives against heliobacter 

pylori (Thamphiwatana et al, 2014; Wang et al, 2022) and viruses including 

Covid-19 and respiratory syncytial virus (RSV) (McGill et al, 2023). 

Thamphiwatana et al (2014) formed liposomes containing egg 

phosphatidylcholine, cholesterol, and linolenic acid at a weight ratio of 6:1:3 

by thin film method and hand extruding through a 100 nm filter. The 

liposomes were observed to have a hydrodynamic diameter of 105.7 ± 0.3 

nm, a polydispersity index of 0.18 ± 0.01, and a surface zeta potential of -

54.9 ± 1 mV. When delivered orally in mice infected with helicobacter pylori, 

the liposomes significantly reduced bacterial counts which was attributed 

to its exceptional fusogenic properties. Wang et al (2022) confirmed this by 

exploring content leakage in scanning electron microscopy, finding that 

liposomal linolenic acid destroyed the outer membrane and ultrastructure 

of helicobacter pylori. Intranasal administration of the same formulation of 

liposomes encapsulating acetate in a murine in vivo study (McGill et al, 

2023) found they augmented antiviral effects against SARS-Cov-2. They 

attributed this to a dual mechanism of binding directly to SARS-Cov-2 viral 

particles and augmenting macrophage-mediated antiviral pathways 

including expression of free fatty acid receptors 2 and 4. Another liposome 

formulation consisting of lecithin, cholesterol, and gamma-linolenic acid 

formed by ethanol injection was developed into a thermoreversible 

liposomal gel loaded with an undisclosed chemotherapeutic agent (Saad et 

al, 2023). This formulation was observed to sustain drug release over 120 

hours when the gel was injected intratumourally, and was associated with 

tumour regression and systemic nontoxicity. To date, liposomal 

formulations including linolenic acid have not been examined with respect 

to pDNA delivery in dendritic cells, but the enhanced uptake and 

biocompatibility detailed in these formulations suggest it is worth exploring 

in this chapter. 

5.1.4. Evaluation of transfection and activation threshold of DCs 

Few papers have investigated the correlation between in vitro dendritic cell 

transfection and capacity for immune response initiation. Chen et al (2013) 
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investigated expression of GFP delivered by plasmid DNA complexed to 

spermine-dextran in dendritic cells and determined that 16% of dendritic 

cells successfully transfected was sufficient to initiate an antitumour 

response. Garu et al (2016) transfected 20% of dendritic cells with 

liposomes composed of a 1:1 ratio of mannose-derived cationic lipid and 

DOPE and observed significant antitumour response. Layek et al (2015) 

observed antibody responses when 25% of dendritic cells were transfected 

with phenylalanine and mannose grafted dual functionalised chitosan. 

Moku et al (2021) transfected only 15% of dendritic cells with lipid 

nanoparticles containing the cationic lipid DSG and still initiated immune 

responses. However, transfecting up to 45% of dendritic cells using 

polyethyleneimine was accompanied by cytotoxicity too high for immune 

studies (Palumbo et al, 2012). 
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5.2. Hypothesis, Aims, and Objectives 

5.2.1. Hypothesis:  

• Reformulating cationic liposomes with a multivalent cholesterol-

based cationic lipid with or without linolenic acid will increase 

expression of GFP across cell lines. 

5.2.2. Aims: 

• To reformulate liposomes and characterise liposome-GFP pDNA 

complexes to obtain cationic complexes less than 200nm in diameter 

that stably condense GFP pDNA 

• To determine whether reformulated liposomes efficiently transfect 

cell lines in vitro 

5.2.3. Objectives: 

• Reformulate liposomes and form liposome-DNA complexes 

according to the preparation protocol optimised in chapter 3 and 

characterise the particle size and charge. 

• Assess complexation of reformulated liposomes using gel 

retardation. Use densitometry to calculate encapsulation efficiency 

and compare amounts of free DNA between NP ratios and 

formulations. 

• Screen reformulated liposomes for uptake and expression of GFP in 

DC2.4 cells by flow cytometry. 

• Investigate transfection of the formulation resulting in highest 

uptake and GFP expression in DC2.4, NIH 3T3, and HEK293T cells by 

flow cytometry. 
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5.4. Results 

5.4.1. Dynamic light scattering and zeta potential of reformulated 

liposomes  

Liposomes were reformulated, exchanging DC-Cholesterol for GL67 in an 

equivalent ratio to DOPE. Particle size and polydispersity was measured by 

dynamic light scattering and charge was measured by electrophoretic 

mobility. GL67/DOPE liposomes without DNA were slightly smaller than 

DC-Chol/DOPE liposomes with a slightly higher positive charge and 

polydispersity index. When DNA was added, both formulations were 

observed to increase in particle size and PDI with increasing NP ratio, except 

for NP 3 which had a negative particle charge as described in chapter 3.  

Additional formulations were made with linolenic acid forming 20 mol% of 

the total formulation, maintaining the ratio between cationic lipid and 

DOPE. DC-Chol/DOPE/linolenic acid liposomes were slightly larger than 

DC-Chol/DOPE liposomes with a lower positive charge. Addition of DNA at 

any NP ratio resulted in a negative charge (Table 4). GL67/DOPE/LA 

liposomes were slightly smaller than GL67/DOPE liposomes with a lower 

positive charge. Addition of DNA resulted in an increasing positive charge 

with increasing NP ratio. For lipid structures of GL67 and linolenic acid, see 

section 2.3.1. 

Only liposome formulations containing GL67 will be taken forward into gel 

retardation studies due to the overall negative charge on DNA-liposome 

complexes for the DC-Chol/DOPE/LA formulation which would result in 

visible bands in agarose gel retardation studies regardless of DNA binding. 

DC-Chol/DOPE/LA liposomes, GL67/DOPE liposomes, and GL67/DOPE/LA 

liposomes will be screened for initial uptake and transfection studies in 

DC2.4 cells. 
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Size (nm) Empty NP 3 NP 6 NP 9 NP 12 p 

DC-Chol/DOPE 

(chapter 3) 

119 ± 5 240 ± 7 159 ± 4 140 ± 3 141 ± 5 **** 

DC-Chol/DOPE/LA 179 ± 3 179 ± 2 230 ± 2 228 ± 6 231 ± 9 **** 

GL67/DOPE 93 ± 1 196 ± 4 177 ± 2 183 ± 4 171 ± 4 **** 

GL67/DOPE/LA 82 ± 1 173 ± 2 157 ± 2 158 ± 2 154 ± 2 **** 

PDI  

DC-Chol/DOPE 

(chapter 3) 

0.213 ± 

0.011 

0.060 ± 

0.016 

0.120 ± 

0.003 

0.114 ± 

0.014 

0.113 ± 

0.017 
**** 

DC-Chol/DOPE/LA 0.162 ± 

0.026 

0.181 ± 

0.014 

0.251 ± 

0.031 

0.238 ± 

0.021 

0.219 ± 

0.013 

** 

GL67/DOPE 0.208 ± 

0.007 

0.242 ± 

0.013 

0.238 ± 

0.003 

0.313 ± 

0.010 

0.301 ± 

0.032 

**** 

GL67/DOPE/LA 0.208 ± 

0.008 

0.169 ± 

0.013 

0.229 ± 

0.014  

0.234 ± 

0.021 

0.269 ± 

0.023 

**** 

Charge (mV)  

DC-Chol/DOPE 

(chapter 3) 

42.3 ± 3.0 8.4 ± 2.0 35.9 ± 

2.3 

39.8 ± 

1.2 

43.2 ± 0.2 **** 

DC-Chol/DOPE/LA 54.3 ± 8.7 -32.8 ± 3.5 -29.2 ± 

0.6 

-28.1 ± 

0.4 

-28.4 ± 

1.2 

**** 

GL67/DOPE 77.9 ± 6.7 -32.3 ± 0.8 73.7 ± 

1.8 

75.0 ± 

1.3 

71.6 ± 0.7 **** 

GL67/DOPE/LA 66.0 ± 1.0 59.9 ± 0.4 71.6 ± 

1.4 

73.4 ± 

0.8 

74.0 ± 1.9 **** 

Table 4. Hydrodynamic size, polydispersity index, and zeta potential of liposome-

DNA complexes. Liposomes formulated with DC-Cholesterol:DOPE (43:57 molar 

ratio), DC-Cholesterol:DOPE:linolenic acid (34:46:20 molar ratio), GL67:DOPE 

(43:57 molar ratio), or GL67:DOPE:linolenic acid (34:46:20 molar ratio) were 

combined with plasmid DNA encoding GFP pDNA at different nitrogen: phosphate 

(NP) ratios. Data for hydrodynamic diameter and polydispersity index indicate 

mean of three repeats (n=3) ± one standard deviation. Data for zeta potential 

indicate mean of three repeats (n=3) ± one standard deviation. Differences 

between group means were measured by one-way ANOVA; **p<0.01, 

****p<0.0001. 
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5.4.2. Encapsulation efficiency by gel retardation  

Encapsulation efficiency of DNA after complexation was investigated by 

agarose gel retardation and free DNA quantified by densitometry. 

Uncomplexed DNA is observable as a band in the body of the gel and 

densitometry used to calculate encapsulation efficiency (section 2.3.5). 
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Figure 22. Gel retardation of liposome-DNA complexes. Liposomes composed of 

GL67 and DOPE (43:57 molar ratio) or GL67:DOPE:linolenic acid (34:46:20 molar 

ratio) were combined with GFP pDNA at NP ratios and loaded into 1% agarose gels 

to visualise unbound DNA. Images represent agarose gel retardation of A) 

GL67/DOPE and B) GL67/DOPE/LA. Bars represent encapsulation efficiency of C) 

GL67/DOPE and D) GL67/DOPE/LA. 

For GL67/DOPE, only NP 3 resulted in a detectable band with an optical 

intensity of 34% of the control DNA band (Figure 22). For GL67/DOPE/LA, 

encapsulation efficiency appeared to be NP ratio dependent. The band at NP 

3 showed an optical intensity of 50% of the control, which decreased with 

NP ratio increase. The band at NP 6 showed an optical intensity of 9% of the 

control, reducing to 2% at NP 9, and no detectable free DNA at NP 12. Both 

formulations were taken forward into screening uptake studies in DC2.4 

cells. 

A B 

C 
D 



Page 108 of 184 
 

5.4.3. Cellular uptake of reformulated liposomes  

Cellular uptake of reformulated liposomes was investigated by including the 

lipophilic fluorophore DiD in liposomal membranes before forming DNA-

liposome complexes and incubating with DC2.4 cells. Live cells were gated 

by live/dead stain and single cells isolated before gating on cells that had 

not been incubated with liposomes (section 2.4.6). 
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Figure 23. Liposome complex uptake by flow cytometry. DC2.4 cells were 

incubated with DiD-labelled liposomes formulated with A) DC-Cholesterol:DOPE 

(43:57 molar ratio), B) DC-Cholesterol:DOPE:linolenic acid (34:46:20 molar ratio), 

C) GL67:DOPE (43:57 molar ratio), or D) GL67:DOPE:linolenic acid (34:46:20 

molar ratio) combined with GFP pDNA at different nitrogen: phosphate (NP) ratios. 

Bars represent percentage of live cells expressing DiD-associated fluorescence; 

mean of three repeats (n=3) ± one standard deviation. 

A  B 

C D 
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The  DC-Cholesterol/DOPE/LA formulation showed an NP ratio-dependent 

decrease in uptake when compared to DC-Cholesterol/DOPE. However, the 

population with the lowest uptake (NP 3) still showed uptake in more than 

80% of live cells. Both formulations with GL67 showed close to 100% 

uptake across NP ratios and will be taken forward into transfection.
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5.4.4 GFP expression in DC2.4 cells when delivered by reformulated 

liposomes  

Three new formulations were screened for transfection efficiency as 

measured by percentage of live cells expressing GFP in DC2.4 cells. GFP 

expression compared with previous data from DC-Chol/DOPE liposomes as 

detailed in chapter 4 (Figure 24).  

 

 

Figure 24. Transfection with liposome complexes by flow cytometry. DC2.4 cells 

were incubated with liposomes formulated with DC-Cholesterol:DOPE (43:57 

molar ratio), DC-Cholesterol:DOPE:linolenic acid (34:46:20 molar ratio), 

GL67:DOPE (43:57 molar ratio), or GL67:DOPE:linolenic acid (34:46:20 molar 

ratio) combined with plasmid DNA encoding GFP pDNA at different nitrogen: 

phosphate (NP) ratios. Bars represent percentage of live cells expressing GFP; 

mean of three repeats ± one standard deviation. 

A B 

C D 
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Formulations containing GL67 showed an increase in the population of cells 

positive for GFP when compared to formulations containing DC-Cholesterol. 

Inclusion of linolenic acid in either formulation did not change transfection 

efficiency compared to formulations without linolenic acid. The 

GL67/DOPE formulation was taken forward into transfection and cell 

viability studies involving NIH 3T3 and HEK293T cells because it resulted 

in the highest percentage of cells positive for GFP. 
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5.4.5. GFP expression by cell line delivered by GL67/DOPE liposomes 

5.4.5.1 In HEK293T cells 

Liposomes formulated with GL67/DOPE were used to transfect HEK293T 

cells with GFP DNA to examine and compare transfection efficiency with the 

data described in chapter 4. Based on initial screening results, improved 

transfection was expected. High variability in both cell viability and 

expression was observed across biological repeats but not technical (Figure 

25). The first biological repeat (repeat 1) showed the highest percentage of 

live cells expressing GFP and more than 80% of single cells alive at the time 

of fixation; for lipofectamine, approximately 75% of live cells were 

transfected. The weakest expression was observed in repeat 2, showing less 

than 20% of live cells expressing GFP. However, repeat 2 also showed the 

least percentage of single cells alive at the time of fixation.  

 

Figure 25. Cell viability and GFP expression in HEK293T cells after transfection 

with GL67/DOPE liposome-DNA complexes. Bars represent mean ± one standard 

deviation; dots represent individual technical repeats while colours indicate 

biological/experimental repeat. A) Percentage of single cells alive at time of 

fixation. B) Percentage of live cells expressing GFP. C) Mean fluorescence intensity 

of GFP positive populations. Three biological repeats (N=3) containing three 

technical repeats each (n=3). One-way ANOVA with a Tukey’s post-test was carried 

out to determine statistical significance between biological replicates. * shows p < 

0.05, ** shows p < 0.01, *** shows p < 0.001, **** shows p < 0.0001, and ns = not 

significant. 

Each biological repeat showed similar percentage of live cells positive for 

GFP between lipofectamine and liposome-DNA complexes formed at NP6. 

GFP expression is also NP ratio dependent; each biological repeat showing 



Page 113 of 184 
 

peak expression for NP 6 in both population and fluorescence intensity. 

Expression of GFP decreases as NP ratio decreases. 

A one-way ANOVA was carried out to determine any statistically significant 

differences between biological replicates. Cells incubated in the presence of 

DNA alone were the only replicates with no statistical difference in GFP 

expression between groups. A tukey’s post-hoc test revealed there were 

statistically significant differences in percentage of cells expressing GFP and 

MFI between all replicates for the lipofectamine, NP 3, and NP 6 conditions. 

However, no difference in percentage of cells expressing GFP was found 

between the second and third repeats. Likewise, no difference in MFI was 

found between the first and third repeats for MFI.  
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5.4.5.2 In NIH 3T3 cells 

Liposomes formulated with GL67/DOPE were used to transfect NIH 3T3 

cells with GFP DNA. Based on initial screening results, a larger population 

of live cells positive for GFP was expected compared to transfection with DC-

Chol/DOPE liposomes but a smaller population compared to that observed 

in HEK293T cells with the same formulation. As in HEK293T cells, high 

variability in both cell viability and expression was observed across 

biological repeats but not technical (Figure 26).  

 

 

Figure 26. Cell viability and GFP expression in NIH 3T3 cells after transfection with 

GL67/DOPE liposome-DNA complexes. Bars represent mean ± one standard 

deviation; dots represent individual technical repeats while colours indicate 

biological/experimental repeat. A) Percentage of single cells alive at time of 

fixation. B) Percentage of live cells expressing GFP. C) Mean fluorescence intensity 

of GFP positive populations. Three biological repeats (N=3) containing three 

technical repeats each (n=3). One-way ANOVA with a Tukey’s post-test was carried 

out to determine statistical significance between biological replicates. * shows p < 

0.05, ** shows p < 0.01, *** shows p < 0.001, **** shows p < 0.0001, and ns = not 

significant. 

Repeat 1 showed the highest percentage of live cells expressing GFP and 

more than 90% of single cells alive at the time of fixation. The weakest 

expression was observed in repeat 2, showing less than 20% of live cells 

expressing GFP. However, repeat 2 also showed the least percentage of 

single cells alive at the time of fixation. Repeat 3 showed good cell viability 

but low percentage of cells expressing GFP; however, this repeat showed the 

highest fluorescence intensity. As observed in HEK293T cells, liposome-
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DNA complexes at NP 6 showed the highest transfection efficiency for each 

biological repeat.  

A one-way ANOVA was carried out to determine any statistically significant 

differences between biological replicates. No difference in percentage GFP 

expression was observed between groups incubated with DNA, nor MFI 

between groups incubated with liposome-DNA complexes at NP 12. A 

Tukey’s post-hoc test revealed that MFI between the first and second 

repeats were not significant for all conditions except NP 12. Percentage of 

cells expressing GFP was insignificant between second and third repeats for 

liposome-DNA complexes at NP 6, NP 9, and NP 12, and insignificant 

between first and second repeats for lipofectamine. 
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5.4.5.2 In DC2.4 cells 

Liposomes formulated with GL67/DOPE were used to transfect DC2.4 cells 

with GFP DNA. Based on initial screening results, improved transfection was 

expected compared to transfection with DC-Chol/DOPE liposomes but the 

lowest expression in the three cell lines examined. As in both HEK293T and 

NIH 3T3 cells, high variability was observed across biological repeats but 

not technical (Figure 27).  

 

 

Figure 27. Cell viability and GFP expression in DC2.4 cells after transfection with 

GL67/DOPE liposome-DNA complexes. Bars represent mean ± one standard 

deviation; dots represent individual technical repeats while colours indicate 

biological/experimental repeat. A) Percentage of single cells alive at time of 

fixation. B) Percentage of live cells expressing GFP. C) Mean fluorescence intensity 

of GFP positive populations. Three biological repeats (N=3) containing three 

technical repeats each (n=3). One-way ANOVA with a Tukey’s post-test was carried 

out to determine statistical significance between biological replicates. * shows p < 

0.05, ** shows p < 0.01, *** shows p < 0.001, **** shows p < 0.0001, and ns = not 

significant. 

Repeat 1 showed the highest percentage of live cells expressing GFP and 

more than 90% of single cells alive at the time of fixation in all conditions 

except lipofectamine, which showed that approximately 30% of single cells 

were alive. The weakest expression was observed in repeat 3, showing less 

than 30% of live cells expressing GFP and the lowest cell viability in 

liposomal conditions.  Repeat 2 showed the high cell viability of over 80% 

in all conditions except for NP 12, with population expression of GFP and 

MFI in between that of repeats 1 and 3. The trend observed in HEK293T and 

NIH 3T3 cells of peak GFP expression occurring with complexes at NP 6 was 

observed in DC2.4 cells only in repeat 2. Repeats 1 and 3 instead showed a 
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linear increase in transfection efficiency with increasing NP ratios and low 

fluorescence intensity across conditions. High variation across repeats can 

be attributed to a variety of variables including liposomal batch variation; 

GL67/DOPE liposomes will be taken forward to investigate the effect of 

temperature on complexation between batches.



Page 118 of 184 
 

5.4.6. Formation of DNA-liposome complexes under variable 

temperatures 

Batch variation may be a contributing factor to the variation observed in 

section 5.4.5 since one batch of liposomes was used per biological repeat; 

effect of temperature on DNA-liposome complexation was investigated due 

to temperature changes of the relevant components between 4°C storage, 

approximately 18°C room temperature, and 37°C warmed media as 

described in section 2.6 (Figure 28).  

DNA, two batches of liposomes, and water were all brought to the indicated 

temperatures for 30 minutes before and 30 minutes after complexation, 

before diluting and measuring hydrodynamic size and polydispersity by 

Zetasizer. Although liposomes prior to complexation showed a 

hydrodynamic diameter 50 nm apart, complexation with DNA reduced this 

disparity by 30 nm or more. Temperature at complexation did not 

significantly affect the hydrodynamic size of the complexes for all NP ratios 

aside from NP 3, which showed increase in size at 4°C. However, differences 

in polydispersity were observed between batches; batch 1 had a low 

polydispersity index of around 0.2, but batch 2 had a slightly raised 

polydispersity index (up to 0.4). 
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Figure 28. Investigation of batch variation by temperature at complexation. Two 

batches of GL67/DOPE liposomes were made using the same method and 

incubated at 4°C, 18°C, 37°C, or 50°C for thirty minutes prior to and after 

complexation. 
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5.5 Discussion 

Chapter 3 focused on the formulation of a classic liposome system 

composed of DC-Cholesterol and DOPE, while chapter 4 established cell line 

dependent transfection efficiencies and the lack of capacity to elicit antigen-

specific immune responses. In this chapter, we reformulated liposomes with 

a multivalent spermine-cholesterol cationic lipid and investigated the 

potential for the addition of linolenic acid to increase cellular uptake in 

dendritic cells. All new liposome formulations formed DNA complexes less 

than 250nm in diameter with low polydispersity. The formulation 

GL67:DOPE yielded the most stable condensation of DNA and was the most 

efficiently taken up by DC2.4 cells out of all new formulations. However, 

further biological repeats and transfection in NIH 3T3 and HEK293T cells 

showed significant variation in transfection efficiency alongside cell 

survival. 

5.5.1 Characterisation of reformulated liposomes and DNA complexes 

The cationic lipid DC-Cholesterol was exchanged for GL67, a trivalent 

cationic lipid, maintaining the preparation protocol optimised in chapter 4. 

Like DC-Cholesterol, GL67 has a cholesterol backbone; exchanging these 

lipids directly without altering the mol% of the cationic lipid prevents the 

need for adding cholesterol to maintain membrane rigidity while also 

allowing for comparison of charge valency. Linolenic acid was added to form 

20 mol% of formulations composed of either DC-Chol/DOPE or 

GL67/DOPE, due to efficient uptake in dendritic cells (Carlsson et al, 2015). 

Liposomes formulated with GL67 and DOPE showed a similar zeta potential 

after the addition of DNA at different NP ratios as liposomes formulated 

with DC-Cholesterol and DOPE; addition of DNA at NP ratios 6, 9, and 12 did 

not significantly decrease overall charge in comparison to empty liposomes. 

However, when DNA was added at NP 3, a charge inversion was observed 

and an overall negative charge due to saturation of the positive charges by 

DNA. Addition of linolenic acid into each formulation altered this pattern, 

yielding an overall negative charge with the addition of DNA to DC-
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Chol/DOPE/LA liposomes and an overall positive charge to GL67/DOPE/LA 

regardless of NP ratio. An overall negative charge to DNA-liposome 

complexes made DC-Chol/DOPE/LA liposomes unsuitable for 

encapsulation efficiency studies by agarose gel, but comparison of the 

formulations containing GL67 with and without linolenic acid observed 

poorer encapsulation efficiencies when linolenic acid was incorporated into 

the formulation. This may be due to the effect on membrane structure of 

linolenic acid; its fusogenic or membrane destabilising properties were 

detailed in McGill et al (2023) where the liposomal nanoparticles were 

found to immediately break down in contact with viral particles during 

coculture, which was directly attributed to the inclusion of linolenic acid. 

Furthermore, in a micellar structure (Yang et al, 2023), inclusion of linolenic 

acid in the membrane yielded a low critical micelle concentration which 

refers to the concentration at which micelles begin to aggregate. Combined 

with the cryoTEM and FRET data from chapter 3, which indicated 

membrane fusion as a mechanism for complexation, it is possible that 

linolenic acid may negatively affect membrane stability of the complex 

overall. 

5.5.2 Uptake  

Uptake studies were conducted using the transfection protocol optimised in 

chapter 4. Initial uptake studies by the new formulations containing the 

label DiD indicated efficient uptake by all formulations in DC2.4 cells. Given 

that uptake was strong regardless of formulation, it is challenging to isolate 

specific variables that influence uptake. In chapter 3, efficient uptake was 

attributed to an overall positive charge and the inclusion of the fusogenic 

lipid DOPE (Maitani et al, 2007), although Caracciolo et al (2008) suggested 

that phase transitions in the membrane initiated by fusogenic lipid was not 

correlated with gene expression. Linolenic acid possesses membrane 

destabilising properties when included in liposomal formulations (McGill et 

al, 2023; Yang et al, 2023) which may positively influence uptake upon 

contact with cell membranes. Dendritic cells have also been observed to 

directly take up linolenic acid and its metabolites through receptor-
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mediated uptake via peroxisome proliferator-activated receptor gamma 

(PPARγ) (Zapata-Gonzalez et al, 2008). Linolenic acid has also been 

observed to be taken up by receptor=mediated endocytosis in HepG2 cells 

(Cho et al, 2002) and other cells such as macrophages by G-protein coupled 

receptor 40 (Ohue-Kitano et al, 2018). Membrane charge density has also 

found to strongly influence uptake, which increases as membrane charge 

density and overall charge increases (Ahmad et al, 2005; Caracciolo et al, 

2008; Ren et al, 2010).  

5.5.3 Transfection 

Initial screening of transfection efficiency in DC2.4 cells indicated strong 

expression of GFP when delivered by formulations including GL67. 

Spermine based nanoparticles have been found to elicit strong expression 

in dendritic cells; Markov et al (2012) formulated cholesterol-based 

spermine cationic lipids and included them in several formulations with 

DOPE. Liposomes were formed of a 1:1 ratio of cationic lipid and DOPE by 

thin film method before combining with pGFP DNA at NP ratios of 4, 6, 8, 

and 10. Using GFP expression in bone marrow derived murine DC cells, 

between 20% and 50% of cells were positive for GFP expression, increasing 

with NP ratio. This pattern is observable in the results detailed in section 

5.4.5: liposomes formed of GL67 and DOPE yielded between 50% and 90% 

of live cells positive for GFP. This is markedly higher than Markov et al 

(2012) details, but this could be explained by either cationic lipid 

differences or flow cytometry gating strategy. In this chapter, we gated on 

live cells while Markov et al (2012) gated on single cells. Although they did 

not report cell viability, it is possible that the cells they gated on contained 

dead or dying cells that this chapter’s gating strategy would have removed 

from analysis. Chen et al (2013) prepared the polysaccharide spermine-

dextran (SD) and complexed with pGFP DNA at a mass ratio of 3:1 SD:DNA. 

Murine bone marrow derived dendritic cells were harvested and 

transfected using the same procedure as detailed in chapter 4, measuring 

GFP expression by visual count in fluorescence microscopy. Approximately 

16% of cells were positive for GFP, with evidence of nuclear trafficking as 



Page 123 of 184 
 

determined by confocal microscopy. Hence, expression of GFP in this 

chapter when plasmids were delivered by GL67/DOPE liposomes was 

higher than previously established in the literature. Inclusion of linolenic 

acid did not change GFP expression when included with either DC-

Cholesterol or GL67. Previous work conjugating linolenic acid to PEI 

(Cheong et al, 2009) or other linear polymers and lipidic oligomers (Yi et al, 

2014) found that inclusion of linolenic acid conferred benefit 

predominantly in terms of uptake, membrane traversal, or endosomal 

escape rather than improved expression. Given that DOPE was included in 

this chapter’s liposomal formulation for that purpose, it is possible that 

DOPE and linolenic acid have a similar biochemical function. The slight 

decrease in GFP expression by GL67/DOPE/LA liposomes compared to 

GL67/DOPE is potentially due to the overall lower content of GL67 within 

the membrane when linolenic acid is included. 

Transfections repeated with GL67 and DOPE observed strong expression 

linked to cell survival, with significant variation across biological replicates. 

This has not been observed in the literature; however, papers reporting 

repeatability have not reported both biological and technical repeats. 

Transfection between papers varies greatly, although few include both 

technical and biological repeats. Markov et al (2012) reported “three 

independent transfection repeats” in total with low variation, although this 

is unclear whether these repeats are technical ones done on the same day 

or biological. Cell passage numbers were not reported. Similarly, Chen et al 

(2013) reported six technical repeats, but no biological repeats and passage 

number was not reported. Xie et al (2019) reported three technical repeats, 

without biological repeats or reported passage numbers. Each of these 

papers reported vastly different populations positive for GFP as a 

percentage of total cells, ranging from 16% (Chen et al, 2013), to 50% 

(Markov et al, 2012), to 100% (Xie et al, 2019). Although these differences 

can be partially attributed to formulation of spermine-derived 

nanoparticles and type of cell line, it highlights other variations that are 

important to account for. 
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In a review of factors affecting transfection of eukaryotic cells in vitro, Fus-

Kujawa et al (2021) discussed a range of factors applicable to the 

transfection in this chapter. In terms of transfection reagent, variation 

depends on consistency in DNA quantity, quality, ratio to cationic lipid, and 

incubation time. As detailed in chapter 3, these factors were controlled for 

by using the same batch of DNA produced by gigaprep and using the 

optimised protocol. One potential area for variation in formulation is in the 

temperature at which liposomes and DNA were complexed, due to 

fluctuating room temperatures in the laboratory and temperature changes 

between removal from storage at 4°C, to room temperature at 

approximately 18°C, to warmed cell media at 37°C. Investigation of 

liposome complex size as an indicator for batch variation revealed that 

there was approximately 50 nm difference between two batches prepared 

on different days, but this difference reduced when DNA was added. 

Complexation at different temperatures did not change the size of complex 

apart from NP3 at 37°C; given that complexation occurred in small volumes 

at room temperature, it is likely that the usual temperature of complexation 

yielded liposome-DNA complexes with reproducible characteristics.  

Cell variations are common, where transfection efficiency in terms of uptake 

or processing pathways and protein production depend heavily on cell 

metabolism and growth (Fus-Kujawa et al, 2021). Transfection in this 

chapter is controlled for cell confluency (see chapter 4), ensuring that cells 

are transfected while in a growth phase and plentiful enough that loss of cell 

number due to toxicity does not prevent meaningful insights. Cell passage 

is also controlled, using DC2.4 cells of a passage lower than 10 as 

recommended by the supplier; NIH 3T3 and HEK293T cells were both used 

in passages lower than 30. High cell passages can exhibit traits of early 

cellular senescence, impacting gene expression, although stable 

transfection of the SV40 cassette can attenuate this effect (Cheng et al, 

1989). By this rationale, HEK293T cells, which include SV40, would be 

resistant to cell passage-related variations in transfection. Regardless, 

variation is seen in this cell line alongside DC2.4 and NIH3T3 cells. It is 

possible that the cells experienced some kind of contaminant, given that 
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penicillin and streptomycin were excluded from cell media due to their 

effects on dendritic cell morphology (Lopez et al, 2015). However, cells were 

regularly checked for visible signs of contamination and the laboratory 

underwent regular monitoring for mycoplasma and endotoxins, which were 

negative. 

It is therefore likely that the variation in transfection is due to a combination 

of variables including temperature, passage, liposomal batch variation, and 

toxicity of complex. All variables have been controlled to the best of the 

protocol’s ability, and despite the likelihood that the GL67/DOPE 

formulation induces strong expression of GFP in live cells, it is unethical to 

test this formulation in vivo with this amount of variation and potential 

toxicity. 

5.6 Conclusions 

In chapter 4, liposomes composed of DC-Cholesterol and DOPE induced GFP 

expression strongly dependent on cell line and failed to initiate immune 

responses to SARS-Cov-2 spike and nucleocapsid proteins encoded by 

Scancell’s SN17 plasmid. Liposomes were reformulated to include the 

multivalent cholesterol-based cationic lipid and/or the bilayer soluble fatty 

acid linolenic acid. When delivered to DC2.4 cells, efficient uptake was 

observed across cell lines regardless of NP ratio or formulation. Expression 

of GFP was highly variable across biological repeats but not technical 

repeats. The effect of temperature on DNA-liposome complexation was 

minimal and unlikely to account for the degree of variation observed. 

Variation is likely due to a combination of factors such as cell passage, 

liposome batch variation, environmental variation, and other unknown 

variables. Despite the variation, there remains a possibility of multivalent 

cationic lipid improvement on gene expression in dendritic cells.  Further 

study on  identification of these variables and expansion in valency and/or 

liposome membrane charge density is needed to conclusively state its effect 

on expression in dendritic cells.
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Chapter 6: Discussion, Summary, and Future Directions 

6.1 Discussion 

DNA vaccines have demonstrated efficacy in initiating immune responses 

against a variety of encoded targets, having been licenced for veterinary use 

(Davis et al, 2001; Grosenbaugh et al, 2011) and more recently Covid-19 

(Khobragade et al, 2022), the technology lending itself to rapid vaccine 

development which is essential given the high chance of future pandemics 

(Marani et al, 2021). The strength and duration of immune responses are 

strongly influenced by DNA vector, route of delivery, and involvement of 

innate immune cells such as dendritic cells. As of 2021, over two thirds of 

gene-based vaccine clinical trials used viral vectors (Sharma et al, 2021) but 

have issues with toxicity and possess risks such as oncogenesis, 

encouraging the development of nonviral alternatives. Cationic liposomes 

have demonstrated efficacy in condensing negatively charged plasmid DNA 

encoding for a wide range of vaccination targets, but formulation efforts 

have struggled with immunogenicity due to the dual influence of liposome 

formulation and antigen selection on vaccine efficacy (Joseph et al, 2006). 

An understanding of the liposome-related factors that influence successful 

uptake and gene expression, particularly in dendritic cells, could improve 

formulation strategies and expedite development. 

Hence, the overarching aim of this project was to compare mono- and 

multivalent cationic liposome formulations to determine whether cationic 

valency or inclusion of linolenic acid may differentially affect dendritic cell 

gene expression. Liposomes composed of DC-Cholesterol/DOPE have been 

well characterised in the literature with conflicting reports on 

immunogenicity in vaccination studies. Perrie et al (2003) reported strong 

systemic immune responses to H1N1 influenza antigens encoded on pDNA 

and delivered by DC-Chol/DOPE liposomes. However, Joseph et al (2006) 

observed only local responses to influenza antigens encoded on pDNA and 

delivered by DC-Cholesterol based liposomes. Some papers have suggested 

that inclusion of multivalent cationic lipids and the resultant increase in 

liposomal membrane charge density improves both pDNA loading in the 
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liposome and transfection efficacy (Ahmad et al, 2005; Caracciolo et al, 

2008), but multivalency of cationic lipid in dendritic cell-targeted liposomal 

formulations is novel to this thesis. Additionally, linolenic acid has been 

suggested to be suitable for liposomal inclusion and membrane 

destabilising properties (Thampiwatwana et al, 2014; McGill et al, 2023). It 

also is known to directly interact with several components of the immune 

system (Carlsson et al, 2015). However, linolenic acid as a component in the 

liposomal membrane for pDNA delivery to dendritic cells is a novel 

application of the fatty acid. 

The thesis hypothesis was that modulation of the membrane charge density 

on cationic liposomes and/or the inclusion of linolenic acid would 

differentially impact gene expression in a panel of cell lines including DC2.4 

cells, NIH 3T3 cells, and HEK293T cells. First, liposomes were formulated 

with DC-Cholesterol and DOPE at a range of molar ratios before combining 

with DNA at a range of NP ratios. Physicochemical properties and 

mechanism of liposomes-pDNA interactions were assessed. Next, the in 

vitro expression of GFP was measured in dendritic cells (DC2.4), murine 

fibroblasts (NIH 3T3), and a classical transfection model cell line 

(HEK293T). Liposomes composed of DC-Cholesterol/DOPE were then 

administered in vivo to measure splenocyte and serum antibody response 

to pDNA-encoded SARS-Cov-2 antigens. Next, liposomes were reformulated 

to consist of GL67/DOPE. Linolenic acid was included in separate 

formulations: DC-Cholesterol/DOPE/Linolenic acid and 

GL67/DOPE/Linolenic acid. In vitro uptake was measured in DC2.4 cells, 

and GFP expression measured in DC2.4, NIH 3T3, and HEK293T cells. 

In Chapter 3, liposomes formulated of DC-Cholesterol and DOPE at a range 

of molar ratios (DC-Cholesterol at 25 mol%, 30 mol%, 35 mol%, 40 mol%, 

and 50 mol%) were formed by the thin film method (section 2.3.1). Plasmid 

DNA was initially added during hydration to explore novel variations on the 

classic method, but difficulties with aggregation prevented this from being 

taken forward and liposomes were thereafter hydrated in water alone and 

combined with pDNA after extrusion. When liposome-DNA complexes were 
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made by adding pDNA to hydrated and extruded liposomes, stable 

complexes were observed less than 200 nm in diameter. Zeta potential 

showed a positive charge in empty liposomes, a negative charge at NP 3, and 

a slightly increasing positive charge as NP ratio increased. This is consistent 

with data found in the literature, which suggests that the isoneutrality point 

for this formulation is around NP 4 (Rodruguez-Pulido et al, 2004). 

DNA encapsulation efficiency was measured by gel retardation assay, which 

showed close to 100% encapsulation by virtue of no detectable DNA in the 

body of the gel. This method relies on ultraviolet imaging of pDNA stained 

by ethidium bromide trapped within the agarose gel matrix, and may suffer 

from lack of sensivity in low concentrations of pDNA. To verify this, an 

ethidium bromide displacement assay was carried out, which showed only 

partial displacement. The results of these two assays are conflicting; if close 

to 100% encapsulation efficiency is accurate, a greater degree of 

displacement would have been observed. This could be explained by the 

structures observed in cryogenic transmission electron microscopy, which 

showed a pDNA-initiated multilamellar structure, potentially with 

entrapped plasmids between layers as previously described by Huebner et 

al (1999). Molecules of ethidium bromide are brightly fluorescent when 

trapped between pDNA bases; displacement occurs during direct pDNA-

lipid binding and some displacement may be prevented by trapping of pDNA 

between phospholipid membranes where it cannot escape (Nitsch et al, 

2019). 

The multilamellar structures observed in cryoTEM raised questions 

regarding the mechanism of MLV formation upon the addition of pDNA. 

Zhigaltsev and Cullis (2023) suggested that inducing osmotic or membrane 

stress on small unilamellar vesicles containing cone-shaped phospholipids 

can lead to bilamellar vesicle formation through lipid mixing and membrane 

fusion. Given that DOPE is a cone shaped lipid, it was suggested that the 

charge-based interactions between cationic lipids and anionic pDNA may 

induce MLV formation by this mechanism. Using FRET (described in section 

2.3.7), membrane fusion and lipid mixing was investigated by two methods. 
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First, addition of pDNA to a 1:1 mixture of dually labelled and unlabelled 

liposomes system observed decrease in fluorescence. This could be due to 

dilution of fluorophores that remain in close proximity, or increase in 

distance between fluorophores; both suggest lipid mixing is taking place. 

Secondly, addition of pDNA to a mixed population of singly labelled 

liposomes observed increase in fluorescence, likely due to an increase in 

proximity between fluorophores. Both suggest fusion of liposome 

membranes. Liposome membrane fusogenicity is correlated with cellular 

uptake and transfection efficiency, possibly because of increased endosomal 

escape (Inoh et al, 2017). 

Chapter 4 aimed to evaluate the efficacy of DC-Cholesterol/DOPE liposomes 

delivering GFP pDNA to DC2.4, NIH 3T3, and HEK293T cells. Uptake was 

strong across cell lines and NP ratios, which has been described previously 

and attributed to a combination of an overall positive liposome charge and 

inclusion of the strongly fusogenic lipid DOPE (Inoh et al, 2017). GFP 

expression was strongly dependent on cell line, showing the strongest 

expression in HEK293T cells, moderate expression in NIH 3T3 cells, and low 

expression in DC2.4 cells where less than 5% of cells expressed GFP despite 

high uptake. This is common in the literature, where dendritic cells are 

refractory to many novel transfection reagents (Awasthi et al, 2019), 

possibly due to altered environmental uptake pathways and additional 

antigen presentation pathways compared to a non-professional antigen 

presenting cell. However, treatment with chloroquine diphosphate revealed 

that lack of endosomal escape was unlikely to be the limiting factor in 

transfection efficiency. Transfection in fibroblasts has been shown to be able 

to initiate dendritic cell responses in vivo (Saalbach et al, 2007), so DC-

Cholesterol/DOPE liposomes were taken forward into an in vivo study. 

However, no systemic immunity was observed.  Liposomes composed of DC-

Cholesterol and DOPE have had mixed reports of immunogenicity in the 

literature; Perrie et al (2003) reported systemic immunogenicity, while 

Joseph et al (2006) did not. The latter describes that immunogenicity of 

gene-based vaccines is thought to be a complex result of multiple influences 

including formulation, site of administration, and encoded antigen; both 
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papers use influenza antigens but deliver preparations through the 

subcutaneous and intranasal routes respectively. The lack of immune 

response observed in this murine study may involve a combination of 

factors including immunogenicity or efficacy of the pDNA-encoded COVID-

19 antigen or site of administration. It is possible that immune responses 

occurred but were limited to the local site of injection; a repeat of the 

experiment using local tissue sampling for immunohistochemistry or 

fluorescent expression in biodistribution studies would identify this. 

It was then hypothesised that increasing the percentage of DC2.4 cells 

positive for GFP would be predictive of better immune responses. This is not 

a high threshold, and immune responses in vivo have been observed in 

studies that reported in vitro percentages of dendritic cells expressing GFP 

of only 14% (Dhanoya et al, 2012) and 15% (Moku et al, 2021). Uptake was 

high across cell lines and linolenic acid did not change expression of GFP in 

DC2.4 cells in comparison to formulations without linolenic acid. This is 

possibly due to an overlap in function between linolenic acid and DOPE; 

both have fusogenic/membrane destabilising properties (McGill et al, 2023; 

Caracciolo and Caminiti, 2005). Further biological repeats in DC2.4, NIH 

3T3, and HEK293T cells showed extremely high variation in both cell 

viability and GFP expression. Cell confluency was ruled out as a determining 

factor due to optimisation data in chapter 4, and ambient temperature 

variation was ruled out as a factor that may have affected complexation 

during experimentation. The variation was suggested to be due to a 

combination of potentially inextricable factors including but not limited to: 

liposome toxicity of GL67, liposome batch variation in terms of 

polydispersity, environmental cell culture factors, cell passage, and other 

unknown variables. It remains possible that multivalency and/or linolenic 

acid may improve transfection in dendritic cells and warrants further study.  

6.2 Summary 

In summary, the work completed in this thesis has demonstrated that 

multivalency of the cationic lipid in liposomal formulations delivering pDNA 

has the potential to influence encoded gene expression in dendritic cells. 
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DC-Cholesterol/DOPE, DC-Cholesterol/DOPE/linolenic acid, GL67/DOPE 

and GL67/DOPE/linolenic acid liposomes are stable, positively charged, 

and possess particle sizes less than 200 nm. Expression of GFP in vitro was 

cell dependent and for GL67/DOPE, highly variable. DC-Cholesterol/DOPE 

liposomes were insufficient in initiating systemic immune responses and it 

was suggested that improving dendritic cell transfection efficiency in vitro 

would be predictive of immune responses in vivo. Multivalency of cationic 

lipids and/or linolenic acid warrant further study in delivering pDNA to 

dendritic cells. 



Page 132 of 184 
 

6.3 Future Directions 

Areas for further optimisation and experimentation would address the 

variation seen in chapter 5. Variation in both cell viability and GFP 

expression were observed, while this variation was not observed in chapter 

4. Previous research has correlated toxicity and transfection efficiency; 

therefore, there is rationale for testing the correlation between the 

cytotoxicity of GL67 and expression of GFP in the given cell lines. This would 

be done by expanding formulations to contain varying molar percentages of 

GL67 and carrying out a dose-toxicity curve to examine the toxicity of GL67 

and its relation to total membrane composition. This may involve switching 

to a luciferase-encoding plasmid to correlate protein production with 

liposome formulation and its associated toxicity. Investigation into the 

specific cause of toxicity could also be carried out using autolysis or 

necrolysis dyes. 

Furthermore, to fully interrogate the effect of valency on dendritic cell 

uptake, further lipids could be assembled with a cholesterol backbone and 

bivalent, quadrivalent, and pentavalent cationic head groups. Ahmad et al 

(2005) explored transfection in this way, mapping overall charge density 

and liposome complex charge on transfection efficiency. Modulation of their 

content could be mirrored with the aforementioned correlation between 

toxicity and transfection efficiency. 

Furthermore, gene expression in dendritic cells does not always correlate 

with immunogenicity in vivo. The above formulations with controlled 

cationic lipid content and multivalency could interrogate DC activation and 

phenotype response to investigate whether multivalent lipids can 

sufficiently induce dendritic cell maturation. This would be carried out by 

flow cytometry, measuring expression of dendritic-cell specific maturation 

markers such as CD80 and CD86. This could then be paired with a mixed 

lymphocyte reaction, which measures antigen-specific T cell response to 

transfected dendritic cells. 
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