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Abstract 

 

Despite their success as gene therapy delivery systems, viral vectors have 

some unresolved issues; pathogenicity, immunogenicity, and off target effects 

can be detrimental and sometimes even oncogenic. Commercialised vectors 

can also still come with a higher price point.  

 

An alternative method that might aid in reducing both the negative biological 

effects and could prove more cost effective is non-viral gene therapy delivery 

systems.  Many are utilised for a variety of diseases currently in research, with 

varying levels of success. The main focus of this project was to investigate the 

efficiency of a peptide-based delivery system mediated by the process of 

Glycosaminoglycan enhanced transduction (GET). This cell penetrating 

peptide (cell penetrating peptide) contains enhanced peptide domains that 

allow for interaction with heparan sulphate cell surface sugars, aiding in cell 

entry. The overall molecule charge also allows binding with double stranded 

DNA (dsDNA), compacting into a nanoparticle (NP) which can enter the nucleus 

and allow for transient expression of chosen genes on modified plasmids.  

 

This PhD project combines the novel Glycosaminoglycan enhanced 

transduction peptide non-viral delivery system (GET system) with two in vitro 

lung based models, in an attempt to test non-viral delivery without excessive 

animal use, and to determine this particular non-viral delivery methods 

efficiency in vitro. The lung models used were murine precision cut lung slices 

(PCLS), which utilises ex vivo tissue; and human cell Air liquid interface (ALI) 
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cultures, which utilise lung cell lines in vitro. The lung was focussed on due to 

the potential for non-viral delivery to this organ, particularly in the context of 

genetic lung disorders such as Cystic Fibrosis (CF).  

 

Within this project, peptide mediated delivery of reporter and enhanced 

luciferase plasmids to an in vitro lung model was demonstrated using the GET 

non-viral system; air liquid Interface cultures were also attempted to further 

demonstrate peptide mediated non-viral delivery in a human relevant in vitro 

model. 

 

 The demonstration of GET non-viral delivery to an in vitro lung model could 

potentially provide an alternative non-viral methods in the future, for correction 

of mutations such as the ∆F508 mutation found in 70% of cystic fibrosis 

patients, or in any other genetic diseases where the mutation is monogenic.  

Adding to the body of research on non-viral delivery methods is key to 

improving non-viral delivery systems; further research can potentially provide 

more useful information as to the genetic diseases they may be utilised to 

successfully treat.  
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1. Chapter 1: Introduction 

 

1.1 Gene therapy 

 

Gene therapy is defined as ‘using genes to treat or prevent disease’. 

Genetic therapy and genetic engineering enables us to edit and alter the 

genetics of an organism, which allows for the development of tested gene 

therapies which can be used to treat a variety of genetic based disease 

states.  

 

1.2 Development of Gene Therapies 

 

Gene therapy, or transference of genetic material utilising a transfection 

mechanism, was first demonstrated in 1971, with the utilisation of irradiated 

herpes simplex virus to deliver a thymidine Kinase active gene to a 

Eukaryotic cell line (Munyon, Kraiselburd, Davis, & Mann, 1971), and 

correction of the genetic disorder Galactosemia in isolated patient human 

fibroblasts with bacteriophage transduction of a corrective gene (Merril, 

Geier, & Petricciani, 1971). Gene therapy was first described in the context 

of treatment for human genetic diseases in 1972 by Friedmann and Roblin 

(Freidmann & Roblin, 1972) and outlined the possibilities as well as the 

potential hazards of utilising such genetic manipulation in humans. From 

here, gene therapy research progressed to a multitude of animal studies 

throughout the 1980s, with both successful and unsuccessful studies carried 

out in humans; one unpublished small trial in 1980 involved 2 patients who 
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were treated with recombinant DNA for potential correction of beta 

Thalassemia, which was an issue at the time due to unethical practice (U.S. 

Congress, Office of Technology Assessment, 1984). Another later study in 

1990 in which children with ADA-SCID, a severe combined 

immunodeficiency, were successfully treated using retroviral mediated gene 

transfer of the Adenosine Deaminase (ADA) gene. This study helped to 

demonstrate that gene corrections could be successfully integrated to 

produce gene expression, and patients had improved immunity and ADA 

expression that could still be observed up to 4 years post trial (Blaese, 

Culver, Miller, & French Anderson, 1996). However, transience of expression 

and presence of corrective genes in newly generated cells within patients 

still posed an issue.  

 

The early 1990s saw the first cancer gene therapy, demonstrated initially in 

a rat Glioblastoma model that later progressed to a human gene therapy trial 

(Trojan, Johnson, Rudin, Ilan, & Tykocinski, 1993); (Trojan, et al., 2012). It 

was around this time that human gene therapy trials were focussed on 

severe combined immune deficiencies; treatments demonstrated some 

efficacy, using a variety of methods including retroviruses, genetically 

modified stem cells, and combination of both (Cavazzana-Calvo, 2000); 

(Aiuti, 2002). Issues arose in the early 2000s, as a minor number of treated 

patients in an SCID gene therapy clinical trial resulted in T lymphocyte 

proliferation, leading to a leukemic – like condition; however, in most other 

patients, they demonstrated successful genetic uptake in the short term 

(Hacein-Bey-Abina, 2003). 



Page 3 of 225 
 

 

After unfortunate deaths in late 1990s gene therapy trials, such as the death 

of Jesse Gelsinger after administration of an Adeno-associated viral 

treatment (Thomas, Ehrhardt, & Kay, 2003), gene therapy was set back. 

The 2000s saw some defining research demonstrated in animal models as 

opposed to human trials, including the first genetic correction of sickle cell 

disease in a transgenic mouse model (Pawliuk, 2001), targeting of brain 

tumours with non-viral DNA complexes, which enabled DNA to cross the 

blood brain barrier in rats (Zhang, Boado, & Pardridge, 2003), and lentiviral 

vector delivery of miRNAs in mice to stabilise gene transfer in 

immunocompetent mice (Brown, Venneri, Zingale, Sergi, & Naldini, 2006). 

Correction of red/green colour blindness was also demonstrated in primates, 

by utilising an AAV to deliver the functional Human form of the L-opsin gene 

(Mancuso, et al., 2009). 

 

In the late 2000s, human clinical gene therapy trials demonstrated more 

ethical and successful outcomes, including delivery of lentiviral HIV-1 vector 

with a genetically modified CD4 T cell population to specifically target an HIV 

envelope protein (Levine, et al., 2006), treatment of metastatic melanoma 

utilising retroviral vector to confer a T cell receptor gene, which enabled 

lymphocyte populations in tumour recognition and targeting (Morgan, et al., 

2006), and use of an AAV to deliver the functional Gene RPE65 to patients 

with Leber's congenital amaurosis (LCA), an early childhood disease which 

causes retinal degeneration and eventual blindness. A follow up study also 
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demonstrated not only safety in utilisation of an AAV, but effectiveness of 

treatment past 18 months (Vander, 2009); (Simonelli, et al., 2010). 

 

1.2.1 Current state of genetic therapy testing 

 

In the last decade, a multitude of research and clinical trials have come to a 

close, giving a much clearer picture of the success and longevity of potential 

gene therapy treatments. Disease states such as Beta Thalassemia 

(Cavazzana-Calvo, et al., 2010), Achromatopsia (Komáromy, et al., 2010), 

Cystic Fibrosis (Perry, Penny-Dimri, Aslam, Lee, & Southern, 2017), 

Hemophilia (Nathwani, et al., 2011), ADA-SCID, as well as a multitude of 

cancers, including Leukaemia (Porter, Levine, Kalos, Bagg, & June, 2011) 

have been investigated either with animal models or have been taken to full 

length human clinical trials. Larger scale efforts that focus on non-viral 

delivery agents include work by the UKCFGTC, who have focussed on non- 

viral gene therapy delivery to cystic fibrosis patients (Alton, et al., 2013). 

Most significantly, the progression to human clinical trials that involve ‘in 

body’ gene editing, where patients are delivered a therapy that can edit and 

correct in situ, rather than a viral or non-viral system delivering the genetic 

material. This has benefit over other gene therapies as transience of 

expression no longer becomes an issue, as genome edits would ensure all 

new cells had the corrected genetics. However, there is still some small risk 

of unwanted off target effects.  
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These types of treatments usually contain a Zinc Finger Nuclease (ZFN) 

(Figure 1.1) or CRISPR/Cas9 component (Figure 1.2), to allow for intricate 

and highly accurate editing, which can minimalize the risks associated with 

other treatments, such as viral based gene therapy. Two currently in 

progress clinical trials of this nature include a small-scale trial utilising 

CRISPR for correction of Leber Congenital Amaurosis (Editas Medicine, Inc., 

2019), and another small-scale trial utilising ZFNs for correction of Hunter 

Syndrome (Sangamo Therapeutics, 2017).  

Another key gene therapy advancement is the use of chimeric antigen 

receptor T cells (CAR-T). Useful in cancer research and immunotherapy 

work, the process involves genetically engineering the T cells of a patient 

with chimeric antigen receptors that allow for both antigen-binding and T cell 

activation. The result is a T cell population with the ability to internally target 

cancerous cells (Kuwana, et al., 1987). CAR-T can utilise either patients’ 

own T cell population (autologous) or can come from a healthy donor 

(allogenic). Integration of the CAR gene is achieved using viral methods such 

as γ-retroviral and lentiviral vectors (Zhang, Zhao, & Huang, 2020); (Jin, et 

al., 2016) or by gene editing with CRISPR/Cas9 (Eyquem, et al., 2017). Due 

to the use of immune cells, CAR-T has proven most effective against blood 

borne and immune based cancers, and even in some immune disorders 

(Mougiakakos, et al., 2021). However, solid tissue tumours have proven 

more difficult to target (Lim & June, 2017). Clinical trial data has 

demonstrated use of CAR-T to target specific leukaemia’s (Lee, et al., 2015); 

(Jacoby, et al., 2022), multiple lymphomas (Makita, Yoshimura, & Tobinai, 
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2017); (Shah, et al., 2020), and myeloma (Alabanza, et al., 2022);  (Cohen, 

et al., 2022). 

 

1.2.2 Current therapy delivery approaches 
 

 
More than one method of delivery exists for current gene therapies. The key difference 

in gene therapy approaches is whether the manipulation takes place ex vivo or in vivo; 

in vivo involves direct intracellular targeting within the patient, whereas ex vivo involves 

removal of the material, usually cells, from the patient (or a donor) to allow for editing 

and manipulation. After this, the edited cells are used to treat the patient and become 

the delivered therapy (Keeler, ElMallah, & Flotte, 2017);  (Tajer, Pike-Overzet, 

Sagrario, Havenga, & Staal, 2019). 

The delivery method is chosen dependent on the specific physical area or disease 

being targeted. More exposed organs such as the eye and skeletal muscle can be 

delivered to in vivo as they are easier to reach, and the focus of the therapy is on a 

single organ or system. More difficult to reach or more complex systems, such as the 

lymphatic or immune systems that circulate throughout the body, are usually edited ex 

vivo with removal of the patients stem cells, B- or T-cells. This method is particularly 

useful in cases of lymphatic or blood bound cancers such as leukaemia (Kalos, et al., 

2011); (Kochenderfer, et al., 2010). 

A notable ex vivo method is CAR-T therapy (Chimeric antigen receptor T cell therapy), 

which involves removing a patients T-Cells (or taking these cells from a suitable donor) 

and editing them to include a synthetic receptor. The receptor then allows the T-Cells 

to recognize and target tumour cells (Mhaidly & Verhoeyen, 2019). Generation of CAR-

T as a therapy, despite its effectiveness, has both a complex production process and 

is expensive. Recently however, CAR-T has been implemented using multiple in vivo 

methods. Utilising synthesised nanocarriers or viral vectors for delivery of gene editing 
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tools and CAR genes can allow for in situ generation of autologous CAR-T cells inside 

the host (Xin, et al., 2022); (Huckaby, et al., 2021); (Parayath, Stephan, Koehne, 

Nelson, & Stephan, 2020). 

There are currently many approved cellular gene therapy products which are ready for 

use in patients; these products utilise both ex vivo and in vivo delivery approaches. 

Some of the applications of approved products include direct treatment of mutation 

associated retinal dystrophy (FDA, 2022); (Irigoyen, et al., 2022), and repair of 

cartilage knee defects using autologous chondrocytes cultured on collagen 

membranes to generate a cellularised scaffold (FDA, 2021); (Carey, Remmers, & 

Flanigan, 2020). 
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Figure 1.1 Schematic of Zinc Finger Nucleases Zinc Finger Nucleases are composed of a DNA 
binding domain (Zinc Finger Repeats) and a catalytic domain (Fok1). ZFNs can bind to DNA, 
dependent on their prespecified target sequence. Dimerisation of the Fok1 Domains cleaves DNA, 
resulting in a double stranded break. This allows for either non-Homologous end joining to occur, 
introducing targeted mutations, or specified Donor DNA to be incorporated at the break during 
homologous recombination. This allows for highly specific genetic editing to be carried out. Figure 
rendered in Biorender. 
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Figure 1.2 Schematic of CRISPR/Cas9 An engineered expression plasmid containing the target 

sequence can be transfected into any chosen cell type. Inactive Cas9 is transcribed and translated as 

the single stranded GuideRNA is transcribed. Binding of GuideRNA and Inactive Cas9 induces 

conformational changes to form Active Cas9, which identifies and binds the targeted sequence using 

its protospacer adjacent motif (PAM) sequence.Figure rendered in Biorender. 
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1.3 Methods of Gene Delivery 

 

Genetic information can reach the nucleus in a variety of ways, which can be 

broadly classified into viral and non-viral; viral systems utilise specific viral 

mechanisms to effectively deliver the required vector, with non-viral systems 

instead utilising chemical properties to escort the vector across the cell 

membrane. Whilst being efficient, viral systems have the disadvantage of 

potential off target effects, which can lead to development of oncogene 

activation and cancer formation, alongside other health complications 

(Thomas, Ehrhardt, & Kay, 2003); (Baum, et al., 2003). Although in some 

cases not as effective, non-viral systems avoid this issue entirely. However, 

both viral and non-viral systems have proven their efficacy in a multitude of 

research, with some even demonstrating success at clinical trial level. 

 

1.3.1 Viral based Systems 

 

Viral based systems include any delivery system that involves the use of part 

of or a whole virus. Viral systems can be particularly effective as they take 

advantage of the viral replication cycle, and when modified to include the 

required gene, can ensure successful entry of the genetic material into the 

host cells (Dimmock, Easton, & Leppard, 2016). All natural viral infections 

are dependent on successful entry to host cells, followed by replication 

utilising host cell machinery, and shedding of new virus to infect surrounding 

cells (Figure 1.3). Some viruses can also become latent within a cell and 

reactivate infection after initial entry. Viral infections can be either lytic or 
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lysogenic. In lytic infection, replication is rapid, and host cells are lysed when 

the cycle is complete to enable viruses to enter and infect other host cells 

(Dimmock, Easton, & Leppard, 2016). In lysogenic infection, viruses can be 

present without harming the host cells for many years, integrating their DNA 

directly into the host cell DNA and only replicating as new host cells are 

formed. They can also be triggered to release virions from the host cell to aid 

in further infection (Howard-Varona, Hargreaves, Abedon, & Sullivan, 2017). 

Many natural viruses have been utilised for scientific research, and at the 

clinical trial level as potential gene therapy vectors.  
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Figure 1.3 Outline of the Viral life cycle The process of viral invasion of host cells 
involves 4 basic stages; entry, replication, viral shedding and viral latency. Whilst latent, 
virions can evade host immunity by ‘hiding’ within cells they have in infected. Figure 

rendered in Biorender. 
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1.3.2 Adenoviruses 

 

Originally isolated from human adenoids, adenoviruses are capable of 

human infection, and can be genetically manipulated for gene delivery use. 

They are around 90 – 100 nm in size, 150 MDa, making them one of the 

largest known viruses with no envelope, and contain double stranded DNA. 

Classified within the viral family adenoviridae, a multitude of individual 

adenoviruses (or serotypes) exist, which are capable of infection of many 

vertebrate hosts (Rowe, Huebner, Gilmore, Parrott, & Ward, 1953); (Reddy, 

Natchiar, Stewart, & Nemerow, 2010).  

 

Adenovirus strains can be the cause of mild disease states such as tonsillitis, 

conjunctivitis, gastroenteritis, and ear infections (Ruuskanen, Mertsola, & 

Meurman, 1988) ; (Chu & Pavan-Langston, 1979); (Jones, et al., 2007); 

(Murrah, et al., 2015) but can cause more severe illnesses including 

encephalitis, meningitis, and severe pneumonia in children (Straussberg, 

Harel, Levy, & Amir, 2001); (Souer, Woulters, de Saint-Georges, Content, & 

Depierreux, 1991); (Yu, et al., 2016). 

 

Adenoviruses have emerged as a gene delivery vector of choice, being 

utilised in disease state clinical trials (Wold & Toth, 2014), including most 

notably cystic fibrosis (Boucher, et al., 1994). Research with adenovirus 

serotypes demonstrates high transduction efficiency, most likely due to ease 

of human infection and high availability of multiple serotypes for use in trials 

(Crystal, 2014); (Breyer, et al., 2001). However, there have been 
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complications in some research, specifically related to adenoviral 

immunogenicity (Wold & Toth, 2014). 

 

More recently, adenoviral vectors have been utilised outside of a gene 

therapy context. Recombinant adenoviral vectors were used in viral based 

COVID-19 vaccines to deliver transgenes for SARs-Cov-2 stabilised spike 

protein (Folegatti, et al., 2020). Many other vaccines also utilised various 

recombinant adenoviral vectors, and after in vivo animal and small scale 

clinical trials, some were initially approved for use and distributed throughout 

the population; these included the Oxford–AstraZeneca COVID-19 vaccine 

(Hassan, et al., 2020), the Janssen COVID-19 vaccine (Sadoff, Struyf, & 

Douoguih, 2021), BioNTech, Moderna (Basheeruddin Asdaq, et al., 2022), 

and Gam-COVID-Vac (ClinicalTrials.gov Identifier: NCT04436471, 2020). 

Whilst not used for the purposes of gene editing, use of a viral vector in 

vaccine generation can be useful to highlight immune response of the 

chosen vector. 

 

1.3.3 Adeno-associated Viruses (AAV) 

 

Adeno-associated viruses (AAV) are significantly small viruses (20 nm) from 

the Parvoviridae family, genus Dependoparvovirus. Due to their small size, 

reduced mild immune response, and lack of pathogenicity (Naso, 

Tomkowicz, Perry, & Strohl, 2017); (Wu, Yang, & Colosi, 2010) they present 

as a promising vector for gene therapy development. AAVs were first 

discovered in 1965, when they were observed as particles genetically distinct 
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from simian adenovirus in culture (Atchinson, Casto , & Hammon, 1965). Key 

to their use as a reliable gene therapy vector is their predictability 

comparative to other viral vectors, which is in part due to their stable 

integration of the host genome. Wild type AAVs have been shown to interact 

and integrate at the AAVS1 site on chromosome 19 in a site-specific manner 

(Kotin, et al., 1990); (Samulski, et al., 1992).  

 

Current AAV research has highlighted associated adenoviruses as potential 

gene therapy vectors for multiple disease states. Recent animal model work 

has demonstrated some success with AAV vectors; Use of specific AAVs 8 

and 9 demonstrated targeted delivery of GFP to inner ear cell populations in 

a guinea pig hearing loss model, highlighting the potential for AAV clinical 

translation to genetically target and improve hearing impairment (Wang, et 

al., 2022). A combination of AAVs 2 and 8 was used for delivery of GFP and 

acid α-glucosidase (GAA) in a mouse model of Pompe disease, establishing 

an effective dose for recovery of GAA deficiency (Han, Gheorghiu, Li, Kang, 

& Koeberl, 2022). Another mouse model also focussed on Laron syndrome, 

where the body is unable to utilise growth hormone (GH) and thus results in 

dwarfism in mammals; here, an AAV was used to deliver murine growth 

hormone receptor (GHR) and improved GH uptake (Sia, et al., 2022).  

 

Further work has also demonstrated targeted AAV9 delivery in mice in vivo 

and in human cardiomyocytes in vitro for ischemic cardiomyopathy 

(Martinez, et al., 2022) and there has also been use of AAV8 within small 

scale clinical trials for Tay Sachs Disease (Flotte, et al., 2022). AAVs have 
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also recently been used in combination gene delivery; they have been 

utilised as the delivery vector for CRISPR editing tools to more efficiently 

generate CAR-T therapies (Ding, Chao, & Gao, 2022). 

 

1.3.4 Lentiviruses 

 

Lentiviruses are larger, enveloped viruses usually around 80 – 100 nm, from 

the viral family Retroviridae. Alongside gammaretroviruses, they are a 

subtype of the retrovirus (Milone & O'Doherty, 2018) and investigated in 

research as a potential gene therapy vector. They are widespread in humans 

and several other mammalian species; the most commonly known lentivirus 

is human immunodeficiency virus (HIV) (Cockrell & Kafri, 2007). 

Each enveloped virion contains single stranded RNA and proteins such as 

reverse transcriptase and integrase within the capsid, which enables 

utilisation of host cell machinery to copy the viral RNA template and 

integration of the viral genome with the host cell, allowing for continued viral 

replication (Milone & O'Doherty, 2018). 

Lentiviruses present an attractive potential gene therapy vector due to their 

endogenous ability, where they integrate their genome directly into the host 

cells. This means all future progeny cells inherit the mutation. They are also 

able to infect non-dividing cells, and can integrate a large amount of genetic 

information (Yamashita & Emerman, 2004). These features could be key to 

reducing the issue of transience with gene therapy vectors and enabling the 

required mutation to reach all cells.  
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Current lentiviral research has demonstrated the wide potential usage and 

utility of lentiviral vectors, including demonstration of prostate cancer cell 

death utilising lentiviral bound trastuzumab (Zhang, et al., 2009), and 

correction of haemophilia A in a mouse model (Shi, et al., 2007). Other 

research has also demonstrated transference of the insulin gene into a 

diabetic rat model (Oh, Li, & Kim, 2006), lentiviral potential gene therapy 

application in chronic granulomatous disease (Barde, et al., 2011), and even 

in utero lentiviral delivery for prevention of arthritis within a mouse model 

(Roybal, Endo, Radu, Zoltick, & Flake, 2011). 

Much lentiviral research has been within in vitro and early-stage animal 

models; however, some lentiviral vectors have reached clinical trial stages 

for specific disease states. Recent and ongoing trials include an HIV-1 trial 

established in 2003 with ongoing patient monitoring, which has reported no 

adverse events or mal effects for patients up to 8 years post-administration 

of treatment (McGarrity, et al., 2013). Another clinical trial, for β-

Thalassemia, a genetic blood disorder characterised by reduced levels of 

functional haemoglobin leading to reduced oxygen availability in the patient, 

initially demonstrated initial success in 2010 (Cavazzana-Calvo, et al., 2010). 

Following trials modified and improved on the initial lentiviral vector that was 

used (Thompson, et al., 2018), which also led to success for some patients 

in the form of future blood transfusion-independence (Thompson, et al., 

2018); (Marktel, et al., 2019). However, further patient monitoring over time 

may be required to truly confirm if individuals would require no further specific 

treatment.   
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There have also been small scale clinical trials for other genetic disease 

states, including metachromatic leukodystrophy (Sessa, et al., 2016),  

Wiskott-Aldrich syndrome (Aiuti, et al., 2013), and for cancer immunotherapy 

applications in specific cancers like leukaemia (Maude, et al., 2014), all with 

varying levels of success.  

The integrative ability of the lentivirus can be both an advantage and an 

issue; there is the potential for insertional mutagenesis around the 

integration site, oncogene activation, or tumorigenesis due to inactivation of 

tumour suppressing genes (Schlimgen, et al., 2016); (Themis, et al., 2005). 

To prevent potential off target effects, lentiviruses can be modified to produce 

non-integrating lentiviruses (NILVs) (Gurumoorthy, et al., 2022). Integration 

efficiency can be reduced with either targeted mutations to the retroviral 

integrase (IN) enzyme, or to the integrase attachment site (Engelman, et al., 

1995); (Zhu, Dobard, & Chow, 2004). 

Non-integrating lentiviruses (NILVs) have been used in a variety of research. 

Early research has utilised HIV-based lentiviral vectors for targeted delivery 

by mutating integration sites to make these vectors non-integrating and 

demonstrated delivery in in vitro muscle (Apolonia, et al., 2007). Other work 

has demonstrated specific targeting of B cells positive for Epstein Barr virus 

(Flynn, Zacharias, Zhou, Cannon, & Philpott, 2011), and localised targeted 

transgene delivery using a NILV to improve regeneration of retinal epithelial 

pigment (RPE) cells within a macular degeneration mouse model (Kampik, 

et al., 2017). Non-Integrating Lentiviral vectors can also be modified with the 

use of a S/MAR site (scaffold/matrix attachment region), to overcome loss of 
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genomic material post-cell division, and thus aid in prolonged expression 

(Verghese, Goloviznina, Skinner, Lipps, & Kurre, 2014); (Xu, et al., 2016). 

More recently, they have been used in combination therapy, where a non-

integrating lentiviral vector was the delivery system for CRISPR/Cas9 gene 

editing components to target and correct the haemoglobin-Beta gene 

mutation that causes sickle cell disease (Uchida, et al., 2021). Non-

integrating viral vectors have also been useful in generating CAR-T cells; 

recent research demonstrated use of an NILV with a scaffold attachment 

matrix region site (S/MAR) to successfully deliver the CAR transgene to cells 

in vitro. They also demonstrated NILVs gene editing capability by delivering 

green fluorescence protein (GFP) in vitro (Jin, et al., 2016). Research such 

as this demonstrates the potential for safe non- integrated engineering using 

viral vectors, without loss of cellular uptake or expression.  

Despite their merits, all viral based gene therapy viral vectors still have the 

potential to introduce recombination events and cause unwanted off target 

effects; this key safety issue, alongside financial cost, presents some 

barriers for larger scale commercialisation and widespread use of  viral 

vectors for gene therapy.  
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1.4  Non-viral based Systems 

Non-viral based delivery systems include any system not dependent on 

utilisation of natural viral mechanisms or structures. Key advantages to non-

viral delivery over viral based methods include their lack of immunogenicity, 

and minimal toxicity (Sainz-Ramos, et al., 2021). Non-viral delivery methods 

include physical methods, such as injections, electroporation or similar 

poration methods (hydro, sono or photo) and an array of chemical-based 

methods (Nayerossadat, Maedeh, & Ali, 2012); (Mali, 2013). Chemical 

methods can be grouped broadly into polymers, dendrimers, lipids (Jones, 

Chen, Ravikrishnan, Rane, & Pfeifer, 2013), nanoparticles (Singh, 

Prateeksha, Gupta, Chen, & Atanasov, 2017); (Wong, et al., 2017) and 

peptides  (Hadianamrei & Zhao, 2022). 

 

1.4.1 Lipids  

 

Lipids, specifically cationic lipids, can be utilised for genetic and small cargo 

delivery through the formation of liposomes or lipoplexes (Junquera & Aicart, 

2016); (Liu, et al., 2020). Liposomes form as spherical structures, due to the 

hydrophilic head and hydrophobic tail regions. This formation causes 

hydrophobic areas to move away from aqueous solutions, leaving only the 

hydrophilic areas exposed on the outside of the structure and establishing a 

phospholipid bilayer (Cevc & Richardsen, 1999). The overall positive charge 

of liposomes makes them ideal for binding and encapsulating negatively 
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charged molecules such as nucleic acids, including DNA, RNA, and siRNA 

(Bozzuto & Molinari, 2015); (Wu & McMillan, 2009); (Vitor, Bergami-Santos, 

Barbuto, & de la Torre, 2013). When bound to nucleic acids, the resulting 

complexes are usually referred to as lipoplexes; when the liposome 

encapsulates the nucleic acid, the resulting lipoplex enables intracellular 

delivery of the cargo via cell membrane fusion (Almofti, et al., 2003); 

(Tarahovsky, Koynova, & MacDonald, 2004). 

 

1.4.2 Polymers 

 

A variety of polymers can be utilised in non-viral gene delivery; these 

macromolecules are usually easy to manufacture and can be tailored to meet 

specific delivery and cargo requirements, enabling production of effective 

polymeric nanoparticle systems.  

When electrostatic interaction between the polymer and cargo molecule 

occurs, polyplexes are formed; polyplexes are functionally similar to 

lipoplexes, instead involving a chosen polymer binding nucleic acid material 

to form the polymer-DNA complex. Electrostatic interactions allow for 

polyplex formation due to use of positively charge cationic polymers (Rai, 

Alwani, & Badea, 2019); (Midoux, Breuzard, Gomez, & Pichon, 2008); 

(Sirianni, et al., 2022). These nanoscale particles can then enter the cell and 

deliver the chosen cargo. 

The most commonly used polymers in gene and drug delivery research 

include the commercial agent Polyethyleneimine (PEI) (Lungwitz, Breunig, 

Blunk, & Göpferich, 2005); (Song, et al., 2012) and chitosan (Santos-



Page 22 of 225 
 

Carballal, Fernández Fernández, & Goycoolea, 2018); (Wong, et al., 2006), 

as well as polyspermine (Hosseinkhani, Azzam, Tabata, & Domb, 2004), 

cyclodextrin, PLGA (Barichello, Morishita, Takayama, & Nagai, 1999); 

(Makadia & Siegel, 2011), PLA (Rancan, et al., 2009), and Poly(L-lysine) 

(Trubetskoy, Torchilin, Kennel, & Huang, 1992); (Martinez-Fong, et al., 

1999). These polymers are used both independently and can be combined 

to further improve targeted delivery and cargo uptake. 

Polymeric nanoparticles demonstrate delivery of a range of cargos to 

multiple sites both in vitro and in vivo; PLGA modified with PEG and 

alendronate demonstrated nanoparticle absorption to hydroxyapatite (HA), 

as a potential model for targeted drug delivery to bone (Choi & Kim, 2007). 

Hybrid polymer work compared PEGylations of PAMAM and PEI as potential 

tumour targeting delivery systems, including a peptide targeting ligand to 

target glucose-regulated protein-78 kDa (GRP-78) (Wood, et al.). Other 

hybrid polymer work has also demonstrated the mucus penetrating potential 

of PLGA-PEG nanoparticles to highlight their potential for mucosal drug 

delivery (Xu, et al., 2013), and utilised Chitosan-PEI coated in hyaluronic 

acid (HA) to deliver siRNAs for Aquaporin-2 (AQP2) to reduce lesions in 

endometriosis rat models (Zhao, et al., 2016).  

 

1.4.3 Dendrimers 

 

Dendrimers are molecules with a uniform branching polymeric structure. 

Multiple individual dendrons form around a focal point to make a 3D, 

spherical dendrimer molecule. Due to their method of formation and 
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structure, many properties of dendrimers can be modified and are 

controllable, including their toxicity and water solubility.   

Current research has so far utilised dendrimers for drug delivery, specifically 

across the blood brain barrier (BBB). Dendrimer facilitated delivery in brain 

has been demonstrated in vivo, with a rabbit model for Cerebral palsy 

(Kannan, et al., 2012), a murine model for Rett syndrome (Nance, et al., 

2017), and a canine model for Hypothermic Circulatory Arrest (HCA) brain 

injury (Mishra, et al., 2014). In each model, specific therapeutics were 

complexed with dendrimers, and targeted delivery to neurons or microglial 

cells was achieved.   

Alongside this research, dendrimers have also been utilised as a genetic 

non-viral delivery system. Initial work utilising dendrimers for genetic delivery 

to murine lung proved unsuccessful (Rudolph, Lausier, Naundorf, Muller, & 

Rosenecker, 2000), however, later work demonstrated dendrimers as 

effective carriers of siRNA to HIV-infected lymphocytes (Weber, et al., 2008) 

and as a non-viral method for therapeutic delivery in HIV infection (Gonzalo, 

et al., 2010). Further work also modified dendrimers for application in 

targeted transgene delivery to human retinal pigment epithelial cells 

(Mastorakos, et al., 2015) and targeted Atoh1 gene delivery to a rat cochlea 

model for demonstration of dendrimers nanocarrier capabilities (Wu, et al., 

2013).  

More recent advancements have demonstrated dendrimers as a potential 

gene therapy delivery system in cancer. Research has used complexation 

with alternate polymers such as PEI to improve plasmid delivery to specific 
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cancer cells (Neves, et al., 2021) and duplexing with CRISPR/cas9 

machinery to create a targeted genome editing system for specific cancers 

such as colorectal cancer (Wan, et al., 2021). 

 

1.4.4 Nanoparticle systems 

 

Nanoparticle systems have proven useful particularly in drug delivery, and 

are able to deliver a variety of potentially therapeutic agents (Rizvi & Saleh, 

2018). They have the key feature of tunability, allowing for the particles 

properties to be controlled and changed as needed (Fay, et al., 2017). There 

is also some research supporting the ability of some nanoparticle systems to 

cross the blood brain barrier effectively (Ayub & Wetting, 2022). Nanoparticle 

systems can utilise organic or inorganic materials, providing delivery options 

for multiple applications. Similar to other delivery methods, side effects can 

occur, dependent on the material used; nanotoxicity and bioaccumulation 

have been observed in some systems (Khanna, Ong, Bay, & Baeg, 2015).  

Nanoparticle systems are also useful in the context of gene delivery, and can 

utilise a variety of materials, including metals and silica. Inorganic 

nanoparticles, including gold (Abashkin, et al., 2021) and silica (Slita, 

Egorova, Casals, Kiselev, & Rosenholm, 2018); (Zhu, et al., 2021) have 

demonstrated genetic delivery capability (Sousa de Almeida, et al., 2022). 

Coated iron oxide particles have also been tested to determine potential 

toxicity in vitro (Magdolenova, et al., 2015) and have demonstrating 

successful gene delivery in vitro (Xiao, Castro, Rodrigues, Shi, & Tomas, 

2015). 
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1.4.4.1 Lipid nanoparticles 

 

Lipids can be effectively adapted into lipid nanoparticle systems, referred to 

as solid lipid nanoparticles (SLNs), and have demonstrated some effective 

drug transport capabilities (Lim & Kim, 2002); (Lee, Lim, & Kim, 2007). They 

have proven most useful for encapsulating and targeted delivery of a variety 

of nucleic acids (Pedersen, Hansen, Heydenreich, Kristensen, & Poulsen, 

2006); (Hayes, et al., 2006); (Montana, et al., 2007).  

Lipid nanoparticles can be modified to improve their intracellular delivery; 

choice of material during formulation is important, as this can affect 

packaging and delivery capabilities. For example, PEG is a widely used 

coating material for nanoparticle delivery, due to its minimal toxicity, 

hydrophilic nature, and the stability it can provide to nanoparticles during 

circulation; however, PEGylation can inhibit intracellular delivery, and there 

is some evidence it may also inhibit endosomal escape (Hatakeyama, et al., 

2007); (Masuda, et al., 2009); (Moore, Sheppard, & Sakiyama-Elbert, 2009); 

(Chan, et al., 2012). 

Lipid nanoparticle systems (LNPs) have some demonstrable delivery in vitro, 

such as in HeLa cells (Severino, et al., 2015), alveolar macrophages (Yu, 

Liu, Liu, Zhang, & Xu, 2010), and T lymphocytes (Ramishetti, et al., 2015), 

as well as in vivo within mouse models (Delgado, et al., 2012).   

There has also been successful demonstration of lipid based nanoparticle 

delivery in a breast cancer cell line and associated xenograft model (Piao, et 
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al., 2013), and a clinical trial has also demonstrated successful delivery of 

siRNAs to target VEGF and kinesin spindle protein (KSP) in cancer patients 

utilising a targeted LNP (Tabernero, et al., 2013). 

Some of the most recent work with lipid nanoparticles has focussed on 

vaccine delivery; lipid nanoparticles were used to transport RNA based 

vaccines BNT162b1 and BNT162b2 (Pfizer) coding for spike glycoprotein 

(S) of SARS-CoV-2 (Vogel, et al., 2021). Issues arose with the choice of 

nanoparticle coating; PEGylation appeared to trigger allergic reactions within 

small numbers of the population, with some individual cases being severe 

(Klimek, et al., 2021). However, there was some evidence to suggest PEG 

combined with the deliverable vaccine was eliciting a reaction, as opposed 

to PEG as an individual ingredient (Troelnikov, et al., 2021). 

 

1.4.5 Cell Penetrating Peptides  

 

Also known as peptide transduction domains (PTDs), cell penetrating 

peptides are small peptide chains found in current natural systems, such as 

transactivating transcription factor (TAT) used by the HIV-1 virus (Vives, 

Brodin, & Lebleu, 1997); (Tünnemann, et al., 2006). The properties of a cell 

penetrating peptide can be exploited, and they can be synthetised and 

utilised as a mechanism for genetic delivery in vitro (Milletti , 2012). Cell 

penetrating peptides can translocate the cell membrane, making them an 

ideal carrier for functional molecules of potential therapies (Madani, 

Lindberg, Langel, Futaki, & Graslund, 2011); (Trabulo, Cardoso, Mano, & De 
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Lima, 2010). They are able to facilitate cellular uptake of a variety of 

molecules in sizes ranging from nanoparticles to larger plasmid DNA 

(Derakhshankhah & Jafari, 2018). They are usually small peptides that 

interact with their cargo either chemically with covalent bonds, or through 

non-covalent interaction (Reissmann, 2014). 

 

cell penetrating peptides can enter a cell through 3 main mechanisms: 

endocytosis-mediated entry, forming a transitory structure, or direct 

penetration of the membrane (Opalinska & Gewirtz, 2002). The most 

common method, endocytosis translocation, involves folding of the plasma 

membrane and the cell ‘ingests’ the cell penetrating peptide and its cargo 

(Duchardt, Fotin-Mleczek, Schwarz, Fischer, & Brock, 2007); (Lundin, et al., 

2008). This process can be clathrin or calveolin dependent, or completely 

independent of both (Mayor & Pagano, 2007). Direct membrane penetration 

is reliant on electrostatic interactions and positively charged side chains such 

as arginine being present on the cell penetrating peptide , which facilitates 

entry through transient pore formation (Hu, Sinha, & Patel, 2015); (Hu & 

Patel, 2016). cell penetrating peptide Translocation of the membrane via a 

transitory structure can be mediated by formation of structures such as 

inverted micelles (Plénat, et al., 2004); (Deshayes, et al., 2004). 

 

 

1.4.5.1  Glycosaminoglycan-binding Enhanced Transduction (GET) 
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The GET non-viral peptide is a novel delivery system that utilises 

Glycosaminoglycan binding enhanced transduction (GET). It involves small 

peptides that can bind plasmid DNA, or any similar macromolecular cargo, 

for delivery into cells by forming a nanoparticle able to penetrate the cell 

membrane (Figure 1.4 A). Specific peptide domains used enable cell surface 

heparan sugar targeting and intracellular transduction (Osman, et al., 2018). 

Previous work within the Dixon lab group work has demonstrated the GET 

systems ability to deliver reporter plasmids, proteins, transcription factors 

and magnetic nanoparticles to a variety of cell types, showing high 

transfection levels with minimal toxicity (Dixon, et al., 2016); (Abu-Awwad, 

Thiagarajan, & Dixon, 2017).  

The peptide has 3 domains, with each enabling different functions. FLR 

consists of FGF2B, a 16-residue heparan sulphate-GAG binding peptide 

derived from the fibroblast growth factor 2 (FGF2) protein; LK15, an 

amphiphilic pan-nucleic acid interaction region, which aids in improved DNA 

condensation and intracellular trafficking; and octa-arginine (8R), a cell 

penetrating peptide (cell penetrating peptide) which aids in efficient cell entry 

(Osman, et al., 2018). The enhanced FLH peptide differs, in its substitution 

of the 8-chain arginine cell penetrating peptide with a 10-chain histidine 

(Figure 1.4 B). This method of non-viral delivery does not appear to affect 

viability when utilised in vitro (Abu-Awwad, Thiagarajan, & Dixon, 2017); 

(Dixon, et al., 2016), and can produce high transfection levels in cells upon 

delivery of plasmid DNA (Osman, et al., 2018). The modification of FLR into 

FLH improves endosomal escape by causing osmotic imbalance and 
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triggering endosomal swelling, allowing release of any cargos trapped within 

vesicles (Power, Cavanagh, Dixon, Curtin, & O'Brien, 2022). 
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Figure 1.4 GET peptide interaction with Plasmid DNA (A) The GET peptide is 

referred to as FLR, due to its 3 specific Domains. FLR can interact with the 

plasmid DNA due to its positive charge, which is attracted to the negative charge 

of the phosphate backbone of the plasmid. The resulting complex has a slight 

overall positive charge, which further aids in cell entry. (B) Each peptide domain 

has a specific amino acid sequence. Individual figure components rendered in 

Biorender. 
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1.5 Potential Models for lung genetic therapy testing 

 

Multiple model types exist in which lung based gene therapy vectors could 

be tested; these range from full scale animal models, down to ex vivo and in 

vitro based models, with initial research carried out on lung cell monolayers.  

Animal models, whilst considered a key research stage to enable 

progression to clinical trials and eventually product commercialisation, do not 

always accurately mirror the internal human environment or human reactions 

to specific treatments. Whilst accurately maintaining the 3D structures and 

particularly intact immune responses of a living mammal, it is becoming more 

evident that they provide a less than accurate picture of how a treatment or 

delivery system may behave in a human lung (Miller & Spence, 2017); 

(Evans & Lee, 2020).  Animal models usually also come with significant 

animal wastage, and in some larger scale animal trials, increased financial 

cost. This presents an argument for improving and utilising more ex vivo and 

in vitro lung models (Nichols, Niles, Vega, & Cortiella, 2013); (Cidem, 

Bradbury, Traini, & Ong, 2020). 

Ex vivo lung models usually involve excision of specific tissues which can be 

utilised experimentally for research, which can aid in reduction of the high 

levels of wastage seen in animal model use.  In vitro models are more ‘lab 

based’; samples can be either removed and used as primary material in its 

current state, or cells can be isolated from disaggregated primary tissue. This 

also aids in prevention of animal wastage, particularly in the case of human 



Page 32 of 225 
 

cell based in vitro models. A useful ex vivo model is the precision cut lung 

slice (Rosales Gerpe, et al., 2018); (Bryson, et al., 2020); (Viana, O'Kane, & 

Schroeder, 2021) which uses animal or human lung explant tissue to 

produce thin slices of lung that maintain the cell localisation of in vivo without 

the use of a whole animal model (Hirn, et al., 2014); (Wu, Van Dijk, Bos, 

Kistemaker, & Gosens, 2019); (Lauenstein, et al., 2014).  

However, advancements in in vitro lung modelling allow for cell differentiation 

to create more accurate organ structure-mimicking environments (Mainardi, 

Occhetta, & Rasponi, 2022); (Petrosyan, Cravedi, & Villani, 2019). Some 

models are now incorporating physical and mechanical pressures to 

maintain specific cell phenotypes, and aid in preservation of developing 3D 

structures similar to those observed in vivo (Huh, et al., 2010); (Kim & Ingber, 

2013); (Si, et al., 2021). 

 

1.5.1 Lung ex vivo Models 
 

1.5.1.1 PCLS 

 

Precision cut lung slices (PCLS) are emerging as an investigative ex vivo 

tool with multiple applications; they have most prominently been used in 

airway-based research (Held, Martin, & Uhlig, 1999); (Li, et al., 2020). They 

can be easily generated, with the most common method being agarose 

perfusion of either animal lung sets immediately post sacrifice, or agarose 

injection of donated human lung tissue (Sanderson, 2011). Once cooled, 

agarose provides a non-toxic support structure to hold open the lung tissue, 

allowing for accurate slicing into precision cut lung slices. Utilisation of lung 
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tissue in this way allows for generation of multiple samples, increasing the 

number of experiments that can be carried out from a single lung set or tissue 

sample. They can also be generated from a variety of species, with previous 

research utilising sheep (Lambermont, et al., 2014), mouse (Akram, et al., 

2019), pig (Krimmling & Schwegmann-Weßels, 2017), guinea pig 

(Ressmeyer, et al., 2006) and marmoset monkey (Seehase, et al., 2012), 

alongside work utilising human tissue (Lauenstein, et al., 2014). Human 

tissue is the best host tissue from which to generate PCLS, as it is the most 

anatomically accurate, thus ensuring results produced are more significant 

and translatable.  

A key advantage of PCLS is their preservation of physical lung structures 

and cell localisation, which allows for clear visualisation of airways; 

observation of more than 40 cell types has been achieved in vitro, which is 

comparable to the in vivo environment (Wu, Van Dijk, Bos, Kistemaker, & 

Gosens, 2019). These factors combined establish them as a potential 

alternative to larger scale in vivo animal studies.  

PCLS research has investigated immune response (Henjakovic, et al., 

2008), cytotoxicity (Krabbe, et al., 2018); (Neuhaus, et al., 2017), disease 

modelling (Banerjee, Huckuntod, Mills, Kurten, & Pechous, 2019), and 

delivery of therapeutic molecules (Nassimi, et al., 2010). Human and murine 

lung tissue are the most commonly used for PCLS generation, and have 

provided a useful platform for investigating pulmonary fibrosis (Alsafadi, et 

al., 2017), COPD (Maarsingh, et al., 2019), effects of gaseous contaminants 

(Switalla, et al., 2010), and Asthma (Kim, et al., 2015).  
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Due to their versatility and ease of application for a multitude of studies, 

PCLS present as a model system for demonstration for gene delivery. For 

example, delivery using adenoviral and lentiviral systems has shown 

successful transfection of PCLS generated from murine and ovine tumour 

bearing tissue alongside unaffected tissue, to investigate selectivity of 

oncolytic viruses (Rosales Gerpe, et al., 2018). Other similar studies also 

demonstrate the use of PCLS for viral investigation, including antiviral use 

against influenza (Liu, et al., 2015); (Wu, et al., 2010), and as a model for 

oncolytic viral delivery (Diallo, Roy, Abdelbary, De Silva, & Bell, 2011). 
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1.5.2 Lung in vitro models 

 

1.5.2.1 Air liquid interface model (ALI) 

 

Air liquid interface culture (ALI) is a method used to elevate standard lung 

cell culture for investigative research (Jiang, Schaefer, & Chu, 2018). ALI 

has been utilised in a variety of studies, including inflammation (Hu, et al., 

2020), nanoparticle delivery (Lenz, et al., 2009); (Brandenberger, et al., 

2010) aerosolization drug delivery (Lenz, et al., 2014); (Ong, et al., 2016); 

(Schmid, et al., 2017) disease state modelling (Munis, Hyde, & Gill, 2020) 

and environmental toxicity (Upadhyay & Palmberg, 2018), with a specific 

focus on cigarette smoke exposure (Ishikawa & Ito, 2017); (Cao, 

Muskhelishvili, Latendresse, Richter, & Heflich, 2017); (Duffney, et al., 

2018). 

Standard lung cell culture is traditionally carried out in well plates or flasks,  

to maintain constant nutrient supply and prevent cells from drying, cultures 

are usually fully submerged. For general proof of concept or in studies where 

cell phenotype and function is not relevant to the experimental outcome, this 

is a cost effective and useful culture method.  

However, a key feature of in vivo lung is its mucosal barrier; lung epithelial 

cells, whilst in a well-regulated humid environment, are never completely 

submerged in liquid in vivo. Culturing lung cells on transwells (Figure 1.5 A) 

introduces an Air Liquid interface (ALI), where the cells are supplied with 

media and fed nutrients from below the membrane they are seeded on and 
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exposed to the air at their apical (upper) surface (Choe, Tomei, & Swartz, 

2006). This method can prove useful when trying to reproduce the 

mucociliary phenotype observed  in in vivo epithelial airways (Hill & Button, 

2012).  

A variety of lung cell types can be utilised for transwell ALI culture, depending 

on the focus of the study. The lung cells are seeded at a specific density onto 

96, 24 or 12 well transwell inserts, and traditionally cultured submerged for 

the first 3 – 5 days until full confluence is reached (Huang, et al., 2017); 

(Cozens, et al., 2018). After this initial submersion, all media is removed from 

the apical chamber and the confluent cell layer is exposed to the air (Figure 

1.5 B); (Gras, et al., 2017). Media is maintained in the well beneath the 

transwell (the basal chamber) to supply the cell layer with nutrients and 

specific supplements that can aid in driving differentiation of specific cell 

types (Lee, Petris, Hynds, & O'Callaghan, 2020) The exposure of the cell 

layer to the air is key in triggering differentiation and development of the 

multiple cell types observed in the lung in vivo (Figure 1.5 C) (Leung, 

Wadsworth, Yang, & Dorscheid, 2020); (Michi & Proud, 2021).  
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Figure 1.5 Air Liquid Interface (ALI) culture (A) plastic transwell inserts fit within 

wells, to allow for suspension of membranes over media. (B) lung cells are seeded 

onto the membrane, and completely submerged during expansion. Once confluent, 

specialised differentiation media is put into the basal chamber  and the apical surface 

is exposed to the air (C) around 21 to 28 days, mucociliary phenotype can be observed 

and an epithelial layer, similar to in vivo, should be present. Figure rendered in 

Biorender. 

C 
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1.5.2.2 Lung on Chip (LOC) 

 

Lung on chip (LOC) is a type of in vitro experimental model used for research 

in a similar method to tissue explants and other cell-based models. Invented 

and realised in 2010 by Don Ingber and Dongeun Huh (Huh, et al., 2010), 

the development of chip technology allowed for expansion into multiple 

organs, including internal structures of the kidney (Petrosyan, Cravedi, & 

Villani, 2019); (Jang & Suh, 2010), heart, (Agarwal, Goss, Cho, McCain, & 

Parker, 2013), brain (Moreno, et al., 2015) and gut (Kim & Ingber, 2013). 

Current research is experimenting with multiple chip types, with the eventual 

aim to link organ chips directly and create a closed interacting system (Luni, 

Serena, & Elvassore, 2014); (Iravaidya & Shuler, 2004); (Zhang, Zhao, Abdul 

Rahim, van Noort, & Yu, 2009). 

The lung on chip mimics the internal 3D organ environment, but on a 

significantly smaller scale. The microchip device contains a small microfluidic 

tube divided internally by a flexible membrane; on each side of the 

membrane, lung epithelial and lung endothelial cells are seeded  (Benam, et 

al., 2017). Lung cells are chosen dependent on the area of lung the model 

will mimic; both Alveolar and upper airway models are now possible (Jain, et 

al., 2018); (Si, et al., 2021). Cells are seeded and grown on the upward facing 

surface of the membrane, with lung endothelial cells on the other side. 

Similar to a transwell, this allows for the apical surface to be exposed to air 

to allow for differentiation, and the lower surface can be fed media and 

nutrients.  Cells are fed media via chambers on the device (Figure 1.6) and 

cultured to allow cell differentiation and development of either an alveolar 
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layer, or an airway epithelial layer presenting a mucociliary phenotype. The 

device design adds an advantage over more static models such as 

transwells as the membrane can be mechanically flexed to mimic the in vivo 

breathing movement of the lung. Flow rate of media can also be moderated 

and controlled with specialised equipment (Stucki, et al., 2018).  

 If a patient’s cells were utilised in such a chip system, this could pave the 

way for a more personalised type of medicine for the individual for any organ. 

Devices such as these could also potentially replace extensive animal 

testing, providing a more cost effective, accurate and a more ethical method 

for new treatments, toxicity studies, and even drug trials. The most recent 

organ on a chip (OoaC) research has utilised organ chip devices to identify 

candidate antiviral therapeutics and prophylactics in the small airway (Si, et 

al., 2021), modelling leaky gut barriers in the colon (Apostolou, et al., 2021), 

modelling osteoarthritis with cartilage on chip (Mainardi, Occhetta, & 

Rasponi, 2022), and even utilising multiple organ chips to mimic 

immunocompetency for evaluating T-cell bispecific antibodies (TCBs) 

targeting antigens on tumours (Kerns, et al., 2021). 

The most recent lung on chip work has now recapitulated the cystic fibrosis 

lung on an airway on chip, to aid in investigation of this lung specific genetic 

disorder (Plebani, et al., 2021). 

  



Page 40 of 225 
 

 

 

  

Figure 1.6 Lung-On-Chip (LOC) Model Microfluidic channels are 

separated by a porous membrane (dotted line). The surrounding vacuum 

channels can induce flex (arrows), applying mechanical pressure and 

mimicking the movement of in vivo lung. Individual figure components 

rendered in Biorender. 
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1.5.2.3  Lung Spheroid and Organoid Cultures 

 

Lung spheroids and lung organoids are similar in vitro culture techniques that 

can be utilised for initial research on both animal and human lung. Spheroid 

and organoid methods also exist for a variety of other organs. Spheroids 

differ from organoids in their level of recapitulation and cell types present as 

the model develops; depending on the organ, fully developed organoids 

usually exhibit identifiable cell types also present in vivo, whereas spheroids 

may exhibit less organ-like structures and typical cell lineages (Cunniff, 

Druso, & van der Velden, 2021); (Sakalem, De Sibio, da Costa, & de Oliveira, 

2021). Organoids are also usually seeded from cells directly and can even 

be seeded from embryonic or induced pluripotent cell lines. They are 

dependent on an extracellular matrix for physical support during 

development, and usually require specialised combinations of growth factors 

and specialist media. Spheroids can be generated from a variety of cell lines, 

but are more likely to be isolated directly from tissue, such as tumour 

explants. Organoids are capable of demonstrating more complex structures 

through self-assembly, with spheroids demonstrating cellular organisation in 

a 3D environment but with less apparent physiology (Sakalem, De Sibio, da 

Costa, & de Oliveira, 2021); (Lu, Cao, Zhao, Shen, & Xi, 2021). 

Lung spheroids have been utilised both generally for cancer studies, and 

more specifically for drug efficacy against lung cancers (Douple, et al., 1895); 

(Bepler, et al., 1987); (Fjellbirkeland, Bjerkvig, & Laerum, 1998); (Shabalina, 

et al., 2021). Lung spheroids have also proven useful for investigation of drug 

delivery to treat pulmonary fibrosis (Cores, et al., 2020);  (Dinh, et al., 2020). 
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Due to their higher level of differentiation, lung organoid research has 

focussed more on lung regeneration (Tan, Choi, Sicard, & Tschumperlin, 

2017), and mimicry and investigation of respiratory infection response 

(Paolicelli, et al., 2019); (Salgueiro, et al., 2022).  Due to the current climate, 

recent focus has been on SARS-COV-2 infection (Salahudeen, et al., 2020); 

(Tindle, et al., 2021) and efficacy of potential therapeutics (Hu, et al., 2020). 
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1.6  Aim and Objectives  

The overall aim of this project is;  

 

To demonstrate the genetic delivery capability of the GET non viral peptide 

based system within ex vivo models of the lung. Transience presents as a 

potential barrier to non-viral delivery, particularly the GET peptide based 

system, therefore demonstration of this systems efficiency within cell based 

models with higher order organisation than cell monolayers could be a step 

towards optimisation to combat potential vector transience. 

 

The Objectives of this project are: 

• To utilise murine Precision Cut Lung Slices as an ex vivo model in which 

to demonstrate the capabilities of the GET peptide non-viral delivery 

system 

• To investigate an alternate perfusion materially that is removeable, to 

potentially improve the in vitro PCLS model and increase tissue slice 

exposure to the delivery system of choice (GET) 

• To establish an in vitro Air Liquid Interface transwell model from human 

cells, for demonstration of non-viral delivery in a more translatable model 

 

 

This PhD project aims to potentially demonstrate a comparison of GET non-viral 

delivery within an ex vivo and an in vitro model, and demonstrate the delivery 

capability of the novel GET peptide non-viral delivery system specifically by 

utilising both the FLR and FLH peptides. This is to highlight the non-viral 

systems delivery efficiency and capability, whilst also attempting to highlight the 

utility and benefit of using more non-invasive, cost effective models for future 
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potential genetic therapy testing. The lung was focussed on due to the potential 

for non-viral delivery to this organ, particularly in the context of genetic lung 

specific disorders such as Cystic Fibrosis.  

If successful, demonstration of GET non-viral delivery to an in vitro lung model 

could potentially provide an alternative non-viral method in the future for gene 

therapy; it could be applied to correction of mutations such as the ∆F508 

mutation found in 70% of cystic fibrosis patients, or in similar genetic diseases 

where the mutation is monogenic and easier to target. 

Adding to the body of research on non-viral delivery methods is key to improving 

and moving forward non-viral delivery systems and further research can help 

provide useful information as to the types of genetic diseases they can be used 

to treat. 
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2.   Chapter 2: Materials and Methods 

 

2.1 Immortalised Human Bronchial Epithelial cells (iHBECs) 

 

Cell work was carried out using immortalised human bronchial epithelial cells 

(iHBECs) originating in Dixon lab group LN storage. Cells were previously 

cultured and frozen stocks were made at passages P7, P10, and P15. Stocks 

were stored long term in liquid nitrogen. iHBEC cells were thawed for this 

work, and new frozen stocks made alongside general use and culture. 

 

2.1.1 Thawing 

 

iHBECs were initially thawed according to supplied protocol from Dr. 

Amanda Tatler. For a standard thaw, 1 vial of iHBECs were snap thawed in 

a water bath at 37ºC for around 2 minutes, or around ~50% thaw when both 

ice and liquid could be seen in the vial. In a sterile environment, the vial 

contents were added to a T75 flask containing pre warmed media and 

observed under a benchtop microscope to determine cell presence. Cells 

were left in an incubator at 37ºC for 24 – 48 hours to adhere, after which cell 

media was changed for fresh media. Cells were observed after the first 24 

hours to confirm general health of culture post thaw. 
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2.1.2 Media preparation 

 

2.1.2.1 KSFM 

 

Keratinocyte Serum Free medium (KSFM) was purchased from Gibco 

(Thermofisher Scientific, Catalog number:  17005042) and was supplied with 

the required supplements, 1 × 25 mg Bovine Pituitary extract (BPE) and 1 × 

2.5 μg Recombinant Endothelial growth factor (rEGF). Volumes of 

supplements were added according to original iHBEC protocol; 25 μg/ml 

BPE and 0.2 ng/ml rEGF was added per 500 ml base media. To maintain 

cell immortality, selective antibiotics used were G418 (geneticin) and 

Puromycin, and these were added according to original iHBEC protocol. 

G418 was purchased from Gibco (Thermofisher Scientific, 10131035) as a 

liquid solution at a concentration of 50 mg/ml, 20 ml total volume, and 25 

μg/ml was added per 500 ml base media. Puromycin was purchased from 

Sigma (P8833-10MG) in powdered form (10 mg) and was diluted in distilled 

nuclease free water to create a working stock of 250 μg/ml. 250 ng/ml was 

added per 500 ml base media. For ease of use, aliquots of G418 and 

Puromycin were made, 250 μl and 500 μl respectively. 

 

2.1.2.2 PneumaCult™ 

 

The PneumaCult™ media system was purchased from Stemcell. 

PneumaCult™ Ex Medium (Catalog # 05008) was used for initial expansion 

of cultures. PneumaCult™-ALI Medium (Catalog # 05001) was used to 

culture Air liquid interface cultures post air lift. Required supplements for both 
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media types were Hydrocortisone (Catalog # 07925) and Heparin (Catalog 

# 07980), purchased from Stemcell. All other required supplements were 

supplied by manufacturer with the base media. Manufacturer’s supplied 

protocol was followed for all reagent preparation and use.  

Ex Medium was prepared by adding 10 ml of PneumaCult™ - Ex 50x 

supplement and 0.5 ml Hydrocortisone stock to 490 ml basal medium. 

PneumaCult™-ALI Medium was prepared by adding 50 ml PneumaCult™-

ALI 10x supplement to 450 ml basal medium. This was used to make aliquots 

of Maintenance medium. To make 10 ml Maintenance medium, 9.83 ml 

complete basal medium was combined with 100 µl PneumaCult™-ALI 

Maintenance supplement, 20 µl Heparin solution, and 50 µl Hydrocortisone 

stock solution.  

G418 and Puromycin were added to Ex Medium at the same concentrations 

previously used for KSFM; no antibiotics were added to ALI Medium, as 

manufacturers protocol did not define antibiotic use with this media system.  

 

2.1.3 iHBEC culture 

 

iHBECs were cultured in standard T75 and T175 Nunc flasks, depending on 

required cell numbers. For initial experiments, Keratinocyte Serum free 

medium (KSFM, Gibco) was used for general cell culture. For later 

experiments, complete Ex-Medium (Stemcell) was used pre airlift and to 

expand cultures, with ALI-Medium (Stemcell) used post airlift. iHBECs were 

supplemented with fresh media every other day, 10 -12 ml per T75 flask and 
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33 – 35 ml per T175 Flask. Cell flasks were passaged at 80% confluence or 

higher, confirmed with visual observation on a standard benchtop 

microscope. Cells were washed once with sterile PBS before passage with 

0.025% Trypsin-EDTA (Gibco) and incubated in trypsin for 10 minutes at 

37ºC or until majority of cells had detached. iHBECs were seeded at 1.6 x 

106 per T75 flask and 3 x 106  per T175 for optimum cell adherence and 

recovery.  iHBECs were observed minimum every other day on a standard 

benchtop microscope to assess confluence, cell adherence, and any 

potential contamination. 

 

2.1.4 Transwell culture at the air liquid interface (ALI) 

 

Transwell cultures at the air liquid interface were carried out with reference 

to other published works and protocols demonstrating the technique (Jiang, 

Schaefer, & Chu, 2018) ; (Choe, Tomei, & Swartz, 2006); (Lenz, et al., 2014); 

(Ong, et al., 2016) (Schmid, et al., 2017); (Hu, et al., 2020). 

Using these published works as guidance, initial transwell cultures were set 

up by carrying out a passage of a fully confluent iHBEC flask, followed by 

manual cell count using a benchtop microscope and using the resulting cell 

volume to seed transwell plates at around 90,000 – 100,000 cells per 

transwell insert. Media was added to both the basal and apical chambers 

pre-seeding, with cell solution added to the apical chamber. 100 µl media 

was kept in the basal chamber and 500 µl media was kept in the apical 

chamber for up to 48 hours. After 24 hours media was changed in the apical 

chamber, to allow cells to attach to the membrane. At 72 hours post seeding, 
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an air lift was performed, where all media was removed from the apical 

chamber to expose the apical surface to air (Figure 2.1). Basal media was 

changed for 500 µl fresh media, and in later experiments, this volume was 

reduced to 300 µl to prevent leaking into the apical chamber. Basal chamber 

media was changed every other day, and apical sterile PBS wash was 

performed at 2 weeks post air lift, and once a week after this timepoint. 

Transwell cultures were maintained up to day 28 (minimum) before fixing. 

Sterile, tissue culture treated 12 well polycarbonate membrane transwell 

inserts, 0.4 um pore, 12mm, were purchased from Corning, Merck 

(CLS3401). Collagen coated 12 well inserts of the same pore size and 

membrane diameter were also purchased from Corning, Merck (CLS3493). 
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Figure 2.1 Transwell culture at the Air Liquid Interface (ALI) immortalised human 

bronchial epithelial cells (iHBECs) were used to establish air liquid interface cultures. 

Cells were seeded onto transwells and allowed to reach confluence (>80%), after which 

cultures were air lifted. Cell layers were exposed to air at the apical surface 

continuously throughout culturing, with presentation of a mucociliary phenotype 

expected at around 4 weeks (28 days).  Individual figure components rendered in 

Biorender. 
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2.1.5 Transepithelial/Transendothelial electrical resistance (TEER) 

 

TEER readings were taken of transwell cultures at 2 weeks post air lift (Day 

14) and 4 weeks post air lift (Day 28). TEER readings were taken using an 

EVOM2 TEER reader (WPI) fitted with STX2 chopstix and for later 

experiments, STX3 chopstix (Figure 2.2). EVOM2 storage, maintenance and 

experimental readings were all carried out according to the manufacturer’s 

Instruction manual for the EVOM2 epithelial Voltohmmeter (World Precision 

Instruments). AgCl pellets were calibrated in 1M KCL buffer overnight or for 

a minimum of 1 hour before use, and equilibrated in sterile, pre-warmed 

media at least 30 minutes before sample readings were taken. An unseeded 

sterile transwell was used to take blank readings to compare with seeded 

transwells. 500 µl media was added to apical chambers, and 1000 µl media 

was added to basal chambers, before chopstix arms were placed either side 

of the transwell insert. Chopstix pellets had to be completely submerged to 

give accurate readings. Readings were taken in triplicate from each sample, 

including the blank control transwell. Chopstix were disinfected with IMS post 

use and stored dry and dust free. 
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Figure 2.2 Transepithelial/Transendothelial electrical resistance (TEER) 

Electrodes were placed either side of the transwell within the well, to measure the 

electrical resistance across the cell layer. Higher readings were indicative of increased 

tight junction formation, and potentially differentiation towards a complete mucociliary 

phenotype. Readings were taken at Day 14 (2 weeks) and Day 28 (4 weeks). Individual 

figure components rendered in Biorender. 
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2.1.6 Immunofluorescence 

 

A standard immunohistochemistry and immunofluorescence protocol 

produced by Abcam was followed for immunofluorescence staining.  

Samples were fixed at multiple timepoints, most commonly Day 14 and Day 

28. Samples were washed with sterile PBS for up to 5 minutes, before fixing 

in PFA for 10 minutes at room temperature (25ºC). Enough fixative was used 

to submerge the cell surface, and fixative was added to both the apical and 

basal chambers. Post fixing, samples were washed twice with sterile PBS, 

and stored in PBS at 4ºC until immunofluorescent staining was carried out. 

 

2.1.6.1 Antibodies 

 

 Antibodies were chosen to aid in identification of specific cell types that would 

be present in a differentiated epithelial lung layer. In initial experiments, 

antibodies used were alpha tubulin, to identify ciliated cells, P63, to identify 

basal cells, and FOXI1, to potentially identify ionocytes.  

In later experiments, antibodies used were ZO-1, to identify presence of tight 

junction formation, P63, to identify basal cells, and MUC5AC, to identify 

mucus or any mucus producing cells (Table 1). 

Alpha tubulin was purchased as an unconjugated primary (#62204) with a 

corresponding fluorescent Alexa Fluor 555 secondary (#A32727) both from 

Invitrogen. P63 was purchased as a fluorescent Alexa Fluor 488 conjugated 

primary from Abcam ([EPR5701], ab246727). FOXI1 was purchased as an 

unconjugated primary (Catalog #MA5-26379) with a corresponding 
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fluorescent Alexa Fluor 647 secondary (Catalog #A32728) both from 

Invitrogen. ZO-1 was purchased as a fluorescent Alexa Fluor 594 conjugated 

primary from Thermofisher (#339194). MUC5AC was purchased as a 

fluorescent Alexa Fluor 555 conjugated primary from Abcam ([EPR16904] 

(ab218714). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Table 1 Dilutions of Antibodies used throughout 

Immunofluorescence (IF) experiments. 
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2.1.6.2 Transwell preparation and staining 

 

Fixed transwell samples were removed from storage PBS and using sterile 

forceps and a scalpel, the transwell membrane was carefully cut away from 

the transwell plastic. The membrane was cut into 4 quarters, and each 

quarter was deposited cell side facing upwards into a single well of a 24 well 

plate. Samples were covered in PBS to prevent membrane drying (Figure 

2.3). 

PBS was removed and a permeabilization step was carried out with PBS 

containing 0.25% triton X-100 for 10 minutes. Permeabilization solution was 

removed, and samples washed at least 3 times with sterile PBS. Samples 

were then blocked with PBST containing PBS, 1% BSA, and 0.1% Tween20, 

for 30 minutes. Samples were then incubated with antibody in 1% BSA in 

PBST, diluted according to manufacturers recommended dilutions (1/100, 

1/200) for 1 hour at room temperature (25ºC). If secondary antibodies were 

required, samples were washed 3 times with PBS before incubation with 

appropriately diluted secondary antibody for 1 hour at room temperature 

(25ºC).  

Once stained, membrane samples were carefully lifted from wells with sterile 

forceps and mounted in either plain fluoromount G (Thermo, 00-4958-02) or 

fluoromount with DAPI (Thermo, 00-4959-52) onto pre-labelled slides. 

Coverslips were mounted over samples and left to dry before storage at 4ºC. 
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Figure 2.3 Transwell preparation and staining Transwell samples were fixed at day 28 in 

PFA for 10 minutes, before careful separation of the membrane from the insert plastic. 

Membranes were sectioned into 4 quarters to increase experimental material. Samples were 

permeabilised, blocked, and then stained for specific cell markers. Fluorescent conjugated 

primary, or a primary and corresponding fluorescent secondary antibody were used. 

Individual figure components rendered in Biorender. 
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2.1.6.3 Confocal microscopy 

 

Sample slides were imaged on a Carl Zeiss Leica LSM710 confocal 

microscope, and samples were imaged at 40x magnification with water 

immersion, using the microscopes lasers and filters (Lasers: 405 nm Diode 

laser, Argon/2 (458, 488, 514 nm), HeNe1 (543/561 nm) and HeNe2 (633 

nm), Fluorescence Filters: DAPI, Rhodomine (red) and FITC (green)). 

Imaging and image processing was carried out using Zeiss ZEN black 

software.  

 

2.1.7 Plate preparation for bacterial culture and vector generation  

 

Plates for bacterial growth were prepared by heating a bottle of solid pre-

made agar in the microwave, in short bursts to prevent boiling over and 

spillage. Agar bottle was periodically removed and swirled to incorporate all 

solid agar. Completely liquid agar was kept in a 60°C incubator until needed 

or left to cool for 15 – 20 minutes before plate pouring. Labelled plates were 

laid out ready for use, and required antibiotic was added to cooled agar 

mixture. For Kanamycin plates, 200 µl of Kan50 (50 mg/ml) was added per 

200 ml agar, and for Ampicillin plates, 200 µl Amp100 (100mg/ml) was added 

per 200 ml agar. Plates were poured and swirled carefully to cover bottom of 

the plate. Plate lids were left off as plates cooled to prevent condensate build 

up, for around 20 – 45 minutes, before plates were stacked upside down and 

stored at 4ºC until use. 
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2.1.8 Bacterial Transformation 

 

Plasmid vectors were reconstituted in DNAse free water. Reconstituted 

vectors were added to thawed competent GT115 e.coli or DH5α e.coli at a 

ratio of 1:20. Combined bacteria and vector were kept on ice for 30 minutes, 

after which samples were heat shocked for 45 seconds at 42°C in a pre-

heated water bath. Samples were removed and incubated on ice for 5 

minutes, after which 200 µl SOC media was added to each sample at room 

temperature (25ºC). Samples were left in a shaking incubator at 32°C for 1 

hour. 100 µl of each sample was used to lawn onto plates, one plate per 

sample. Plates were incubated in a static incubator overnight (12 – 16 hours). 

After incubation overnight, individual colonies were picked from plates using 

a sterile 200 µl pipette tip per colony. Colony and tip were deposited into 5 

ml liquid broth (LB) and left in a shaking incubator overnight (12 – 16 hours) 

with lids partially closed and taped.  

 

2.1.9 Vector preparation 

 

Bacterial cultures (5 ml) were visually observed for turbidity. Completely 

turbid samples were deposited into conical flasks containing 500 ml fresh 

broth and returned to shaking incubator overnight at 32ºC.  

Large scale cultures were observed for opacity. Fully turbid samples were 

deposited into 500 ml spin bottles and weighed to ensure all samples would 

be balanced when deposited into the centrifuge. Sample bottles were loaded 

into a large scale floor standing centrifuge (Beckman Coulter) and spun at 
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6000g for 15 minutes, 4ºC. All liquid was then carefully poured from spin 

bottles to avoid disturbing the bacterial pellet. At this stage, bacterial pellets 

could be frozen and stored at -20 ºC if all liquid was removed. Bottles were 

stored lid down at -20 ºC to prevent any remaining traces of liquid from 

resuspending the pellet before freezing.  

Bacterial pellets were prepared following the Qiagen Maxiprep protocol as 

outlined in the Qiagen plasmid purification handbook (version 02/2021, 

pages 23 – 29), using all reagents included in the Qiagen maxiprep kit.  

 

2.1.9.1 Vector sequences 

 

Plasmid vectors used included PMV-GLuc-2 (pCMV-GLuc 2) (Figure 2.4), a 

control plasmid for expressing Gaussia luciferase (NEB, Catalog # N8081), 

pGM206, and pGM206SMAR, which also expressed luciferase. These 

enhanced plasmids were designed to reduce transience of expression and 

enhance transfection. Both edited plasmids were smaller than the reporter 

plasmid to improve cellular uptake during transfection, and both included the 

GLux gene for luciferase expression. Both plasmids were designed to be 

CpG free, to aid in evasion of host immunity and further contribute to 

prolonged expression. A scaffold matrix attachment region (S/MAR) was 

inserted into pGM206SMAR after the Apa1 site, to aid in reducing transience 

of expression (Figure 2.5). 
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Figure 2.4 PMV-Gluc-2 Gaussia Luciferase plasmid map pCMV-GLuc-2 is a 

mammalian expression plasmid that constitutively expresses secreted Gaussia 

luciferase, driven by a CMV promoter. pCMV-GLuc-2 plasmid was purchased 

originally from New England bioLabs (Catalog # N8081). Plasmid map created 

by New England Biolabs. (https://www.neb.com/products/n8081-pcmv-gluc-2-

control-plasmid). 
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Figure 2.5 Enhanced luciferase plasmid maps Enhanced plasmids that also 

expressed luciferase were used, named pGM206 and pGM206SMAR. Both plasmids 

were identical in sequence, apart from a single 300 bp Scaffold matrix attachment 

region (SMAR) inserted at the Apa1 site of pGM206SMAR. SMARs play some role in 

regulation of gene expression due to their structural role in chromatin organisation, so 

a SMAR site was added to pGM206 to make pGM206SMAR. This was to aid in 

prolonging previously transient expression. 
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2.1.10 Transwell culture transfection 

 

Transwell cultures were transfected at specific timepoints post Day 28 (4 

weeks post air lift) dependent on individual assay. FLR, FLH, and both 

peptides in complex were used to deliver plasmid DNA. DNA vectors used 

for transfection (PMV-GLuc-2, pGM206 and pGM206SMAR) all contained 

the luciferase gene. For a single transfection, 2 µg of DNA was used per 

transwell as the standard unless stated otherwise. Transfections were 

carried out at a ratio of 0.85 µl FLR: 1 µg DNA. DNA volume was determined 

from DNA stock concentration (ng/µl) and combined with 25 µl Optimem for 

each sample. The volume of FLR used was determined according to the 

above ratio and combined with 25 µl Optimem per sample. Solutions of 

peptide and DNA were made up separately, then combined and left for 15 

minutes to ensure nanoparticle formation. Media was changed on all 

samples whilst combined peptide and DNA solution was incubated at room 

temperature (25ºC), before 50 µl transfection solution was deposited per 

transwell into the basal chamber. Plates were gently shaken by hand to mix 

transfection into media, and left overnight in an incubator at 37ºC, 5% CO2. 

 

2.2  Precision cut lung slices (PCLS) 

 

2.2.1 Animals 

 

Lung sets were taken from 8-week-old BalbC male & female mice (Charles 

River, UK), with all animal procedures approved by the Animal Welfare 
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Ethical Review Board (AWERB) specifically to collect and use mouse tissue 

for non-ASPA purposes (approval number 000078). 

 

2.2.2 Agarose preparation 

 

Low melting point agarose (LMPa) was used in powdered form (Sigma, 

A9414-100G). Agarose was weighed and mixed with sterile PBS within a cell 

culture hood to make a 2% agarose liquid solution (2g LMPa: 200 ml liquid). 

The solution was then heated in a microwave for 2 – 3 minutes in 30 second 

intervals, to ensure agarose had fully dissolved. When no more agarose 

powder could be observed out of solution, melted agarose was returned to 

the hood and aliquoted into 1 ml eppendorfs whilst still warm. Tubes were 

left to cool at room temperature before storage at 4ºC until use.  

 

2.2.3 PCLS Generation & storage 

 

For PCLS generation, mice were humanely euthanized with sodium 

pentobarbital injection, followed by thigh femoral severing post death to 

confirm heart cessation. Chest cavity was dissected open to expose lungs, 

and cannulation of the trachea was performed to allow for insertion of a thin 

tube for agarose perfusion. The tube was carefully secured in place with 

thread.  

Using a 1 ml syringe, 1.2 ml of agarose (2% LMPa) was perfused into the 

lungs, followed immediately by 0.3 ml air from a clean 1 ml syringe. Lungs 
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were then washed with cold PBS. After 2 – 3 washes, lungs were carefully 

extracted whole from the chest cavity, and stored in media (DMEM, Gibco). 

Lung lobes were separated, mounted and sliced using a Leica VT1200S 

vibrating microtome to produce 250 µm thick PCLS, with tissues kept on ice 

during slicing. PCLS were left to equilibrate in media overnight before any 

further processing. After this, PCLS were deposited in cryovials in 1 ml 

freezing solution (FBS, 10% DMSO), and vials were slow cooled at -80ºC in 

isopropanol or coolcell freezing containers (Sigma, CLS432001) before 

deposition in liquid nitrogen for long term storage (Figure. 2.6).  
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Figure 2.6 Precision Cut Lung Slice (PCLS) Method of Generation and 

storage to generate PCLS, lung sets were agarose perfused before dissection, 

and removed after agarose had cooled and set to prevent leaking. Lobes were 

separated and sliced individually on a vibratome and kept cold on ice. Batches 

were stored long term in liquid nitrogen, 6 slices per vial, and thawed as needed 

for each planned experiment. Multiple batches were used per experiment. 

Individual figure components rendered in Biorender. 
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2.2.4 General culture 

 

Vials of PCLS contained n=6 samples, and were thawed and utilised for 

transfection, quantitative, and visual analysis as needed. Vials were 

removed from liquid nitrogen storage and rapidly thawed in a water bath at 

37 ºC for 1 – 2 minutes maximum. Once 50% thawed, PCLS were deposited 

into 5 ml media (DMEM, Gibco) one vial per well, in a 6 well plate. Media in 

each well was changed 3 times, before individual plating of PCLS into a 24 

well plate by carefully selecting an individual slice and gently lifting with a 

sterile pipette tip. After initial thaw (referred to as Day 0), PCLS were 

incubated in media with daily media changes on Day 1 and 2 to allow 

removal of DMSO & aid in recovery from thawing. An initial prestoblue 

viability assay was carried out on Day 3 post thaw.  

 

2.2.5 PCLS Assay timeline 

 

At point of thaw, PCLS were at Day 0; media was changed on the following 

two days, and a Prestoblue assay was carried out on the third day, referred 

to as Day 3 post thaw or Day 3 Pre transfection. Media was changed again 

on the fourth day, and samples were transfected on Day 5 (T5). Days were 

numbered after this point as Day post transfection, and luciferase assays 

were carried out on Day 1 (T5D1) Day 2 (T5D2), Day 3 (T5D3), Day 7 

(T5D7), Day 10 (T5D10), and Day 14 (T5D14). Prestoblue assays were 

carried out post transfection, to compare to initial prestoblue assay carried 
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out on day 3 pre transfection, with viability assays taken on Day 3 (T5D3), 

Day 7 (T5D7), Day 10 (T5D10), and Day 14 (T5D14) (outlined in Figure 2.7). 

 

2.2.6 PCLS Viability assay 

 

Viability of PCLS was determined with a Prestoblue assay (PrestoBlue™ 

Cell Viability Reagent, Invitrogen). Media was removed and each PCLS was 

washed with 1 ml sterile PBS. The PBS wash was removed, and a 1:10 

Prestoblue in HBSS solution (Hanks’ Balanced Salt solution, Sigma) was 

added, 200 µl per PCLS. Prestoblue solution was removed at 90 minutes, or 

when initial colour change was seen from blue to pink within the control 

sample. 50 µl of Prestoblue solution was removed from each sample and 

deposited into a black 96 well plate (Corning® 96-well Black Flat Bottom), 

and plates were read on a TECAN infinite 200PRO multimode reader, at 

excitation/emission 560 nm/590 nm. Viability data was normalised by weight 

of sample, to give fluorescence per mg tissue. 
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Figure 2.7 PCLS assay Timeline Precision Cut Lung Slices (PCLS) were thawed on 

Day 0. A post thaw viability assay was carried out with prestoblue on Day 3 post thaw. 

All days after point of Transfection (Day 5) were numbered as day post transfection. 

Luciferase assays and Prestoblue assays were carried out on specific days to 

measure expression and viability post transfection. 
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2.2.7 PCLS Transfections 

 

PCLS were transfected 5 days post thaw. Transfections were carried out 

using the GET peptide FLR, FLH, and commercial transfection systems 

jetPEI® (Polyplus transfection), Lipofectamine2000, and Lipofectamine3000 

(Invitrogen). DNA Vectors used for transfection were PMV-GLuc-2, pGM206 

and pGM206SMAR. For a transfection, 2 µg of DNA was used per PCLS 

within a 24 well plate, 1 PCLS per well, as the standard. Transfections for 

PCLS were carried out at a ratio of 1.7 µl FLR: 1 µl FLH: 2 µg DNA and 1.7 

µl FLR: 2 µl FLH: 2 µg DNA dependent on assay. DNA volume was 

determined from working DNA stock concentration (ng/µl) and combined with 

25 µl Optimem for each PCLS. The volume of FLR and FLH used was 

determined according to the above ratio and combined with 25 µl Optimum 

per PCLS. Solutions of peptide and DNA were made up separately, then 

combined and left for 15 minutes pre transfection to ensure nanoparticle 

formation. Media was changed on all PCLS whilst combined peptide and 

DNA solution was incubated at 25ºC, before 50 µl transfection solution was 

deposited on each PCLS sample.  

 

2.2.7.1  Luciferase expression assay for transfection efficiency 

 

Transfection efficiency was measured using a Gaussia luciferase expression 

assay. After initial transfection with a luciferase vector, PCLS were left to 

incubate overnight, after which 10 µl of media was taken from each sample 

and deposited into a white 96 well plate (Corning® 96-well, White Flat 
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Bottom). Complete luciferase solution was made with luciferase buffer and 

substrate combined at 1:100 dilution (substrate: buffer). complete luciferase 

solution was added to samples wells at 50 µl per well, and the plate was 

immediately read on the Tecan infinite M200 plate reader (Luminescence 

mode, Integration time 500 ms). 

 

2.2.7.2 Centrifugation of transfections 

 

Standard transfections were carried out as described previously, with 

specific conditions spun in a benchtop centrifuge immediately post 

transfection; 300g, 5 minutes, 25ºC. Plates were spun and post spin media 

change was carried out as required before return to incubation, 37ºC, 5% 

CO2.  

  

2.2.8 LiveDead assay 

 

A LIVE/DEAD ® Viability/Cytotoxicity Kit was used for LiveDead staining 

(Molecular probes, 03224) and staining was carried out in accordance with 

manufacturer’s instructions. Minor amendments were made to optimise 

assay for staining PCLS. PCLS were washed with sterile PBS to remove any 

media. Dead stain was added to PBS at a 500-fold dilution, and gently 

vortexed. Live stain was added to PBS and Dead stain solution at a 2000-

fold dilution, and final solution was vortexed gently to mix. As standard, 200 

µl of Livedead stain solution was used for each PCLS. PBS was removed 

from samples and LiveDead stain solution was added in a cell culture hood 
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with the light turned off. The plate was then covered and incubated at room 

temperature for 20 minutes, before stain was removed and samples were 

washed twice with sterile PBS. Samples were imaged in 200 µl PBS on a 

fluorescent microscope with an incubator box. 

 

2.2.9    Wax embedding of samples 

 

PCLS samples were fixed in Formalin for 1 hour room temperature, or 4ºC 

overnight. Samples were deposited into snap shut meshes and stored inside 

plastic cassettes within petri dishes. Petri dishes were filled with PBS to 

prevent samples from drying out. Samples were taken to QMC Histology 

department for wax embedding. 

 

2.2.10    Microtome of wax embedded samples 

 

Wax embedded samples were kept on ice before each sample block was 

sliced on a microtome to 5 µm thickness, with each individual slice mounted 

on a separate labelled slide. Once mounted and labelled, all slides were 

deposited in a dryer oven for 3 hours, at 57ºC. Slides were stored at 25ºC in 

slide boxes until immunohistochemistry was carried out.  

 

2.2.11    Immunohistochemistry 

 

Paraffin wax embedded tissue samples were submitted to the histology 

department, QMC hospital, Nottingham. Select samples were submitted for 
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microtoming, and other samples for both microtoming and haematoxylin and 

eosin (H&E) staining.  

 

2.2.12 Statistical Methods  
 

All statistics were carried out using GraphPad prism software (Version 7). Where 

relevant, data was analysed using an ordinary one-way ANOVA statistical test. 

Standard deviation bars were applied to bar and line graphs, and statistical significance 

was displayed as asterisks (*, **, ***) where * denotes p< 0.05 , ** denotes p< 0.01 , 

and *** denotes p< 0.001 significance. All error bars represented standard deviation 

(SD). 

 

 

2.2.13 Gelatin PCLS 

 

 

2.2.13.1 Gelatin preparation 

 

Gelatin was weighed to create 10% and 12 % gelatin solutions in sterile 

dH2O. Powdered Gelatin (from bovine skin, Sigma, G9391) was added to 

cold dH2O, and the combined solution was heated in a water bath at 40ºC to 

ensure gelatin melted into solution. Once fully homogenate, gelatin solution 

was aliquoted into 1 ml eppendorfs in a cell culture hood. Any remaining 

gelatin solution was stored in plastic 100 ml volume beakers. Gelatin was left 

to solidify at room temperature before storage at 4ºC long term. 
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2.2.13.2 Gelatin perfusion 

 

Gelatin perfusion of murine lung sets was carried out similarly to the 

previously described agarose perfusion (2.2.3 PCLS Generation and 

Storage). Gelatin aliquots were heated in a dry heating block to 37ºC until 

liquid before dissection, then cooled to around 20 – 25ºC before perfusion 

into the lung set via a thin tracheal tube. 1.2 ml gelatin was used, followed 

by 0.3 ml air. Lungs sets were washed with cold PBS to allow gelatin to set 

before excision and storage in cold media.  

 

2.2.13.3 Storage 

 

All Gelatin PCLS generation and storage was carried out as previously 

described for agarose PCLS. (1.2.3 PCLS Generation and Storage). With 

Gelatin PCLS, care was taken to keep samples on ice when at room 

temperature, to maintain a low temperature for samples and maintain gelatin 

in a set state. 

 

2.2.13.4 Thawing and General culture 

 

Gelatin PCLS were thawed in a similar manner to agarose PCLS; vials of 

frozen Gelatin PCLS were thawed as rapidly as possible, and all reagents 

and plasticware used was kept on ice as much as possible to keep 

temperatures of samples low.  
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2.2.13.5 LiveDead assay  

 

Livedead Assay was carried out as previously described for agarose PCLS. 

Livedead was carried out on fresh (not previously frozen or thawed) Gelatin 

PCLS, at 12 hours post incubation.  

 

 



Page 75 of 225 
 

3. Chapter 3: Utilising Precision Cut Lung Slices (PCLS) 

as an in vitro model in which to demonstrate non -viral 

delivery   

 

3.1  Introduction 

 

An important part of a successful gene delivery product is translatability; 

delivery needs to be demonstrated in cells and potential models to confirm 

successful delivery and eliminate possible complications by demonstrating 

safety and efficacy. An ex vivo tissue model contributes in part to that, by 

providing a more elevated system than a single cell monolayer in which to 

test delivery. An ex vivo tissue model such as precision cut lung slices 

(PCLS) generated from various animal lung tissue, or even human tissue 

explants, could be key in effective demonstration of various methods of viral 

and non- viral delivery. 

Mouse PCLS were generated, frozen and utilised to demonstrate 

transfection efficiency of the GET peptide system. A variety of delivery 

parameters were investigated, such as DNA dosage, serialised delivery, 

comparison with commercialised non-viral delivery agents, delivery of 

enhanced gaussia luciferase vectors, effect of physical force of transfection 

uptake, and potential effects of serum free conditions on transfection and 

overall viability.  
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3.2 Demonstration of transfection in PCLS  

Precision cut lung slices (PCLS) were transfected to determine levels of 

expression post-transfection using the GET peptide system. A reporter 

plasmid for luciferase (PMV-GLuc 2) was delivered to PCLS samples, with 

untransfected PCLS as an experimental control. FLR peptide was used to 

deliver the reporter plasmid, with FLR:FLH complexed peptides used at both 

full dose (2 µg per PCLS) and half dose (1 µg per PCLS), denoted as 

FLR:FLH 1 and FLR:FLH 0.5 respectively. This was to determine potential 

optimum amount of peptide to use for PCLS delivery. Lipofectamine3000 

was also used as comparison to a commercial delivery system.  

 All transfected samples showed significant difference in expression from the 

untransfected control. Expression appeared to be highest for the majority of 

transfected conditions between the first and third day post transfection, with 

steady decline in expression towards the final day of assay (Day 14). 

Lipofectamine3000 showed higher levels of expression between day 3 and 

day 14 comparative to other transfection conditions, however by final day of 

assay no expression was significantly higher than the untransfected control. 

Only condition FLR:FLH 0.5 showed any significant difference comparative 

to untransfected samples at day 14 (Fig. 3.1).  

FLR:FLH complex at full dose (FLR:FLH 1) demonstrated minimally higher 

expression than FLR:FLH complex at half dose (FLR:FLH 0.5) and FLR over 

time. However, this expression was minimal and did not appear to be 

statistically significant (Fig 3.1).   
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Overall, PCLS proved to be easily transfectable under a variety of conditions. 

Both the GET peptide system and a comparable commercial agent produced 

high early expression in samples, with similar patterns of declining 

expression observed across all samples, regardless of the transfection agent 

used. All initial expression observed was significant comparative to 

untransfected controls, with lipofectamine sustaining higher expression 1 

week post transfection than other conditions. Despite this, all transfection 

conditions showed similar levels of expression at final day of assay.  

Despite some minimal expression increase between FLR conditions, no 

actual significant difference was observed between FLR peptide used alone, 

FLR:FLH 0.5, or FLR:FLH 1, demonstrating that amount of peptide used may 

not be effective in drastically increasing expression within PCLS. It is 

important to note uneven n numbers for conditions during experimentation; 

with increased or more even n numbers per condition, more significant 

differences may have been seen in terms of expression.  
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3.3 PCLS viability compared pre and post transfection 

 

Alongside measuring expression, viability of PCLS samples was also 

monitored pre and post expression with prestoblue assay. 3 days before 

transfection, all samples showed very similar viability, with no significant 

difference observed. At both 1 week and 2 weeks post transfection, samples 

showed minimal difference in initial pre transfection viability, with increased 

viability towards day 14. No significant difference could be seen between 

untransfected and transfected samples either pre or post transfection at any 

time point, indicating that transfection had not affected viability of PCLS. 

Samples continued to be viable at both initial point of transfection and during 

expression, up to final day of assay (Fig 3.2). 
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Figure 3.1 Demonstration of Transfection and subsequent expression in PCLS Initial expression of all 

transfected samples was significantly higher than an Untransfected samples, demonstrating the transfectability 

of the PCLS model with both GET and a comparable non-viral delivery agent. Expression declined over time, 

regardless of delivery system used, with lowest expression seen on Day 14 in all conditions. untransfected 

control (n=4), FLR (n=8), FLR:FLH 0.5 (n=8), FLR:FLH 1 (n=8), Lipofectamine3000 (n=11). Error bars 

represent the standard error (s.d.) 
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Figure 3.2 Demonstration of Viability in PCLS, up to 2 weeks post transfection Transfected PCLS 

showed no significant difference in viability over time comparative to untransfected samples, indicating that 

transfection agents or cargo had no direct detrimental effect on sample viability, over 14 days to end of 

assay. untransfected control (n=4), FLR (n=8), FLR:FLH 0.5 (n=8), FLR:FLH 1 (n=8), Lipofectamine3000 

(n=11). Error bars represent the standard error (s.d.) 
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3.4 Visual qualitative analysis of PCLS viability post transfection  

 

Viability of PCLS during transfection was also observed with qualitative 

analysis using a LiveDead assay. Samples were stained and imaged at Day 

0, the day before transfection, Day 1 and Day 5 post transfection. Standard 

PMV Gluc-2 reporter plasmid was delivered with FLR:FLH complex  and 

JetPEI, a comparable commercial agent, alongside an untransfected control. 

At day 0, live cells (green) were easily observed in all samples. Some 

background fluorescence and individual dead cells (red) could also be 

observed. Live cells were most easily imaged around smaller airways or 

bronchioles (Figure 3.3). on the first day post transfection (Day 1) minimal 

difference could be observed in fluorescence from the previous Day 0. 

Individual dead cells could be seen, but overall, no significant red 

fluorescence was observed in any samples. Day 5 post transfection also 

showed similar levels of intensity in fluorescence for both live and dead, with 

some individual dead cells appearing more distinct in both untransfected 

control and PEI conditions.  

Immunohistochemistry (IHC) was also carried out post- transfection, to 

observe potential effect of the transfection system on tissue structure and 

viability. A DNA only control was processed alongside FLR only and 

FLR:FLH samples, both delivering the standard luciferase plasmid PMV-

Gluc-2. Nuclei in samples can be identified by Haematoxylin stain (blue-

purple) and ECM and cytoplasmic regions can be identified by Eosin stain 

(pink). Both stains were identifiable in all samples, including untransfected 
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DNA only control (Figure 3.4). Across all samples, specific lung structures 

were easily identifiable, with most common structures being alveoli. The lung 

structure of the tissue slice remained open within all samples, and no visible 

differences could be observed between the control and transfected samples. 

Initial H&E stain of samples shown here helped to visually confirm the lack 

of difference in structure in untransfected and transfected samples, 

demonstrating the safety and lack of toxicity of the GET peptide system. 
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Figure 3.3 Livedead of PCLS before and after transfection Minimal difference was seen in fluorescent 

intensity between untransfected PCLS or transfected samples, regardless of whether the GET peptide 

system or a commercial comparative system (PEI) was used. Samples were still viable at Day 5 

regardless of condition, with minimal to no increase in dead cells across 5 Days. This indicated 

transfections were causing minimal to no toxicity issues in transfected PCLS. 20x objective, Scale bar 

200 µm. 
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Figure 3.4 Haematoxylin and Eosin (H&E) staining of Untransfected and Transfected PCLS A DNA only 

control was stained alongside samples where FLR peptide and FLR peptide complexed with FLH had been 

used to deliver plasmid DNA. Across all samples, common lung structures could be clearly identified, including 

Terminal Bronchioles (TB), Blood Vessels (BV), and Alveoli (A). 40x Objective, 3 µm sample thickness. 
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3.5 Utilisation of enhanced plasmid  

Alongside the reporter luciferase plasmid, enhanced forms of luciferase 

plasmids were utilised for optimisation of delivery to PCLS. These plasmids, 

termed pGM206 and pGM206SMAR, were designed to reduce transience 

seen with the standard reporter plasmid (PMV-GLuc-2). The overall aim was 

to improve longevity of expression. To optimise delivery within PCLS, 

standard reporter luciferase and enhanced luciferase plasmids were used to 

investigate optimal concentrations of DNA and the potential of serial delivery, 

to establish the effect this would have on the viability and expression profiles 

within the target tissue. 

 

3.5.1 Variation of Plasmid Concentration 

 

Standard Luciferase reporter plasmid (PMV-Gluc-2) was delivered to PCLS 

alongside two enhanced luciferase plasmids, pGM206 and pGM206SMAR. 

All plasmids were delivered at 1 µg and 2 µg, to investigate the effect of 

dosage on expression and viability profiles of PCLS tissue. All plasmids were 

delivered with FLR:FLH peptides in complex, as initial delivery (Figure 3.1) 

demonstrated some increased expression in PCLS comparative to FLR used 

alone.  

All transfected samples demonstrated increased expression profiles 

comparative to an untransfected control, with standard reporter plasmid 

PMV-GLuc-2 demonstrating the highest initial expression. However, over 
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time, enhanced vector pGM206SMAR demonstrated highest expression 

when compared to other transfected samples, with most the noticeable 

difference in expression evident at day 3 post transfection. A sharper decline 

in expression was observed in the standard luciferase reporter plasmid, 

whereas a slower decline in expression over time was observed in both 

enhanced luciferase plasmids (Figure 3.5).  

Despite some minimal differences in expression, no significant difference 

was observed between 1 µg and 2 µg in any plasmid used. Variation in 

plasmid concentration appeared to have minimal to no effect on expression 

profiles, regardless of whether standard or enhanced plasmids were used 

for transfection.  

Viability profiles of all samples were also compared alongside expression 

profile data.   Viability of untransfected samples appeared initially lower than 

transfected samples, but all samples followed a similar pattern over time of 

gradual reduction in viability towards day 14 (figure 3.6).   Of significant note 

is the initial higher viability pre transfection of pGM206SMAR samples 

comparative to all other conditions, as there was no significant difference in 

viability between any other conditions independently. Post transfection, 

similar significant difference in viability was observed between 

pGM206SMAR samples and the untransfected control, along with specific 1 

µg and 2 µg conditions.  
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Figure 3.5 Comparison of DNA plasmid concentration variation on Expression in PCLS 

Expression profiles of concentration variation demonstrated no significant differences between 1 µg and 

2 µg doses, regardless of plasmid used. However, pGM206SMAR demonstrated an increased 

expression profile over time, comparative to all other plasmids used and an untransfected control. The 

largest difference in expression between transfected plasmids could be observed at Day 3 post 

transfection. untransfected control (n=4), all other experimental conditions (n=9). Error bars represent 

the standard error (s.d.) 
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Figure 3.6 Viability of PCLS samples at differing plasmid concentrations over time All conditions 

demonstrated a similar pattern of decline over time, with pGM206SMAR demonstrating highest viability. 

This was apparent in this experimental condition even pre transfection, highlighting the constant variability 

seen throughout PCLS experimentation. untransfected control (n=4), all other experimental conditions 

(n=9). Error bars represent the standard error (s.d.) 
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3.5.2 Serial Delivery 

 

Alongside concentration variation, serial delivery parameters were also 

investigated, to aid in optimisation of PCLS transfection and improvement of 

overall expression from tissue. Concentration variation (Figures 3.5, 3.6) was 

also employed alongside Serial delivery to determine if a combination of 

specific dosage delivered at specific intervals serially would have any effect 

on expression or viability profiles of PCLS.  

Standard Reporter luciferase plasmid (PMV-Gluc-2) was delivered alongside 

both enhanced luciferase vectors, pGM206 and pGM206SMAR. 1 µg and 2 

µg concentrations of plasmid were employed, and delivery was varied to 

every 2 days (E2D) and every 3 days (E3D).  

When serial delivery was every 2 days (E2D), initial expression at Day 1 post 

transfection showed standard luciferase plasmid was significant comparative 

to other conditions (Figure 3.7). At day 3 post transfection, enhanced plasmid 

pGM206SMAR demonstrated higher expression at both concentrations than 

all other conditions, however this was not statistically significant. At a week 

post transfection (Day 7), minimal difference in expression could be 

observed between conditions.  

When serial delivery was every 3 days (E3D), a clearer pattern could be 

observed across Day 1, Day 3, and Day 7 (Figure 3.7). Enhanced plasmid 

pGM206SMAR demonstrated highest initial expression that proved 

significantly different from other conditions, which continued in both Day 3 

and Day 7 expression profiles.in E3D conditions, pGM206 demonstrated the 
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lowest expression profile over time, whilst standard luciferase plasmid 

demonstrated a similar expression profile to E2D serial delivery.  

Alongside expression profile data, viability profiles could also be observed 

for samples to see if serialised delivery was affecting sample viability. Serial 

delivery every 2 days (E2D) showed a similar pattern in decline of all 

conditions, with standard luciferase reporter plasmid (2 µg) and enhanced 

plasmid pGM206 (2 µg) demonstrating the most decline in viability over time 

comparative to initial pre transfection viability (Figure 3.8).  

Serial Delivery every 3 days (E3D) showed less variation between 

conditions, with most conditions declining at a similar rate, relative to their 

initial pre transfection viability. Enhanced plasmid pGM206 (1µg) 

demonstrated an unusual increase between day 10 and day 14. In both every 

2 day and every 3 day serial delivery viability profiles, untransfected controls 

became unreadable between day 7 and day 10, but all other conditions still 

demonstrated viability up until day 14 (Figure 3.8). 
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Figure 3.7 Expression profiles of PCLS Undergoing Serial Delivery every 2 days and every 3 days 

Serial delivery took place every 2 Days (E2D), and every 3 Days (E3D). Little difference between plasmid 

concentration conditions was observed in E2D delivery, however some significant difference was observed 

in E3D delivery. Use of pGM206SMAR plasmid, particularly at 2 µg dose, appeared to show increased 

expression comparative to other plasmid conditions and concentrations. untransfected control (n=1), all 

experimental conditions (n=3). Error bars represent the standard error (s.d.) 
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Figure 3.8 Viability of PCLS samples undergoing serial delivery Decline was observed in all samples 

over time, particularly in the untransfected control group. Minimal difference was observed between serial 

delivery conditions or between individual experimental conditions, potentially indicating that point of delivery 

or plasmid used did not detrimentally affect sample viability of time. Untransfected Control (n=1), all other 

experimental conditions (n=3). Error bars represent the standard error (s.d.) 
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3.6 Use of serum in PCLS culture 

PCLS research is varied on the use of serum during culture; many studies 

opt for serum free conditions during PCLS experimentation, regardless of the 

type of study (Bryson, et al., 2020); (Li, et al., 2020); (Neuhaus, et al., 2018). 

However, no individual study has elucidated any potential issues or benefits 

to serum incorporation whilst culturing PCLS either short of long term. Not 

utilising serum during the culture process could be to reduce variability during 

experimentation; however, specific serum components may be key to 

maintaining the health and viability of a variety of cell types present within 

the explant tissue. 

Thus, Serum presence was investigated as part of this work to determine if 

the absence or presence of serum may have any direct effect on PCLS 

viability, and to determine any detrimental effect on expression profiles of 

PCLS samples. 

 

3.6.1 Effects of absence of serum from culture 

 

Multiple delivery conditions were used to deliver standard luciferase reporter 

plasmid (PMV-Gluc-2) to PCLS tissue under both serum free (SFM) and 

serum (growth medium) conditions alongside and untransfected control. In 

both expression profiles and viability profiles, clear differences could be 

observed between samples cultured with and without serum.  

Expression data for Growth media samples (growth medium) showed initial 

high expression, followed by gradual decline towards Day 14, similar to 
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expression profiles observed in previous transfection experiments (Figure 

3.1). Regardless of delivery condition, all samples showed a similar 

expression profile over time. Using FLR peptide only for delivery appeared 

to produce the lowest expression of all transfected samples, but FLR:FLH in 

complex demonstrated similar delivery over time to Lipofectamine2000 and 

Lipofectamine3000, and demonstrated higher expression overall than PEI 

(Figure 3.9)  

In contrast, expression data for serum free samples (SFM) showed a much 

lower initial expression, with minimal increase over time towards Day 14. The 

majority of delivery conditions demonstrated expression levels similar to or 

lower than the untransfected control. Only Lipofectamine2000 showed some 

expression around Day 2 to Day 3, showing levels around 100-fold higher 

than all other conditions. However, by Day 5, lipofectamine2000 expression 

declined to level with all other conditions (Figure 3.9). 

Viability data also showed visible differences when comparing Serum 

(growth medium) samples to serum free (SFM).  

For samples in growth media (growth medium) all delivery conditions 

demonstrated a similar pattern in viability, and all were in line with or slightly 

above the untransfected control (Figure 3.10). Viability of all samples 

remained stable over 14 days, regardless of delivery condition used.  

Samples in serum free conditions (SFM) had a distinctly different viability 

profile over time. Despite initial pre transfection viabilities being similar to 

growth media samples, a quick decline was observed in all delivery 

conditions cultured serum free (Figure 3.10). The untransfected control 
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displayed no viability after Day 5, and the FLR:FLH delivery condition 

displayed no viability just before Day 10. All other delivery conditions 

demonstrated viability up until Day 14, but distinctly lower than the viability 

at Day 14 of serum cultured samples.  
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Figure 3.9 Comparison of expression profiles of PCLS in Growth Media and Serum Free 

Media (SFM) Comparing Serum and Serum free effect on PCLS demonstrated clear differences in 

expression, even when differing transfection agents were used for delivery. Initial expression of all 

transfected samples was higher in growth media than serum free media, regardless of transfection 

agent. For both GM and SFM experiments, Untransfected control (n=2), FLR:FLH (n=8), all other 

experimental conditions (n=11). Error bars represent the standard error (s.d.) 
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Figure 3.10 Comparison of Viability of PCLS in Growth Media (growth medium) and Serum 

Free Media (SFM) A clear difference was observed in viability profiles of PCLS cultured in Growth 

Media (growth medium) and Serum Free Media (SFM). Despite minimal differences in viability Pre-

Transfection, Growth media samples displayed similar viability profile over time to initial PCLS 

delivery experiments. SFM samples showed quicker decline in viability over time comparative to 

growth medium samples within the same experiment. For both GM and SFM experiments, 

Untransfected control (n=2), FLR:FLH (n=8), all other experimental conditions (n=11).  Error bars 

represent the standard error (s.d.) 
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3.6.2 Effects of selective presence of serum  

 

After investigation of serum and serum free samples, the effect of selective 

presence of serum was investigated. Presence of serum was varied before 

and after point of transfection. Experimental conditions were growth media 

used both before and after transfection (growth medium>growth medium), 

growth media used pre transfection, with serum free media used post 

transfection (growth medium>SFM), serum free media used pre transfection, 

with growth media used post transfection (SFM>growth medium) and serum 

free media used both before and after transfection (SFM>SFM).  

All experimental conditions were tested with an untransfected control, FLR 

peptide delivery only, and FLR:FLH combined peptide delivery. Enhanced 

luciferase plasmid pGM206SMAR was used for all transfections.  

Expression profiles of all conditions over 14 days demonstrated clear 

differences between untransfected and transfected samples (Figure 3.11 A). 

some difference could also be seen between peptide conditions, as samples 

where FLR:FLH was used demonstrated some higher initial expression than 

samples where FLR was used alone. growth medium>growth medium 

samples where FLR:FLH was used to deliver plasmid demonstrated the 

highest initial expression.  

Viability profiles of all conditions over 14 days also showed decline within all 

samples over time; SFM>SFM samples within untransfected and FLH 

conditions became unviable around Day 5, with other serum free conditions 

also becoming unviable before day 14 (Figure 3.11 B).  
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Closer examination of expression profiles at specific timepoints also 

demonstrated some significance between serum conditions; difference was 

most apparent on Day 1 and Day 3, where overall growth medium>growth 

medium and growth medium>SFM had the highest expression. When FLR 

peptide only was used, growth medium>SFM appeared to demonstrate highest 

expression, however when FLR:FLH was used for delivery, growth 

medium>growth medium demonstrated highest expression. Particularly in 

FLR:FLH delivery, it appeared that the more serum used, the higher the 

expression seen (Figure 3.12).   
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Figure 3.11 Expression and Viability Profiles of Selective Serum use in PCLS Culture (A) 

Expression profile up to Day 14 for all samples. Samples where growth media was used appeared to 

demonstrate higher viability than serum free samples, particularly when using FLR:FLH for delivery.  (B) 

Viability profile up to day 14 for all samples. Delivery condition appear to have more impact on viability 

over time than presence or absence of serum within media, as all FLR:FLH samples had more sustained 

viability over two weeks than any other delivery condition. All experimental conditions (n=3). Error bars 

represent the standard error (s.d.) 
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Figure 3.12 Expression Profiles of Selective Serum use in PCLS Culture Minimal difference could 

be seen within untransfected controls, regardless of absence or presence of serum. Significant 

difference could be observed most often between samples in growth medium>SFM and growth 

medium>growth medium conditions and all other serum conditions. (n=3) per experimental condition. 

Error bars represent the standard error (s.d.) 
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3.7  Physical force to aid transfection permeation 

 

The effect of centrifugal force on transfection was also investigated, to 

determine if applying physical force immediately post transfection could aid 

in transfection permeation. Standard transfection conditions were compared 

with a standard transfection centrifuged, a standard transfection centrifuged 

with a complete media change, and 10 times standard transfection with a 

complete media change (RCF 10x). Standard reporter luciferase plasmid 

(PMV-GLuc-2) was used for all transfections.  

Expression data showed minimal difference between conditions over time; 

however, all conditions showed uniformly high initial expression at day one. 

Initial expression from centrifugation post transfection with no media change 

(Figure 3.13 A, RCF) showed the highest expression seen in any PCLS 

transfection experiment. Expression overall appeared to be high regardless 

of transfection condition.  

Viability profiles over time also appeared similar to previous transfection 

experiments (Figure 3.13 B). Minimal difference was seen over time, 

regardless of transfection condition, with all conditions showing minimal 

difference in viability from the point before transfection (Day 3 pre 

transfection) to Day 14.  
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  A 

B 

Figure 3.13 Expression and Viability of PCLS with and without Centrifugation (RCF) Minimal 

difference was observed between both expression and viability profiles of all conditions. Viability 

profiles were in line with previous non RCF experiments, with expression profiles appearing 

significantly higher overall than any other non-RCF experiment. (n=6) per experimental condition. 

Error bars represent the standard error (s.d.) 
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3.8 Discussion 

 

Within this chapter, Precision cut lung slices were utilised to demonstrate 

GET peptide non-viral delivery to an in vitro model. Initial work aided in 

determining viability of PCLS as an in vitro model post transfection with GET 

and determined its Transfection efficiency with reporter and enhanced 

plasmids for Gaussia luciferase, measured by luminescence.  

Visual confirmation of viability of PCLS was also carried out with Livedead 

staining and H&E stains of dead fixed tissue post transfection. 

Multiple following experiments involved changing variables to further 

optimise and refine both PCLS as an in vitro delivery model, and to test the 

limitations of the GET non-viral peptide delivery system.  DNA plasmid 

concentration, potential effect of absence of serum from cultures, selective 

presence of serum in cultures, effect of centrifugation on transfection 

efficiency, and potential for use of alternate perfusion materials for PCLS 

generation were all investigated.  

 

3.8.1 Transfection efficiency within the model  

 

Reporter plasmid (PMV-Gluc-2) and enhanced plasmids (pGM206, 

pGM206SMAR) incorporating a Gaussia luciferase gene were used for 

transfections, as luminescence could be easily read post transfection to give 

quantification to potential expression. Important to note is the fact that 

luminescence output gave no information on transfection localisation (for 

example, where within the precision cut lung slice transfections may be 
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happening) or transfection dispersity amongst the cell population of the slice 

(for example, if peptide delivery was intense for a single or a few cells whilst 

other cells may not have been transfected at all). Elucidation of transfection 

localisation could be achieved if a fluorescent plasmid was used, such as 

GFP, or the luciferase reporter plasmid could be fluorescently labelled. 

Expression was always higher for transfected conditions comparative to 

untransfected controls, both in initial experiments (Figure 3.1) and in some 

later experiments with variations to conditions (Figure 3.5, Figure 3.7, Figure 

3.9). In selective serum experiments however, there was less of a difference 

between the expression of experimental conditions comparative to 

untransfected controls, dependent on the conditions used (Figure 3.11, 

Figure 3.12).  

A key difference is between the GET non-viral peptide and commercial 

controls such as lipofectamine. In initial experiments (Figure 3.1) a clear 

difference in expression can be observed between Lipofectamine3000 and 

all variable conditions that include the FLR peptide, particularly around a 

week following transfection (day 7). An argument can be made for 

lipofectamines potential toxicity at the in vitro stage, as toxicity has been 

observed in multiple cell types (Wang, Larcher, Ma, & Veedu, 2018),  

however in experimentation here, lipofectamine performs similarly or better 

overall to the GET peptide system in terms of expression, (Figure 3.1, Figure 

3.9) whilst having no discernible effect on viability of PCLS tissue over time 

(Figure 3.2, Figure 3.10). This could potentially be due to the use of whole 

tissue slices, comparative to cell monolayers used in other experimentation.  



Page 106 of 225 
 

Overall, Initial transfection data shown here demonstrates that good, 

significant expression profiles can be achieved in PCLS tissue, both when 

using the GET non-viral delivery peptide and other equivalent commercial 

non-viral based delivery systems; a case can be made both for the GET 

peptides potential as a transfection agent, and for PCLS as a reliable 

transfection study model.  

 

3.8.2 Viability of tissues 

 

In initial experimentation, viability appeared to improve over time, with 

highest viability seen at day 14, regardless of transfection condition (Figure 

3.2).  

Following experiments showed varying viability profiles, most likely 

dependent on the specific variables used within each experiment. Aside from 

initial experimentation, overall viability throughout experiments usually 

declined over 2 weeks towards the final day of the assay, regardless of 

transfection condition; similar viability decline patterns were observed in 

transfected samples and untransfected controls alike.  

Visual viability was also investigated alongside quantitative viability using 

prestoblue; Livedead of live slices post transfection and histological H&E 

staining was used to discern if transfection had any effect on tissue structure 

and by extension, overall tissue viability.  

Livedead staining was carried out both pre and post transfection, and 

comparison of untransfected controls, FLR:FLH peptide delivery, and PEI 

delivery of the same standard luciferase plasmid was carried out. Although 
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less intense fluorescence for live cells (green) was observed across all 

samples at day 5 post transfection, there was no visible increase in dead 

cells (red) at this timepoint either. All delivery conditions also displayed very 

similar fluorescence intensities for both live and dead cells at Day 5 post 

transfection (Figure 3.3).  

Based on visual staining results, transfected samples did not appear to be 

less viable post transfection, with no localised effect on tissue structures 

observed.  

This initial research demonstrates that regardless of the delivery system 

used, precision cut lung slices can be a useful tool for expression studies 

and prove to be an easy model for transfection and expression studies due 

to minimal loss of viability even post transfection. 

Immunohistochemistry (IHC) was also carried out on samples; H&E staining 

was used on post transfection samples which included standard plasmid 

delivered by FLR peptide only, FLR: FLH complexed, and a control (DNA 

only). This was to further look at the GET non-viral system potential toxicity 

and determine its potential localised effect on tissue post transfection. 

Independent lung structures could be easily observed in all samples, with 

natural lumens of blood vessels and air spaces within alveolar in particular 

clearly visible. Nuclei appeared dark purple, with alveolar web like structures 

and lung parenchyma appearing light pink. Of note is that regardless of 

transfected or untransfected samples, all samples displayed very similar 

structure, with no visible discernible differences in presence and shape of 
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structures such as alveolar spaces, presence of blood vessels, and 

bronchioles (Figure 3.4).  

H&E is composed of Haematoxylin and eosin; Haematoxylin (purple) can 

identify nuclear material like heterochromatin and the nucleus, with eosin 

(pink) identifying cytoplasm and ECM components. Clear definition between 

the nuclear and cytoplasmic components can make visualisation of tissue 

structure easier, and issues such as inflammation or necrosis can be more 

easily identified. 

An argument could be made for the GET peptides low toxicity when used to 

deliver within PCLS mouse lung tissue, due to the lack of visible difference 

between transfected samples and GET free controls; however, this is only 

initial quantitative data, and could be strengthened more with comparative 

images particularly from commercial controls previously used such as 

lipofectamine or PEI. 

 

3.8.3 Effect of variation in plasmid concentration 

 

Plasmid concentration was varied for some experiments, to both determine 

if plasmid dose could be optimised with no compromise in transfection 

efficiency, and if reducing the plasmid concentration demonstrated any 

improvement in sample viability.  

All previously described vectors, standard luciferase reporter (PMV-Gluc-2) 

and enhanced luciferase vectors (pGM206, pGM206SMAR) were delivered 

with FLR:FLH complexed GET peptide, at both 1 µg and 2 µg doses. 
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Transfected conditions were compared to an untransfected control. Both 

expression and viability profiles were monitored over time. 

Overall, enhanced vectors appeared to demonstrate higher sustained 

expression for longer than standard reporter luciferase, regardless of 

concentration of plasmid used. Statistically, no significant differences were 

observed between 1 µg and 2 µg samples where the same plasmid was used 

(Figure 3.5). Important to note was the high variation within specific 

transfected groups; in standard reporter luciferase particularly, individual 

samples ranged from as low as the untransfected control, with other samples 

in the same group demonstrating around 100-fold increase at the same 

timepoint. This deviation within transfected conditions was minimal and less 

observed in enhanced vector conditions.  

Viability profiles were also in line with similar experiments. Each condition 

reduced in viability over time relative to its pre transfection initial viability, with 

no condition displaying more decline than any other. This was apparent for 

both untransfected samples and transfected samples. Both concentrations 

(1 µg and 2 µg) showed very similar viability profiles over 14 days, with no 

discernible difference observed between the two (Figure 3.6).  

Overall, the effect of plasmid variation on both expression and viability 

appeared to be minimal. No discernible differences were observed in 

expression profiles between 1 µg and 2 µg doses, and the use of reporter or 

enhanced vector appeared to have more effect on level of expression than 

amount of plasmid used. Viability also appeared to be unaffected directly by 

plasmid concentration variation, with viability profiles mirroring each other 
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and previous experiments, regardless of condition. Significantly, 2 µg 

pGM206SMAR samples appeared to have the highest initial viability pre 

transfection, and thus presented with higher viability overall at later 

experimental timepoints (Figure 3.6). if these particular samples were overall 

more viable than those in all other conditions, this potentially could have 

been a contributing factor to the increased expression observed in this 

experiment for this enhanced vector; further experimentation would be 

required to confirm this theory. 

 

3.8.4 Effect of serial delivery  

 

Initial experiments with serial delivery involved some dose variation to aid in 

delivery optimisation and confirm if smaller doses delivered at an increased 

frequency may have improved expression. This also allowed observation of 

viability of samples over time to confirm there was no reduced viability as a 

result of increased use of both plasmids and the GET peptide system.  

Expression in these initial experiments appeared to be lower on average than 

previously observed in other PCLS experiments, whilst viability appeared to 

have a similar decline over time towards day 14 and similar initial pre 

transfection viability. Important to note is that N numbers of samples for each 

group were lower than in some other experiments, so this is considered very 

initial experimentation only. 

Viability also did not appear to be directly affected by serial delivery, or 

dosage change within serial delivery conditions. Initial pre transfection 

viability appeared to show less variation than in other experiments, however 
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more variance was observed by day 14 across all conditions: some specific 

conditions seemed to have declined in viability over time more than others 

particularly in every 2 day delivery. All conditions in every 2 day delivery 

(E3D) appeared to show less decline in viability over time. This could be 

related directly to the delivery condition, as less transfection would have 

been delivered to E3D samples overall: however, as stated previously, n 

numbers were lower for this experimentation, which makes it difficult to draw 

direct conclusions on the exact cause both expression outputs and sample 

viability.  

Untransfected control appeared to become unviable between day 7 and day 

10 for both every 2 day (E2D) and every 3 day (E3D) delivery (Figure 3.8). 

As generated PCLS give very variable results from experiment to 

experiment, this could be an indicator of potential lower viability batches of 

PCLS used that could have had a direct effect on the outcome of this 

experiment. 

Overall, initial results seem to indicate no discernible difference in expression 

between the two serial delivery conditions, or between dosages of plasmid 

used. It appears as with some previous experiments, choice of enhanced 

plasmid over standard reporter plasmid could have some direct outcome on 

level of expression. There were potentially some viability differences in more 

frequent delivery (every 2 days) as opposed to less frequent (every 3 days).  

With minimal n numbers of PCLS in each condition, it is difficult overall to 

definitively state outcomes; however, plasmid choice may be more 

significant to expression outcome and transfection efficiency than modifying 

dosage or delivery timepoints directly.  
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3.8.5 Significance of Serum in PCLS culture 

 

As all ongoing work utilised serum within media for PCLS culture, which 

appeared juxtapose to other PCLS culture methods observed in the 

literature, significance of serum and its potential impact on expression, and 

viability, was investigated. Initial serum vs. serum free experimentation used 

both FLR peptide only alongside FLR:FLH in complex, and comparative 

commercial agents including Lipofectamine 2000, Lipofectamine3000, and 

PEI. All delivery agents were used to deliver standard reporter luciferase 

plasmid (PMV-Gluc-2) with the only difference being serum included or 

omitted from the media used for culture.  

Effect on expression was apparent when comparing expression profiles of 

all growth media samples to serum free samples. Growth media (growth 

medium) samples appeared to show a very similar pattern to previous 

experiments, with high initial expression observed in all conditions with 

gradual decline over time towards day 14.  by comparison, all serum free 

media (SFM) samples were uniformly lower in expression, with values 

observed up to 100-fold lower for initial expression than in growth media 

conditions. Many conditions were in line with the untransfected control, with 

minimal change or increase at any timepoint (Figure 3.9). 

Lipofectamine2000 appeared to have better expression in serum free 

conditions, and initial expression seen was around 10-fold lower than the 

lowest expression observed in growth media samples. Lipofectamine2000 

also seemed to perform the best in Growth media conditions, with initial 
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expression being around 10-fold higher than other conditions such as PEI 

and FLR.  

Viability profiles all showed some clear difference between growth media and 

serum free samples. Growth media (growth medium) samples demonstrated 

a pattern in line with previous experiments, similar to expression profiles for 

this experiment, with some small increase even observed over time towards 

day 14. Untransfected control was also in line with all other conditions, and 

thus a good indicator and confirmation of lack of toxicity post transfection. 

Serum free samples (SFM) showed a marked difference in viability over time. 

Despite very similar initial viabilities averaging between 500 – 1000, quick 

decline was observed across all samples, regardless of condition. 

Untransfected control appeared to become non-viable around day 5, with 

FLR:FLH also becoming non-viable around Day 10 (Figure 3.10). Other 

conditions appeared to retain some viability even at day 14, but these were 

significantly lower than those observed in all growth media samples.   

Lipofectamine2000 samples gave the highest results, particularly in serum 

free conditions. In growth media conditions, both FLR:FLH and 

lipofectamine2000 appeared level in terms of viability.  

Overall, removal of serum did appear to be having some direct impact on 

both expression and viability; viability in particular was impacted, and this 

loss of viability could be the reason expression was also seen to reduce. 

Samples with better viability, particularly initial pre transfection, appeared to 

have higher expression, regardless of the non-delivery system used.  

 



Page 114 of 225 
 

3.8.5.1 Effect of Selective use of serum  

 

Some selective serum experimentation was also carried out, as removal of 

serum from culture appeared to have some effect on both expression and 

viability; as observations showed that the initial pre transfection viability may 

have some effect on longer term viability and expression, serum was 

selectively utilised both pre and post transfection. Conditions used were 

growth media both pre and post transfection (growth medium>growth 

medium), growth media pre transfection and serum free post transfection 

(growth medium>SFM), serum free media pre transfection and growth media 

post transfection (SFM>growth medium), and no growth media used at any 

time (SFM>SFM). This was initially investigated with the GET peptide system 

only against an untransfected control, in an aim to observe any expression 

profile differences between standard and enhanced peptide complex.  

When selectively using serum in media, the more growth media used, 

(growth medium) the higher the expression seen overall; this was most 

apparent when FLR:FLH peptide was used for plasmid delivery (Figure 

3.12). Expression was also a lot higher initially when FLR:FLH complexed 

peptide was used for delivery. (Figure 3.11). This expression profile was 

somewhat expected, as the FLH domain is added to the FLR peptide 

improve transfection.  

From initial selective serum experiments, it appears that including serum in 

growth media, combined with use of FLR:FLH complexed peptide, seems to 

demonstrate the best expression comparative to untransfected controls, FLR 

peptide used alone, or conditions lacking a serum component. This also 
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aligns with earlier experiments, which all contained serum. FLR:FLH peptide 

is however only similar to commercial delivery systems such as PEI and 

Lipofectamine, and doesn’t not appear able to outcompete these systems 

completely. The GET non-viral system does have the advantage of minimal 

to no toxic effects both in vitro and in initial in vivo work (Abu-Awwad, 

Thiagarajan, & Dixon, 2017); (Osman, et al., 2018). 

Viability profiles also showed some variation between conditions used. In 

untransfected samples and FLR samples in particular, serum free media 

used throughout (SFM>SFM) showed a lower initial viability; this could be 

directly due to only ever being thawed and cultured in serum free media. 

However, in FLR:FLH samples, SFM>SFM appeared to have the highest 

initial viability. SFM>SFM did however demonstrated the most decline 

relative to initial viability. From initial results, FLR:FLH did appear to have the 

most sustained viability over time, but it was unclear if this was linked directly 

to choice of delivery agent for transfection. As all samples in this group 

started with overall higher initial viabilities, viability may be attributed to this 

instead. Despite higher initial viabilities from all serum conditions, expression 

within even FLR:FLH samples was still only minimally better than in FLR 

samples. This could potentially mean presence of serum is a requirement for 

successful transfection and more sustained expression over time.  

It is important to note that despite data normalisation to slice weight (mg), a 

large amount of variation is seen when using PCLS tissue. Variation in initial 

starting viabilities could be due to each batch of PCLS generated, or 

individual animals they were generated from.  
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Some argument could be made for serum utility in the success of 

transfections and expression from samples; however, it is unclear if selective 

serum has a direct impact on expression of viability of samples over time. 

With no significant difference observed in untransfected samples regardless 

of selective use of serum, but some observed between samples where 

growth media was used comparative to those where less was used (Figure 

3.12), it could be suggested that the more growth media included at both 

initial thaw stage and whilst culturing and transfecting, the more likely 

sustained expression and longer time viability.  

 

3.8.6 Effect of Physical force on transfection and expression 

 

Due to PCLS taking their support structure from perfused and set agarose, 

rather than the pressure gradient present in the lung in vivo, there was the 

possibility agarose material may be acting like a hydrogel. Whilst useful in 

holding the slices ‘open’ and allowing support of airway structures, the 

agarose could also be potentially reducing transfection capacity by 

preventing transfections from reaching some specific subsets of cells.  

To determine if agarose could be having a detrimental effect on direct 

transfection, low centrifugal force was utilised to aid in transfection 

penetration of tissue. Transfections were carried out with no centrifugal force 

(No RCF), centrifugal force without any media change pre incubation (RCF) 

centrifugal force with media change pre incubation (RCF + media change) 

and centrifugal force with 10x the volume of a standard transfection with 
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media change pre incubation (RCF 10x). FLR:FLH peptide complex was 

used to deliver standard luciferase reporter plasmid (PMV-Gluc-2).  

Expression profiles appeared vastly increased comparative to previous 

experimentation with no centrifugal force used (Figure 3.13 A). although a 

similar pattern appeared if initial higher expression immediately post 

transfection with gradual decline over time, initial numbers were around 100 

fold higher than observed in any previous experiments. The only condition 

which demonstrated initial expression lower than around 10,000 was RCF 

(10x), in which 10x the standard volume of transfection had been used to try 

and observe toxicity limits and potentially improve expression seen in tissue. 

From initial results, it appeared increasing transfection volume did not 

improve transfection efficiency or expression comparative to standard 

volumes that were also centrifuged.  

Of all conditions, standard transfection where no media changes were 

carried out before incubation overnight (RCF) had the highest initial 

expression and appeared to have minimally higher sustained expression 

until Day 14. This could be attributed to transfection material being present 

in media overnight, whereas this would not have been the case for other 

conditions.  

Viability was also very similar for all conditions, a similar pattern over time 

appeared comparative to previous experiments. Lowest of all conditions was 

10x transfection volume (RCF 10x), but this was minimal. Minimal decline 

was observed in all conditions over time, suggesting increased transfection 

penetration had no detrimental effect on viability in any condition (Figure 3.13 
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B). Overall, it seemed expression could be improved with the introduction of 

low centrifugal force, suggesting that agarose in PCLS may in fact be having 

some reducing effect on transfection success across the whole piece of 

tissue. This presents the potential to investigate alternate perfusion materials 

which may be present less of a physical barrier to transfection penetration.  
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4. Chapter 4: Investigating Gelatin as an alternate 

perfusion material to improve the in vitro PCLS Model 

 

4.1 Introduction 

In PCLS research, the standard perfusion material of the lungs for PCLS 

generation is agarose, or specifically low melting point agarose (LMPa). 

When used as a perfusion material, the solution concentration of the agarose 

can vary from around 1% - 2% (Henjakovic, et al., 2008); (Neuhaus, et al., 

2017); (Rosner, et al., 2014) but this can be dependent on the species of the 

tissue being used for slice generation. Variation in the methods can also be 

due to the protocol being used by each independent research group. There 

currently is no universal standardised method for PCLS generation, as there 

are observed variations in many method areas including, but not limited to, 

agarose concentration, and deliberate inclusion or exclusion of specific lung 

lobes. 

Despite its utility in holding slice structure effectively, agarose is a non-

removable material, effectively meaning PCLS tissue is encased in a type of 

hydrogel and is not a piece of independent ex vivo tissue in culture. This 

creates the potential, particularly within delivery studies, for agarose to 

prevent delivery to the multiple cell types present within a precision cut lung 

slice. Individual studies have highlighted the lack of removability of agarose 

in samples post slice generation (Neuhaus, et al., 2018), but other studies 

conversely highlight within their methods that the agarose can be washed 

out with media over time (Ressmeyer, et al., 2006); (Temann, et al., 2017); 

(Song, Davidovich, Lawrence, & Margulies, 2016) or that it can be melted 
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away at 37ºC post incubation of samples (Hirn, et al., 2014). Individual 

studies also postulate that long term culture (up to 4 weeks) can lead to 

dissolution of agarose from the tissue, observable by loss of slice structure 

(Rosales Gerpe, et al., 2018). 

Only recently has some research featured the use of a different perfusion 

material.  A previous study utilised gelatin as the sole perfusion material; 

however, lungs were cored to 15 mm and then sliced at around 0.5 – 2mm 

(Birzle, Martin , Yoshihara, Uhlig, & Wall, 2018). Most PCLS studies usually 

only generate slices around 200 – 300 µm, with the highest around 500 µm 

(Bryson, et al., 2020). 

 A more recent study also utilised gelatin as the perfusion material, at a 

concentration of 20% in solution, and also fully embedding in gelatin of the 

lung lobes pre-slicing to create slices for short term infection studies. 

However, no mention is made of how long slices are cultured, or what PCLS 

viability or slice structure appears to be past 1 day (Kolbe, et al., 2020).  

From previous studies, it is still unclear if gelatin would make a reliable 

alternate removable perfusion material for PCLS generation. Due to its lack 

of toxicity and simple temperature dependent removal, it would be a useful 

and reliable alternative to agarose if it provided the same structural benefits 

to PCLS post-slicing. Hence, some initial experimentation was carried out in 

this project to aid in determination of gelatins feasibility and reliability as a 

replacement perfusion material for use in PCLS generation and long-term 

culture, and to establish if gelatin PCLS would be more effective than the 

current agarose PCLS for use in delivery dependent study. 
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4.1.1 Gelatin PCLS behaviour in culture 

 

Initially, gelatin PCLS were frozen down in batches, with a small number of 

slices kept for immediate optimization and investigation into gelatin PCLS 

behaviour.  

Samples were numbered to aid in before and after comparisons, and each 

sample was imaged both before and after incubation. Pre incubation, images 

were taken within 1 hour of slice processing, and following images were 

taken 24 hours post incubation at 37ºC (Figure 4.1).  

Distinct visual differences could be observed in the same samples before 

and after incubation; observable structure pre incubation was similar to all 

previous agarose PCLS samples, with a web like structure of alveoli clearly 

visible. After 24 hours of incubation at 37ºC, samples had lost most of their 

structure; by eye, slices appeared to have ‘balled up’ and would no longer 

lay flat within wells. Microscope images showed a distinctly different 

structure even at the same magnification as the previous day. Whilst some 

small gaps could be seen, the clear distinct shape of the alveoli seen pre- 

incubation was no longer present (Figure 4.1). 

At 24 hours, cells had also started to aggregate within the bottom of the well 

underneath the remains of the PCLS tissue (Figure 4.2). Many observable 

cells formed distinct Rouleaux stacks, a typical formation seen of red blood 

cells. This may have been due to the primary nature of the tissue. All samples 

were continued in culture, with images taken at Day 3 and Day 6. The cell 
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population became adherent and confluent, and by day 6, multiple distinct 

cell morphologies were observable.  
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Figure 4.1 Gelatin PCLS pre and post incubation at 37ºC Samples of Gelatin PCLS (1 – 6), imaged pre 

and post incubation at 37ºC. Pre incubation, alveoli can be easily seen (arrows), as perfused Gelatin is still 

present in the sample and holds the PCLS structure as it was initially sliced. Samples were also imaged the 

following day (24 hours Post incubation). Previously identifiable structures appeared reduced in size, and in 

places absent. Previous slice translucency had also significantly reduced. Colour change from pale pink to 

darker pink/ red was also observed in the main body of tissue slices. 20x objective used. 
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Figure 4.2 Visible cell disaggregation post incubation of Gelatin PCLS At 24 hours (Day 2), individual 

cells were visible in the bottom of wells underneath remnants of PCLS tissue, alongside red blood cells in 

distinct Rouleauxs. At 48 hours (Day 3), remnants of tissue were still left, and disaggregated cells in wells 

had separated fully from each other. At day 6, populations of adherent cells appeared to be forming, with 

more than one distinct morphology observed. Scale bar: 156 µm, 20x and 40x objectives used. 
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4.1.2 Livedead assay for visual qualitative analysis 

 

Livedead of Gelatin slices was also carried out 24 hours post incubation 

(Figure 4.3). Significant live cells (green fluorescence) could be observed 

across all samples, specifically at 5x magnification. Further magnification 

aided in identification of dead areas of the slice (red fluorescence). More 

common and even distribution of dead cells could be observed at both 10x 

and 20x magnification, but live cells appeared more widespread that dead 

cells, with dead cells appearing more commonly towards the edges of the 

sample. It was unclear if bleed through of fluorescence between filters was 

occurring.  
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Figure 4.3 Livedead staining of Gelatin PCLS samples, 24 hours Post incubation. (A) Sample at 5x 

magnification, stained with LiveDead. At lower magnification, PCLS outline can be seen, with significant 

Green (live) within the body of the slice, and red (Dead) observed along slice edges. (B) Sample at 10x 

magnification, stained with LiveDead. Further magnification highlights significant Green (Live) but also 

some red (Dead) cells present, with red fluorescence less intense than green. (C)  Sample at 20x 

magnification, stained with LiveDead. Both Green (live) and Red (dead) fluorescence appears evenly 

distributed, with green (Live) appearing more than red (dead) fluorescence. LiveDead staining and 

imaging demonstrates slice viability post gelatin melting. Scale Bar for unmerged images: 200 µm, for 

Merged images: 140 µm. 
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4.1.3 Visual confirmation of slice reduction pre and post incubation 

 

To aid in confirmation of gelatin leaving PCLS and to demonstrate visually 

this loss of slice structure, gelatin PCLS were deposited into transwells, and 

agarose was used as ‘glue’ around the slice to hold it in place and give 

indication of its original placement (Figure 4.4). Each sample was 

photographed before incubation, and at 1 hour post incubation. Alongside 

photographs of samples, a drawing tool was used to aid in visualisation of 

the difference in slice size pre and post incubation. 

Original tissue size is more obvious post incubation, as the agarose ‘glue’ 

leaves a clear outline comparative to the final slice size after the gelatin has 

melted. All slices lost significant surface area and reduced in size but did not 

ball up as previous samples had when within wells; this may be due to the 

transwell membrane providing some support, or the agarose ‘glue’ around 

the edges of the slice aiding in holding open the slice until eventual 

detachment and reduction post gelatin melting. 

 

4.1.4 Viability and expression from initial transfection experiments 

 

Samples within transwells were also used for initial transfection, to test 

potential expression levels from non-agarose slices, and also to confirm 

viability of any gelatin perfused tissues post gelatin melting (Figure 4.5).  

When observing viability profiles, agarose PCLS free in media comparative 

to samples ‘glued’ to the well showed no significant difference in viability, 

with agarose covered PCLS demonstrating lower viability. Samples in 
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transwells also demonstrated lower viability, with Gelatin PCLS samples 

showing no viability at all. most likely, this was a combination of gelatin 

melting post incubation, and slice disaggregation. Overall, standard agarose 

PCLS free in culture showed the highest viability, with Gelatin PCLS showing 

no viability post transfection.  

When observing expression, ‘glued’ agarose demonstrated expression no 

different to free floating agarose PCLS. Agarose PCLS in agarose heavy 

conditions (in transwell or agarose on agarose) demonstrated minimal 

expression, suggesting that excess agarose could be inhibitory to 

transfection and subsequent expression. Gelatin PCLS samples 

demonstrated minimal to no expression, regardless of condition. 
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Figure 4.4 Appearance of Gelatin PCLS within transwells, pre and post incubation Images of 

transwells within plates before and after initial incubation highlighted issues with using Gelatin as the 

perfusion agent.  Photography and visual analysis allowed for identification of the initial slice area (blue). 

Post incubation, slice reduction in all samples can be seen clearly, as the agarose used around the Gelatin 

PCLS shows clearly the edge of the PCLS at its original pre incubation size (red). 
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Figure 4.5 Viability and expression profiles of Initial Gelatin PCLS comparative to agarose PCLS 

and varying agarose ‘glue’ conditions. (A) viability of all conditions 3 days post thaw. Agarose PCLS 

samples show good initial viability comparative to previous agarose PCLS only experiments. n numbers 

of experimental groups, from Left to Right; (n=2), (n=4), (n=4), (n=2), (n=3). (B) Day 1 expression (post 

transection) of all conditions. Free agarose PCLS demonstrated highest expression, as expected 

comparative to previous agarose only PCLS experiments. n numbers of experimental groups, from Left 

to Right; (n=2), (n=4), (n=4), (n=4), (n=2), (n=3), (n=2). All error bars represent the standard error (s.d.) 



Page 131 of 225 
 

4.2 Discussion 

Within this chapter, Gelatin was considered and investigated as an alternate 

perfusion material for generation of PCLS; due to its lack of toxicity, easy 

manipulation, and temperature sensitivity which would allow for it to maintain 

structure during PCLS generation but would be easy to remove at point of 

culture and transfection, it appeared to be a promising potential alternative. 

the same method was used to generate Gelatin PCLS as for previous 

agarose PCLS, with minor amendments to account gelatins temperature 

sensitivity. Gelatin PCLS were used fresh never frozen, and remaining 

samples were frozen and stored immediately for later use, as previously 

described. Experiments were carried out to test gelatins feasibility as a 

potential material replacement for agarose, which included observation of 

integrity of slices pre and post incubation, general slice viability, and 

transfection potential and initial expression from gelatin PCLS.  

 

4.2.1 Effect on temperature changes on Gelatin PCLS integrity 

 

Initially, Gelatin PCLS were processed on ice as much as possible, to 

prevent Gelatin from melting out of tissues pre-emptively as gelatins melting 

point begins at around 31º C. Once processed, samples were imaged to 

observe lung structure, and confirm similar structural support was present 

comparative to that observed in agarose PCLS. Samples appeared uniform 

and consistent, and alveolar air spaces and web like structure could be easily 

observed. Larger common lung structures including blood vessels and 

bronchioles were also visible, and coarse focus allowed for visualisation 
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‘through’ the sample to confirm intact structures all the way through the slice. 

Due to the very open lung structure, light could easily pass through slices, 

with very pale pink coloration and translucency observed.  

By comparison, images of the same slices 24 hours post incubation (Figure 

4.1) look significantly different. Whilst previous structures and airways could 

still be observed, these appeared significantly smaller than in pre incubation. 

slices appeared dark pink to red in colouration, with all previously 

translucency lost. Previous alveolar structures had also disappeared. 

Throughout all samples, previous easily seen tissue structure appeared to 

be absent; it was clear significant structural changes had happened since 

pre incubation, and this was most likely due to Gelatin completely melting 

from the samples into the media. it was unexpected how quickly this material 

could melt completely from samples, and how quickly all previous structure 

of the slices was lost completely.  

To determine the extent slice structural loss and potential degradation, 

samples were continued in culture, imaged and monitored over the course 

of a week. Wells underneath slices were also imaged, to confirm extent of 

any degradation of tissue.  

Images of the base of the wells underneath floating slices in particular 

highlighted direct cell loss post incubation (Figure 4.2). at 24 hours, many 

individual cells could be observed, and red blood cells appeared to be 

present due to the formation of many stacks of rouleauxs. At 48 hours, 

despite some physical portion of slices observable to the naked eye, viewing 

the sample and the well beneath showed loss of structure and increased cell 
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numbers present below the sample. At around day 6 of culture, 

morphological changes could be observed in the now adherent cell 

population.  

continued culture of slices post incubation aided in confirming complete loss 

of structure, and also confirmed slice disaggregation; with cells actively 

leaving the slice and attaching to the well in such vast numbers, this 

confirmed that even remaining remnants of visible slice would most likely 

lack the physical structure required for further experimentation and could 

possibly no longer be considered PCLS.  

 

4.2.2 Viability of Gelatin PCLS post structure loss 

 

Livdedead was also carried out on samples at 24 hours post incubation, in 

an attempt to confirm if slice viability was lost completely as structure was 

lost. Staining and imaging of remaining slice portions showed that despite 

structural loss, much intense green fluorescence was seen, indicating live 

areas of the tissue (Figure 4.3). some red fluorescence highlighting dead 

areas was observed, particularly at edges of samples. Despite gelatin 

proving to be a too easily removable material resulting immediate structure 

loss, its removal did not appear to have an impact on sample viability; of 

structure could be maintained, samples would still be viable for further 

experimentation.    
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4.2.3 Initial investigation of transfective ability comparative to 

agarose PCLS and agarose-based conditions 

 

In an attempt to develop a way to utilise gelatin PCLS without significant 

structure loss, samples were deposited in transwells, which would allow for 

support and manipulation above the liquid whilst still supplying nutrients from 

the media below. Agarose was utilised to ‘glue’ the gelatin PCLS to the 

transwell membrane pre incubation, also filling the space between the slice 

and the transwell outer. If the slice was secured, there was the potential for 

the structure to be maintained even after Gelatin melting and removal. 

Agarose was used as the ‘glue’ as it would not be affected by the 

temperature change on incubation.  

Samples were prepared on ice, with images taken directly before incubation. 

slice outline was easy to visualise and distinguish from the surrounding 

agarose. Due to previous rapid structural loss, Samples were incubated for 

1 hour before removal and immediate observation and imaging.  

Slice reduction was immediately apparent, even after only an hour of 

incubation. Following each outline of samples pre and post incubation and 

superimposing one over the other highlighted the extent of the reduction in 

both slice size and loss of structure (Figure 4.4). Samples did appear flatter 

and less ‘balled up’ than previous free floating samples, which could most 

likely be attributed to the support of the transwell membrane.  

Transfection and prestoblue was also carried out on transwell samples, to 

obtain quantitative data on viability and transfection potential if the transwell 
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and agarose ‘glue’ proved successful. These were compared to various 

agarose samples in ‘glued’ and free floating conditions.  

Initial expression and viability data for this experiment confirmed previous 

results, and gelatin PCLS proved untransfectable even when attempts were 

made to support structure loss post gelatin removal. Agarose PCLS 

performed similarly to previous experiments, with no viability of transfection 

issues observed; interesting to note was when agarose PCLS were ’glued’ 

in place with agarose, the extra agarose in this situation did not seem to 

affect transfection, but when used to cover the slice, no transfection was 

possible. This could support the theory that agarose, at least in increased 

amounts, can prevent transfection penetration and reduce transfection 

success. From these experiments, gelatin was confirmed as an unviable 

alternative to agarose as a perfusate material; however, agarose PCLS were 

somewhat proven to be the most viable and transfectable samples, and 

excessive agarose presence was observed to have some detrimental effect 

on transfection success. In future, modifications such as lowered agarose 

concentrations in the perfusion solution could be utilised and investigated. 
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5. Chapter 5: Establishing an in vitro Air Liquid Interface 

model (ALI) for demonstration of non-viral delivery 

 

5.1 Introduction 

 

Previous research has established Air liquid Interface culture (ALI) as a 

useful method for investigating drug delivery (Schmid, et al., 2017), (Lenz, et 

al., 2014)  and aerosolised toxicity studies (Herzog, et al., 2014), (Upadhyay 

& Palmberg, 2018), (Raemy, et al., 2012). There is also focus on 

investigation of aerosolization of potentially therapeutic molecules (Hu, et al., 

2020). It has also proved to be a useful method in delivery studies (Ong, et 

al., 2016); (Lenz, et al., 2014) and for investigation into a variety of lung 

relevant disease states (Munis, Hyde, & Gill, 2020), (Eenjes, et al., 2021) 

(Slepushkin, Staber, Wang, McCray, & Davidson, 2001), (Prulière-

Escabasse, et al., 2005) by allowing replication of the lining of the human 

lung in a controlled environment, without the expensive and potentially 

wasteful process of a small or large scale animal study. Despite lacking the 

full anatomical structure observed in vivo, multiple lung cell types are present 

within air liquid interface fully differentiated cell layers, allowing the 

mucociliary phenotype of epithelial lung to be achieved on a smaller scale 

(Jiang, Schaefer, & Chu, 2018). 

Here, utilising previously published research utilising ALI, development of air 

liquid Interface mucociliary layers was attempted, using immortalised human 

bronchial epithelial cells (iHBEC). The final aim was to utilise any developed 

ALI layers as a model to test transfection with the GET peptide non-viral 
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delivery system. A significant amount of optimisation was required, and 

confirmation of successful differentiation was quantified with 

Transepithelial/Transendothelial electrical resistance (TEER) of potentially 

developed layers, alongside investigation with a variety of antibody markers 

using immunofluorescent technique and sample imaging using fluorescent 

and confocal microscopy. 

 

5.2 Initial transfection of iHBECs 

To establish if the iHBEC cell line would be useful for non-viral delivery 

studies post differentiation at the air liquid interface, monolayers were 

developed and transfected to confirm GET peptide delivery ability to this cell 

type. Untransfected controls were compared against luciferase reporter 

plasmid (PMV-GLuc-2) and enhanced luciferase plasmid (pGM206SMAR). 

All plasmids were delivered with FLR peptide only, and FLR:FLH peptides in 

complex.  

Reporter plasmid (PMV-GLuc-2) exhibited initial high expression 3-fold 

higher than the untransfected controls, when delivered with FLR peptide 

only. Minimal difference could be observed between FLR:FLH delivery and 

FLR only delivery. 1 week post transfection (Day 7) showed some decrease 

in expression. However, even at Day 21 post transfection, samples were still 

expressing levels above the untransfected controls (Figure 5.1).  

Enhanced plasmid (pGM206SMAR) demonstrated a high expression profile 

over all timepoints, with less decline in expression than reporter plasmid. 

Initial expression was high, similar to reporter plasmid, with subsequent days 
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expression showing very minimal decrease in expression. At Day 7, 

enhanced plasmids samples showed minimal difference to Day 1 

expression, regardless of whether delivery was with FLR only or FLR:FLH in 

complex. A similar amount of expression was also seen at Day 21 post 

transfection.  
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Figure 5.1 Initial proof of transfection in iHBEC monolayers Cell monolayers were 

transfected to determine if the cell type would be transfectable post differentiation at the air 

liquid interface (ALI) and to test GET peptide delivery ability with the iHBEC cell line. All 

experimental groups (n=6). All error bars represent the standard error (s.d.). 
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5.3 Initial transwell cultures 

Initial transwell samples were seeded using confluent iHBEC cells, and once 

established on transwell membranes, were air lifted no later than 72 hours 

post seeding. The apical surface was then continuously exposed to air, with 

KSFM media deposited in the well under the membrane. This was regularly 

changed every other day to maintain cultures. Samples were then imaged 

every week to visually determine any morphological changes, and initial 

transepithelial/transendothelial electrical resistance readings (TEER) were 

carried out at 2 weeks and 4 weeks (Day 14 and Day 28). Post culturing, 

samples were fixed and antibody markers P63, αTubulin, and FOXI1 were 

used to carry out Immunofluorescence (IF) to establish if specific cell types 

were present, to aid in confirmation of an established mucociliary epithelial 

lung layer. P63 was used to identify basal lung cells, αTubulin was used to 

help identify any cilia or ciliated cells, and FOXI1 was used with later samples 

to identify any ionocytes. Processed layers were imaged fluorescently to 

determine presence and location of any differentiated cells in the layer. 

Imaging of initial transwell samples over time highlighted formation of cell 

clusters forming on top of the original monolayer seeded on the transwell. 

These structures were visible from around 1 week post seeding (Day 7) and 

continued to be visible and develop even to 4 weeks post seeding (Day 28). 

Some clusters appeared linked and branched towards each other (Figure 

5.2, indicated with arrows). This may have been indication of some initial 

development of a differentiated layer. To aid in confirmation of any layer 

development, samples were fixed and used for Immunofluorescence. 
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Figure 5.2 Initial imaging of developing transwell samples Initial iHBEC samples at the Air 

Liquid interface developed cell clusters, which appeared to be forming above the initial layer of 

confluent cells. These clusters were apparent from 1 week at the air liquid interface, and still visible 

at 4 weeks ALI (Day 28). 10x objective used. 
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5.3.1 Transepithelial/Transendothelial electrical resistance (TEER) 

of initial layers 

 

Transepithelial/Transendothelial electrical resistance (TEER) is a method 

used to read the electrical resistance across a cell layer; it is used most often 

in lung and gut transwell experimentation to determine formation of tight 

junctions, and thus successful barrier formation and layer differentiation  

(Srinivasan, et al., 2015); (Altube, Caimi, Huck-Iriart, Morilla, & Romero, 

2021). Other techniques, such as immunofluorescence, are used in 

conjunction with TEER readings to aid in confirmation of layer development.  

TEER readings were taken from initial transwell samples. following this, 

TEER readings from subsequent transwell experiments were taken at Day 

14 and Day 28 (Figure 5.3).  

For Initial TEER readings (Figure 5.3, A) 1 reading was taken from 1 well of 

each plate in culture. Plate 5 was not included due to minimal samples on 

this plate and potential risk of infection. Despite minimal data from initial 

readings, some clear difference in resistance (Ohms) could be observed 

between samples, dependent on day. Day 14 sample appeared to be lower 

than the unseeded blank transwell, however established cultures at post 4 

weeks air lift (Day 40, Day 47) demonstrated increased resistance 

comparative to the earlier timepoint and the blank transwell. It was 

established that multiple readings would be needed from multiple wells in 

future TEER reading experiments.  

TEER readings of subsequent transwell experiments (Figure 5.3, B) were 

taken at 2- and 4-weeks post air lift (Day 14 and Day 28), with 3 readings 
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taken from each plate read. All samples read demonstrated higher 

resistance than the blank unseeded control, with small increase observed in 

resistance over time from Day 14 to Day 28. Overall, resistance readings 

were lower than expected, as established layers utilising this cell type and 

similar cell types ranged from around 300 – 800 ohms within the literature 

(Rayner, Makena, Prasad, & Cormet-Boyaka, 2019); (Kuek, et al., 2018); 

(Sakagami, 2006).  
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Figure 5.3 Initial TEER readings of early transwell samples (A) Initial optimisation of TEER 

readings of on first Air liquid interface samples (ALI) were taken from each plate in currently in 

culture; each set of plates were at a different timepoint, and from this some difference in 

electrical resistance of the layer could be seen between samples at 2 weeks (Day 14) and 

samples beyond 4 weeks (Day 40, 47). (B) Following set of transwell samples at Air liquid 

interface. 3 readings were taken from each well, with 8 wells used from each plate. Regardless 

of timepoint, all readings for samples were higher than the unseeded transwell control (Blank). 

Some overall increase in electrical resistance of the layer could be observed between Day 14 

and Day 28 for all samples. All experimental groups (n=3); all error bars represent the standard 

error (s.d.). 
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5.3.2 Immunofluorescence with initial markers 

 

Immunofluorescence of previously cultured samples was carried out with 

multiple antibody markers to aid in identifying any differentiated cell types 

that may have been present in any developed cell layers. Markers used were 

P63 (lung basal cells), αTubulin (ciliated cells), FOXI1 (ionocytes).  

 

5.3.2.1 P63 for basal cell identification 

 

Initial P63 immunofluorescence was optimised slightly to determine ideal 

antibody concentration. Antibody was used at 1/100 and 1/200 

concentrations. DAPI stain was also used to identify cell nuclei. 

Within samples, previously observed cell clusters (Figure 5.2) could be 

observed. DAPI staining also appeared more frequent and intense within 

these cell clusters (Figure 5.4). in specific cell clusters, some intense green 

fluorescence could be seen in 1/200, potentially indicating a positive result. 

Overall, minimal intense green fluorescence could be observed.  

 

5.3.2.2 αTubulin for ciliated cell identification 

 

Initial αTubulin immunofluorescence demonstrated positive staining within 

most of the cytoplasm of visible cells (Figure 5.5). DAPI staining helped to 

confirm cell location by identifying cell nuclei. Further magnification to 40x 

made cell outlines easier to visualise. αTubulin appeared to be present 
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throughout the cell cytoplasm in all samples, suggesting a lack of marker 

specificity. 

  



Page 147 of 225 
 

 

 

 

 

  

Figure 5.4 Initial Immunofluorescence using P63 Marker P63 marker was used 

for initial attempts at identification of lung basal cells in transwell samples. 20x 

magnification. it was unclear if fluorescence observed was representative of the 

presence of P63 within the samples. 
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Figure 5.5 Initial Immunofluorescence using αTubulin Marker αTubulin was used 

for initial attempts at identification of cilia/ ciliated cells in transwell samples. αTubulin 

appeared uniformly everywhere throughout all cell cytoplasm, so it was unclear if this 

was background fluorescence, or representative of positive  staining.  
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5.3.2.3 Comparative timepoints to determine presence of specific cell types 

 

Samples were fixed at specific timepoints; Day 0 (initial day post Air lift) Day 

7 (post Air lift) and Day 14 (2 weeks post air lift). all 3 previously mentioned 

markers were used; however, no fluorescence could be observed within 

samples apart from DAPI staining in both P63 and FOXI1 

immunofluorescence.  

Immunofluorescence over specific timepoints (Figure 5.6) demonstrated that 

αTubulin could be seen as early as the first day post air lift and was present 

in the majority of the cell cytoplasm. This was also observed previously in 

initial αTubulin immunofluorescence (Figure 5.5). Over time, some 

development of the cell layer was seen, as cells reduced in confluence, and 

changed slightly in morphology; by Day 14, some cells were only identifiable 

by their nuclei, as no αTubulin was present in their cell cytoplasm. Despite 

some layer development, the issue remained that most likely this marker 

lacked the required specificity.  
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Figure 5.6 Comparative immunofluorescence over time using αTubulin 

Marker samples were fixed, stained, and imaged at specific timepoints up to 2 

weeks (Day 14). using samples over a period of 2 weeks helped to further 

discern if αTubulin staining was genuine, and not merely background 

fluorescence.  
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5.3.2.4 Immunofluorescence confirmation with Confocal Microscopy  

 

Confocal microscopy was utilised to image previous samples, to improve 

quality of images and further aid in confirmation of any localised fluorescence 

within samples (Figure 5.7).  

In P63 samples (Figure 5.7, A), the shape and outline of cell clusters 

previously observed was clear; more intense fluorescent areas appeared 

within the cluster, but overall, no difference in fluorescence intensity was 

apparent in samples (P63) comparative to controls (No AB). 

 In alpha tubulin samples (Figure 5.7, B) DAPI stained nuclei were seen in 

all conditions, with controls (No AB, Secondary only). Stained sample 

(αTubulin) had both distinct DAPI stained nuclei and localised fluorescence 

in the cytoplasm highlighting presence of alpha tubulin.  

In FOXI1 samples (Figure 5.7, C) both controls and stained samples 

appeared similar in fluorescence intensity and location; DAPI stained nuclei 

were observable on all conditions, with minimal red fluorescence appearing 

in the cytoplasm of all samples.  
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A 

B 

C 

Figure 5.7 Visualisation of immunofluorescence of P63, αTubulin, and FOXI1   

markers with Confocal Microscopy previous samples were re-imaged with 

higher power confocal microscopy, to aid in confirmation of sample staining. 
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5.3.3  Transepithelial/Transendothelial electrical resistance 

(TEER) of adapted cultures 

 

Transepithelial/Transendothelial electrical resistance (TEER) readings were 

carried out on transwell cultures to aid in determination of layer development. 

Initial cultures were seeded onto standard PET membranes, with later 

adapted cultures seeded onto collagen coated membranes. 

 

5.3.3.1 Collagen coated transwells comparative to non-collagen coated transwells  

 

TEER readings were taken of both non-collagen coated and collagen coated 

transwell cultures; readings were taken at Day 14 post air lift (2 weeks) and 

Day 28 post air lift (4 weeks).  

Regardless of condition, all transwell cultures displayed lower TEER 

readings than those seen in ALI literature; minimal to no difference could be 

observed between collagen and non-collagen samples. Despite overall 

lowered readings than expected of developed cultures, both collagen coated 

and non-collagen coated cultures displayed some small increase from Day 

14 to Day 28 (Figure 5.8, A). all samples appeared higher than the blank 

transwell control at both timepoints.  
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Figure 5.8 TEER readings of Transwell samples after introduction of collagen coated 

transwells and Air liquid Interface media system (A) comparison of non-collagen transwells 

with collagen coated transwells by Day (B) comparison of non-collagen transwells with collagen 

coated transwells side by side (by plate). Minimal difference could be observed at each timepoint 

between either collagen or non-collagen transwells. Both transwell types demonstrated some 

increase from day 14 to day 28 in electrical resistance, with all samples higher than the unseeded 

transwell control (Blank). All experimental groups (n=3); all error bars represent the standard error 

(s.d.) 
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5.3.4 Immunofluorescence of adapted cultures 

 

Immunofluorescence was carried out on potentially differentiated layers at 4 

weeks (Day 28). Markers for tight junctions (ZO-1) and mucin/mucus 

producing cells (MUC5AC) were used. Samples were imaged with confocal 

microscopy.  

 

5.3.4.1 ZO-1 for Identification of Tight junction formation 

 

ZO-1 immunofluorescent staining clearly highlighted the presence of tight 

junctions throughout the entire layer (Figure 5.9, ZO-1 in pink). DAPI only 

and ZO-1 only controls confirmed successful staining, with no bleed through 

observed and minimal to no background within both controls and the sample. 

DAPI staining helped to visualise each cell within the sample, however, web-

like ZO-1 structure appeared to overlap directly with some individual nuclei. 

Tight junctions were observable, which is a potential indicator of layer 

development and differentiation. 

 

5.3.4.2 MUC5AC for identification of Mucin secretion 

 

MUC5AC immunofluorescent staining was also carried out, similarly to ZO-

1 staining. Again, individual controls for DAPI only staining and MUC5AC 

only demonstrated minimal to no background, confirming successful 

staining. Within the sample, individual cells showed intense red fluorescence 

distinct from low level fluorescence. MUC5AC control also demonstrated 
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similar intense fluorescence within individual cells (Figure 5.10, MUC5AC in 

red). individual cells across the layer were positive for MUC5AC staining, 

potentially indicating some layer development and cell differentiation was 

occurring.  
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Figure 5.9 Immunofluorescence using ZO-1 Marker Immunofluorescence of transwell cell layers 

at Day 28 (4 weeks at the air liquid interface) shows clear formation of tight junctions between cells. 

Primary conjugated fluorescent ZO-1 was used to identify tight junction formation, alongside DAPI 

to identify cell nuclei. 40x water Immersion. 
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Figure 5.10 Immunofluorescence using MUC5AC Marker Immunofluorescence of transwell cell 

layers at Day 28 (4 weeks at the air liquid interface) helps to identify cells secreting mucus. Primary 

conjugated fluorescent MUC5AC was used to identify any mucus producing/ goblet cells, alongside 

DAPI to identify cell nuclei. 40x water Immersion. 
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5.4 Initial transfection of Transwell cultures 

Initial transfection of potentially established ALI cultures was carried out to 

optimise peptide mediated delivery; initial transfection was delivered to the 

well below the transwell (the basal chamber), similarly to the standard 

method used for non-viral peptide mediated transfection. FLR44 peptide was 

used to deliver standard luciferase reporter plasmid (PMV-Gluc-2) and two 

enhanced luciferase plasmids (pGM206, pGM206SMAR) alongside an 

untransfected control. Transwell cultures were transfected after Day 28 post 

air lift (4 weeks at air liquid interface).  

Initial expression appeared minimal to low in all conditions; around 10-fold 

difference was observed between enhanced vector pGM206SMAR and all 

other conditions, including the untransfected control (Figure 5.11). No 

significant difference could be observed between the untransfected control 

or any other condition, at Day 1, Day 3, or even a week (Day 7) post 

transfection. Despite some observable difference, expression from the 

enhanced vector pGM206SMAR did not demonstrate significant difference 

comparative to other conditions and may not represent true expression. 
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Figure 5.11 Initial Transfection attempt of iHBEC transwell cultures initial transfection of post 

Day 28 transwell samples demonstrated minimal transfection, with no significant difference observed 

in expression at any day post transfection or any condition. All experimental groups (n=3); all error 

bars represent the standard error (s.d.). 
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5.5 Discussion 

Within this chapter, establishing Air Liquid Interface (ALI) cultures from 

human immortalised bronchial epithelial cell (iHBEC) populations was 

attempted, in order to differentiate cultures and achieve a phenotypical 

mucociliary layer on which to test GET non-viral peptide-based delivery. This 

model was chosen to follow on from precision cut lung slices as it was a more 

accurate in vitro model as it utilised human cells, as opposed to animal 

tissue, and incorporated air exposure of cultures which more accurately 

mimicked the in vivo environment, as opposed to using submerged lung 

cultures or tissue. Going forward with an in vitro model also aided in reducing 

overall animal use.  

Significant optimisation was required to establish this model, with results 

unclear as to whether this objective had been fully achieved. Multiple 

experimental changes were made as optimisation continued, including 

utilisation of collagen coated plasticware and use of supplementation based 

specialised media, in an attempt to establish a mucociliary phenotype. 

Established confirmation methods such as TEER readings of layers and cell 

specific marker immunofluorescence was used to try and unanimously 

confirm developed layers. Initial experimentation was attempted on partially 

differentiated ALI cultures that presented both mucin positive cells and clear 

tight junction formation; transfection results showed minimal to no 

transfection, which may have been due to further optimisation needed when 

using GET peptide as the method of delivery.  
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5.5.1 Cell type and cell population age 

 

Immortalised human bronchial epithelial cells (iHBEC) were utilised for all 

experimentation with transwell layer work. These cells were readily available 

and appeared to fit the specifications needed from a cell line for developing 

a mucociliary phenotype. after further review and optimisation, it was 

determined that although a robust cell type and initially fit for purpose, 

previous user passage number was perhaps too high for this type of work. 

The current literature gives a general recommendation of around passage 8 

at the most, or earlier (Rayner, Makena, Prasad, & Cormet-Boyaka, 2019) 

so it appears newly established populations more easily give rise to the cell 

types required for a full mucociliary layer to successfully develop.  

From previous research, it also appears primary cells are more likely to give 

rise to a fully developed layer (Rayner, Makena, Prasad, & Cormet-Boyaka, 

2019); (Lee, Petris, Hynds, & O'Callaghan, 2020). As this particular iHBEC 

population would no longer be considered primary, this may also have 

impacted on experimentation and could explain difficulties during 

optimisation. 

Storage of later stage passages could also have had an effect on culture and 

transwell optimisation; at certain stages during experimentation, cells were 

unable to be stored for the duration of storage time in liquid nitrogen, and 

thus for a period of time were stored at only -80ºC;  this is not an optimum 

temperature to store cells long term (Kilbride, Meneghel, Fonseca, & Morris, 

2021);  (Kielberg, 2010) and thus could have had a detrimental effect on later 

passages of the iHBEC stocks.  
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Despite some optimisation issues, iHBECs performed well for the majority of 

experimentation and were easy to culture, with key markers later identifying 

indicators of successful layer development, such as tight junction formation 

and presence of mucin secreting cells.  

Initially, iHBECs were seeded as monolayers and transfected using the GET 

system, to demonstrate that this cell type was transfectable and thus suitable 

to use for ALI model set up.  Both FLR peptide and FLR:FLH in complex 

were used to deliver standard reporter plasmid (PMV-GLuc 2) and enhanced 

plasmid pGM206SMAR. Transfections were continued over time to observe 

any reduction in expression output.  

Expression profiles were significantly higher in the iHBEC cell line than in 

any previous PCLS experimentation; initial expression at day 1 was around 

1000000 for FLR conditions, and over time this demonstration slower decline 

than in PCLS. By Day 21, clear expression comparative to the untransfected 

control could still be observed (Figure 5.1).  

When standard luciferase reporter plasmid was used, there was minimal 

difference in expression between delivery conditions, however this difference 

was more apparent when the enhanced vector pGM206 SMAR was used. 

Surprisingly, FLR only delivery appeared to give higher expression than the 

peptide complex. Overall, enhanced plasmid demonstrated slower decline in 

expression over time.  

Once it was established that iHBECs were easily transfectable, they were 

utilised initial transwell experiments.  

 



Page 164 of 225 
 

5.5.2 Initial transwell Iterations 

 

Initial transwell work utilised iHBEC populations and upon recommendation, 

non-specialised media for initial set up and culture. These early cultures 

developed cell clusters on the layer surface from around day 7 post air liquid 

interface (ALI), with cluster continuing to be apparent in regular imaging. With 

weekly imaging, it was ascertained that the surface of the layer demonstrated 

no visual differences comparative to initial set up, as even at day 28, layers 

appeared flat except for the same large cell clusters forming (Figure 5.2). It 

was unclear why cell clusters were forming, but initial layers were considered 

to most likely be unsuccessful and thus further optimisation was needed to 

achieve fully developed layers.  

Reagents and media currently used were investigated, and after review, it 

was difficult to find other research that used non-specialised media such as 

KSFM. A new specialised media system was utilised moving forward, and 

further experiments were cultured using Stemcell PneumaCult ALI media 

system.  

 

5.5.3 TEER readings for confirmation of layer development 

 

Initial attempts at TEER (Transepithelial/Transendothelial electrical 

resistance) was used to determine tight junction formation, a key indicator of 

epithelial layer development (Srinivasan, et al., 2015). TEER of initial 

experiments was taken of all currently active plates regardless of timepoint 

(Figure 5.3). these early samples showed some variation based on 
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timepoint, with a 2 week plate (Day 14) showing much lower TEER than a 

post 4 week plate (Day 40, 47). It was clear some difference could be 

observed over time and that TEER may be increasing, but overall numbers 

were distinctly lower than those recorded in the literature in developing 

layers, as developed layers can give readings of around 800 – 1000 ohms 

(Rayner, Makena, Prasad, & Cormet-Boyaka, 2019); (Kuek, et al., 2018); 

(Sakagami, 2006). Following experiments were recorded at 2 weeks ALI 

(Day 14), and 4 weeks ALI (Day 28). With the addition of a new media system 

when culturing, some improvement in TEER readings could be seen. Whilst 

still well below expected values, increase could be seen from the blank 

controls, and some increase was observed over time from 2 weeks to 4 

weeks ALI. 

 

5.5.3.1 Comparisons of non-coated and collagen coated plasticware 

 

To further improve optimisation and establish a layer, collagen coated 

transwells were utilised and compared to previous non collagen transwells. 

Previous research has utilised collagen coated plasticware and transwells, 

with some reporting effectiveness (Michi & Proud, 2021); (Cozens, et al., 

2018) with others noticing no difference in layer development (Leung, 

Wadsworth, Yang, & Dorscheid, 2020). Other research also demonstrates 

success of cultures on coated plasticware is both species specific and 

coating specific (Levardon, Yonker, Hurley, & Mou, 2018).   To determine if 

collagen coated transwell could benefit layer development for this project, 

cells were seeded and cultured for up to 28 days on both collagen and non-
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collagen membranes, with TEER readings carried out at day 14 and day 28. 

Three samples were read from each active plate, with repeats carried out for 

each sample (n=3).  

Both collagen and non-collagen samples demonstrated some increase 

between Day 14 and Day 28, with all samples higher than the blank control 

(Figure 5.8 A). Individual samples from the collagen coated plates appeared 

to read higher than 300 ohms, the highest observed across all previous 

transwell TEER results. However, when all plate samples were aligned as 

collagen and non-collagen samples side by side at each timepoint (Figure 

5.8 B), minimal difference could be observed across all samples. From initial 

results, collagen coating on membranes of transwells did not appear to have 

either detrimental or beneficial effect on development of layers, at least in 

the context of tight junction formation. 

 

5.5.4 Choice of markers for immunofluorescence 

 

Initial markers characterisation was attempted with included P63, acetylated 

alpha tubulin, and FOXI1. From an initial review of the literature and local 

guidance, it seemed these markers would be best for use to identify 

potentially differentiated cell types. P63 was used for basal cells, alpha 

tubulin for cilia or ciliated cells, and FOXI1 for the potential to identify 

pulmonary ionocytes; these cells make up only around 1% of the lung 

population and are linked to CFTR activity in the airway epithelium (Montoro, 

et al., 2018) .Concentration of initial markers was varied to optimise dose 

and improve characterisation. Samples were also fixed a multiple timepoints 
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to observe any changes in cell morphology and potentially identify 

development of layers over time.  

Initial p63 Immunofluorescence was carried out on earlier initial ALI samples, 

before use of selective differentiation media (Figure 5.4). initial microscopy 

of these samples was post fixing at day 28. Interestingly, background 

fluorescence was more obvious at areas where cell clusters formed, 

alongside what may have been potential true staining. Some cell clusters 

appeared more intense than those around them, which could have been 

indication of the staining identifying basal cells. The fluorescence in some 

clusters also seemed to be further through the focal plane towards the 

transwell membrane and proved difficult to focus on, which, if the layer was 

developing and differentiated, basal cells would be more likely be located.  

Similarly, initial alpha tubulin staining proved inconclusive (Figure 5.5). whilst 

cells outlines could be observed, alpha tubulin appeared to be throughout 

the majority of cells that could be seen, and despite magnification increase, 

it was difficult to discern exact localisation of true fluorescence comparative 

to potential background. Alpha tubulin staining was also carried out on 

samples fixed at weekly timepoints (Figure 5.6), and whilst some visual layer 

changes could be observed from initial seeding (Day 0) towards Day 14, 

staining appeared to be uniform throughout the cytoplasm of most if not all 

cells visible. There was the potential that this represented true staining, as 

cell outlines could be clearly identified in line with nuclei DAPI staining; 

however, staining did not seem to be specific and most likely was not 

identifying cilia or ciliated cells.  
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To confirm initial sample marker staining, all samples were taken for higher 

powered confocal microscopy to help identify any marker localisation from 

potential background, and aid in confirmation of cell types that may be 

present in developing layers (Figure 5.7 A). p63 staining proved difficult to 

identify; despite having controls in place where no antibody and/or no DAPI 

was used, cell clusters appeared to be similar in fluorescent intensity across 

all conditions. Potentially there was some intensity in particular areas of 

some clusters, but due to the similarity In fluorescence levels in all samples, 

even unstained, most likely any fluorescence observed was background and 

not representative of true staining.  

Alpha tubulin staining displayed more observable differences when imaged 

with confocal microscopy (Figure 5.7 B). Both DAPI and alpha tubulin marker 

staining were distinct from unstained controls, with individual areas within 

each cell cytoplasm clearly identifiable. The staining process appeared to be 

successful and there were no issues with methodology, however, staining 

was not specific and appeared in the cytoplasm across most cells observed. 

This could be because Alpha tubulin is also found in the cell cytoplasm as a 

building block of microtubules that form part of the cytoskeleton (Eschun-

Wilson, et al., 2019). Cilia are also a microtubule based organelle (Smith, 

Lake, & Johnson, 2020), however, due to the uniformly widespread amount 

of staining in these cells, most likely this staining was highlighting the 

microtubules present in the cytoplasm.  Despite ciliated cells being a 

predominant cell type in the airway (Yaghi & Dolovich, 2016), This staining 

appeared to be fibrinous and tendril like within the cytoplasm when the layer 
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was viewed from above, further supporting that this was most likely 

cytoplasmic microtubule staining as opposed to cilial microtubule staining.    

FOXI1 marker staining was also imaged with both fluorescent and confocal 

microscopy; even at the confocal level, it was apparent that majority of 

fluorescence observed was most likely background, as it appeared uniformly 

across unstained control samples (Figure 5.7 C). Overall, it would be unlikely 

to observe any FOXI1 staining if other cells such as basal cells could not be 

identified in the developing layer, as Ionocytes are both rare and specific 

cells only observed in fully differentiated mucociliary airways.  

To improve identification of cells types in the potential layer, further 

optimisation was needed; based on further literature review, new markers 

were chosen based on specificity, and to improve characterisation of any 

differentiated cells present. ZO-1 was used to identify the extent of tight 

junctions forming in the developing within the layer, with MUC5AC chosen 

for specifically for identification of any mucus production and Goblet cells.  

Samples stained for ZO-1 were imaged using confocal microscopy (Figure 

5.9) with DAPI used to highlight cell nuclei. Overall, cells formed a circular 

pattern, with circular gaps in the layer where no staining was apparent. This 

was consistent across all samples, including controls. ZO-1 marker 

fluorescence was distinctly different from controls, evident as web-like 

structures across the cell layer. This confirmed successful staining and 

formation of tight junctions across the layer.  

Samples stained for MUC5AC were also imaged using confocal microscopy 

(Figure 5.10). DAPI was also used to highlight cell nuclei. It was clear which 
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cells in the layer were positive for MUC5AC due to intense localised 

fluorescence. Individual cells appeared in MUC5AC only controls and 

MUC5AC + DAPI samples. These cells appeared intermittently throughout 

the layers. This confirmed that at least some cells in the layer were 

differentiating successfully into goblet cells.  

Interestingly, the same circular patterns with ‘circular gaps’ were also 

apparent in these samples, as with ZO-1 staining (Figure 5.9). These 

‘circular’ structures may have been further confirmation of layer formation 

and differentiation, as within in vivo lung, airways and alveolar would be 

tubular and spherical; a non- 3-dimensional cross section of such a structure 

would appear circular. This pattern was also similar to the appearance of a 

precision cut lung slice under a microscope, which, as a thin longitudinal 

piece of cut lung tissue, appeared to have many varying sized holes across 

its surface (Figures 3.3; 3.4; 4.1).  

When viewed alongside other confirming protocols used to identify 

differentiation, such as TEER readings, it was still overall unclear if 

successful complete differentiation on the layer had occurred. Visual tight 

junction formation confirmed by positive ZO-1 staining is a regular key 

indicator of lung epithelial barrier function (Si, et al., 2021) however TEER 

reading of these samples should also have reflected this and been in line 

with those observed from other research. This could have been due to the 

type and origin of lung cells used, or potentially some differentiation was 

occurring, but the layer was not fully established and perhaps only ‘partially’ 

differentiated. Regardless, there was some evidence to suggest that the cells 
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in these transwell layers were being driven towards a mucociliary phenotype, 

as goblet cells and tight junctions were present at Day 28. 

 

5.5.5 Initial GET peptide delivery to potentially established ALI 

cultures 

 

The most recent ‘potentially differentiated’ Air liquid interface layers were 

utilised for peptide non-viral delivery optimisation. All 3 previously described 

luciferase vectors were delivered using FLR:FLH peptide in complex.  

Initial results demonstrated minimal to no transfection efficiency; only 

enhanced vector pGM206SMAR and reporter PMV-Gluc-2 showed potential 

transfection that appeared around 10 fold higher than untransfected controls. 

Statistical analysis demonstrated no significant difference between 

untransfected controls and all vectors for Day 1, Day 3 and Day 7 timepoints, 

suggesting that what appeared to be initial transfection could not be fully 

confirmed.  

Initial delivery demonstrated here was to the basal chamber only. Further 

optimisation would have aided in repeat experimentation and delivery via the 

apical chamber, which in hindsight would be the more accurate physical point 

of delivery due to the method in which such a potential therapy would be 

introduced to the lung in vivo; it would be most probable that delivery would 

be inhaled, and thus reach the epithelial/airway space before any other area 

of the lung. 
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6. Conclusions and Future Outlook  

 

The overall aim of this project was to optimise and demonstrate the delivery 

capability of the non-viral based GET peptide system, and to demonstrate this 

within in vitro and ex vivo models for comparison and to highlight the benefits 

of using such model systems as opposed to in vivo work. The key was to 

showcase the potential of both non-viral mediated delivery and in vitro and ex 

vivo lung model systems in the context of gene therapy.  

Non-viral delivery with the GET system has been demonstrated within murine 

PCLS (Chapter 3), and whilst not as efficient as in cell monolayers, this work 

does demonstrate the GET systems capability for delivery within an ex vivo lung 

model. As demonstrated within Chapter 3, viability post-delivery within this 

model does not appear to be reduced or affected by GET peptide usage, 

highlighting both the lack of toxicity of the delivery system and the robustness 

of the ex vivo model. Based on this, GET could also be utilised within other lung 

models and could be used in further work to deliver to a more translatable, 

accurate lung model such as air liquid interface culture. With more optimisation, 

it would be easy to demonstrate GET delivery capability within a fully 

differentiated human air liquid interface culture, to build on initial work 

demonstrated within chapter 5. 

Further work to expand on the initial findings of this project could include 

optimisation of the delivery to air liquid interface layers; delivery should mimic 

the natural route into the lungs, and this would most likely be a top-down 

approach. A potential gene therapy product would most likely be designed for 

the inhalation route, hence it would reach the epithelial side of the airway before 
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other areas of the tissue. Future delivery studies would need to reflect this, and 

delivery should be added to the apical chamber of transwell experiments. 

Positive pressure or aerosolization could even be implemented to improve both 

delivery efficiency and in vivo mimicry within a static transwell model. The next 

step for such delivery studies could even be utilisation of a higher level in vitro 

model, such as airway or alveolar on chip.  

Further confirmation of the efficacy of the GET peptide non-viral system could 

involve more comparisons with commercial agents (PEI, Lipofectamines etc.) 

within cell monolayers and fully established transwell cultures at the air liquid 

interface, to build on initial work demonstrated in Chapters 3 and 5. Future work 

could include direct comparison with an established viral based vector 

(Adenovirus, integrating or non-integrating lentivirus etc.) could also be 

beneficial in demonstrating its advantages and potential as a non-viral system 

specifically for gene therapy purposes.  

 

Despite initial demonstration of non-viral delivery here, the GET peptide 

system, and the majority of non-viral vectors need further research to expand 

the knowledge base and improve their efficiency. Many viral vectors have made 

it to clinical trials and beyond, and whilst non-viral based vectors have proven 

some efficacy in in vitro settings and have the benefit of no immunogenicity. 

Another factor to consider is also cost; whilst expensive, some viral vectors are 

at a cost point where they are deliverable to individual patients in clinical trials 

and other treatment settings. Non-viral vectors will need to emerge as the most 

cost-effective option alongside the most demonstrable treatment efficacy if they 

are to surpass current viral vectors.  
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Another key area of this project to consider in future is animal use; Despite their 

overall utility and general cost effectiveness comparative to full scale animal 

models, tissue based ex vivo modelling such as precision cut lung slices still 

create some animal wastage, and does not always accurately model human 

disease or human response to delivery systems. Whilst transwells utilising 

human cells move a step towards reduction of animal use and improvement of 

accuracy of results in a more human context, their static nature makes them a 

cost effective midway point; next generation models that involve movement or 

stretch, such as organ on chips, present as in vitro models that may one day 

prove to be more accurate, ethical replacements for extensive animal research. 

Another key feature of such a model is the possibility of personalised medicine, 

as such a device could be seeded with any patients’ cells, and potential gene 

therapies could be tailored and tested to determine their efficacy within that 

patient.  

With the cost point of such specialised equipment reducing, and the research 

utilising such methods building a solid foundation of work within the last decade, 

this type of non- animal based human in vitro modelling is becoming more 

obtainable than ever before. There is demonstrable utility for investigation of 

drug efficacy, genetic therapy delivery, organ regeneration, and localised organ 

immune response in multiple contexts.  

 

In part, this project demonstrates the potential of a non-viral peptide based 

delivery system for genetic delivery, within both the ex vivo model Precision cut 

lung slices (chapter 3), and its highlights its potential for expansion and testing 

within the in vitro human based static model Air liquid interface culture (Chapter 
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5). Potential model development was also briefly investigated, with an alternate 

perfusion material used for generating PCLS (Chapter 4).  

Within chapter 3 of this work, it has been demonstrated that use of enhanced 

peptide formulations was key, particularly within PCLS; use of FLH with FLR 

appeared to improve transfection efficiency and by extension expression 

profiles within the model. In future, enhancing plasmid DNA may also be a way 

forward to improve delivery and prolong expression, as more the enhanced 

plasmid pGM206SMAR appeared to demonstrate some higher initial 

expression and reduced transience.  

To build on the initial use of a human relevant ALI model (demonstrated in 

chapter 5), Further demonstration in a variety of models of this non-viral method 

would be required if it is to be taken further and considered as a potential gene 

therapy vector. It should be considered in the context of specific disease states 

with a single genetic mutated target, such as cystic fibrosis. Cystic fibrosis 

presents as a good disease candidate for gene editing, and thus development 

of a gene therapy, as targeted gene editing and site specific delivery can allow 

for insertion of a functional copy of CFTR.  

Cystic fibrosis has presented challenges for gene therapy, including delivery of 

DNA and efficacy of treatment. In this respect, the GET non-viral peptide based 

delivery system shows the potential for a reduced transience treatment without 

host recognition issues of viral based delivery (Burney & Davies, 2012). 

Within chapter 5 ,this work only focussed solely on a liquid based, as opposed 

to aerosolised based treatment. When dealing with the increased mucosal 

viscosity profile many CF patients present with, determination of the efficacy of 
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an aerosolised treatment in vector delivery is a significant issue (Duncan, Jung, 

Hanes, & Suk, 2016).  

Despite showing efficacy for liquid based administration (Chapters3, 5), the 

GET system would also need further assessment to show cystic fibrosis gene 

therapy even intravenously. However, previous work with the GET peptide 

system has demonstrated PEGylation of DNA NPs can aid in delivery through 

CF mucus from patient sputum ex vivo, and deliver genetic cargo in both 

bronchial epithelial cells and murine PCLS (Osman, et al., 2018). This 

demonstrated the GET peptide systems mucosal infiltration when physical 

amendments were made to the system with PEGylation. 

The GET peptide system demonstrates here that it has the potential to deliver 

pDNA in ex vivo modelling systems and at a cellular level. In future work, it 

could be utilised to investigate and target mutations in a monogenic disorder 

such as Cystic Fibrosis, if focus on mucosal transience of the peptide system 

and development of aerosolised delivery was prioritised. 
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