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Abstract 

Lipid-polymer hybrid systems are gaining ever-increasing interest for the treatment of 

diseases arising from genetic mutations due to their facile synthetic protocols, being 

readily scalable, of low cytotoxicity, and crucially effecting gene transfer in a 

synergistic fashion. In the present study, a self-assembled hybrid gene delivery 

platform (EGCDNPs) comprised of a chitosan derivative EAGC [Ν-(2-ethylamino)-6-

Ο-glycolchitosan] and a ‘helper lipid’ of DOPE (1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine) was prepared. This hybrid system is highly amenable to fine-

tuning its molecular variables, such as molecular weight and ethylamino mole 

substitution, in order to achieve distinct in vitro and in vivo gene transfer properties.  

In total, three distinct gene delivery carriers were produced: E17GC43DNPs, 

E25GC45DNPs, and E28GC83DNPs.  

Regarding the influence of the ethylamino mole substitution of EAGC on the gene 

transfer behaviour of EGCDNPs, E25GC45DNPs (the higher level of ethylamino 

groups) achieved high gene transfection efficiency in in vitro cell lines, whereas 

E17GC43DNPs (the lower level of ethylamino groups) showed a very poor 

transfection performance.   

Concerning the molecular weight influence of EAGC on the gene transport 

performance of EGCDNPs, E28GC83DNPs (higher molecular weight) were more 

efficient with respect to firefly luciferase plasmid delivery to the healthy murine bladder 

in vivo as compared to E25GC45DNPs (lower molecular weight). Moreover, 

E28GC83DNPs could adhere to the murine bladder urothelium and even penetrate 

deeper into the regions of bladder lamina propria. 
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Alongside the novel gene delivery vectors proposed in this work, a protein kinase, 

namely, mitogen-activated protein kinase 1 (MEK1), was revealed that may offer 

alternative approaches to sensitise glioma cells towards temozolomide. It has been 

previously reported that mitogen-activated protein kinase 2 (MEK2) could act as a 

chemo-sensitising target in glioma therapy, and it was revealed for the first time that 

MEK2’s isoform, MEK1, may also potentiate TMZ response in glioma cells. 
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Impact Statement  

The idea of utilising gene therapy for curative and preventive approaches to disease 

management could revolutionise current healthcare systems. The possibility of 

offering once-in-a-lifetime treatment has attracted huge public attention, as this 

approach may minimise the side effects associated with the majority of drug therapies, 

which require multiple administrations and frequent hospital visits. It is becoming 

apparent that the rate-limiting barrier for the successful development of gene 

medicines is the employment of delivery vectors. Although viral-based vectors have 

achieved clinical significance with a couple of registered products on the market, the 

huge development costs and potential mutagenesis due to uncontrolled genome 

insertions have raised concerns. For instance, a recently FDA-approved gene 

medicine (ZolgensmaTM) to treat spinal muscular disorders comes with a price tag of 

$2.125 million per dose, which limits the use of this medicine.   

Thus, to produce a gene medicine that is more affordable and effective yet 

biocompatible, the present work has formulated a synthetic non-viral based system 

consisting of a chitosan derivative and a neutral lipid. This hybrid system has been 

demonstrated to be orders of magnitude more biocompatible for 6 h exposure time 

than the commercial transfection reagent, Lipofectamine, in six in vitro tested cell lines.  

This delivery system has also shown transfection efficiency comparable to 

Lipofectamine. Additionally, this hybrid system has been shown to be efficacious yet 

non-invasive in facilitating nucleic acid transfer in the murine bladder, a factor 

attributed to the mucoadhesive property of this hybrid system. As a new treatment 

modality, this hybrid system would be ideal to use as a localised therapy for bladder 



 6 

diseases including bladder cancer and bladder cystitis, which can significantly impact 

a patient’s quality of life. It was also revealed that the addition of a commonly used 

endosomolytic agent – chloroquine – during transfection did not facilitate EGCDNP’s 

efficient gene transfer in a consistent manner. This evidence may provide some 

insights for the application of endosomolytic agents in future gene therapy 

investigations.  

Furthermore, a way to potentially solve the drug resistance issues encountered during 

glioblastoma therapy was also introduced. Due to the occurrence of TMZ (the first-line 

chemotherapeutic in glioblastoma) resistance, the end-of-life stage for patients started 

very early, and patients died within two years due to tumour recurrence. The present 

study demonstrates that the TMZ response in glioma cells can be enhanced simply 

by silencing mitogen-activated protein kinases (MEKs). Similar to what has been 

previously reported, i.e. that MEK2 could be targeted to sensitise glioma cells to TMZ, 

MEK2’s isoform, MEK1, could also be exploited to overcome TMZ-induced drug 

resistance; silencing the MEK1 protein triggers more apoptosis in glioma cells upon 

the administration of TMZ than the level of apoptosis seen in MEK2-deficient glioma 

cells.  

In summary, the current work has introduced a novel gene delivery carrier and 

relevant key therapeutic targets to tackle glioma drug resistance, which could be 

beneficial for future gene therapy. 
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1 Chapter 1: Introduction 

 Background 

The earliest genetic studies started with Gregor Mendel, a pioneering Austrian 

scientist, who had discovered in 1866 that by hybridising pure-bred yellow with pure-

bred green peas, their offspring were always yellow (Mendel, 1866). Interestingly,  this 

yellow trait would be replaced in a ratio of 1:3 between yellow peas and green peas in 

the following generations (Mendel, 1866). Mendel generalised from this observation 

into the Law of Heredity and published his findings which are titled ‘Versuche èuber 

Pflanzenhybriden’ (translated in English as ‘Experiments in Plant Hybridisation’), 

marking the start of a new era of modern genetics (Mendel, 1866). Soon afterwards, 

a Swiss physician, Friedrich Miescher, made the first attempt to lyse the white blood 

cells and extract some unknown phosphate-rich substances from the nucleus; he 

named these unknown entities as ‘nuclein’ (Miescher, 1869). It was confirmed later on 

from numerous studies that the nuclein (now known as nucleic acids due to their acidic 

nature) can be divided into two classes – ribonucleic acid (RNA) and deoxyribonucleic 

acid (DNA) (Altmann, 1889; Allen, 1941), but little was known about their structure 

and functionality.  

A ground-breaking discovery was made by James Watson and Francis Crick in 1953, 

in that they proposed the existence of the double-helical structure of DNA by X-ray 

crystallography (Watson and Crick, 1953). However, Waston and Crick did not 

realised that their discovery would initiate a decades-long effort to understand the 

function of these genes and that a global network of researchers would team up to 

launch a 13-year-long Human Genome Project (HGP) (direct cost up to $3 billion) 
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(Freimer and Sabatti, 2003) dedicated to deciphering the sequence from 2.85 billions 

base pairs of DNA subunit within the human chromosome. Ultimately, the HGP made 

the information of the structure and function of 20,000 ~ 25,000 genes available to the 

public, enabling a huge advancement in understanding the causes of genetic diseases 

(International Human Genome Sequencing Consortium, 2004). 

According to the Genetic Disease Foundation (Genetic Disease Foundation, 1997) 

and the Genetic Disorder UK (Genetic Disorders UK, 2017), it is estimated that there 

are over 6,000 genetic disorders that can be inherited among the generations. 

Unfortunately, 1 out of 25 children is believed to suffer from these genetic diseases. 

There is an urgent need to develop a therapy that can treat these genetic defects and 

reduce the burden for patients. Gene therapy is therefore proposed as a promising 

and effective way to correct these genetic errors (Naldini, 2015), thus offering 

tremendous benefits compared to conventional treatment modalities such as 

chemotherapy, radiotherapy, and surgery (Goswami et al., 2019). Gene therapy can 

be defined as a therapeutic modality that can correct defective genes either by 

introducing exogenous DNA to augment protein expression or by silencing the 

malfunction genes to achieve protein downregulation (Pathak et al., 2009).   

It does sound simple, but the route to the clinic is not straightforward (Naldini, 2015).  

Firstly, the presence of endonuclease, as well as innate immune systems in the 

bloodstream, poses considerable challenges for successful cellular gene transfer 

(Yao et al., 2013). Secondly, naked nucleic acids (e.g. plasmid DNA, small interfering 

RNA) are generally hydrophilic and negatively charged, making it difficult to cross 

relevant biological barriers (Yao et al., 2013). Hence, the employment of the delivery 

system is of vital importance for the development of gene therapeutics.   
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Despite the challenges posed by various biological barriers, gene therapy has resulted 

in promising results among various genetic disorders such as cystic fibrosis (Mitomo 

et al., 2010), thalassemia (Makis et al., 2016), and Parkinson’s disease (Palfi et al., 

2014). Since the advent of the world’s first gene therapy product (GendicineTM) for the 

treatment of head and neck squamous cancer (Pearson et al., 2004; Jia, 2006), a 

handful of gene therapy products have been registered on the market with applications 

ranging from cancer to leukaemia and immunodeficiency (Table 1.1).  

Table 1.1. Current gene therapy products on the market. Table reproduced from 

Goswami et al. (Goswami et al., 2019) with significant expansions.  

Product name Year of 

approval 

Company Vector Target Disease Route of 

administration 

GendicineTM 

(Pearson et al., 

2004) 

2003 Shenzhen Sibino 

Gene Tech, 

China 

Adenovirus Over-expressing 

p53 gene in 

normal and 

tumour cells to 

trigger apoptosis 

Head and 

neck cancer 

Intratumoral 

injection 

 

OncorineTM 

(Shanghai 

Sunway Biotech, 

1995) 

2006 Shanghai 

Sunway Biotech, 

China 

Adenovirus Targeting E1B 

55K gene that 

inactivated wild- 

type p53 gene in 

normal cells (no 

apoptosis); In 

p53-deficient 

cancer cells, the 

viral proliferation 

led to oncolysis 

in the tumour 

cells 

 

Head and 

neck cancer; 

non-small cell 

lung cancer; 

liver cancer; 

advanced 

tumour with 

malignant 

pleural and 

peritoneal 

effusions; 

incurable 

pancreatic 

cancer 

Intratumoral 

injection* 
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Product name Year of 

approval 

Company Vector Target Disease Route of 

administration 

Rexin-GTM 

(Gordon and 

Hall, 2010) 

2007 Epeius 

Biotechnologies 

Corp, 

Philippines 

Retrovirus Cyclin G1 Pancreatic 

cancer 

Intravenous 

injection 

NeovasculgenTM 

(Human Stem 

Cells Institute, 

2011) 

2011 Human Stem 

Cells Institute, 

Russia 

Naked 

supercoiled 

plasmid 

DNA 

 

VEGF Peripheral 

artery disease 

including 

critical limb 

ischemia 

Intramuscular 

injection 

 

GlyberaTM 

(Flemming, 

2012) 

2012 

 

UniQure, 

Amsterdam 

 

Adenovirus LPL LPL deficiency Intramuscular 

injection  

ImlygicTM 

(Reach, 2015) 

2015 Amgen, Inc., 

California 

Herpes 

simplex 

virus 

GM-CSF Melanoma 

lesions in the 

skin and 

lymph nodes 

Intratumoral 

injection 

 

StrimvelisTM 

(Cicalese et al., 

2016) 

2016 Glaxo 

SmithKline, 

UK 

 Retrovirus-

transduced 

 HSCs  

ADA ADA 

deficiency 

 

Intravenous 

injection 

YescartaTM 

(FDA, 2017a) 

 

 

 

 

2017 Gilead Sciences, 

USA 

Lentivirus-

transduced 

T Cells 

CD19 

 

Non-Hodgkin 

lymphoma 

Intravenous 

injection 

LuxturnaTM 

(FDA, 2017b) 

 

 

 

2017 Spark 

Therapeutics, 

Inc., 

USA 

Adeno-

associated 

virus 

RPE65 IRD Subretinal 

injection 
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Product name Year of 

approval 

Company Vector Target Disease Route of 

administration 

KymriahTM 

(Novartis, 2018) 

2018 Novartis 

International AG, 

USA 

Lentivirus-

transduced 

T Cells 

CD19 

 

Lymphoblastic 

leukaemia 

Intravenous 

injection            

OnpattroTM 

(Garber, 2018) 

2018 Alnylam 

Pharmaceuticals 

USA 

Liposomal-

based non-

viral vector 

hATTR   hATTR 

amyloidosis 

Intravenous 

injection 

ZyntegloTM 

(European 

Medicines 

Agency, 2019) 

2019 Bluebird Bio, 

Switzerland 

Lentivirus-

transduced- 

 HSCs 

βA-T87Q-globin   TDT Intravenous 

injection                                                                     

ZolgensmaTM 

(AveXis, 2019) 

2019 AveXis, Inc., 

USA 

Adeno-

associated 

virus 

SMN1 Spinal 

muscular 

atrophy 

Intravenous 

injection 

VEGF, Vascular endothelial growth factor; LPL, Lipoprotein lipase; GM-CSF, Granulocyte‐macrophage colony‐

stimulating factor; ADA, Adenosine deaminase gene; RPE65, Retinal pigment epithelium-specific 65 kDa protein; 

IRD, Inherited retinal disease; CD19, Cluster of differentiation antigen 19; TDT, Transfusion-dependent β-

thalassaemia; SMN1, Survival motor neuron 1; HSCs, Human stem cells. 

* OncorineTM has been used to treat advanced non-small cell lung cancer, metastatic liver cancer, advanced 

tumour with malignant pleural and peritoneal effusions, and incurable pancreatic cancer via intratumoral injection 

when patients do not respond to other treatment modalities (e.g. surgery, radiotherapy and chemotherapy). 
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 Nucleic acids as therapeutics 

Typically, nucleic acid therapeutics may be classified into two categories, DNA-based 

and RNA-based therapies. The former includes plasmids containing transgenes, 

oligonucleotides for antisense and antigene, aptamers and DNAzymes (single-

stranded DNA catalysts), whereas RNA-based therapeutics include antisense-RNA, 

micro RNA and small interfering RNA (Pushpendra et al., 2012). Of these, plasmid 

DNA (pDNA) and small interference RNA (siRNA) have been studied the most and 

are well established in terms of their structures, biophysical properties and mode of 

actions. 

Structurally, both DNA and RNA are double-stranded nucleic acids containing a 

pentose (ribose for RNA and deoxyribose for DNA) linked by anionic phosphodiester 

backbones and organic bases (Lodish et al., 2000). It is worth mentioning that uracil 

bases are present in RNA in contrast with thymine bases in DNA.  Furthermore, DNA 

contains 2,000 – 10,000 base pairs (approximately 650 Da per base pair), whereas 

siRNA is approximately 21 – 23 base pairs in length and therefore DNA has a 

significantly higher molecular mass (1,300 – 6,500 kDa) than siRNA with a molecular 

weight of 13 – 15 kDa (Stewart et al., 2018). Moreover, the deoxyribose (DNA) on the 

backbone is more resistant to hydrolysis in the physiological condition than the 

additional OH- group in the 2’-position of the RNA ribose (Figure 1.1) (Scholz and 

Wagner, 2012).   
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Figure 1.1. The chemical structures of deoxyribose and ribose. 

In order to improve siRNA in vivo stability, a multitude of strategies to derivatise naked 

siRNA structure has been proposed. Notably, an attempt was made to derivatise the 

OH- group (ribose) of luciferase siRNA with a fluoropyrimidine moiety and this 

derivatisation prolonged the half-life of unmodified luciferase siRNA from one minute 

to four hours in rat plasma (Layzer et al., 2004). However, in vivo experiments 

indicated luciferase siRNA conjugated with fluoropyrimidine moieties did not induce a 

persistent luciferase protein downregulation compared with the treatment 

administered with unmodified luciferase siRNA (Layzer et al., 2004). This is attributed 

to the fact that a heavy derivatisation of luciferase siRNA may damage its functional 

structures and it is advisable thus a prerequisite for any modifications to stabilise 

siRNA should not affect its therapeutic effects. 

Additionally, another noticeable difference between pDNA and siRNA lies in their 

molecular modes of action. Plasmid DNA has to gain entry to the nucleus and 

transcribe and translate into functional proteins with the aid of cell machinery (Uherek 

and Wels, 2000). However, the mode of action for siRNA is much more complicated.  

SiRNA relies on a natural phenomenon that eukaryotic cells, for the sake of their 

normal development, will eliminate unwanted toxins/wastes through stimulating their 
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mRNA degradation (Gebert and Rosenkranz, 2015). Specifically, siRNA must gain 

access to the cytoplasm of the targeted cells and becomes incorporated into a protein 

complex called the RNA-induced silencing complex (RISC) (Whitehead et al., 2009), 

after which the siRNA unwinds its sense strand to silence the complementary mRNA 

(Fire et al., 1998). Consequently, the mRNA cannot be translated into functional 

proteins, thereby achieving gene silencing (Kobayashi and Tomari, 2016).     

With the increasing numbers of cancer-related gene targets being unveiled, attempts 

have been made to develop effective nucleic acid-based therapies (Pushpendra et al., 

2012). Notably, a proprietary lipid-based formulation (Alnylam Pharmaceuticals Inc., 

USA) encapsulating a vascular endothelial growth factor A (VEGFA) siRNA (Wahl et 

al., 2011) and a kinesin spindle protein (KSP) (Zhang and Xu, 2008) siRNA in a 1:1 

molar ratio, was tested in a Phase I study. The aim of the study was to trigger necrosis 

to suppress the tumour growth when the expression levels of VEGFA protein and KSP 

protein were reduced by the lipid nanoparticles loaded with VEGFA siRNA and KSP 

siRNA (clinical trial number: NCT00882180). However, the lipid nanoparticles could 

not selectively deliver the siRNA to the defective cells while leaving the healthy cells 

untouched, posing a huge challenge in clinical trials. Specifically, one patient 

diagnosed with metastatic neuroectodermal tumour experienced severe hepatic 

failure several days after the second dose of the lipid nanoparticles loaded with siRNA 

targeting VEGFA and KSP (0.7 mg/kg) and subsequently died (Tabernero et al., 2013). 

The biopsy results revealed that this formulation caused unwanted VEGFA protein 

and KSP protein downregulation in the healthy tissues as opposed to the pathological 

areas, resulting in necrosis of the healthy hepatic tissues and worsening the disease 

(Tabernero et al., 2013). This study highlights the vital importance of designing 
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delivery carriers to specifically transport the therapeutic nucleic acids to the diseased 

cells, thereby reducing the unwanted side effects. Furthermore, understanding the 

challenges posed by the biological barriers preventing nucleic acid transfer may also 

provide insights on how best to fabricate nucleic acid-based therapies such that they 

cross the relevant barriers and ultimately target genetic diseases.  

 Nucleic acids delivery barriers 

 Extracellular barriers 

Irrespective of the route of nucleic acid administration in vivo (e.g. by intravenous, 

intravascular, or oral gavage), nucleic acids will undoubtedly encounter the 

extracellular milieu (Jones et al., 2013), which will rapidly engulf or eliminate pDNA or 

siRNA before it reaches the targeted sites (Zhang et al., 2012b). Studies revealed that 

the half-life of three forms of the naked plasmid (supercoiled, naked and open circular) 

was in between 1.2 and 21 minutes in rat plasma, primarily due to the presence of 

endonucleases (Houk et al., 1999).  

Furthermore, the formidable immune system is another barrier safeguarding the 

human body from infections and malignancies through the activation of immune cells 

such as macrophages, T-lymphocytes and leukocytes to fight against these 

xenobiotics (Chaplin, 2010). However, abundant immune cells will also be triggered 

and activated by any exogenous nucleic acids (Barbalat et al., 2011).  

 Cellular internalisation   

After circulating at the target site, the nucleic acid needs to interact with cell 

membranes to be internalised and introduced into the cytoplasm (Medina-Kauwe et 
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al., 2005). Although the precise mechanism by which nucleic acids are taken up by 

the cell membrane remains elusive, one hypothesis is that internalisation occurs 

mostly by endocytosis, mediated by appropriate cell receptors (Loke et al., 1989). It 

has been reported that multiple pathways such as clathrin or caveolar mediated 

endocytosis have also played roles in regulating nucleic acid cellular uptake (Medina-

Kauwe et al., 2005). 

 Endosome escape 

Endosome escape of siRNA/pDNA to reach cytoplasm remains the rate-limiting 

barrier for effective nucleic acid-based therapy (Dominska and Dykxhoorn, 2010; 

Juliano et al., 2013). The endosome is an acidified (early endosome with pH = 6.5 and 

late endosome with pH = 6.5) compartment, which subjects nucleic acids to a high 

chance of hydrolysis by this harsh environment (Hu et al., 2015).  Due to the presence 

of the endosomal barrier, there were only a small fraction of nucleic acids escaping 

from the endosome to reach the cytosol (approximately 0.1 – 2% of the total dose), 

and this may have a profound impact on the in vivo pharmaceutical effect (Johannes 

and Lucchino, 2018). 

A major strategy to facilitate endosome escape is to utilise a fusion agent such as 

chloroquine to destabilise the endosome membrane (Ciftci and Levy, 2001). The 

chloroquine, due to the presence of protonatable tertiary amines, could buffer the 

endosome; however, there is a concern over the safety of its use as it may cause 

unwanted side effects (Zhang et al., 2003; Tzekov, 2005).   
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 Cytoplasmic diffusion   

In terms of siRNA delivery, the site of action would be the cytoplasm, where the siRNA 

can selectively seek out and hydrolyse the targeted mRNA that is complementary to 

its strand (Kobayashi and Tomari, 2016). Therefore, siRNA becomes active after 

trafficking out of the endosome. Things are more complicated with plasmid delivery. 

The pDNA must first translocate to the cytoplasm and then accumulate within the 

nucleus (Bathula and Huang, 2010). Most researches interpret the cytoplasm as a 

black box, whereby people only focus on how to introduce the plasmid into the cell 

and how to manipulate the plasmid so that it can access the nucleus and be 

transcribed and translated into therapeutic proteins (Vaughan et al., 2006). Yet, how 

the nucleic acids transfer into the cytosol remains to be understood (Vaughan et al., 

2006). It is thus imperative to investigate the explicit mechanism of this transportation 

and its clinic significance. 

Passive diffusion and active transport were proposed as two mechanisms for plasmids 

in the cytoplasm to access the nucleus (Vaughan et al., 2006). It has been previously 

reported that plasmid DNA fragments with 21 and 100 base pairs diffused rapidly from 

cytoplasm to the nucleus and plasmids with over 2,000 base pairs was immobile in 

the cytoplasm due to their relatively large size (Lukacs et al., 2000). Furthermore, it is 

possible that active transport by cellular components such as the actin cytoskeleton 

may also affect the mobility of pDNA in the cytoplasm and the disruption of actin 

cytoskeleton significantly increased pDNA mobility in the cytoplasm (Lechardeur and 

Lukacs, 2006). It is clear that either free diffusion or active transport is of significance 

to the way DNA is able to travel through the cytoplasm. 
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Undoubtedly, immobile pDNA within the cytoplasm is subjected to metabolic 

degradation (nucleases) (Lechardeur et al., 1999). Upon microinjection into the 

cytosol, approximately 50% of naked plasmids revealed by the fluorescence in situ 

hybridisation (FISH) and quantitative single-cell fluorescence video-image analysis, 

was hydrolysed in 50 – 90 min within HeLa and COS-1 cells (Lechardeur et al., 1999). 

Utilising a nucleases inhibitor was decisive in stabilising naked DNA for in vivo 

application (Glasspool-Malone and Malone, 2002). This has been exemplified in a 

study showing that the co-administration of aurintricarboxylic acid (a common 

nuclease inhibitor) with the plasmid encoding beta-galactosidase (β-gal) or cytosine 

deaminase significantly enhanced the endogenous expression of the β-gal gene or 

improved reduction in tumour growth in vivo (Walther et al., 2005). 

It is clear that in order to elicit a therapeutic response, inhibition of endogenous 

nucleases and liberation of the nucleic acid from the cytoplasm must be a prerequisite.  

 Nuclear entry   

The nuclear envelope has been recognised as one of the most substantial barriers 

that pDNA has to overcome in order to access the nucleus (Yao et al., 2013). A deeper 

understanding of the structure of the nuclear envelope has revealed that multiple units 

of octagonal cylinders are the core parts (known as nucleoporins) that are arranged 

in an eightfold of rotational symmetry (Wolf and Mofrad, 2008). The nuclear envelop 

maintained its functionality by selectively limiting the molecules access. Precisely, 

cargo around 40 kDa diffused freely through the nuclear envelope (Wolf and Mofrad, 

2008). For cargoes more than 40 kDa, nuclear uptake is an active process (Wolf and 

Mofrad, 2008) where a nuclear localisation sequence (NLS), a transportation signal 
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may be required to provoke a significant change in the conformation of the nuclear 

envelope to allow the entry of cargoes into the nucleus (Dean et al., 2005). Zanta et 

al. revealed that incorporating a NLS (PKKKRKV, simian virus 40 T-antigen-derived) 

into the luciferase plasmid could promote nuclear importation, achieving a 10- to 1,000 

fold higher endogenous luciferase expression than the luciferase plasmid without the 

addition of NLS (Zanta et al., 1999). 

All of these formidable and sophisticated barriers make it impossible to deliver naked 

nucleic acids for in vivo application. It is also of vital importance to design a 

biocompatible yet efficient delivery system that would deliver genes in any genetic 

disease regardless of the obstacles mentioned above. 

 Gene therapy as a tool for treating glioblastoma 

GBM (Glioblastoma) is one of the most malignant brain tumours, with 70% of GBM 

seen in patients between the age of 45 and 70 years (Kovic and Xie, 2015; Du et al., 

2016). The standard of care for GBM is surgical tumour resection, together with 

radiotherapy and administration of the first-line drug temozolomide (TMZ) (Ostrom et 

al., 2014). However, in spite of these medical interventions, approximately 95% of 

glioma patients are not expected to live for more than five years (Ostrom et al., 2014). 

To address this caveat, new treatment modalities such as local chemotherapy with 

carmustine (an anticancer drug) wafer (GliadelTM) have been developed (Chowdhary 

et al., 2015). Carmustine wafer is a medical implant comprised of carmustine and a 

polymer matrix (polifeprosan 20) placed along the walls of the brain cavity created 

after a malignant glioma has been surgically removed (Chowdhary et al., 2015). The 

carmustine then diffuses from the polymer matrix into the surrounding cells to elicit 
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cell-killing effects to prevent tumour relapse. However, since it is very challenging for 

carmustine chemotherapy, when applied locally, not to diffuse thorough the healthy 

brain tissues, there are often associated side effects including seizures and grade 3 

thrombopenia (De Bonis et al., 2012). Gene therapy, on the other hand, has been 

proposed as a promising alternative approach to treat GBM as it can specifically target 

the oncogenes and the tumour suppressor genes found in glioma cells (Caffery et al., 

2019). For instance, a tumour suppressor gene (p53) has been targeted in clinical 

studies (clinical trial numbers: NCT02340156 and NCT00004080) to be 

overexpressed in glioma cells to initiate apoptosis for cell killing. However, the idea of 

utilising gene therapy to treat GBM is a novel one with currently no approved products. 

Only very few clinical trials were conducted, as summarised in Table 1.2. 
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Table 1.2. Up-to-date clinical trials using gene therapy to treat GBM. 

 
Vector Years Target Route of 

administration 

Clinical trial 

phase 

Clinical trial 

number 

Retrovirus 

together with 

ganciclovir 

 

 

1999 – 2010 Herpes simplex 

virus enzyme 

thymidine kinase 

Intratumoral 
 

 injection 
 

Phase I NCT00001328 

 

Adenovirus 

together with 

craniotomy 

 

2004 – 2009 p53 Intratumoral 
 

 injection 
 

Phase I NCT00004080 

 

Cationic 

liposome 

together with 

oral 

administration 

of TMZ 

 

2014 – 2018 p53 Intravenous 
injection 

 

Phase II 

 

 

NCT02340156 

Retrovirus 

together with 

fluorocytosine 

2015 – 2019 Yeast cytosine 

deaminase  

 

Intratumoral 
 

 injection 
 

Phase II/III NCT02414165 

 

Adenovirus 

followed by 

valacyclovir, 

radiotherapy, 

and 

chemotherapy 

2018 – ongoing Herpes simplex 

virus enzyme 

thymidine kinase 

Intratumoral 
 

 injection 
 

Phase I/II 

 

NCT03603405 
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MTIC, 5-(3-methyltriazen-1-yl)imidazole-4-carboxamide; AIC, 5-aminoimidazole-4-carboxamide; N3-MA, N3-

methyladenine; N7-MG, N7-methylguanine; O6-MG, O6-methylguanine; BER, Base excision repair; MGMT, O6-

methylguanine methyltransferase. 

Figure 1.2. Temozolomide function and the simplified resistant mechanisms in 

glioblastoma treatment (detailed description is provided below). This figure was 

reproduced from Friedman et al. and Yoshimoto et al. (Friedman et al., 2000; 

Yoshimoto et al., 2012). 
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Furthermore, another problem confounding the current GBM management lies in the 

development of TMZ resistance. TMZ, an imidazoterazine derivative of the alkylating 

agent dacarbazine, is one of the most potent chemotherapeutics for the treatment of 

GBM (Moody and Wheelhouse, 2014) as TMZ (194 Da, experimental logP = − 2.8, 

Drug Bank, Accession Number: APRD00557) was able to penetrate through the 

blood-brain barrier when administered orally (Wang et al., 2019). In physiological 

conditions, the highly electropositive C4 in the TMZ spontaneously reacts with water, 

yielding the MTIC intermediate and the AIC (Figure 1.2) (Reid et al., 1997). The AIC 

was excreted by the kidney (Friedman et al., 2000). The MTIC degraded further into 

the methyldiazonium cation, which transferred a methyl group to DNA bases such as 

adenine and guanine (Figure 1.2) (Yoshimoto et al., 2012). Furthermore, the most 

common site of methylation occurs at the N7 position of guanine (60 – 80%), followed 

by methylation at the N3 position of adenine (10 – 20%) and the O6 position of guanine 

(10%) (Yoshimoto et al., 2012). Due to the presence of methyl adducts on the DNA 

bases, the cells will start sensing this DNA damage (Hirose et al., 2001) by triggering 

the apoptosis to cause cell death (Roos et al., 2007). However, things became 

complicated when the patient acquired the TMZ resistance. The MGMT (Happold et 

al., 2018) and the BER (Trivedi et al., 2005), have been proposed to have an impact 

on TMZ response. Specifically, the overexpressed MGMT protein will remove the 

methyl group from the O6-methylguanine to repair the damaging effect caused by the 

TMZ, leading to drug resistance and cell survival (Figure 1.2) (Happold et al., 2018). 

Similarly, the overexpressed enzymes (such as polymerase-β or Aag) in the BER 

pathway can cut the methyl adduct at the N3 position of the adenine and the N7 position 

of the guanine to desensitise the tumour cells (Figure 1.2). 
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Moreover, autophagy, a naturally occurring mechanism by which cancer cells 

eliminate defective cellular components/wastes to maintain homeostasis, has been 

implicated in TMZ resistance (Buccarelli et al., 2018). However, an alternation of the 

MGMT promoter was observed in 35 – 45% of glioma patients (WHO grades III and 

IV), which made it challenging to target MGMT to enhance the TMZ response (Thon 

et al., 2013). Moreover, using BER pathway inhibitors can be used to enhance the 

TMZ response; however, severe hematologic toxicity associated with using BER 

pathway inhibitors was reported in a clinical trial and GBM patients had to discontinue   

the clinical trial as a result of this toxicity (Kleinberg et al., 2013). The toxicity issue 

also extends to the use of autophagy inhibitors such as hydroxychloroquine that can 

cause ocular cytotoxicity, hence the function of autophagy in glioma tumour’s TMZ 

resistance needs to be explored (Sui et al., 2013). Currently, there are no effective 

approaches to solve drug resistance, and there is an urgent need to research new 

targets to solve these limitations.  

Recently, a number of genes have been reported to be highly upregulated in 

glioblastoma. Amongst these, the mitogen-activated protein kinases signalling (MAPK) 

have been indicated to be profoundly altered in glioma (Pandey et al., 2016). It has 

been reported that reducing MEK2 protein (a key signalling transducer of MAPK 

pathway) levels sensitised glioma cells significantly towards TMZ in vitro and in vivo 

(He et al., 2016) but the function of MEK2’s isoform, MEK1 in enhancing TMZ 

response in glioma cells has not been explored. MEK1 and MEK2, being 80% identical 

in sequence, seem to exhibit non-redundant functions (Roskoski, 2012). For instance, 

the proliferation of human colon carcinoma cells was completely halted when silencing 

MEK2 protein level, while a specific downregulation of MEK1 protein could repress 
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cell growth by 50% (Voisin et al., 2008). In the following section, the distinct biological 

functions of MEK1 and MEK2 will be discussed in addition to whether these distinct 

features could be exploited to boost TMZ response in glioma cells. 

 MEK1 and MEK2 in glioblastoma therapy 

 
 
EGFR, Epidermal growth factor receptor; SOS, Son of sevenless; RAS, Retroviral oncogenes; GTP, Guanosine 

triphosphate; RAF, Rapidly accelerated fibrosarcoma; MAP3K, MAP kinase kinase kinase; ERK1/2, Extracellular 

signal-regulated kinases 1/2; TF, Transcription factor and P, Phosphorylation.  

Figure 1.3. A simplified version of the intracellular signal transduction of the MEK 

pathway (see detailed description in the text below). This figure was reproduced from 

Caunt et al. (Caunt et al., 2015). 

The MEK signalling transduction occurs when the external mitogen signals (e.g. 

serum) induce the dimerisation of the EGFR (Boonstra et al., 1995) (Figure 1.3). The 

EGFR dimer then recruits guanine nucleotide exchange factor (e.g. SOS) to activate 

GTP enzyme to form the RAS – GTP complex (Caunt et al., 2015). Subsequently, the 

RAS – GTP will stimulate the formation of RAF heterodimer that directly 

Cytoplasm

Nucleus

EGFR

SOS RAS GTP

Cyclin D (Cell cycle progression)

Homeostasis feedback



 54 

phosphorylates MEK (Caunt et al., 2015). Additionally, MAP3KS, as another upstream 

activator, may also phosphorylate MEK1/2, whereas the ERK1/2 can only be activated 

and phosphorylated at the site of MEK’s threonine and tyrosine activation loop (Caunt 

et al., 2015), indicating the role of MEK1/2 as the gatekeepers for the ERK1/2 pathway.  

It is generally believed that activated ERK1/2 will bind to hundreds of transcription 

factors such as cyclin D1 that is responsible for cell cycle progression (Casimiro et al., 

2012). A mutation of ERK1/2 can trigger the aberrant expression of cyclin D1, which 

in turn may lead to tumourigenesis (Casimiro et al., 2012). This has been 

demonstrated by Velpula et al. that U251 glioma cells slowed down progression 

significantly due to the decrease of cyclin D1 expression when ERK protein was 

silenced by an ERK inhibitor — U0126 (Velpula et al., 2012).  

It is worth mentioning that MEK-mediated cell proliferation is an orchestral event. If 

cells are experiencing uncontrolled proliferation (tumourigenesis) due to excess 

production of cyclin D1 by the over-activation of the MEK pathway (Modi et al., 2012),  

ERK protein will dephosphorylate EGFR (Zhang et al., 2010), SOS (Mckay and 

Morrison, 2007), and RAF to maintain homeostasis. Unfortunately, cancer cells will 

normally override this ERK-regulated feedback loop and impair ERK activity so that a 

constant upregulation of transcription factor by ERK will be achieved to maintain the 

abnormal tumour growth (Sever and Brugge, 2015).  
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DD, docking domain; NES, nuclear export Sequence; NRR, negative regulatory domain; AL, activation loop; PRD, 

proline-rich domain; DVD, domain of versatile docking; Ser, serine; Thr, threonine; PAK, p21 activated kinase. 

Figure 1.4. The key functional domains of MEK1 and MEK2 proteins (see detailed 

information in text). This figure was reproduced from Caunt et al. with modifications 

for simple illustration (Caunt et al., 2015). 

It is interesting to note that contrary to the assumption that MEK1 or MEK2 proteins 

should be activated simultaneously to initiate signal transduction, there was only the 

activation of MEK1 protein observed in U373 and CHO cells in response to external 

mitogen signals (Xu et al., 1997). MEK1 and MEK2 shared similarities in terms of their 

DD, NES, and NRR regions, and MEK2 contained seven additional amino acids 

(position 394 to 400) when compared to MEK1 (Figures 1.4 and 1.5). DD regions are 

utilised for docking with ERK and with the aid of the NES, MEK1/2 could freely traffic 

when binding to ERK such that the MEK1/2 – ERK complexes could be shuttled into 

the nucleus to bind to transcription factors (Roskoski, 2012). NRR was mutated 

frequently and associated with the incidence of cardio-facio-cutaneous (CFC) 

syndrome (Dentici et al., 2009). The DVD region acted as docking sites for upstream 

activators such as MAP kinase kinase kinase (MAP3K) (Takekawa et al., 2005). 
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Figure 1.5. Amino acid alignment of MEK1 and MEK2. The key regions (AL and PRD) 

that differentiate MEK1 and MEK2 in cell signal transduction are highlighted in red (AL) 

and blue (PRD) (Roskoski, 2012; Brenton et al., 2014). The sites of phosphorylation 

are denoted with asterisks. The MEK2 contains an extra seven amino acids as 

compared to the MEK1 (residues marked in green). The protein sequences for the 

MEK1 (code: NP_002746) and the MEK2 (code: NP_109587) were retrieved from the 

GenBank® (http://www.ncbi.nlm.nih.gov) and were processed with the SnapGene® 

Viewer software (GSL Biotech LLC, USA). 

The actual differences between the MEK1 and the MEK2 proteins were their proline 

regions and the activation loop where RAF and MAP3Ks could specifically 

phosphorylate MEK1 at ser218 and ser222 (Figures 1.4 and 1.5) (Caunt et al., 2015; 

Zheng and Guan, 1994). Despite the fact that MEK2 could also be phosphorylated by 

RAF and MAP3K at ser222 and ser226, one study showed that the phosphorylated 
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MEK1, and not the MEK2, contributed to the skin tumour development in transgenic 

mice, presumably due to the different activation sites (ser218 in MEK1 and ser226 in 

MEK2) that may give rise to this distinct biological difference (tumourigenesis) (Scholl 

et al., 2004). The thr293 in the PRD region of MEK1 enabled the phosphorylation by 

ERK, whereas MEK2 had no binding sites to allow the interaction with ERK (Eblen et 

al., 2004). Additionally, MEK1 can be exclusively phosphorylated by a p21-activated 

kinase (PAK, belonging to the integrin pathway) at ser298 and thr292 regions, which 

may allow cell division or cell survival (Eblen et al., 2002). Due to these noticeable 

structural differences, it is not unlikely that MEK1 or MEK2 mediates different 

biological functions. As mentioned previously, MEK2 acted as a prognostic marker in 

glioma therapy, and silencing of MEK2 protein levels in glioma cells yielded tangible 

effects in chemosensitisation. The research question focused on understanding 

whether reducing the level of MEK1 could potentiate the TMZ response in glioma cells 

and to differentiate the role of MEK1 and MEK2 in chemosensitisation in glioma 

therapy, which may provide insights into the best methods to address the emergence 

of the drug resistance encountered in the glioblastoma treatment.  

 Gene therapy as a novel treatment for bladder cancer 

Bladder cancer (BC) is one of the most common diseases in the urinary system, with 

430,000 cases reported in globally in 2012 (Antoni et al., 2017; Siegel et al., 2018). 

Approximately 70 – 80% of bladder cancers are muscle invasive, and up to 25% of 

non-muscle invasive bladder cancer (NMIBC) patients will progress into muscle 

invasive bladder cancer (MIBC), in spite of treatment interventions such as tumour 

resection (Krishna and Konety, 2017). Due to this high tendency to progress into MIBC, 



 58 

patients diagnosed with NMIBC are committed to lifelong surveillance consisting of 

urine cytology and cystoscopy, making it one of the most expensive cancers to 

manage with a projected total cost of $5 billion in the USA by 2020 (Yeung et al., 

2014). Patients with NMIBC are treated with attenuated vaccines, such as Bacillus 

Calmette‐Guérin (BCG) derived from the Mycobacterium bovis (Ahn et al., 2014). The 

intravesical instillation of BCG activated granulocytes, macrophages and T-helper 

cells, which in turn, stimulated the excretion of several cytokines, including tumour 

necrosis factor-α and interleukin cytokines (ILs) to elicit anti-tumour effects (Narayan 

and Dinney, 2020). However, up to 50% of patients do not respond to BCG, which 

increases the risk of disease progression (Packiam et al., 2017). 

For MIBC, intravesical instillation of cisplatin (Cisp)-based chemotherapy followed by 

surgery is recommended as the first-line treatment due to the fact that the bladder wall 

is poorly vascularised and drug treatments via the systemic and oral route fail to  

achieve a sufficiently high concentration (GuhaSarkar and Banerjee, 2010). However, 

the short drug dwell-time due to voiding and a low level of penetration through the 

bladder urothelium resulted in an urgent need for the repeated instillation of 

chemotherapy, but a frequent administration of cisplatin under a clinical trial triggered 

an anaphylactic reaction or chemical cystitis, leading to hypotensive shock (Denis, 

1983). 

In order to solve the severe side effects caused by frequent dosing of 

chemotherapeutics, gene therapy has been advocated as a promising alternative 

approach to treat BC as it may reduce the chance of  frequent dosing, especially since 

the bladder urothelium cells normally overexpress the coxsackie and adenovirus 

receptor (CAR), which facilitates the internalisation of viral vectors loaded with 
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therapeutic genes through a receptor-mediated endocytosis (Su et al., 2019). 

Moreover, gene therapy can introduce apoptotic genes or specifically target the 

mutated genome of bladder cancers (GuhaSarkar and Banerjee, 2010; Burke et al., 

2012; Dinney et al., 2013). For instance, a replicating oncolytic adenovirus (CG0070) 

was engineered to destroy bladder cancer cells through a defect in the retinoblastoma 

pathway. This Phase I clinical trial showed CG0070 had appreciable anti-tumor effect 

in 17 out of 35 patients (response rate 48.6%) (Burke et al., 2012). Another Phase I 

clinical trial was conducted to treat patients who did not respond to BCG and 

experienced BC recurrence with adenoviruses encapsulating Interferon-α2b plasmid 

(Dinney et al., 2013). The results showed that 10 out of 14 patients produced a 

considerable amount of interferon-α2b proteins detectable in the urine with no dose-

dependent toxicity encountered (Dinney et al., 2013). Having realised the potential 

utilitarian role to treat BC with gene therapy, various clinical trials have been 

conducted and are summarised in Table 1.3. 
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Table 1.3. Latest clinical trials using gene therapy to treat BC. 

Vector Years Target Route of 

administration 

Clinical trial 

phase 

Clinical trial 

number 

Adenovirus 

 

1998 – 2002 p53 

 

Intravesical 
instillation 

  
 

Phase I NCT00003167 

 

Adenovirus  2005 – 2010 Retinoblastoma 

tumour 

suppressor 

Intravesical 
instillation 

 

Phase I 

 

(Burke et al., 2012) 

Adenovirus 

 

 

2011 – 2016 Interferon-α2b  Intravesical 
instillation 

  
 

Phase I (Dinney et al., 2013) 

Non-replicating 

recombinant  

 adenovirus  

2012 – 2016 Interferon-α2b  Intravesical 
instillation 

 

Phase II 

 

NCT01687244 

 

 

In summary, according to marketed gene therapy products and numerous clinical trials 

(Tables 1.1–1.3), the use of nucleic acids and the employment of delivery vectors are 

the prerequisites to effect successful gene therapy, although it must be stated that 

NeovasculgenTM was developed in the Human institute of Russia, which recruited only 

a naked plasmid encoding VEGF to treat peripheral arterial disease (PAD) (Human 

Stem Cells, 2011). However, the utilisation of a naked plasmid without the assistance 

of delivery vectors appears not to be successful, as an analysis of 1,494 PAD patients 

outside of Russia showed that there was no clinically significant benefit following the 

treatment of NeovasculgenTM (Hammer and Steiner, 2013).   
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 Ex vivo cell-based delivery systems 

Engineering cell-based delivery vectors represent a promising new frontier for current 

disease management, and this new therapy seems to be particularly successful in the 

case of blood disorders, e.g. hemoglobinopathies (thalassemia) and blood cancer (B-

cell acute lymphoblastic leukaemia) (Kohn, 2019). It is hard to differentiate in terms of 

therapeutic outcome between the in vivo gene therapies (direct infecting target cells 

with vectors loaded with therapeutic nucleic acids) and ex vivo gene therapies 

(extracting patient’s cells such as stem cells or immune T cells to undergo genetic 

reprogramming to express functional proteins and transplanting back to patients to 

elicit therapeutic effects) (Kumar et al., 2016) as they both yielded meaningful clinical 

benefits with marketed products such as GlyberaTM (viral-based vector for in vivo gene 

therapy), KymriahTM (T cells-based vector for ex vivo gene therapy) and ZyntegloTM 

(stem cells-based vector for ex vivo gene therapy). One notable difference is that the 

ex vivo gene transfer works on integrating both vectors and their associated 

therapeutic genes into the host genome (T cells or stem cells) and the therapeutic 

payloads are incorporated into the daughter cells when cells undergo division 

(Anguela and High, 2018). A genome-integrated vector, such as lentivirus is generally 

employed (Naldini, 2011). Conversely, in vivo gene transfer often targets non-dividing 

diseased cells and so long as the exogenous nucleic acids are located in the diseased 

cells, it is expected that these genetically defective cells will be corrected (Anguela 

and High, 2018). Furthermore, in comparison to in vivo gene transfer, ex vivo gene 

therapies could, in principle, minimise the toxicity posed by direct contact with viral 

vectors, as the transduced cells could undergo a selection process in vitro to attenuate 

the toxicity as well as enhance their efficacy (Naldini, 2011). 
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Genetic blood diseases, by definition, occur when there are abnormality events in the 

blood cells and their associated plasma components. Notably, in the case of 

thalassemia, a genetic mutation on the globin gene is found in the red blood cells, and 

consequently, a failure to deliver the oxygen to some vital organs (spleen and heart) 

is noted, leading to a series of complications including anaemia, enlarged spleen and 

heart failure (Taher et al., 2013). Thalassemia is a fatal and life-threatening disease, 

and patients have to rely on regular blood transfusions to prolong life expectancy (Prati, 

2000), however, the chance of infections and iron overload-related tissue damage limit 

the clinical success of these transfusions (Mishra and Tiwari, 2013). With the advent 

of stem cell-based gene therapy (ZyntegloTM), this devastating disease can be treated, 

and ZyntegloTM becomes the first gene therapy product to cure transfusion-dependent 

thalassemia (European Medicines Agency, 2019). ZyntegloTM generally works firstly 

by extracting the patient’s blood to obtain the CD34-expressing stem cells and thus 

transducing stem cells with a lentivirus carrying the β-globin gene to ensure that the 

exogenous β-globin gene can be stably integrated into the stem cell’s host genome 

(European Medicines Agency, 2019) (Figure 1.6). After a quality check and ex vivo 

propagation, modified stem cells are fused back to the patients (Figure 1.6). The 

patient’s bone marrow will be able to produce healthy blood cells (differentiated by 

transduced stem cells) that can express the normal globin protein (Figure 1.6) 

(European Medicines Agency, 2019).  
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Figure 1.6. A schematic illustration of the process by which transduced human stem 

cells (HSCs) and chimeric antigen receptor T cells (CAR-T) enable the treatment of 

thalassemia and leukaemia, using ZyntegloTM (Sadelain, 2017) and KymriahTM 

(Novartis, 2018) as examples (detailed description is provided below). 

With regard to another type of blood disorder – B-cell acute lymphoblastic leukaemia 

(ALL), the world’s first CAR-T gene therapy, namely KymriahTM is a very effective 

treatment against ALL (Novartis, 2018). CAR (chimeric antigen receptor) such as 

CD19 is the synthetic antigen receptor by which people can artificially introduce it into 

immune T-cells (extracted from patient’s blood) (Figure 1.6) (Filley et al., 2018). After 

ex vivo propagation, T-cells expressing CAR (CD19) are fused back to the ALL 

patients (Figure 1.6). It is known that CAR (e.g. CD19) exhibits superior binding 

affinity the cell-surface component of the B cell receptor complex, and by harnessing 

the feature of adaptive immune response conferred by the T-cells, CD19-positive 

malignant B lineage cells may be targeted and eliminated by CAR-T therapy (Figure 

1.6) (Sadelain, 2017). In a pilot clinical trial (Phase I) study, 2 out of 3 patients had a 
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complete disease remission due to the fact that engineered CAR-T cells triggered 

specific tumour killing effects with 1 CAR-T cell executing at least 1,000 leukaemia 

cells (Kalos et al., 2011). There is no doubt that stem cells and CAR-T cell-based 

therapies are likely to have tangible effects on treating these debilitating genetic 

diseases. There is a good chance that these therapies will significantly improve a 

patient’s quality of life. However, there are still some obstacles needed to address 

before fully realising their potential. Firstly, CAR-T cell therapy could lead to cytokine 

release syndrome (CRS) (Lee et al., 2014), characterised by an overproduction of 

cytokines, e.g. interleukin-2 (IL-2) and interfon-gamma that may be fatal and lead to 

severe organ damage (Bonifant et al., 2016). Secondly, it is clear that transduction of 

CAR into T cells is of paramount importance for the successful in vivo tumour 

recognition and this transduction is normally initiated with viral vectors, but the 

potential mutagenesis due to the uncontrolled genome insertion by viral vectors raises 

a safety concern (Maier et al., 2010). That is probably one reason why the US Food 

and Drug Administration (FDA) recommended a 15-year follow-up study to monitor 

whether there were any associated vectors triggering toxicity effects following the 

usage of integrated viral vectors (FDA, 2016). Lastly, since the employment of viral 

vectors is vital for the success of stem cells or CAR-T cells gene therapy, it is 

necessary to understand the structural and functional complexity of viral vectors so 

that people could deploy these vectors in an effective way (Koonin et al., 2009). 

 Viral delivery systems 

Viruses are attractive tools for efficiently delivering genes to a wide range of human 

cells (Chira et al., 2015). Notoriously, the viral vector exhibits superior capability in 
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overcoming various barriers, including gaining access to the cell membrane, freely 

transporting the cargo into the cytoplasm and releasing the viral DNA in the nucleus.  

Additionally, the intensive investment in developing viral vectors has yielded safer and 

more efficient therapies that have been translated into the clinic. Currently, the FDA 

has licensed eleven gene therapies with the employment of viral-based vectors (seen 

in Table 1.1). 

However, from the perspective of safety concern, viruses are indeed pathogenic 

agents, which must be attenuated before they may be used clinically. Viral vectors 

may be broadly categorised into five groups. 

1) Retroviruses 

2) Lentiviruses 

3) Adenoviruses 

4) Herpes simplex viruses (HSVs) 

5) Adeno-associated vectors  

 Retroviruses 

Retroviruses are single-stranded RNA with a molecular weight of 7 – 13 kilobases 

(Maeda et al., 2008). The genomes of all retroviruses contain three genes: gag (group-

specific antigen), pol (polymerase) and env (envelope) (Maier et al., 2010). The gag 

gene encodes the core and structural proteins of the virus, while the pol and env genes 

contain enzymes (e.g. reverse transcriptase) and retroviral coat protein, respectively 

(Maier et al., 2010). One of the downsides of employing retroviruses was that 

retroviruses can only transfect dividing cells (Thomas et al., 2003). 
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 Lentiviruses 

Lentiviruses as members of the viral family Retroviridae (retroviruses), can replicate 

in non-dividing/dividing cells and mediate persistent gene transfer in most tissues 

(Thomas et al., 2003). In recent years, lentiviruses have been used in multiple clinical 

trials to introduce genes into hematopoietic stem cells to correct immunodeficiencies 

and hemoglobinopathies (Milone and O’Doherty, 2018). Also, the CAR-T cell therapy 

mostly relied on the usage of lentiviruses (Sadelain, 2017). 

 Adenoviruses 

Approximately 500 clinical studies have been conducted utilising adenoviruses as 

delivery platforms (Appaiahgari and Vrati, 2015). These viruses, contain linear or 

double-stranded DNA in a non-enveloped, icosahedral particle with a diameter of up 

to 70 – 100 nm (Russell, 2009). Adenoviruses can pack up to 36 kb of the therapeutic 

gene, demonstrating a substantial advantage over the viruses mentioned above 

(Russell, 2009). Secondly, adenoviruses had a low insertional integration rate as the 

DNA remains episomal (Wong et al., 2013).  

However, the main drawback with the use of adenoviruses lies in the relatively strong 

immune response, suggesting that this vector may be the best candidate to use for an 

immunogenic adjuvant so long as the immune response is detected (De cassan et al., 

2011). This strong immune response following the treatment of adenoviral gene 

therapy was reported that provoked a multi-organ failure for a patient who was 

diagnosed with a genetic disorder known as ornithine transcarbamylase (Wilson, 

2009). Despite the fact that for safety purposes, the dose administered to this patient 

was much lower than the dose administered to preclinical animals (e.g. macaques), 
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the post-mortem examination detected high levels of inflammatory responses (Wilson, 

2009).  

This clinical example reinforced the point that a potent immune response should be 

fully considered before applying any treatments to the patient using adenovirus 

vectors. 

 Herpes simplex viruses  

Herpes simplex viruses (HSVs) are double-stranded DNA with a molecular weight of 

1 x 105 kDa (Roizman, 1979). Particularly, HSVs could be further engineered to 

transfect into neurons (Simonato et al., 1999), making them attractive carriers for the 

treatment of neurogenic disorders. The main concern is vector-associated 

inflammatory responses, even though the HSVs are not genome integrating vectors 

and have little risk of insertional mutagenesis (Thomas et al., 2003).  

 Adeno-associated vectors  

The natural inclination of adeno-associated vectors (AAVs) is to target mammalian 

cells and AAVs are generally biocompatible (Daya and Berns, 2008). There is an 

enormous level of interest in the development of AAVs as efficient gene carriers.  

AAVs are small (25 nm), single-stranded DNA and non-enveloped viruses, with 

relative low gene capacity (4.7 kilobases) (Daya and Berns, 2008). As AAVs are none-

pathogenic as well as only mildly immunogenic, they have been employed as the most 

important therapy for neurological disorders. For example, Canavan disease due to 

the aberrant mutation of the aspartoacylase (ASPA) gene could give rise to an 

elevated concentration of its substrate N-acetylasparate (NAA) (Bitto et al., 2007).  



 68 

Accumulation of excess N-acetylasparate leads to severe spongiform degeneration of 

white matter development and partial seizures (Leone et al., 2012). A clinical trial 

utilised an AVV vector loaded with the wild-type ASPA gene (AAV – ASPA) showed a 

substantial decrease in elevated NAA in the brain (Leone et al., 2012). The 

histopathological improvements, such as a decline in seizure frequency, was 

observed after the administration of AAV – ASPA (Leone et al., 2012), proving the 

efficacy associated with the employment of AAVs.  

While the viruses above mentioned are increasingly achieving clinical success, the 

main drawbacks for viral vectors are their potential immunogenicity and toxicity.  

 Non-viral delivery systems  

Non-viral vectors have been proposed as alternative gene carriers due to their 

superior biocompatibility, ease to scale-up and tuneable chemistries that can be 

engineered to link various ligands to enable active targeting (Ramamoorth and 

Narvekar, 2015). 

Picanço-Castro et al. revealed that 2984 preclinical studies and 360 clinical trials using 

non-viral vectors have been conducted globally and around 60% of these 360 trials 

have entered Phase II (Picanço-Castro et al., 2020). This indicates that there is a huge 

interest in developing non-viral gene carriers.   

In reference to the mode of actions, non-viral vectors may be classified into two 

classes: physical methods and chemical methods. The physical methods are based 

on physical forces needed to counteract the cell membrane in order for nucleic acids 
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to gain access to the intracellular space. The chemical methods are involved with lipid-

based or polymer-based drug delivery systems. 

 Physical methods  

 Needle injection  

The simplicity and low level of genotoxicity for localised injection of DNA have made 

this method attractive (Ramamoorth and Narvekar, 2015). In practice, the genetic 

materials are administered intramuscularly or intravenously with the aid of a needle 

and nucleic acids have been distributed to several tissues, including the liver, skin and 

solid tumours (Ramamoorth and Narvekar, 2015). A Phase 1/2 clinical trial was 

conducted by percutaneous injection of naked VEGF on patients suffering from 

ischemic heart disease (Losordo et al., 2002). The preliminary results suggest that 

myocardial perfusion is indeed improved after the needle injection of VEGF plasmid 

(Losordo et al., 2002). This needle-based approach could be applicable to the 

outpatient department, which makes patients easily access the treatment. 

1.9.1.2 Gene gun 

This technique, also known as DNA-coated particle bombardment, involves coating of 

heavy metals such as gold, silver and tungsten onto the pDNA in order to facilitate the 

naked DNA penetration to the targeted tissues (Al-Dosari and Gao, 2009). In this 

approach, sufficient velocity of the particle is generated by the high-pressure inert gas 

(helium), and parameters including particle size and gas pressure determine the 

transfection efficiency (O’Brien and Lummis, 2006). Gene bombardment is particularly 
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useful for DNA vaccination as the dose required to stimulate an immune response is 

100 – 1000 fold less than conventional intramuscular injections (Hasson et al., 2015).  

 Electroporation  

Electroporation is one of the most efficient physical methods to facilitate the gene 

cellular transfer. It is achieved by applying an electric field to destabilise cell 

membrane to deliver the pDNA directly to the cytoplasm, thereby enhancing the 

expression of therapeutic proteins (Young and Dean, 2015). Admittedly, the main 

component of cellular membranes is phospholipid bilayers, and each phospholipid 

consists of a lipophilic head group and a hydrophobic tail (Cooper, 2000). Nucleic 

acids are large, polar molecules which have limited capability to cross the non-polar 

membrane (Yin et al., 2014). However, by utilising electroporation, gene transfer can 

occur for 10 nanoseconds and allow nucleic acids to freely diffuse through the cell 

membrane. Specifically, pDNA entry into the cell is due to the high electric field (> 700 

v/cm) that causes the membrane to breakdown and form a pore (Ramamoorth and 

Narvekar, 2015). 

Clinical reports indicated that electroporation of interleukin-12 (IL-12) resulted in 

significant necrosis of melanoma cells among the majority of treated tumours (C. 

Heller and Heller, 2010). The immune response was triggered by the expression of 

pDNA encoding IL-12 with a dramatic increase of lymphocytic infiltrate in biopsies from 

the patient cohorts (C. Heller and Heller, 2010). 
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 Sonoporation  

Sonoporation is a non-invasive technique where ultrasound waves cause 

microbubbles containing therapeutic nucleic acids to cavitate, temporarily making the 

cell membrane permeable to the cargoes (Pichon et al., 2008). However, the exact 

mechanism by which microbubbles interact with the cell membrane to enhance the 

permeability of their associated cargoes remains elusive (Pichon et al., 2008). Hauser 

et al. evaluated the effect of microbubbles on the endocytic activity of human foreskin 

fibroblasts (HFF) (Hauser et al., 2009). The electron microscopy experiments showed 

no signs of mechanical damage to the cell membrane. However, an increase in HFF 

uptake was observed by clathrin-mediated endocytosis (Hauser et al., 2009).  

In summary, one common objective of these physical methods is to deliver genes 

quickly into the target cells. However, there are several downsides to these 

approaches. First and foremost, in terms of DNA delivery, the ultimate site of action 

would be the nucleus, whereas, some of the physical methods can only overcome the 

extracellular barrier to deliver the pDNA into the cytoplasm (Meacham et al., 2014). It 

will be difficult for naked pDNA to access the nucleus due to the presence of various 

barriers including endogenous nucleases which limit the ability of pDNA to travel within 

the cytoplasm (Lechardeur et al., 1999). On the other hand, the necessity of 

sophisticated instruments as well as risk for permanent tissue damage makes some 

of the physical methods non-viable(Du et al., 2018; Stewart et al., 2018). To cope with 

these preceding drawbacks, chemical methods have been proposed and will be 

discussed in depth in the following sections. 
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 Chemical carriers (polymeric vectors)  

In 1962, Smull and Ludwig made the earliest discovery that the incorporation of 

positively charged histone and protamine significantly increased the infectivity of RNA 

in HeLa cells, providing the first evidence that the polycation can mediate gene 

transfer in vitro (Smull and Ludwig, 1962). Laemmli showed that a homopolypeptide 

consisting of basic amino acid lysine (poly-L-lysine, PLL) can condense and collapse 

the high molecular weight pDNA into very compact particles in vitro (Laemmli, 1975). 

It is becoming increasingly clear that cationic polymers often contain abundant amine 

groups that can spontaneously form electrostatic bonds with negatively charged 

nucleic acids (Brown et al., 2001). Naked plasmid DNA can thus be condensed into 

nanoscale particles to form gene complexes known as polyplexes, which are therefore 

able to cross the cell membrane (Dizaj et al., 2014). The advantages of this method 

include the protection of pDNA from plasma degradation, enabling cellular uptake and 

the promotion of gene expression (Li et al., 2015). Transfection into the targeted cells 

depends on several polymeric features: molecular weight, surface charge, charge 

density, hydrophilicity and the structure of cationic polymers (Sun and Zhang, 2010). 

The majority of these cationic polymers are derived from polyamines including poly-L-

lysine, polyethyleneimines and polyamidoamine dendrimers.  
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1.9.2.1 Poly-L-lysine  

 

 
 

Figure 1.7. The chemical structure of poly-L-lysine. 

 
Poly-L-lysine (PLL) (Figure 1.7) is one of the most widely used non-viral gene delivery 

vectors. PLL has multiple protonatable amines that can condense anionic DNA, 

however, all the primary amino groups of PLL will be protonated at the physiological 

pH, resulting in a structure with a low buffer capacity to facilitate the endosomal 

escape of gene complexes (Mintzer and Simanek, 2009). An attempt was made to 

enhance the transfection of PLL, by chemical conjugation of PEI (a gold standard 

transfection reagent with a high buffer capacity due to the presence of abundant amino 

groups) to PLL (PEI – PLL) (Sheikh et al., 2017). This copolymer exhibited a 

substantial increase of VEGF gene transfection to the mesencephalon-derived 

dopaminergic cell line – a typical cell line used to study therapeutic gene delivery in 

Parkinson’s disease (PD) (Sheikh et al., 2017). The overexpression of VEGF among 

dopaminergic cells holds great promise for the long-term treatment of PD by inhibiting 

progressive neuronal cell death; at the optimal PEI – PLL, VEGF gene mass ratio of 

6:1, the cell viability showed no signs of being compromised with 90% of cells still alive 

after the application of the gene complexes (Sheikh et al., 2017). Furthermore, Wu 

and Wu discovered that the PLL can be modified with a liver cancer targeting ligand 

NH

n

O

NH2
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(asialoorosomucoid, ASOR), achieving a 10-fold higher reporter gene 

(chloramphenicol acetyltransferase, CAT) cellular transfer through receptor-mediated 

endocytosis when compared to the PLL without the targeting ligand (Wu and Wu, 

1987). Other targeting ligands such as transferrin (Wagner et al., 1991) and folate 

(Ward et al., 2002) have also been incorporated into the PLL polymer to enhance gene 

transfection. Wagner et al. revealed that conjugation of transferring moiety into the 

PLL markedly improved the luciferase pDNA (4 μg/well) transfection efficiency in K562 

cells (human leukaemia cells) (Wagner et al., 1991). Likewise, Ward et al. reported 

that folate-functionalised PLL complexed with pGL3-luciferase pDNA enabled a 

2,000-fold higher pDNA measured in the bloodstream than the PLL complexes without 

the folate moiety after intravenous injection to Balb/C mice (Ward et al., 2002). 
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1.9.2.2 Polyethyleneimines  

 

 
 
Figure 1.8. The chemical structures of (A) the linear polyethyleneimine and (B) the 

branched polyethyleneimine. 

 
 
Figure 1.9. Schematic representation of proton sponge effect (detailed description 

provided below). 

The utilisation of polyethyleneimines (PEIs) as efficient gene delivery vehicles was 

first revealed in 1995 by Boussif et al. and these carriers consisted of highly cationic 

nitrogen atoms that were protonatable at the physiological pH (Boussif et al., 1995).  
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The positively charged PEIs exhibited a superior ability to condense negatively 

charged pDNA and could protect it from nuclease degradation (Lungwitz et al., 2005). 

PEI polymers may be broadly divided into branched and linear types (Figures 1.8A–

B) (Lungwitz et al., 2005). In comparison with the low molecular weight linear PEIs, 

highly branched PEIs bear primary, secondary and tertiary amino groups at the 

estimated ratio of 1:2:1 (Figures 1.8A–B) (Mintzer and Simanek, 2009; Benjaminsen 

et al., 2013). It was reported that linear PEIs were less effective in complexation with 

nucleic acids when compared to the branched PEIs of similar molecular weights; 

however, multiple reports demonstrated that linear PEIs were potent gene transfection 

reagents on murine models in vivo when compared to the branched PEIs (Wightman 

et al., 2001; Louis et al., 2006). Nonetheless, both linear and branched PEIs were 

used as golden standards for gene transfection and PEIs such as ExGen500 and 

jetPEI are commercially available (Mintzer and Simanek, 2009).  

The reason behind the superior transfection mediated by PEIs is due to the presence 

of the abundant amino groups that trigger the ‘proton sponge effect’ (Figure 1.9). The 

proton sponge effect plays a pivotal role in facilitating endosomal escape, thus paving 

the way for pDNA to access the nucleus (Boussif et al., 1995). Specifically, once the 

PEIs – siRNA/DNA complexes were taken up by the endosome via endocytosis, the 

protons were rapidly pumped into the endosome to generate an acidified environment 

that could quickly engulf or eliminate any trapped cargoes (Figure 1.9) (Liang and W. 

Lam, 2012; Buschmann et al., 2013). The nitrogen atoms of PEIs, at this stage, began 

to be protonated to avoid being hydrolysed (pH = 4.5 – 5.5), which in turn drove the 

influx of even more protons as well as chloride ions (Figure 1.9) (Sorkin and von 

Zastrow, 2002). As a consequence, the high ionic strength in the endosome enabled 
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the influx of water and the endosome will then swell and became ruptured by the 

elevated osmotic pressure, releasing the siRNA or pDNA into the cytoplasm (Behr, 

1997; Pack et al., 2005). 

The proton sponge hypothesis has been regarded as the most accepted mechanism 

and it is due to this unique property that PEIs have become important transfection 

reagents (Tang et al., 2006; Wang et al., 2011). However, the ‘proton sponge effect’ 

was subjected to extensive debates. A study revealed by Benjaminsen et al. that PEIs 

do not exert a dramatic change in the pH of the endosome/lysosome resulting from 

the influx of hydrogen ions (Benjaminsen et al., 2013). They suggest that the amount 

of PEIs accumulating within the endosome (50% of endosome containing less than 

40 mmol/L PEI’s nitrogen ions) cannot substantially buffer the environment and hence 

the membrane rupture (Benjaminsen et al., 2013). Therefore, it is not unrealistic to 

assume that the buffering capacity offered by the nitrogen in PEIs is not sufficient to 

disrupt the integrity of endosome (Won et al., 2009). 
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1.9.2.3 Polyamidoamine (PAMAM) dendrimers 

 
 
 

Figure 1.10. Scheme of the synthesis of polyamidoamine (PAMAM) dendrimers. The 

method to build up PAMAM dendrimer involves a two-step iterative reaction sequence. 
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It proceeds by reacting ethylenediamine (EDA, core) with methyl acrylate through 

Michael addition followed by amidation of the resulting ester with ethylenediamine 

(Mintzer and Simanek, 2009). There are numerous terminal amino groups in each 

dendrimer generation (e.g. G1, G2…), and the intermediate half generations of the 

dendrimers (e.g. G1.5, G2.5…) always bear the carboxylate functionality (Esfand and 

Tomalia, 2001). This synthesis scheme was reproduced from Dufès et al. (Dufès et 

al., 2005). 

Polyamidoamine dendrimers (Figure 1.10), having an ethylenediamine core as well 

as an amidoamine repeat unit, are highly cationic hyper-branched polymers with a 

defined size ranging from 1 to 100 nm (Luong et al., 2016). The number of surface-

terminated amino groups (Z) of polyamidoamine dendrimers increases exponentially 

at each generation, and for instance, a dendrimer with a generation of one (Nb = 2, G 

= 1) expects to have eight terminal amino groups (Figure 1.10). In general, the 

discernible characteristics of polyamidoamine dendrimers can be summarised as 

follows: 1) multivalent surface rich in functional amine sites; 2) a globular architecture 

that resembles a protein; 3) a precise, narrow polydispersity (approximately 1.01) 

(Esfand and Tomalia, 2001) providing the possibility to customise their surface 

chemistry and the uniform intramolecular core can be adjusted to encapsulate host 

molecules to enable subsequent controlled release (Malik et al., 2000).  

As dendrimers may be produced at different generations, each of which comprises 

various amounts of NH2 groups, the cytotoxicity and haemolytic activity of these 

polymers pose a real threat towards effective gene therapy (Chen et al., 2004). By 

contrast, the highly positively charged amine groups are responsible for superior cell 

transfection (Haensler and Szoka, 1993). It is, therefore, imperative to strike a balance 

between charge density and toxicity to achieve the highest transfection while retaining 
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minimum toxicity (Jain et al., 2010). Furthermore, the introduction of endogenous 

nucleic acids into the targeted cells is a complicated process and it not only requires 

efficient carriers like dendrimers but also relates to the dose of nucleic acids, the 

duration of the transfection time and the different cell lines used in the transfection 

process (Kesharwani et al., 2011). 
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 Chemical carriers (lipid-based vectors)  

 
 
 

Figure 1.11. Chemical structures of the commonly used cationic lipids and the neutral 

lipids such as DOPE in gene delivery. DOTMA: N[1-(2,3-dioleyloxy) propyl]-N,N,N-
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trimethylammonium chloride; DOTAP: 1,2-dioleyl-3-trimethylamonium-propane; 

DORI: 1,2-dioleoyloxypropyl-3-dimethyl-hydroxye-thylammonium bromide; DORIE: 

(1,2-dioleyloxypropyl)-3-dimethylhydroxyethyl ammoniumbromide); DMRIE: N-(2-

hydroxyethyl)-N,N-dimethyl-2,3-bis(tetradecyloxy-1-propananium bromide); DOGS: 

dioctadecylamidoglycylspermine; DC-Chol: [N-(N',N'-dimethylaminoethane)-

carbamoyl]cholesterol; DOPE: 1,2-dioleyl-sn-glycerol-3-phosphoethanolamine. 

Lipid-based vectors are one of the most promising, clinically relevant, non-viral gene 

carriers. Fraley et al. conducted the initial investigation in 1980 and showed that 

liposomes comprised of phosphatidylserine could delivery SV40 DNA into African 

green monkey kidney cells, and exhibited an efficiency more than 100 times higher 

than that of free SV40 DNA (Fraley et al., 1980). Subsequently, the advent of the 

synthetic cationic lipid DOTMA (known as cytofectin or lipofection), often utilised in 

combination with the neutral lipid DOPE, and that facilitated the DNA cellular uptake 

in a wide range of mammalian cell types, significantly accelerated the development of 

lipid-based gene vectors, leading to the development of several lipids described in 

Figure 1.11 (Felgner et al., 1987). Cationic lipids, structurally resembling the cell 

membrane, often contain amphiphilic lipids with the heads of the lipids being 

hydrophilic and positively charged, and the tails of the lipids being hydrophobic 

(Figure 1.12) (Balazs and Godbey, 2010).   
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Figure 1.12. Schematic representation of cationic lipids.   

 

 
 

Figure 1.13. The formation of liposomes from the amphiphilic cationic lipids. CVC: 

critical vesicular concentration; MLV: multilamellar vesicles; SUV: small unilamellar 

vesicles. This figure was reproduced from Karmali and Chaudhuri (Karmali and 

Chaudhuri, 2007). 
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groups of the lipids, aligned with each other, face outwards, which in turn shields the 

hydrophobic domain from contacting with the aqueous solution (Figure 1.13) (Karmali 

and Chaudhuri, 2007). The MLV are comprised of multiple lipid bilayers with sizes 

ranging from 1 – 5 μm (Bozzuto and Molinari, 2015). Since it was reported that the 

larger MLV underwent a rapid clearance after in vivo administration, the MLV can be 

downsized by sonication and extrusion through polycarbonate membranes to produce 

SUV with a prolonged circulation time (Immordino et al., 2006).  

Furthermore, due to the presence of positively charged amino groups, the cationic 

liposomes can condense anionic nucleic acids to form stable complexes, known as 

the lipoplexes (Simões et al., 2005). Lipids with a single aliphatic chain tend to induce 

cytotoxicity and transfect poorly (Pinnaduwage et al., 1989). A versatile linker was 

generally used to bridge the hydrophobic units and the hydrophilic parts of the lipids, 

and mostly, this linker significantly impacted on the biodegradability and stability of 

lipoplexes (Mahato, 2005). Zhu et al. showed that pyridinium lipids showed a 

significantly higher GFP-pDNA transfection in CHO cells when the lipids contained 

amide bonds than the lipids linked by ester bonds (Zhu et al., 2008). Since the 

introduction of cytofectin DOTMA, an extensive effort was made to modify its structure 

to enhance the DOTMA-mediated gene transfection while maintaining good 

biocompatibility. DOTAP was the first synthesised DOTMA analogue in which the 

ether bonds linked to the glycerol backbone of DOTMA were substituted with the ester 

bonds (Figure 1.11) (Leventis and Silvius, 1990). It was postulated that the ester 

bonds of DOTAP may be easily hydrolysed which could potentially make DOTAP 

more biodegradable (and hence less cytotoxicity), when compared with DOTMA with 

ether bonds (Balazs and Godbey, 2010). A preclinical study carried out by Song et al. 
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revealed that DOTAP, although proved to be an inferior transfection reagent when 

compared to DOTMA, was a much safer gene carrier and triggered negligible necrosis 

in the liver of mice (Song et al., 1997).   

Felgner et al. made another attempt to modify the structure of DOTMA in that the 

diether DORIE, an analogue of DOTMA with additional hydroxyalkyl head group and 

ether linkages to the glycerol skeleton (Figure 1.11), was reported to induce a 3-fold 

higher exogenous β-galactosidase gene expression in COS.7 cells than that of the 

transfection regulated by the DOTMA (Felgner et al., 1994). Felgner et al. also 

demonstrated that the hydroxyalkyl cytofectin (DMRIE) (Figure 1.11) was more active 

for β-galactosidase gene transfer in COS.7 cells than the DOTMA (Felgner et al., 

1994). The additional hydroxyl group on DORIE/DMRIE facilitated the interaction of 

liposome with the nucleic acids and with the cell membranes, and may have had 

beneficial effects on stabilising the lipid bilayer composed of DORIE/DMRIE and 

DOPE (Felgner et al., 1994; Mohammadi et al., 2019). 

Based on the number of protonatable amines in the head groups, cationic lipids can 

be broadly classified into the following subgroups (Figure 1.11) (Morille et al., 2008): 

1. Monovalent aliphatic lipids terminated with a single amino group in their head 

groups, such as DOTMA, DOTAP, DORI, DORIE, and DMRIE. 

2. Multivalent aliphatic lipids characterised by multiple amine functions in their 

head groups, e.g. DOGS. 

3. Cationic cholesterol derivatives, e.g. DC-Chol.  

In addition to the monovalent aliphatic lipids described previously, the DOGS, which 

was synthesised to be active for gene transfer without the supplement of co-lipids (e.g. 
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DOPE) and the DC-Chol, which was prepared to use as an alternative gene delivery 

vector because of its superior lipid bilayer stabilising effects and minimal toxicity, have 

been reported in the literature (Li et al., 1996; Boukhnikachvili et al., 1997). 

Commercially available in vitro transfection reagents, e.g.  Lipofectamine® (Invitrogen, 

USA), Oligofectamine™(Invitrogen, USA) and Effectene (Qiagen, Germany) are all 

cationic lipid-based vehicles for gene delivery. The challenge limiting the in vivo 

application of lipid-based vectors lies in their susceptibility to the aggregation caused 

by the absorption of the negatively charged proteins in the blood (Rehman et al., 2013). 

In order to solve this limitation, the PEG (polyethylene glycol) moiety was investigated, 

and it has been revealed that the PEG moiety holds much promise including the 

availability of different molecular weights, being easily excreted through the kidney at 

low molecular weight and having the capacity to prevent the unwanted electrostatic 

interaction between the proteins and the lipids (Metselaar et al., 2003). There are two 

methods by which the PEG can be introduced into cationic liposomes: either by 

physical mixing or by chemical conjugation to the cationic lipids (Immordino et al., 

2006). Papahadjopoulos et al. established that the PEGylated liposomes exhibited a 

substantial long-circulating profile in vivo, achieving a prolonged half-life of 15.3 h 

when compared to 3 h of the non-PEGylated liposomes (Papahadjopoulos et al., 

1991). It is well known that PEG chains act as an excellent steric barrier on the surface 

of lipoplexes, which effectively shields the positive charge of the complexes, thereby 

reducing the protein-induced aggregation (Dos Santos et al., 2007). However, the 

introduction of PEG chains on the cationic lipids is not without its disadvantages. 

Firstly, the steric hindrance offered by the PEG moiety prevented the binding of the 

lipoplexes to their targeted cells, thereby inhibiting the endocytosis process 
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(Hatakeyama et al., 2013). Secondly, the steric hindrance also inhibited the 

endosomal escape of the lipoplexes, reducing the number of nucleic acids delivered 

to the cytosol (Zhu et al., 2017). Thus, the transfection of lipoplexes was significantly 

impacted by the presence of PEG chains. Conversely, Lee and Ahn argued that the 

cellular uptake and gene silencing efficiency of the lipoplexes were dependent upon 

the concentration of PEG chains in the DC-Chol lipid, with 2.5 mol% of PEG resulting 

in a higher cellular siRNA uptake in ovarian SKOV3 cancer cells. The PEG content 

with more than 3.0 mol% led to a reduced siRNA loading and hence a lower siRNA 

downregulation (Lee and Ahn, 2018). These studies suggested that the search for the 

right density of PEG moiety in the cationic lipid played an important role in promoting 

efficient gene cellular uptake while reducing the likelihood of aggregation when 

administering in vivo. 

 

 

 

 

 

 



 88 

 

Figure 1.14. The main structures of the cationic lipids evaluated in clinical trials for 

gene therapy. GL-67: N4-spermine cholesterylcarbamate; AtuFECT01: (β-L-arginyl-

2,3-L-diaminopropionic acid-N-palmityl-N-oleyl-amide trihydrochloride). 

In clinical trials, the employment of cationic liposomes for gene therapy has yielded 

concrete patient benefits. For instance, in a Phase II clinical trial, patients who suffered 

from cystic fibrosis, a genetically inherited lung diseases caused by a mutation in the 

cystic fibrosis transmembrane conductance regulator (CFTR) gene, were treated with 

cationic lipid formulations comprised of a cationic lipid (GL-67), a helper lipid (DOPE) 

a PEGylated lipid (1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy 

(polyethylene glycol 5000)] (ammonium salt), DMPE-PEG5000) and a therapeutic 

CFTR gene (Figure 1.14) (Alton et al., 2016). Significant improvements in 60 out of 

116 patients, with respect to lung function, were observed after administering a CFTR 

gene lipoplex (Alton et al., 2016). In a separate Phase I study conducted in Finland, 
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(AtuFECT01) loaded with a siRNA targeting PKN3 gene (a kinase expressed in the 

tumour vascular endothelium) (Figure 1.14) (Schultheis et al., 2014). Approximately 

41% of patients (14 out of 34) exhibited a disease stabilisation, some of whom had a 

complete or partial tumour suppression. Furthermore, a significant reduction of PKN3 

protein levels in the plasma of the patients was noted, indicating a successful gene 

silencing.  

 Targeted nanosystems for gene delivery  

A prominent challenge for the development of non-viral based gene therapy lies in 

concentrating a higher dose of gene therapeutics in pathological sites while reducing 

the likelihood of delivering the gene into healthy tissues which could cause potential 

toxicity, especially when the therapeutic gene could trigger an apoptosis process in 

the cells (Vaughan et al., 2020). Furthermore, since one of the promising applications 

for gene therapy is to target genetic defects such as overexpressed oncogenes in the 

tumour cells, the engineering of delivery vectors to achieve cell-specific targeting is 

an important determinant of the effectiveness of gene therapy (Caffery et al., 2019). 

To fulfil this aim, nanoscale non-viral delivery systems have been proposed due to 

their unique capability for passive targeting, the fact that they are amenable to ligand 

attachment for active targeting, and that they can trigger nucleic acid release in the 

tumour microenvironment (Vaughan et al., 2020). Additionally, although chemical 

modifications of non-viral vehicles for targeted gene therapy can be beneficial for a 

wide range of genetic diseases such as Hepatic Fibrosis (Melgar-Lesmes et al., 2018) 

and Huntington's disease (Bangde et al., 2017), the primary focus of the present study 
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is cancer as it is one of the leading diseases with the highest mortality rate (Kunz-

Schughart et al., 2017).  

 Passive targeting 

Passive targeting is one of the most studied mechanisms by which the nanoparticles 

enter the targeted tumour cells when administering intravenously. The method was 

first proposed by Matsumura and Maeda in 1986 who showed that the intravenous 

injection of Evans blue – albumin complex had higher accumulation in tumour tissues 

than in circulating blood and healthy tissues (Matsumura and Maeda, 1986). It was 

suggested that the observed tumour tropism exhibited by the dye-protein complex was 

due to enhanced permeation and retention effects (EPR) in the tumour 

microenvironment (Matsumura and Maeda, 1986). In essence, most of the solid 

tumour was capable of stimulating the growth of new blood vessels (angiogenesis) 

due to the overexpression of tumour growth factors such as vascular endothelial 

growth factor (VEGF) (Senger et al., 1986). These newly formed, highly vascularised 

blood vessels harboured abnormal endothelial cells with a wide fenestration (300 nm 

to 4.7 µm) that allowed the entry of circulating nanoparticles from the bloodstream 

(Hashizume et al., 2000; Fang et al., 2011). This unique phenomenon is known as the 

enhanced permeability. 

Regarding the effect of retention, Matsumura and Maeda noticed that the Evans blue 

– albumin complex could be retained in the tumours for a prolonged period (more than 

a week) while remaining inaccessible to the healthy tissues (Matsumura and Maeda, 

1986). In general, tumour cells had impaired lymphatic drainage, which in turn 
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decreased the elimination of the internalised nanoparticles, leading to retention within 

the tumour environment (Maeda et al., 2016). 

In recent years, the employment of EPR effects for cancer gene therapy has been 

subjected to debate (Danhier, 2016). Danhier et al. suggested that the murine tumour 

models selected for studying EPR were not representative of the real tumour 

development in humans given that the tumour growth was significantly faster in rodent 

models than in humans (Danhier, 2016). This was exemplified by Lammers et al. who 

suggested that implanting a subcutaneous tumour with a size of 1 cm (~ 0.5 g) in a 

mouse would require approximately three weeks (Lammers et al., 2012). This is 

equivalent to a human tumour of 20 cm in diameter (~1 – 2 kg), which would require 

several years to grow. Due to the improper tumour growth, the mouse tumours 

generally contained many leaky blood vessels and may be have an enhanced EPR 

effect than the human tumours with less leaky blood vessels (Lammers et al., 2012). 

 Active targeting via ligand conjugation 

It is apparent that passive targeting can only deliver the gene complexes to the tumour 

interstitium and cannot promote tumour-specific cellular uptake (Bazak et al., 2015). 

Active targeting is therefore proposed to solve this limitation and to enhance the 

efficacy of gene therapeutics, as the gene complexes can be specifically internalised 

into the targeted cancer cells via receptor-mediated endocytosis. This was achieved 

through functionalising the nano-carriers with targeting ligands capable of displaying 

a high binding affinity to the overexpressed receptor proteins (e.g. integrin and EGFR) 

found in cancer cells  (Eblen et al., 2002; Park and Yoo, 2010). The function of these 
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receptor proteins have been well-studied and a wide range of ligands, ranging from 

the peptides to the antibodies, have been identified (Vaughan et al., 2020). 

1.10.2.1  Peptides  

Adding peptide sequences into the non-viral vectors has been confirmed to be 

advantageous for effective gene targeting. Colin et al. showed that cationic lipoplexes 

incorporating a cyclic peptide [Arg-Gly-Asp/oligo-L-lysine ([K]16RGD)] targeted for 

integrin receptor was able to induce a 30-fold increase of exogenous luciferase 

expression in human tracheal cells overexpressing the integrin receptor, when 

compared with the lipoplexes without the cyclic peptide moieties (Colin et al., 1998). 

 

Figure 1.15. The structures of the targeted lipoplexes comprised of cationic maleimide 

lipids [DiOleyl‐Dimethyl‐Spacer‐Maleimide (DODSM) 1 or DiOleyl‐Spacer‐

EthyleneGlycol‐Maleimide (DOSEG3M) 2], a DNA condensing sequence (K16) and 

three different peptides targeted EGFR receptor (P1, P2, P3). This figure was 

reproduced from Bofinger et al. (Bofinger et al., 2018). 

Furthermore, Bofinger et al. established that a cationic lipoplex containing EGFR-

binding peptide sequences (P1: CYHWYGYTPQNVI; P2: CLARLLT; P3: CLARLLT, 
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respectively) significantly transfected the poorly differentiated human breast cancer 

cells (HCC1954), possibly laying a foundation for the future development of gene 

therapy for the breast cancer (Bofinger et al., 2018). Specifically, a two-step assembly 

approach was utilised to fabricate these lipoplexes, whereby two different maleimide-

functionalised lipids (DODSM or DOSEG3M) were formulated separately with a helper 

lipid DOPE and a cationic lipid DOTMA, after which the lipoplexes were incorporated 

with a luciferase plasmid, a DNA condensing sequence (K16), and EGFR-targeting 

sequences (P1, P2 or P3). The transfection results in HCC1954 cells (a cell line 

overexpressed EGFR) indicated that there was a 1.5 – 1.8 fold increase of exogenous 

luciferase expression in the lipoplexes containing the targeted EGFR domains, when 

compared to the lipoplexes without the functionalisation of the targeting moieties 

(Bofinger et al., 2018). It was also suggested that the lipoplexes containing DOSEG3M 

exhibited a significantly reduced luciferase plasmid transfection when compared to the 

non-targeted lipoplexes (Bofinger et al., 2018). In addition to being used as an active-

targeting moiety, the peptide K16 reported in Bofinger et al. acted as a DNA 

condensing agent due to its excess cationic charge (Bofinger et al., 2018).  

Zanta et al. demonstrated that a peptide with a specific sequence (PKKKRKVEDPYC) 

could facilitate a 10 to 1,000-fold higher nuclear transportation of luciferase plasmid 

when compared to the plasmid without this sequence, suggesting a desirable nuclear 

targeting effect (Zanta et al., 1999). Interestingly, Zanta et al. demonstrated that a 

subtle change in the peptide sequence in which a lysine residue on the third amino 

acid was substituted with the threonine (PKTKRKVEDPYC), completely impaired the 

transportation of luciferase plasmid into the nucleus, resulting in very poor transfection 

efficiency (Zanta et al., 1999). It can be concluded from these studies that a careful 
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selection of the peptide sequences is pivotal for regulating active gene targeting.  

1.10.2.2 Antibodies 

 
 
Figure 1.16. (A) The structure of immunoglobulin. In the heavy chain and light chain 

of IgG, the variable regions are labelled in green and blue and the constant regions 

are highlighted in red and purple. Fab, antigen-binding fragment region; Fc, 

crystallisable fragment region. The presence of a primary amine group in the lysine 

residue of the Fc region allowed the surface functionalisation in the nanocarriers. (B) 

The classic reaction scheme for antibody’s functionalisation on gene delivery carriers. 

NHS: N-hydroxysuccinimide. This figure was reproduced from Dana Jones and 

Marasco (Dana Jones and Marasco, 1998). 

Harnessing of an antibody with a high tumour specificity has been investigated 

extensively for ligand-based active targeting (Sliwkowski and Mellman, 2013). 

Antibodies, also known as immunoglobulins (Igs), are Y-shaped proteins derived from 

immune B cells (Figure 1.16A) (Foltz et al., 2013). The antibodies contained two 
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heavy and two light polypeptide chains linked by disulfide bonds (Dana Jones and 

Marasco, 1998). The structure of the antibody may be broadly divided into Fab and 

Fc regions. In each of the Fab and Fc regions, the antibody contained variable and 

constant regions, the former of which enabled the antibody to bind to the antigen (such 

as hyaluronan receptors) to be internalised (Plattt and Szoka, 2008). The constant 

regions in the antibody played a role in activating immune cells (e.g. natural killer cells 

and macrophages) to initiate cell-killing effects (Keizer et al., 2010).  

The most common sites for conjugating antibodies to non-viral gene carriers was 

through the primary amino group of lysine, which reacted with the activated ester to 

form a stable amide bond (Figure 1.16B) (Fay and Holland, 2019). For instance, Yang 

and Yin proposed a novel long-circulating cationic liposome formulated with DOTAP, 

cholesterol and PEG-DSPE-COOH functionalised with the antibody against EGFR via 

the NHS-ester chemistry proposed in Figure 1.16B (Yang and Yin, 2017). This 

targeted lipid-based nanosystem could condense a microRNA-135 for inhibiting 

gallbladder carcinoma (GBC) into nanoparticles with diameters of 222 nm (Yang and 

Yin, 2017). Additionally, the authors demonstrated that this novel lipoplex, when 

applied to the GBC cells in vitro, significantly inhibited GBC cell proliferation and 

triggered more apoptosis, when compared to the lipoplex without the addition of the 

EGFR-targeting antibody. Lastly, the targeting effect of this novel lipoplex was also 

demonstrated following in vivo administration to a GBC xenograft mouse model. It was 

noted that the tumour repression rate reached approximately 60% and this targeting 

effect was significantly greater, statistically than the control treatments without the 

addition of the antibody (Yang and Yin, 2017). 
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 Stimuli-responsive targeting 

 

 
 

Figure 1.17. (A) The structure of a rapid charge-conversional zwitterionic copolymer 

containing oligoethylenimine, poly(L-aspartate) and poly(L-lysine). (B) The structure 

of a ROS-responsive poly(amino thioketal) (PATK). This figure was reproduced from 

Chen et al. and Shim et al. (Shim et al., 2013; Chen et al., 2015). 

In recent years, there has been increasing effort to develop stimulus-responsive 

nanomedicine to achieve selective tumour accumulation of non-viral gene 

therapeutics, thereby overcoming the limitations posed by the conventional EPR effect 

(Tong and Langer, 2015). Such stimuli-responsive gene complexes will normally be 
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triggered by endogenous or exogenous stimuli to release their associated therapeutic 

nucleic acids into the tumour cells, eliciting a therapeutic response (Danhier, 2016). 

The endogenous stimuli included a change of pH from that of normal blood (pH = 7.4) 

to a slightly acidic pH (6.5 – 7.0) in tumour tissues due to the fact that tumour cells, 

for the sake of rapid proliferation, metabolise a sufficient amount of glucose into 

adenosine triphosphate (ATP) and lactic acid and as a consequence, the accumulated 

lactic acid effectively lowers the pH in the tumour microenvironment (Webb et al., 

2011). Chen et al. proposed a pH-responsive gene delivery system in which a 

zwitterionic copolymer, consisting of oligoetheylenimine, poly(L-aspartate) and poly(L-

lysine) was added into PEI/caspase-3 pDNA complexes (Chen et al., 2015). A rapid 

change of surface zeta potential (from negative to positive) from pH 7.4 to 6.8 for the 

above polyplexes triggered the release of caspase-3 pDNA (an apoptotic gene) to 

inhibit HeLa cell growth in vitro and in vivo HeLa xenograft mice tumour model (Chen 

et al., 2015).  

Recent studies suggested that an elevated ROS (reactive oxygen species) level was 

noted in cancer cells (Kumari et al., 2018). ROS is comprised mostly of hydrogen 

peroxide (H2O2) and singlet oxygen (1O2) oxidised proteins with an abundant amount 

of thiol groups (SH) (Kumari et al., 2018). Furthermore, ROS was not preferential in 

triggering apoptosis (cell death) in healthy cells and in external pathogens (Wu et al., 

2019). It could, in principle, be detrimental to cancer cells due to its non-selectivity. 

However, cancer cells adapted themselves to the harsh environment (a higher level 

of ROS) and developed an unknown mechanism to detoxify the damaging effects 

mediated by the ROS (Kumari et al., 2018). Furthermore, the concentration of ROS 

was 100 mM in the tumour microenvironment, a 100-fold higher concentration than 
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that in extracellular and in healthy cells, which provided substantial evidence for the 

development of ROS-responsive gene delivery systems (Wu et al., 2019). Based on 

this unique phenomenon observed in cancer cells, Shim et al. developed a water-

soluble cationic poly(amino thioketal) (PATK) with ROS-cleavable thioketal linkages 

on the polymer backbones (Shim et al., 2013). It was confirmed by TEM (transmission 

electron microscopy) that the structure of PATK polyplexes was dismantled when 

exposed to H2O2 solution, releasing the complexed GFP-pDNA. The GPC (gel 

permeation chromatography) results also revealed the molecular weight of PATK 

underwent a significant reduction under the stimulation of the H2O2 solution (100 mM). 

Lastly, when complexed with GFP plasmid, the PATK demonstrated a significantly 

higher GFP transfection in prostate cancer cells (PC-3) than the complexes without 

thioketal linkages (Shim et al., 2013). Shim et al. demonstrated that the relatively high 

intracellular levels of ROS were indeed suggestive of a unique exogenous stimulus 

that could be exploited for achieving efficient targeted gene delivery (Shim et al., 2013). 

In terms of endogenous stimuli, studies were carried out to employ physical methods 

such as gene gun (coating naked DNA with heavy metals), electroporation (applying 

external electricity to disrupt the cell membrane for passive gene cellular uptake) and 

microbubbles containing therapeutic nucleic acids with the aid of ultrasound, to 

physically facilitate the uptake of gene complexes in the tumour site. These studies 

have been discussed in Section 1.9.1. Also as described in Section 1.9.1, these 

exogenous stimuli were a challenge to implement in a clinical setting, due to the fact 

that specialised equipment and experienced workers were required. Furthermore, 

these techniques may be efficient in cells but when applied to in vivo, how far these 
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systems penetrated into the tumour tissues remained to be the main concern (Mura 

et al., 2013). 

In summary, both passive targeting and active targeting represent promising new 

strategies by which nanomedicine can exploit to overcome the obstacles found in the 

heterogeneous tumour cells. However, due to a limited time frame, the present work 

has not explored the targeting effects of nanoparticles.  
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 Chitosan, chitosan-based polymeric gene delivery 
vectors 

 
 
 

Figure 1.18. The chemical structures of chitosan and its derivatives. 
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Chitosan, the second most abundant polymers after cellulose, is derived from the 

deacetylation of chitin (Figure 1.18A) (Duttagupta et al., 2015). Chitin is a key element 

of the exoskeleton from molluscs, insects and shellfish (Duttagupta et al., 2015). Two 

randomly arranged monomers, 2-acetamide-2-deoxy-β-D-glucopyranose (GlcNAc) 

and 2-amino-2-deoxy-β-D-glucopyranose (GlcN), constitute the backbone of chitosan 

(Casettari and Illum, 2014). In theory, chitin that has been deacetylated can be 

regarded as chitosan, but the definition of chitosan is in dispute. A study highlighted 

by Alves and Mano indicated that over 50% of deacetylation in chitin can be named 

as chitosan (Alves and Mano, 2008). However, Kumar et al. made a definitive 

explanation that chitosan, based on the elemental analysis, should have a nitrogen 

content higher than 7% and that the degree of acetylation should be lower than 0.4 

(Kumar et al., 2004). These two definitions seem to contradict each other, and the 

solubility of chitosan does not exclusively rely on the degree of deacetylation (DDA).  

Factors such as temperature and molecular weight also exert a substantial effect on 

the solubility of chitosan (Lavertu et al., 2006).   

Chitosan and its derivatives are said to possess properties such as being 

biocompatible, biodegradable, and the metabolites can readily be secreted in urine 

(Muanprasat and Chatsudthipong, 2017). Regarding the biocompatible nature of 

chitosan, the US FDA has approved a chitosan-based wound dressing (Axiostat®)  to 

reduce haemorrhage and improve survival (Wedmore et al., 2006). A study has shown 

that the median lethal dose (LD50) for chitosan in mice was 16 g per kg while the 

treatment with NaCl was 3 g per kg (Kritchenkov et al., 2017), rendering chitosan as 

a material generally regarded as safe (GRAS) (Kean and Thanou, 2010). Additionally, 

in a parallel, placebo-controlled and single-blind study, the oral administration of 
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chitosan to 65 healthy volunteers with a dose of up to 6.75 g per day resulted in no 

signs of toxicity (Tapola et al., 2008).  

As for the biodegradability of chitosan, Dong et al. demonstrated that a time-

dependent degradation of chitosan was observed in a rat model after intravenous 

administration and the liver was the predominant organ in eliminating the chitosan 

(Dong et al., 2010). Degradation of chitosan implants loaded with fibroblast growth 

factor-1 (FGF-1) and fibroblast growth factor-2 (FGF-2) after subcutaneous 

administration in the back of the mice has also been reported (Ishihara et al., 2003).  

It was shown that the chitosan implant was slowly degraded in the mice and released 

the FGF-1 and FGF-2 for 10 – 14 days, resulting in a substantial neovascularisation 

near the site of the chitosan implant (Ishihara et al., 2003). In addition to this, 

Funkhouser and Aronson reported that chitinases, an ancient gene family expressed 

in mammalian cells, showed enzymatic activity in degrading chitosan (Funkhouser 

and Aronson, 2007). Interestingly, modifying the chemical structure of chitosan also 

had an impact on the overall degradability. Hirano reported that unmodified chitosan 

could be easily degraded in the gastrointestinal tract of hens, broilers and rabbits after 

the oral administration (Hirano, 1988). The authors discovered that the hens and 

broilers showed a higher chitosan digestion efficiency (67 – 98% degradation) than 

that what was observed in the rabbits (39 – 83% degradation). Additionally, stearoyl-

functionalised chitosan had very poor and almost negligible degradation in hens, 

broilers and rabbits (Hirano, 1988). This study also implied that the degradability of 

any new chitosan derivative should be fully evaluated when used in vivo. 

Due to the abundant protonatable amine groups, chitosan can electrostatically interact 

with the phosphate groups of DNA/siRNA, making it an ideal carrier for gene transfer.  
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Parameters influencing the gene transfection efficiency include the DDA and 

molecular weight (Mw). More than 80% DDA for chitosan may be used for gene 

delivery purposes, as higher amounts of acetyl groups will make chitosan relatively 

insoluble in aqueous solution (Huang et al., 2005; Lavertu et al., 2006).   

The molecular weight of chitosan was also one parameter that impacted on the 

transfection. A study conducted by Strand et al. showed that chitosan with Mw at 8.0 

and 11.6 kDa achieved at least 10-times higher luciferase expression in HEK293 cells 

than the one mediated by chitosan with a molecular weight of 24.8 and 32.9 kDa 

(Strand et al., 2010). Additionally, there was a poor transfection with 146 kDa chitosan 

(Strand et al., 2010). Similarly, Lee et al. assumed that a higher molecular weight of 

chitosan (around 70 kDa) cannot be dissolved in physiological medium and as such 

utilising chitosan with this range would not be in favour of its in vivo gene delivery, 

whilst a water-soluble low weight range chitosan (22 kDa) could achieve sufficient 

amounts of beta-galactosidase gene transfer (Lee et al., 2001). It is postulated that 

one reason for the poor transfection performance of high Mw chitosan in the 

abovementioned studies is that chitosan at this molecular weight range, while 

protecting nucleic acids against various biological barriers (e.g. endosomal 

degradation), could retard the release of nucleic acids from the carrier, thus hampering 

its efficacy (Cao et al., 2019). Notwithstanding this hypothesis, 102 kDa chitosan 

indeed outperformed 7, 24, 32 and 49 kDa counterparts in transfecting luciferase 

pDNA in Cos-1 cells although it must be admitted the overall transfection efficiency 

was 250 times less than the commercial lipid-based transfection reagent—

Lipofectamine (MacLaughlin et al., 1998). Concerning siRNA delivery, evidence 

suggests that a higher molecular weight of chitosan is advantageous, however, the 
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exact reason for this difference is still unknown (Ragelle et al., 2013) and based on 

the literature survey, there is an emerging trend that siRNA delivery is mediated by 

the high molecular weight of chitosan, as summarised below. 

Liu et al. revealed that 114 kDa chitosan loaded with a GFP siRNA achieved the 

highest gene silencing in GFP-overexpressed H1299 cells (65% GFP protein 

downregulation efficiency); transfection that was only slightly lower than the 

transfection mediated by the positive control TransIT-TKOTM transfection reagent 

(around 85% of GFP silencing), whereas 8.9 or 12.7 kDa chitosan showed no GFP 

protein downregulation (Liu et al., 2007).  Likewise, 141.6 kDa chitosan also showed 

efficient siGFP uptake, which led to potent siGFP protein silencing (Malmo et al., 

2012). In spite of these promising silencing results regulated by the high molecular 

weight of chitosan (greater than 100 kDa), Holzerny et al. demonstrated that the 

polyplexes comprised of a 44 kDa chitosan and a siRNA against luciferase protein, 

induced an 80% reduction of luciferase expression, outperforming the silencing 

results obtained by the polyplexes which consisted of a 143 kDa chitosan (Holzerny 

et al., 2012) 

The reason for these contradicting results mediated by different molecular weights of 

chitosan may be due to the fact that there is still no universal protocol used when 

conducting transfection experiments (Ragelle et al., 2013). Parameters such as the 

dose of polyplexes applied, or the duration of transfection experiments (Raftery et al., 

2013) may also exert an influence on transfection alongside the effects caused by 

different molecular weights and these parameters are generally not standardised. So, 

it is really difficult to compare the silencing results among different research groups 

and to draw a meaningful conclusion.  
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Although a myriad of attempts has been made to recruit chitosan as a transfection 

reagent, it is becoming more clear that chitosan is virtually not soluble in the neutral 

aqueous medium (pKa = 6.2 – 7) and is only weakly charged at the neutral pH (Strand 

et al., 2001). To tip the balance to make chitosan an efficacious gene delivery carrier, 

one has to derivatise its chemical structure to solve either its solubility issue or endow 

desirable properties [e.g. promoting endosome escape (Chang et al., 2010)] to 

facilitate its gene transfer (Table 1.4). 
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Table 1.4. A summary of representative chitosan derivatives 

 
Derivatives Improvements 

as opposed to parental 

chitosan 

Issues References 

Trimethyl chitosan 

 

 

Improving solubility followed by 

enhancing transfection 

efficiency 

Tangible cytotoxicity with 

trimethyl chitosan 

(Dehousse et al., 2010) 

Glycol chitosan 

(Figure 1.18B) 

Improving solubility followed by 

enhancing intraocular gene 

transfection 

 

Highly viscous—it will 

prevent the gene release 

from the carriers 

(Mitra et al., 2014) 

Histidine-chitosan Improving solubility; Facilitating 

endosome escape, thereby 

improving luciferase plasmid 

transfection 

No toxicity data reported 

with this vector 

(Chang et al., 2010) 

5β-Cholanic ccid-glycol 

chitosan, 

PEI-glycol chitosan 

 

Improving solubility and red 

fluorescent protein (RFP) 

silencing in vitro and in vivo 

No silencing data provided 

for the comparison between 

parental glycol chitosan and 

its modified forms; Unclear 

whether the modification 

had any substantial 

enhanced transfection 

effects 

(Huh et al., 2010) 

Guanidinylated chitosan 

 

Improved solubility; Efficient 

siRNA internalisation 

Only marginal GFP 

downregulation (determined 

by densitometric analysis) 

was achieved in vivo 

(Zhai et al., 2011; Luo et al., 

2012) 

Ν-(2-ethylamino)-6-Ο-
glycolchitosan 

 

Improved solubility: Efficient in 

transfecting siRNA in the 

neurons of the olfactory bulb 

 

Poor transfection 

performance when 

comparing with lipid-based 

vectors 

(Simao Carlos et al., 2017) 
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The first strategy to derivatise chitosan’s chemical structure involved replacing the 

primary amino groups on the C-2 position of chitosan with quaternary amino groups, 

yielding the trimethyl chitosan (Dehousse et al., 2010). Trimethyl chitosan drastically 

improved chitosan’s overall solubility and enhanced the siRNA cellular uptake in 

HEK293 cells. However, trimethyl chitosan did exhibit tangible toxicity, limiting its 

application. In addition to the solubility issue exhibited by the chitosan, Change et al. 

hypothesised that another reason for the poor transfection of chitosan was due to the 

low level of endosomal escape (Chang et al., 2010). To address this limitation, a 

nonessential amino acid (histidine) containing an imidazole ring (pKa = 6.04) was 

added into the chitosan to improve overall buffer capacity. The results showed that 

histidine-functionalised chitosan had a broader buffering range and induced an 8-

folder higher fluorescein-labelled pDNA uptake in HEK-293 cells when compared to 

the parental chitosan (Chang et al., 2010). Confocal microscopy results revealed that 

histidine-conjugated chitosan could facilitate pDNA endosomal escape to be released 

in the cytosol attributed to the excellent buffering capacity (Chang et al., 2010). 

Another effort was made to introduce glycol and ethylamino moieties into the parental 

chitosan to produce Ν-(2-ethylamino)-6-Ο-glycolchitosan (EAGC) (Figure 1.18C), 

enabling the chitosan to bind to nucleic acids in the aqueous phase. It was shown that 

EAGC showed a considerably enhanced solubility when compared to the parental 

chitosan (Simao Carlos et al., 2017). Simao Carlos et al. also demonstrated that 

EAGC was capable of transfecting various nucleic acids (pDNA, mRNA and siRNA) 

in human skin cancer cells (A-431), however when compared to the commercial 

transfection reagent – Lipofectamine, EAGC did not seem to outperform in terms of 

transfection efficiency, although EAGC was a very biocompatible delivery vector 
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(Simao Carlos et al., 2017). In addition, one of the prominent features of the 

employment of chitosan for gene delivery is concerned with its mucoadhesive 

property. The only clinical trial indirectly involving chitosan for gene therapy was 

conducted by EI-Kamary et al. where chitosan served as a mucoadherent to prolong 

the contact time of Norwalk Virus-Like Particle (VLP) antigen with the nasal mucosal 

(El‐Kamary et al., 2010). Furthermore, multiple studies showed that a chitosan-based 

amphiphile polymer Ν-palmitoyl-Ν-monomethyl-Ν,Ν-dimethyl-Ν,Ν,Ν-trimethyl-6-Ο-

glycolchitosan (GCPQ) (Figure 1.18D) could allow drug entities (anti-fungal drugs, 

peptides and chemotherapeutics) to adhere to barriers such as the gastrointestinal 

barrier and mucosal barrier for prolonged periods of contact time, leading to an 

enhanced bioavailability (Siew et al., 2012; Serrano et al., 2015; López-Dávila et al., 

2016). Additionally, GCPQ encapsulating a pain therapeutic, namely leucine-5-

enkephalin, produces tolerance free analgesia (Godfrey et al., 2018). Based on this 

promising result, GCPQ is scheduled for clinical trial evaluation. All of these excellent 

drug transporting properties are partly owing to the mucoadhesive nature of the 

chitosan (Ways et al., 2018). This excellent mucoadhesive property is particularly 

useful in the case of bladder cancer treatment. As described previously, one of the 

main issues responsible for the poor prognosis for bladder cancer treatment is the 

short drug dwell-time due to voiding and low penetration through the bladder 

urothelium (GuhaSarkar and Banerjee, 2010). Polymeric nanoparticles (NPs), 

especially chitosan NPs have been advocated as a promising drug delivery system to 

the bladder due to the fact that chitosan can be mucoadhesive and make epithelium 

cells permeable to allow the entry of drug treatments (Dodane et al., 1999), however 

when testing EAGC’s transfection on bladder cancer cells (UM-UC-3), EAGC did not 
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achieve satisfactory transfection. In sum, although EAGC is a promising candidate for 

transfection, its low transfection efficiency limits its further application. 

 Lipid-EAGC hybrid system for gene delivery 

To solve the limitation for EAGC-mediated gene transfer, a novel strategy has been 

proposed in which a ‘helper lipid’ 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 

(DOPE) was added into EAGC to yield EAGC-DOPE hybrid nanoparticles 

(EGCDNPs). This hybrid system may, in theory, benefit from the efficient gene transfer 

mediated by the lipid component (DOPE) while inheriting the attribute of 

biocompatibility from the EAGC. Incorporation of lipid components into polymeric 

nanoparticles for gene delivery was first described by Xu and Szoka in 1996 who 

observed that some polymer (e.g. heparin or dextran sulfate) could affect the release 

of DNA from cationic liposomes during transfection by binding to the lipid component 

within the liposome (Xu and Szoka, 1996). Furthermore, this interaction between the 

polymers and the lipids has also been exploited to condense plasmid DNA into 

nanosphere particles (104 ± 3 nm) that could synergistically transfect tumour cells 

(Heyes et al., 2007).   

Recruiting chitosan or chitosan derivatives for the makeup of a polymer-lipid hybrid 

system is advantageous since chitosan-based vectors are generally biocompatible. 

This has been exemplified by Baghdan et al. that chitosan has superior gene 

transfection in chorioallantoic membrane model [CAM, an ex vivo model system for 

the study of vascular anomalies (Jedelská et al., 2013)] without destroying the 

surrounding blood vessels (Baghdan et al., 2018). Moreover, tetradecyl-quaternized 

(carboxymethyl) chitosan-based nanoparticles could achieve higher levels of 
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exogenous GFP-pDNA expression in U87-MG and SMMC-7721 xenograft tumour 

models, with littile cytotoxicity and liver-damaging effects in BALB/c mice (Liang et al., 

2013). 

Regarding the selection of ideal lipid compositions for constructing this hybrid system, 

the idea of using cationic lipids e.g. DOTAP, DOTMA was abolished since studies 

suggested that the tangible cytotoxicity associated with the employment of these lipids 

and the charge repulsion effect of cationic lipids that the positively charged EAGC may 

prevent the incorporation of these lipids from EAGC nanosystems (Filion and Phillips, 

1997; Uchegbu et al., 2004; Simao Carlos et al., 2017). The utilisation of the anionic 

lipids, for example, phosphatidic acid and phosphatidylglycerol (Balazs and Godbey, 

2010) were not attempted either as anionic lipids may shield the cationic carrier’s 

overall positive charge as well as disrupt the electrostatic interaction between the 

cationic polymer and anionic nucleic acids (Balazs and Godbey, 2010). 
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Figure 1.19. A schematic representation of the phase conversion from the lamellar to 

the inverted hexagonal phase initiated by DOPE lipid. This figure is reproduced from 

Morille et al. (Morille et al., 2008). 

Neutral lipids, such as DOPE, are believed to be able to facilitate a higher amount of 

gene cellular transfer (Simões et al., 1998) due to the hypothesis that DOPE lipid could 

undergo a change from the lamellar to the more lysogenic hexagonal phase to 

promote the endosomal escape and release of genes into the cytoplasm (Figure 1.19) 

(Morille et al., 2008; Lonez et al., 2010). Additionally, DOPE-based gold nanoparticles 

(AuNPs) favourably enhanced the interaction between the AuNPs and the pDNA, 

facilitating the internalisation of pDNA and ultimately improving the overall transfection 

performance of the system (Du et al., 2015). Most importantly, a study conducted by 

Larchian et al. suggested that DOPE-based liposomes could mediate interleukin 2 (IL-

2) gene transfer in murine bladder cancer models, with an efficiency that was up to a 

100-fold higher than the gene transfer shown by a viral vector (Larchian et al., 2000). 
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Intravesical instillation of DOPE-based polyplexes encapsulating IL-12 gene provided 

persistent immune-protection against bladder cancer, achieving an extra 60 days of 

survival compared with untreated groups (Horinaga et al., 2005).  

In conclusion, it seems that DOPE lipid plays an indispensable role in facilitating gene 

transfer in bladder cancer cells, this will be explored in the present study. 
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 Study aims, hypotheses, and objectives 

Aims: 

To develop novel nano-enabled gene therapeutics with tangible efficacy in treating 

genetic diseases and yet exhibiting a superior biocompatibility profile. 

 

Hypothesis: 

The combination of DOPE lipid and EAGC will produce a gene delivery platform that 

inherits the excellent biocompatibility profile from EAGC while showing an efficient 

DOPE-mediated gene transfer. 

 

 

Objectives: 

1. To investigate if the molecular parameters, e.g. ethylamino mole substitution of 

EAGC could affect the overall in vitro transfection performance mediated by 

EAGC-DOPE hybrid system (Chapter 2) 

2. To understand if the other parameters, such as molecular weight of EAGC, 

could endow favourable gene transport properties into the in vivo healthy 

murine bladder model (Chapter 3) 

3. To identify and differentiate MEK1 or MEK2 regulated chemosensitisation, 

thereby providing validated targets for current glioblastoma therapy (Chapter 4) 
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2 Chapter 2: Structure-activity of EAGC-DOPE hybrid                          
nanoparticles on plasmids in vitro transfection 

 Introduction 

While some disorders, such as cystic fibrosis and thalassemia, are caused by the 

abnormalities of the functional genes, many other diseases like cancer, Alzheimer’s 

and cardiovascular diseases have a large genetic component (Mitomo et al., 2010; 

Makis et al., 2016; Broce et al., 2019). Gene therapy aims to specifically deliver 

therapeutic nucleic acids to the malfunctioning cells, correcting diseases arising from 

genetic abnormalities (Yin et al., 2014).  

The delivery of nucleic acids is regarded as the rate-limiting factor for the clinical 

development of nucleic acid therapeutics as naked genes are negatively charged, 

which makes it challenging to cross the anionic cell membrane (Yin et al., 2014).  

Furthermore, naked genes suffer from degradation by the nucleases in the biological 

fluid (e.g. blood) (Yao et al., 2013). In addition, the relatively large size (1300 – 6500 

kDa) in the case of plasmid DNA greatly hampers its in vitro and in vivo delivery 

(Stewart et al., 2018). To achieve these deliverables, cationic lipid nanoparticles 

(LNPs) and cationic polymers have been proposed as promising gene delivery carriers 

due to their ability to package nucleic acids into nanoparticles to prevent degradation 

upon administration in the body as well as their low immunogenicity and high patients 

compliance, as compared with the viral-based vectors (Durymanov and Reineke, 

2018). The cationic nature of these vectors could facilitate the encapsulation of anionic 

nucleic acids via the electrostatic interaction (Yin et al., 2014). Cationic LNPs, 

especially liposomes, are the most advanced clinically relevant gene delivery systems 
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due to their high efficiency in condensing nucleic acids and excellent ability in 

membrane fusion to deliver exogenous nucleic acids (Kauffman et al., 2016; 

Kaczmarek et al., 2017). Moreover, the recently launched Patisiran (Ledford, 2018), 

a liposomal formulation loaded with a small interfering RNA, was the first approved 

non-viral vector for the treatment of the polyneuropathy of hereditary transthyretin-

mediated (hATTR) amyloidosis in adults (Ledford, 2018).  

 

Figure 2.1. The chemical structures of the main co-lipids in the formulation of Patisiran. 

DLin-MC3-DMA: (6Z, 9Z, 28Z, 31Z)-heptatriaconta-6,9,28,31-tetraen-19-yl-4-

(dimethylamino) butanoate; PEG-2000-C-DMG: (R)-methoxy-PEG2000-carbamoyl-di-

O-myristyl-sn-glyceride. 

The Patisiran contains a core proprietary lipid (patisiran sodium), a proprietary siRNA 

targeting wild-type transthyretin (TTR) gene, and a mixture of co-lipid excipients such 

as DLin-MC3-DMA and PEG-2000-C-DMG (Figure 2.1) (Alnylam, 2018). It is unclear 

as to the exact chemical structure of patisiran sodium and the sequence of the siRNA 

targeting the TTR gene, but it has been suggested that DLin-MC3-DMA and PEG-

2000-C-DMG played an essential role in particle formation, cellular uptake and 

endosomal release of siRNA (European Medicines Agency, 2018). 
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Meanwhile, cationic polymers, a nucleic acid delivery platform, have been gaining 

much interest due to their unparalleled diversity associated with their design. In 

addition, they are scalable and produce relatively low immunogenicity, when 

compared with the cationic lipids and viral vectors (Schlenk et al., 2013; Yin et al., 

2014). As described at length in Chapter 1, the present study was interested in a 

hybrid gene delivery system in which a ‘helper lipid’ DOPE (1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine) was added into EAGC to make EAGC-DOPE hybrid 

nanoparticles (EGCDNPs). This hybrid system may, in theory, benefit from the 

efficient endosomal escape mediated by the DOPE while inheriting the attribute of 

biocompatibility from EAGC.  

The first objective of the present study is to evaluate whether the addition of DOPE 

lipid could improve the EAGC’s transfection performance. As a proof of concept, a 

reporter gene – green fluorescent protein plasmid (GFP-pDNA) was used to 

demonstrate this. The utilisation of GFP-pDNA as a tool to understand gene 

transfection has several advantages over the use of other reporter genes such as β-

galactosidase plasmid (β-gal-pDNA) or firefly luciferase plasmid (FLuc-pDNA) 

(Soboleski et al., 2005). Firstly, the transfection process can be monitored in real-time 

without the need to harvest cells to determine transfection efficiency. For instance, to 

quantify the induced β-gal-pDNA transfection, an O-nitrophenylgalactoside (ONPG) 

substrate has to be included for the assay, as β-galactosidase can cleave ONPG into 

a yellow-coloured ortho-nitrophenol, which can be quantified by spectrometry 

(Rosenthal, 1987). By measuring the absorbance of the ortho-nitrophenol, the 

transfection efficiency of β-gal-pDNA may be deduced indirectly as the amount of 

cleaved ortho-nitrophenol. However, the transfection of GFP-pDNA can be observed 
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with a fluorescence microscope by looking at the presence of green cells due to the 

expression of the exogenous GFP protein (Chalfie et al., 1994).  

Another common problem associated with the luciferase reporter assay is the 

relatively short life (3 – 4 h) of the produced luminescence in vitro, which poses a 

challenge to measure gene expression for a longer period (Leclerc et al., 2000). In 

contrast, the usage of fluorescence microscopy can detect GFP-pDNA transfection 

for however long, so long as the light-induced oxidative stress with resulting in 

cytotoxicity (Ramakrishnan et al., 2016) is avoided and an incubator (37 °C) with CO2 

supplied is provided to ensure the pH of the cell culture medium at 7.35 – 7.45, which 

is vital for cell growth. Furthermore, instead of detecting the overall transfection by 

enzymatic reaction e.g. β-galactosidase or firefly luciferase, GFP reporter gene 

expression can be assayed at the individual cellular level with the aid of the flow 

cytometry (Subramanian and Srienc, 1996). Nonetheless, these three reporter genes 

are generally used in together as the preliminary evaluation of a vector’s transfection 

performance.  

In addition, structure-based activity studies are attracting much attention with respect 

to chitosan-enabled gene carriers as a way to elucidate the relationship between their 

chemical structures and transfection performance in order to design these vectors in 

a more rational way (Santos-Carballal et al., 2018). An attempt was made to establish 

the structure-based transfection activity of a series of chitosan derivatives: trimethyl 

chitosan and poly(ethylene glycol) grafted trimethyl chitosan (Germershaus et al., 

2008). Specifically, trimethyl chitosan exhibited a 678-times increase of luciferase 

pDNA transfection in NIH/3T3 cells in comparison with that achieved by unmodified 
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trimethyl chitosan. Moreover, poly(ethylene glycol) grafted trimethyl chitosan showed 

a tangibly improved biocompatibility profile with the added improvement of colloidal 

stability compared with trimethyl chitosan (Germershaus et al., 2008).    

It is clear from the study carried out by Germershaus et al. that increasing the overall 

surface positive charge as well as maintaining a good biocompatibility of chitosan [e.g. 

trimethyl chitosan and poly(ethylene glycol) grafted trimethyl chitosan] (Germershaus 

et al., 2008) could significantly improve chitosan’s gene delivery performance. One 

rationale for synthesising EAGC for gene delivery is to increase the overall charge 

density of chitosan by adding an ethylamino group. The optimum density of ethylamino 

groups for gene transfer needs to be determined as a higher amine content (e.g. 

diaminobutane dendrimers) tends to be toxic (Duncan and Izzo, 2005), while reducing 

the amine density of diaminobutane dendrimers produces a relatively biocompatible 

carrier with unsatisfactory transfection performance (Mendes et al., 2017).  

Thus, the second objective is to evaluate how the chemistry of the polymer, especially 

the level of ethylamino substitution of EAGC, exerts any impact on the 

physicochemical and biophysical properties of EGCDNPs and crucially, how these 

changes affect their transfection behaviour and biocompatibility profile. Since the 

architecture of EAGC is also constituted of molecular weight, the impact of this 

parameter on EGCDNPs’ gene transfer will be determined in a healthy murine bladder 

model in Chapter 3. In particular, EAGC with a molecular weight in the range between 

40 – 50 kDa was selected to be tested as multiply reports indicated that chitosan with 

this specific range of molecular weight demonstrated excellent pDNA gene 

transfection efficiency (Sato et al., 2001; Bordi et al., 2014).  
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 Materials and methods  

 Materials  

Materials Supplier 

Glycol chitosan (GC) Wako, Japan 

Hydrochloric acid (> 99%) Sigma-Aldrich, UK 

DOPE lipid Avanti Polar Lipids, USA     

Visking seamless cellulose dialysis membranes 

(Molecular weight cut-off = 3.5 kDa) 

Medicell International Ltd., UK 

Triethylamine (TEA, > 99.5%) Sigma-Aldrich, UK 

Ν-methyl-2-pyrrolidone (NMP, > 99%) Sigma-Aldrich, UK 

 2-(tert-butoxycarbonylamino)ethyl bromide 

(2-(Boc-amino)ethyl bromide, > 97%) 

Sigma-Aldrich, UK 

Diethyl ether (> 99%) Sigma-Aldrich, UK  

Sodium acetate (Anhydrous) Sigma-Aldrich, UK 

Acetic acid (glacial, ≥ 99.85%) Sigma-Aldrich, UK 

 Minimum Essential Medium Eagle 

 (MEME medium) 

Sigma-Aldrich, UK 

Opti-MEM® medium Gibco, UK 

Fetal bovine serum (FBS) (F9665) Sigma-Aldrich, UK 

GlutaMAX (100 X) Gibco, UK 

Lipofectamine 2000  Invitrogen, UK 

Dulbecco's phosphate-buffered saline (DPBS)  

(without Ca2+ and Mg2+, pH= 7.1 – 7.5) 

Sigma-Aldrich, UK 
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Materials Supplier 

TrypLETM Express dissociation reagent Gibco, UK 

Plasmid pCMV•SPORT-β-gal (7853 bp) Invitrogen, UK 

pCMV-GFP (4479 bp) Addgene, USA 

Firefly pCMV-Luc (5566 bp) Addgene, USA 

Luria Broth Base  Sigma-Aldrich, UK 

Ampicillin  Sigma-Aldrich, UK 

EndoFree Plasmid Giga Kit  Qiagen, UK 

illustra NAPä column 

(Sephadex G-25 DNA grade) 

GE Healthcare life science, UK 

PierceTM BCA Protein Assay Kit Thermo Scientific, UK 

4’,6-diamidino-2-phenylindole (DAPI) Invitrogen, UK 

Tetramethylrhodamine ethyl ester (TMRE) Invitrogen, UK 

Dimethyl sulfoxide (DMSO, > 99.9%) Sigma–Aldrich, UK 

PHOTOPROBE® Biotin Vector Lab, USA 

Nitrocellulose membranes (pore size 0.45 μm) Invitrogen, UK 

Streptavidin-horseradish peroxidase (HRP) 
antibody (21130) 

Thermo Scientific, UK 

Sodium pyruvate solution (100 mM, 11 mg/mL) Lonza Biologics Inc., UK 

SuperSignal West Pico Chemiluminescent 
Substrate 

Thermo Scientific, UK 

Streptavidin sensor chip (Sensor Chip SA) GE Healthcare, Sweden 

Cy5 labelling kit  Mirus Bio, USA 
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Materials Supplier 

HBS-EP+ buffer, 10X (0.1 M HEPES, 1.5 M 
NaCl, 30 mM EDTA, 0.5% v/v Surfactant P20, 

pH = 7.4) 

GE Healthcare, Sweden 

Odyssey® blocking buffer (TBS) Li-COR Biosciences, UK 

Formvar/Carbon grid  Agar Scientific, UK 

Paraformaldehyde (Powder, > 95%) 
 

Sigma-Aldrich, UK 

Phosphate buffered saline (PBS) Sigma-Aldrich, UK 

Triton X-100 Sigma-Aldrich, UK 

CF®488A-phalloidin conjugated dye 
 

Biotium, USA 
 

Hoechst staining  Thermo Scientific, UK 

SlowFade mounting medium 
 

Invitrogen, UK 
 

β-galactosidase Enzyme Assay System  Promega, USA 

Luciferase Assay System Promega, USA 
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 Plasmid DNA propagation and isolation  

Plasmids encoding β-galactosidase, green fluorescent protein and firefly luciferase 

were amplified and isolated from E. coli DH5α competent cells. In brief, inoculated E. 

coli DH5α competent cells containing plasmids of interest were introduced into the 

Luria Broth (LB, 10 mL, containing 0.1 mg/mL ampicillin) under a sterile environment. 

The above LB medium with E. coli DH5α was used as the starter culture and incubated 

for approx. 8 h at 37 °C with vigorous shaking. The starter culture was thus added into 

the stock LB medium (2.5 L, containing 0.1 mg/mL ampicillin) under a sterile 

environment and the E. coli DH5α cell was allowed to propagate for around 16 h (37 °C) 

under vigorous shaking. To isolate plasmids from the amplified E. coli DH5α 

competent cells, the Luria Broth (2.5 L) was pelleted after the culture by centrifugation 

at 6000 x g at 4 °C for 15 min. The pellets were then lysed and extracted to get 

plasmids using the EndoFree Plasmid Giga Kit following the manufacturer’s 

instructions. The subsequently purified plasmids in DNase free water were passed 

through a desalting column illustra NAPä column (Sephadex G-25 DNA grade) 

according to the manufacture’s guidance. The plasmid content was quantified on a 

UV-Vis machine (NanoDrop 2000, Thermo Scientific, UK), and the yield of the extract 

plasmid DNA was 10 mg for β-galactosidase, 12 mg for green fluorescent protein, and 

14 mg for firefly luciferase. The plasmids in DNase free water used either immediately 

or stored at –50 °C for later use. 
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 Synthesis and characterisation of EAGC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. The scheme of synthesising N-(2-ethylamino)-6-O-glycolchitosan. This 

synthesis scheme was reproduced from Simao Carlos (Simao Carlos, 2014). 
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EAGCs with a similar molecular weight and two different levels of ethylamino 

substitutions were synthesised as described previously (Simao Carlos, 2014; Simao 

Carlos et al., 2017) with modifications. Briefly, one batch of GC (5 g) was dissolved in 

HCl (4 M, 96 mL) in a preheated water bath at 50 °C for 5 h to degrade the GC. The 

degraded product (GC5) was purified by exhaustive dialysis (molecular weight cut off 

of dialysis membrane = 3500 Da) against deionized water (5 L) with six changes over 

48 h. The dialysed solution was freeze-dried to recover GC5 as a cream coloured 

cotton wool like material. The yield for the GC5 was 4 g (80%). 

Two batches of GC5 (200 mg each) were dissolved separately in Ν-methyl-2-

pyrrolidone (40 mL) followed by adding triethylamine in excess (1 mL). The GC5 

solution was allowed to stir at 40 °C in an oil bath for 1 – 2 h to be fully solubilised. 2-

(Boc-amino)ethyl bromide (1.85 g or 7.39 g, respectively) was then added into this 

solubilised GC5. The reaction was left to stir for 24 h at 40 °C in an oil bath. The 

resulting solution was purified by mixing with water (40 mL) and was washed with 

diethyl ether (50 mL x 3) to remove the unreacted 2-(Boc-amino)ethyl bromide. The 

aqueous phase was collected and dialysed exhaustively against deionised water (5 L) 

with six changes over 24 h. The dialysate was subsequently freeze-dried. For the 

deprotection of the Boc group, the recovered polymer from the freeze-drying process 

was dissolved in HCl (4 M, 50 mL) and stirred for 4 h at room temperature. This 

solution was dialysed as mentioned previously and freeze-dried to yield EA17GC43 

or EA25GC45, which presented as a cream coloured solid. The yield was 157.4 mg 

(79%) for EA17GC43 and 180 mg (90%) for EA25GC45.  

The molecular weight of EAGC was measured using gel permeation chromatography 

coupled with multi-angle laser light scattering (GPC – MALLS). In brief, the EAGC 
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polymer was dissolved in a mixture of acetate buffer [0.04 M CH3COONa 

(anhydrous)/0.2 M CH3COOH, pH = 4.0] and methanol (35:65, v/v) to reach the 

desirable concentration (1 mg/mL). Then, EAGC solution was injected into a 

POLYSEP-GFC-P guard column (35 x 7.8 mm, Phenomenex, UK) attached to a 

POLYSEP-GFC-P 4000 column with an Agilent 1200 Series Autosampler connected 

to a Dawn® Multi-Angle Laser Light Scattering detector and a Optilab rEX 

Interferometric Refractometer (Wyatt Technology, USA). The EAGC solution was 

eluted with the mixture of acetate buffer and methanol as prepared for the polymer 

solution. For the refractive index measurements, various concentrations of EAGC 

were manually injected into Optilab rEX Interferometric Refractometer. The data were 

processed using Wyatt ASTRA software (Wyatt Technology, USA). For the nuclear 

magnetic resonance (NMR) experiments, GC5 (16 mg/mL), EA17GC43 (10 mg/mL), 

and EA25GC45 (10 mg/mL) in deuterium oxide (D2O) were recorded on a Bruker AMX 

500 MHz machine (Bruker Instruments, UK). The 1H – NMR and 1H – 1H (correlated 

spectroscopy, COSY) NMR were employed for the structure determination.   

The viscosity of the GC5 and EAGC was determined using the m-VROC viscometer 

(RheoSense Inc., USA). GC5, EA17GC43, and EA25GC45 at a concentration of 2 

mg/mL in a phosphate buffer solution (2 mM, pH = 6) was measured respectively by 

inserting a 0.5 mL syringe into an A05-chip capillary (RheoSense Inc., USA) at shear 

rates of 360 to 2600 1/s. The measurement temperature was 20 °C. At the beginning 

of the experiment, the viscosity of water (1.002 mPa·s) was obtained to ensure the 

accuracy of the microviscometer. 
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 Preparation of EAGC-DOPE hybrid nanoparticles and their 

complexation with plasmid DNA   

 

 
  
Figure 2.3. The chemical structure of DOSPA as the main component of 

Lipofectamine 2000. 

Since the commercial transfection reagents such as LipofectamineTM 2000 were 

formulated using a cationic lipid DOSPA (Figure 2.3) and a DOPE at a DOSPA, DOPE 

mass ratio of 3:1. A higher cationic lipid content (3:1) may be toxic to the cells (Simao 

Carlos et al., 2017), and the first attempt of the present study was to prepare this 

hybrid system in a cationic polymer (EAGC), DOPE mass ratio of 1:1. Briefly, 

chloroform solution containing DOPE lipid (1 mL, 2 mg/mL) was placed in a round 

bottom flask. To form a thin lipid film, the mixture containing chloroform was placed 

on a rotary evaporator (100 RPM, 20 °C) under the reduced pressure for 20 min or 

even longer to form thin lipid film. The EAGC solution (1 mL, 2 mg/mL in 2 mM, pH = 

6 phosphate buffer) was then pipetted into the thin lipid film, and the whole flask 

containing EAGC and DOPE lipid was subjected to vigorously vortexing until a 

homogenous solution was achieved, yielding EAGC-DOPE hybrid lipid nanoparticles 

(EGCDNPs). The various EAGC polymers were named using the following 

nomenclature according to a modified method published previously (Odunze et al., 

2019): EA (Mole% ethylamino groups) GC [molecular weight (Mw) in kDa]. Thus, a 
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polymer with a molecular weight of 43 kDa and containing 17 mole% ethylamino 

groups would be named EA17GC43, and incorporation with DOPE lipid would lead to 

E17GC43DNPs. EGCDNPs were allowed to complex with pDNA (β-gal, FLuc, and 

GFP in DNase free water) in PB buffer (2 mM phosphate, pH = 6) for 75 min at different 

mass ratios or N/P ratios (nitrogen in cationic polymer to phosphate in nucleic acid) of 

EGCDNPs and plasmid DNA. The EGCDNPs typically contained 2 mg of EAGC and 

2 mg of DOPE lipid in 1 mL PB buffer (2 mM phosphate, pH = 6). 

 Physicochemical characterisation of EGCDNPs complexes  

The gene complexes were prepared as described previously (section 2.2.4). Their 

sizes and polydispersity index (PDI) were measured by dynamic light scattering 

(Malvern Nano ZS, UK) using a He-Ne laser at a wavelength of 633 nm. The zeta 

potential of the above gene complexes was measured by a Zetasizer Nano ZS 

(Malvern, UK) in a folded capillary (0.75 mL) cuvette. Size-standard latex beads 

(polystyrene, mean size = 200 nm), as well as zeta-potential standard polystyrene with 

a defined zeta potential (− 42 ± 4.2 mV) were utilised to assess the accuracy of the 

instruments.  

 Transmission electron microscopy 

For the transmission electron microscopy (TEM) analysis, one drop of the EGCDNPs 

dispersion (prepared from section 2.2.4) placed onto a Formvar/Carbon grid was 

stained with 1% uranyl acetate and imaged using a JEOL 1400 Plus microscope 

(JEOL Ltd. Japan).  
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 Cell culture  

Human embryonic kidney cells (HEK-293T), a gift from Dr. Ahmed A. Ahmed (UCL 

School of Pharmacy) and human glioblastoma cancer cells (U87-MG, ATCC, USA), 

were cultured in MEME, supplemented with FBS (10% v/v), sodium pyruvate solution 

(1% v/v), and GlutaMAX (1% v/v) in a cell culture incubator (BINDER GmbH, Germany) 

set at 37 °C and 5% CO2. The growth medium was changed every two/three days and 

4 mL of TrypLETM Express dissociation reagent was used to detach HEK-293T/U87-

MG cells once they reached 70 – 80% confluence, followed by inactivation of the 

enzymatic activity of TrypLETM express with 8 mL of MEME. Cell suspensions were 

then centrifuged and reseeded in a T-75 culture flask for general maintenance or in 6-

well,12-well, 24-well or 96-well plates for any intended experiments.  

 Plasmid in vitro transfection 

To compare the transfection between EA25GC45-DOPE and EAGC, a reporter gene 

(GFP-pDNA) was transfected in U87-MG cells. Briefly, U87-MG cells were seeded in 

a well of 12-well plates at the density of 5 x 104 cells/well and were left for recovery for 

a 48 h. The complexes were prepared from either EAGC-DOPE or EAGC loaded with 

a GFP-pDNA at the mass ratios of 20:1, 30:1 and 40:1, respectively. Then, complexes 

(200 μL) were incubated for 75 min to ensure that the vectors (EAGC-DOPE or EAGC) 

had fully condensed the GFP-pDNA prior to adding the complexes into the wells 

containing U87-MG cells for a 6 h in 0.6 mL of serum-free medium (1.6 μg of GFP-

pDNA/well). The selection of serum-free medium for transfection was based on the 

manufacturer’s instructions (Invitrogen, UK) to get a maximum transfection 

performance as that achieved for Lipofectamine, and if time permitted, it would be 
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interesting to test the transfection behaviour of EGCDNPs in a wide range of mediums 

such as Opti-MEM® and serum as these conditions have been used for transfection 

in the literature (Strand et al., 2008; Buschmann et al., 2013). After the 6 h treatment 

period, the U87-MG cells were replenished with 1 mL of fresh medium and recovered 

for 72 h before the GFP expression was checked under a fluorescence microscope or 

being trypsinised with 0.5 mL of TrypLETM Express dissociation reagent followed by 

adding 1 mL of fresh MEME medium to inactivate the dissociation reagent. The glioma 

cell suspensions were submitted directly into the flow cytometry, and the GFP-pDNA 

expression level detected by the flow cytometry could be expressed as the percentage 

of GFP positive population (MACSQuant, Miltenyi Biotec, Germany).  

To determine the different EGCDNPs’ in vitro plasmid transfection efficiency, three 

reporter genes (β-gal-pDNA, FLuc-pDNA and GFP-pDNA) were loaded separately 

with EGCDNPs. In brief, HEK-293T cells were seeded at a density of 5 x 105 cells/well 

in a 6-well plate and allowed to grow for 24 h. The complexes consisting of EGCDNPs, 

β-gal-pDNA, or FLuc-pDNA at a mass ratio of 40:1 (N:P ratios of 30:1 for 

E17GC43DNPs or 34:1 for E25GC45DNPs) between 160 μg of vectors (80 μg of 

EAGC plus 80 μg of DOPE lipid) and 4 μg/well of pDNA were applied to the cells for 

4 h followed by 72 h of recovery. Similarly, cells were also treated with complexes 

formulated with EGCDNPs, GFP-pDNA (4 μg/well) mass ratios of 20:1, 30:1 and 40:1 

(N/P ratios of 15:1, 23:1 and 30:1, respectively, for E17GC43DNPs or 17:1, 26:1 and 

34:1, respectively, for E25GC45DNPs) for 4 h with a recovery time of 72 h.   

Lipofectamine 2000 (Lipo 2k) formulated with β-gal-pDNA (4 μg/well), FLuc-pDNA (4 

μg/well) and GFP-pDNA (4 μg/well), respectively, at Lipo 2k, pDNA mass ratio of 5 to 

2. To detect GFP expression in HEK-293T cells, the transfected cells were either 
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placed on a fluorescence microscope or collected with TrypLETM Express dissociation 

reagent, followed by inactivating the dissociation reagent with MEME medium to 

produce a cell suspension. The cell suspension was analysed on a flow cytometry 

(MACSQuant, Miltenyi Biotec, Germany) to determine the GFP expression level 

(fluorescence intensity). The transfected HEK-293T cells were also lysed and 

analysed their induced β-galactosidase expression using a β-galactosidase Enzyme 

Assay System. 

 

Figure 2.4. The brief procedure for the β-galactosidase assay. 

 
 
 
 
 
 
 
 
 
 
 
 

250 μL/well Reporter Lysis Buffer (1X) for 15 min + 
transfer the cell lysates into a 1.5 mL sterile tube

Place cell lysates on ice for at least 15 minute prior to 
centrifugation (12,000 RPM, 3 min, 4 °C), collect the 
supernatant. Proceed to dilute supernatant with 1X 

Reporter Lysis Buffer prior to adding 30 μL of diluted 
supernatant in a well of a 96 well plate or proceed to 

directly add 30 μL undiluted supernatant into a well of a 
96 well plate

Add separately 30 μL of β-galactosidase standard (0 – 5 
milliunits) into the wells of 96 well plates before pipetting 
30 μL Assay 2X buffer (containing ONPG of 1.33 mg/mL) 

substrate into the standards and samples

Incubate the substrate with samples and standards at 37 °C for 
30 min before terminated with sodium carbonate (90 μL, 1M) 

Read the absorbance at 420 nm

STEP 1

STEP 2

STEP 3

STEP 4
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To quantify the FLuc-pDNA expression, cells were extracted and assayed using a 

Luciferase Assay System.  

 

 
 

Figure 2.5. The brief protocol for checking firefly luciferase plasmid expression.  

Cell lysates from β-gal-pDNA and FLuc-pDNA were quantified by the bicinchoninic 

acid assay to determine the total amount of protein. In brief, a BSA protein (2 mg/mL) 

standard was diluted with Reporter Lysis Buffer (0.1X) for β-galactosidase cell lysates 

or with Luciferase Cell Culture Lysis Reagent (0.1X) for firefly luciferase cell lysates, 

respectively according to the following Table 2.1 to prepare a series of concentrations 

as references. 

 

 

 

 

 

250 μL/well Luciferase Cell Culture Lysis Reagent (1X) 
for 5 mins + transfer the cell lysates into a 1.5 mL sterile 

tube 

Centrifuge cell lysates (12,000 RPM, 30 s, 4 °C) and 
transfer 20 μL of supernatant into a well of a 96 well plate

Pipetting 100 μL of Luciferase Assay Reagent into the 
wells containing 20 μL supernatant 

Read the luminescence immediately in a luminescence plate 
reader (SpectraMax, Molecular Devices, USA)

STEP 1

STEP 2

STEP 3

STEP 4
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Table 2.1. Preparation of BSA standards in Reporter Lysis Buffer (0.1X) or Luciferase 

Cell Culture Lysis Reagent (0.1X). 

Vial Volume of diluents (μL) in 
Reporter Lysis Buffer (0.1X) 
or in Luciferase Cell Culture 

Lysis Reagent (0.1X) 

Volume of 
BSA 
(μL) 

Final 
concentration 

mg/mL 

A 0 300 2 

B 125 375 1.5 

C 325 325 1 

D 175 175 of B 0.75 

E 325 325 of C 0.5 

F 325 325 of E 0.25 

G 325 325 of F 0.125 

H 400 325 of G 0.056 

I 400 0 0 

 
Then, the Working Reagent (WR) was prepared by mixing 50 parts of BCA reagent A 

with 1 part of BCA reagent B in the BCA assay kit. The supernatant of the unknown 

samples was diluted five times (for FLuc cell lysates) with Luciferase Cell Culture Lysis 

Reagent (0.1X) or ten times (for beta-gal cell lysates) with Reporter Lysis Buffer (0.1X), 

respectively. Then, 10 μL of diluted samples/BSA was pipetted into a well of a 96-well 

plate, followed by the addition of 200 μL WR solution. The mixture was incubated for 

30 min at 37 °C, before measurement of the absorbance at 562 nm on a plate reader 

(BMG Labtech, Germany). The amount of protein content in the unknown samples 

was extrapolated from the calibration curve produced by BSA standards. The 

transfection efficiency of the EGCDNPs was thus expressed as milliunit (mU) of β-

galactosidase activity per mg of protein or as relative luminescence units (RLU) per 

mg of protein in the case of FLuc-pDNA expression. 
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 Cell viability 

To evaluate if the cytotoxicity induced by the EGCDNPs complexes differentiated the 

in vitro transfection, a previously-reported novel dual-labelling strategy was employed 

(Santander-Ortega et al., 2012) whereby DAPI was able to permeabilise to stain dead 

cells, while remaining inaccessible for live cells, while TMRE was used to stain to 

healthy mitochondria (Sharma et al., 2018). When analysing cells dosed with 

EGCDNPs on a flow cytometry instrument (MACSQuant, Miltenyi Biotec, Germany), 

apoptotic/dead cells will show negative TMRE (−) and DAPI (+) staining, whilst a 

healthy cell will show positive TMRE (+) and negative DAPI (−) staining. The detailed 

protocol was retrieved from a previous report with modifications (Santander-Ortega et 

al., 2012). In brief, HEK-293T cells with a density of 1 x 106 cells/well were seeded on 

a 6-well plate and allowed to recover for 24 h. Then, 500 μL/well of E17GC43DNPs 

(160 μg in total, containing 80 μg of EA17GC43 and 80 μg of DOPE lipid) and 

E25GC45DNPs (160 μg in total, containing 80 μg of EA25GC45 and 80 μg of DOPE 

lipid) loaded separately with GFP-pDNA (4 μg) were applied to the cells (containing 

1.5 mL MEME medium/well) for 4 h, followed by washing off the treatments with 1 mL 

of DPBS (without Ca2+ and Mg2+, pH = 7.1 – 7.5) and replenishing with 2 mL of MEME 

medium to recover the cells for 48 h. TMRE dye was then added at a final 

concentration of 100 nM/well and incubated with the cells for 30 min, followed by 

counterstaining with DAPI in PBS (0.4 mL/well, 0.5 μg/mL). MEME medium containing 

DMSO (10% v/v, 1 mL/well) was also applied to the cell for 60 min and used as an 

internal positive control represented by maximum cytotoxicity with the highest staining 

for DAPI and relatively lowest staining for TMRE.  
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 Nanoparticle tracking analysis to determine the NPs’     

concentrations in cell culture medium   

Nanoparticle tracking analysis (NTA) was used to determine if the level of ethylamino 

mole substitution of EAGC would exert an impact on the ability of EGCDNPs and 

plasmid DNA to form nanoaggregates. In principle, NTA operates by focusing a laser 

beam through a suspension of particles (Ribeiro et al., 2018). The light scattered by 

individual NPs enables the visualisation of particles’ trajectory in real-time, and the 

concentration of particles may be determined by counting the total number of particles 

in the frame (Parsons et al., 2017). Briefly, 160 μg of E17GC43DNPs and 

E25GC45DNPs were complexed separately with GFP-pDNA at vectors, GFP-pDNA 

(4 μg) mass ratio of 40:1, as specified in Section 2.2.4. Afterwards, the complexes 

were diluted ten times in MEME so that the number of particles present in the field of 

view could be tracked by installed camera as individual particles. The formulations 

consisting of EGCDNPs loaded with GFP-pDNA were then injected with a sterile, 

DNase-free syringe into a sample chamber mounted on a Nanosight LM10 (Malvern 

Instruments, UK), which was equipped with a 532 nm laser. The experiments were 

measured in five independent replicates. The results were obtained using NTA 3.2 

software (Malvern Instruments, UK). 

 Circular dichroism  

Circular dichroism (CD) was utilised to check if two different EGCDNPs 

(E17GC43DNPs and E25GC45DNPs) could fundamentally influence the structure of 

pDNA. In brief, the naked GFP-pDNA, the E17GC43DNPs complexes (EGCDNPs, 

GFP-pDNA mass ratio of 40:1) and the E25GC45DNPs complexes (EGCDNPs, GFP-
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pDNA mass ratio of 40:1) were prepared in phosphate buffer (2 mM, pH = 6) to reach 

pDNA concentration of 0.06 μg/μL. Thus, the naked GFP-pDNA (130 μL), the 

E17GC43DNPs complexes (130 μL), and the E25GC45DNPs complexes (130 μL) 

were loaded separately into a demountable Hellma® cuvette with 0.5 mm path length 

(Hellma GmbH & Co. KG, Germany). The CD spectra were recorded at 20 °C using a 

JASCO 720 CD spectrophotometer (Jasco Ltd, Japan). All CD spectra were measured 

as an average of ten scans with a scan speed of 50 nm/min and a spectral band width 

of 2 nm. The CD spectra were analysed by the CDtoolX software (Miles and Wallace, 

2018). All spectra were corrected for the phosphate buffer solution (2 mM, pH = 6.0). 

The spectra of EGCDNPs were subtracted from the spectra of EGCDNPs – GFP-

pDNA complexes. 

 Dye exclusion assay  

A dye exclusion assay enabled the investigation of the binding between the EGCDNPs 

and the pDNA. Both 100 μL of complex samples containing EGCDNPs (32 μg) and 

GFP-pDNA (0.8 μg) and naked GFP-pDNA (0.8 μg) controls were added into wells of 

a 96-well microplate followed by incubation with equal amounts of PicoGreen solution 

(100 μL in 2 mM, pH = 6 phosphate buffer). To assess the GFP-pDNA binding by 

EGCDNPs, the fluorescence of the free GFP-pDNA was determined by exciting the 

complex with PicoGreen at 485 nm and reading the fluorescence at 520 nm under a 

fluorescent plate reader (PHERAstar, BMG Labtech, Germany). The fluorescence 

values were referenced against the values from the samples containing only GFP-

pDNA and PicoGreen.  
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 Surface plasmon resonance  

In the last set of experiments, surface plasmon resonance (SPR) was adopted to 

further elucidate the interaction between the EGCDNPs and the GFP-pDNA. To 

enable the attachment of GFP-pDNA onto a SPR chip so that the detection of the 

interaction between the GFP-pDNA and the EGCDNPs would be possible, the present 

study attempts to biotinylate plasmid DNA and immobilises it on the SPR chip coated 

with streptavidin as the biotin – streptavidin interaction is one of the strongest non-

covalent binding in nature (Kd = 10-15 M) (Sano and Cantor, 1990). In brief, to label 

GFP-pDNA with a biotin moiety, PHOTOPROBE® Biotin was used as per the 

manufacturer’s instructions as follows: 

 
 
Figure 2.6. The schematic illustration of how to biotinylate the GFP-pDNA. 

To confirm the success of pDNA biotinylation, a dot blot was employed to detect the 

abovementioned biotinylated GFP-pDNA in comparison with a biotinylated DNA 

standard according to the manufacturer’s instructions with modifications (Vector Lab, 

USA). Briefly, a nitrocellulose membrane (pore size 0.45 μm) was dotted with 1 μL of 

GFP-pDNA stock (0.5 mg/mL) was diluted with DNase 
free water to reach 0.4 mg/mL working solution. 

GFP-pDNA working solution (40 μL, 0.4 mg/mL) + 
40 μL of PHOTOPROBE® Biotin Reagent 

A halogen lamp (15 V, 50 W) was used to irradiate the 
above mixtures for 60 minutes

Add 64 μL of DNase free water + 16 μL of Tris Buffer 
(500 mM Tris, pH = 9.5) followed by adding 160 μL of sec-butanol. 

Centrifuge for 1 min at 4000 rpm and discard the upper butanol phase and 
repeat the butanol extraction.

Add 2.5 μL precipitant (containing glycogen, sodium and magnesium salts) 
and 150 μL ethanol (95%, v/v) to precipitate the biotin-tagged pDNA

Centrifuge the mixture at 13,000 rpm/15 min + wash the pellet with 150 μL of 
ethanol (70%, v/v) at 13,000 rpm/5 min+ remove the residual ethanol      

+resuspend the pellet with DNase free water to get biotin-tagged GFP-pDNA

STEP 1

STEP 2

STEP 3

STEP 4
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biotin standard at a concentration of 1000 ng/mL or 100 ng/mL. Similarly, 1 μL of 

biotin-tagged GFP-pDNA (1000 ng/mL or 100 ng/mL in DNase free water) was dotted 

in the same membrane. The membrane was blocked with 1 mL Odyssey® blocking 

buffer (TBS, Tris-buffered saline) for 30 min before washing with TBS buffer (20 mM 

Tris, 150 mM NaCl, pH = 7.6) once for 5 min. The membrane was then probed against 

streptavidin-HRP antibody (10 μL, 1:4000 dilution in TBS buffer) for 1 h, followed by 

washing with TBST [TBS buffer containing 0.1% (v/v) Tween 20] buffer thrice (5 min 

each) and TBS buffer thrice (5 min each). The last step was to add SuperSignal West 

Pico Chemiluminescent Substrate (5 mL) into the membrane for 5 min before imaging 

in a ChemiDocTM MP System (Bio-Rad, UK). The dot intensity was analysed with 

Image Lab software (Bio-Rad, UK). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.7. A dot blot graph showing the standard biotinylated DNA compared with 

biotinylated GFP-pDNA. The dot intensity of the standard biotinylated DNA versus the 

biotinylated GFP-pDNA at the concentration of 1000 ng/mL was 52.8% followed by 

61.2% for the concentration of 100 ng/mL. The overall labelling efficiency was 57% 

according to the average value calculated from the dot intensity of sample in reference 

Biotinlayted  
standard DNA  

1000  
ng/mL 

Biotinlayted 
GFP-pDNA 

100  
ng/mL 
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to the standard at the concentration of 1000 ng/mL and 100 ng/mL (i.e. 52.8% and 

61.2%).  

All surface plasmon resonance (SPR) experiments were performed using a Biacore 

X100 instrument (Biacore, Sweden) at 25 °C. The immobilisation and binding 

procedure were adopted as previously reported with modifications (Santos-Carballal 

et al., 2015). Briefly, a streptavidin sensor chip was docked on the Biacore X100 

machine and was washed sequentially with 1X HBS-EP+ buffer (10 mM HEPES, 150 

mM NaCl, 3 mM EDTA, 0.05% v/v Surfactant P20, pH = 7.4) at a flow rate of 20 μL/min 

followed by the docking buffer (50 mM NaOH, 1 M NaCl, 3 times) to activate the chip. 

The biotin-tagged GFP-pDNA was thus immobilised with a targeted level of 400 

response units (RU) and achieved a level of approximately 390 RU on the streptavidin 

chip (flow cell two) at a flow rate of 10 μL/min (manual run mode) with the HBS-EP+ 

buffer (1X). The flow cell one was used as a reference and left as blank.   

For the kinetic experiment, the HBS-EP+ buffer (1X) was exchanged for acetate buffer 

(35 mM sodium acetate, pH = 5.1, 10 mM NaCl). The SPR machine was then washed 

with acetate buffer for 3 – 5 min until a stable baseline was achieved. The EGCDNPs 

(E17GC43DNPs or E25GC45DNPs, 4 mg/mL in 2 mM, pH = 6 phosphate buffer) 

analytes were diluted in acetate buffer (35 mM sodium acetate, pH = 5.1, 10 mM NaCl) 

to reach 0.078, 0.156, 0.313, 0.625 and 1.250 μg/mL. Subsequently, the EGCDNPs 

analytes in acetate buffer were injected sequentially into the SPR machine (flow rate 

of 30 μL/min) without washing off the EGCDNPs from the streptavidin sensor chip 

between injections. The average of three independent measurements was used for 

data analysis, and the binding parameters between the 

E17GC43DNPs/E25GC45DNPs and GFP-pDNA (e.g. Kd values) were calculated 
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from the non-linear regression analysis (sigmoidal dose response model with variable 

slope) as reported previously (Santos-Carballal et al., 2015). 

 Cellular uptake  

Cellular uptake of GFP plasmid (GFP-pDNA) delivery by E17GC43DNPs and 

E25GC45DNPs were evaluated quantitively by flow cytometry and qualitatively by 

confocal microscopy. In brief, GFP-pDNA was labelled with a Cy5 labelling kit as per 

the manufacturer’s instructions (labelling efficiency:170 base pairs per Cy5). The first 

step was to prepare the labelling reaction as follows. 

Table 2.2. The typical GFP-pDNA labelling reaction setup. 

DNase free water  30.0 μL 

Labelling Buffer A (10X) 5 μL 

GFP-pDNA (0.4 μg/μL in DNase water) 12.5 μL 

Label IT® Reagent  2.5 μL 

Total volume 50 μL 

 
 
The reaction was incubated at 37 °C for 3 h, followed by raising the volume of the 

reaction to 100 μL with DNase free water as well as with subsequent precipitating the 

labelled GFP-pDNA with NaCl (10 μL, 5 M) and ice-cold absolute ethanol (250 μL, 

100%) at –20 °C (30 min). A centrifugation (14,000 RPM, 30 min, 4 °C) step was 

undertaken to purify the labelled GFP-pDNA, and the supernatant was discarded. To 

the pellet containing the Cy5-tagged GFP-pDNA was added ethanol (500 μL, 70% v/v) 

to wash the pellet followed by another round of centrifugation (14,000 RPM, 30 min, 

4 °C). The supernatant in this instance was carefully removed, and the Cy5-labelled 
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GFP-pDNA’s pellet was dissolved with 10 μL of DNase free water. According to the 

manufacturer’s instructions (Mirus, USA), the estimation of labelling efficiency (nucleic 

acid base pairs: Cy5 ratio) was measured as indicated in the following section.  

 
 

Figure 2.8. The procedure to check Cy5 labelling efficiency for GFP-pDNA. A total of 

170 base pairs per Cy5 was tagged to the GFP-pDNA. 

Complexes of Cy5-tagged GFP-pDNA – EGCDNPs were prepared as described 

elsewhere (Section 2.2.4). HEK-293T cells were seeded at a density of 5 x 104 

cells/well on coverslips placed in a 24-well plate. Then, Cy5-labelled GFP-pDNA 

complexed with EGCDNPs (1 μg pDNA/well) were added and incubated with the cells 

for 4 h or 6 h, followed by washing with 1 mL of cold DPBS (without Ca2+ and Mg2+, 

pH = 7.1 – 7.5) for twice to remove the unbound complexes. The cells were trypsinised 

with 0.5 mL of TrypLETM Express dissociation reagent, followed by adding 1 mL of 

MEME medium to inactivate the dissociation reagent, and the cell suspensions were 

subjected to flow cytometry analysis (MACSQuant, Miltenyi Biotec, Germany). 

Additionally, HEK-293T cells were imaged via a confocal microscope. Briefly, HEK-

Record the absorbance of Cy5-tagged GFP-pDNA at 260 nm

(A260) and 649 nm (Adye)

To rule out the contribution of the absorbance from labelling

reagent, it is required to calculate Abase following the equation

as followAbase = A260 − Adye ∗ CF260 . The CF260 (correlation
factor) is 0.05 for labelling reagent (Mirus, USA)

The ratio of base to dye of Cy5-GFP pDNA was calculated as

follow base: dye= (Abase ∗ ℇCy5) / (Adye ∗ ℇbase). The ℇCy5 refers to
extinction coefficient of Cy5-tagged pDNA and is 250,000 (M-

1cm-1). The ℇbase refers to extinction coefficient of pDNA and is

6,600 (M-1cm-1) (Mirus, USA)

STEP 1

STEP 2

STEP 3
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293T cells were fixed with 0.5 mL of freshly prepared paraformaldehyde (4% in PBS) 

for 15 min on ice. Afterwards, the cells were washed with DPBS twice (0.5 mL each), 

followed by permeablisation of the cells with Triton X-100 (10 min at room temperature, 

100 μL, 0.5% v/v in DPBS). The second round of DPBS washing (twice) was 

undertaken with 0.5 mL of DPBS added into the abovementioned wells. Lastly, the 

cells were stained with CF®488A-phalloidin dye (300 μL, 5 U/mL) to stain actin 

followed by counterstaining Hoechst (0.5 mL, 10 μg/mL) for the nuclei. Additionally, 

the abovementioned coverslips were mounted with SlowFade mounting medium and 

analysed on a confocal microscope (Zeiss LSM710, Germany). 

 Statistical analysis 

GraphPad (Prism 7 software) was used to prepare all graphs and to perform statistical 

analyses such as one-way or two-way analysis of variance (ANOVA) and two-tailed t-

tests. All experiments were undertaken as independent triplicates unless otherwise 

denoted. Error bars indicate the standard deviation (SD). All statistical tests were 

considered to be statistically significant, in which * represents p < 0.05, ** represents 

p < 0.01, *** represents p < 0.001, and **** represents p < 0.0001 unless otherwise 

indicated. 
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 Results  

 

 
 
 
Figure 2.9. A schematic illustration of the effect of ethylamino substitution on inducing 

EGCDNPs’ efficient in vitro gene transfer. E25GC45DNPs containing a higher 

ethylamino substitution component of EAGC had an excellent transfection 

performance compared to E17GC43DNPs containing a lower ethylamino substitution 

of EAGC, due to a higher amount of GFP-pDNA binding with strong binding strength 

between the E25GC45DNPs and the GFP-pDNA. Furthermore, due to this strong 

interaction with GFP-pDNA, E25GC45DNPs loaded with GFP-pDNA yielded a two-

fold higher concentration of nanoaggregates compared with the E17GC43DNPs, 

consisting of the lower density of ethylamino groups. Collectively, these attributes 

endowed by the E25GC45DNPs produced a significantly higher gene cellular uptake 

with subsequent efficient gene transfection compared with the E17GC43DNPs. It is 

clear that the density of ethylamino groups plays a pivotal role in gene transfer in vitro. 
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 Synthesis and characterisation of EAGC 

 
 

 
 

Figure 2.10. The chemical structure of degraded glycol chitosan (GC5). 

 
 

Figure 2.11. 1H – NMR of GC5 in D2O.  
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Figure 2.12. 1H – 1H COSY NMR of GC5. 

 
Table 2.3. Proton assignments and chemical shifts for GC5. 

Position on the 
H-NMR spectra 

NMR Chemical 
Shift (d) 

Corresponding protons on 
the structure 

9 2.1 ppm CH3—CO— (acetyl-glycol 
chitosan) 

2 3.2 ppm —CH—NH2 (C2 glycol 
chitosan) 

3 – 8 3.4 – 4.4 ppm —CH—O—, —CH2—OH—, 
(glycol chitosan)  

- 4.8 ppm Deuterium oxide (D2O) 

1 4.9 ppm —CH—O— (C1 glycol 
chitosan) 

 
 
The starting material used here was the glycol chitosan (Wako, Japan) in which an 

ethylene glycol group was added into the backbone of chitosan. The pendent glycol 

1 23
4-8

2
(1,2) (2,3)

4-8

9
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group rendered the parental chitosan more water-soluble at both neutral and acidic 

pH (Trapani et al., 2009). Although chitosan was the deacetylated chitin, there was a 

still small number of acetyl groups in present (d = 2.1 ppm), primarily attributed to the 

fact the standard deacetylation methods such as in a hot alkaline solution (NaOH, 40 

– 50% w/v) were not efficient in removing all of the acetyl groups (Figures 2.10 and 

2.11) (Buschmann et al., 2013). In the 1H – 1H COSY NMR, the protons on the C2 

had cross peaks with C1(1,2) and C3 (2,3), confirming the peak assignments 

described in Table 2.3. It has to be noted that the protons from the backbone of 

chitosan and glycol groups have identical electron densities, which result in similar 

chemical shifts (d = 3.4 – 4.4 ppm) and a broad envelope-like signal (Kasaai, 2010). 

 

  
 

Figure 2.13. The chemical structure of EAGC. 
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Figure 2.14. 1H – NMR of EA17GC43.  

 
 

Figure 2.15. 1H – 1H COSY NMR of EA17GC43.  
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Table 2.4. Proton assignments and chemical shifts for EA17GC43. 

 
Position on the 
H-NMR spectra 

NMR 
Chemical 
Shift (d) 

Corresponding protons on the structure 

9 2.1 ppm CH3—CO— (acetyl-glycol chitosan) 
2” 2.5 ppm —CH—N(CH2CH2NH2)2 (C2 diethylamino-

substituted glycol chitosan) 
2’ 
 

2.7 ppm —CH—NHCH2CH2NH2 (C2 monoethylamino- 
substituted glycol chitosan) 
 

2, A1 2.8 – 3.2 ppm —CH—NH2 (C2 glycol chitosan), —CH—
N(CH2CH2NH2)2 (diethylamino), —CH—
NHCH2CH2NH2 (monoethylamino) 

3 – 8 3.4 – 4.4 ppm —CH—O—, —CH2—OH— (glycol chitosan) 

1 4.6 ppm —CH—O— (C1 glycol chitosan) 

- 4.8 ppm Deuterium oxide (D2O) 

 
 
To add ethyalmino moieties into the glycol chitosan (GC), 2-(Boc-amino)ethyl bromide 

was reacted with GC followed by the deprotection of Boc groups with HCl to reveal 

the conjugated ethylamino groups. The choice of solvents solubilised GC (e.g. NMP) 

with the added triethylamine to prevent the protonation of the GC’s amines and the 

ratio between the GC and the 2-(Boc-amino)ethyl bromide have been extensively 

studied and optimised by Simao Carlos (Simao Carlos, 2014). It is worthwhile to 

mention that when compared to GC’s 1H – NMR proton spectra, two additional peaks 

from the EA17GC43 emerged at chemical shifts of 2.5 ppm and 2.7 ppm, respectively 

(Figure 2.14). Since the added ethylamino group (—CH2CH2NH2) acted as an 

electron-releasing agent allowing the protons of C2 a more shielded state, it is 

reasonable to assume both the protons of monoethylamino- and diethylamino-

modified C2 shifted to the right side as compared to the parental GC (Figure 2.14). 
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Additionally, it was further revealed by 2D (1H – 1H) COSY NMR spectra (Figure 2.15) 

that these two peaks had correlations with C1 protons [cross peaks (1, 2’) and (1,2”)] 

of the GC backbone; the protons from the diethylamino-substituted C2 (a higher 

content of alkyl group) shifted to an even more shielded position (2’’, d = 2.5 ppm),  

when compared with the C2 with the addition of monoethylamino moiety (a lower 

content of alkyl groups) (2’, d = 2.7 ppm) (Table 2.4). Lastly, the underivatised C2’s 

protons correlated with the protons from the C1 and the C3 (Figure 2.15).   

The degree of ethylamino substitution was derived from equation (1) as follows (Simao 

Carlos et al., 2017): 

Degree of substitution	=
[the Integration of C2’’ (double substitution) / 1 proton] + [the Integration of C2’ (single substitution) / 1 proton]

(the integration of C3–C5 and glycol protons / 9 protons)  

 
Admittedly, based on the equation above, the broad overlapping peaks (3.4 – 4.4 ppm) 

derived from the protons of the GC backbone, posed a challenge for deducing the 

level of ethylamino substitution. This has been reported in multiple reports with the 

earliest studies, using NMR to interpret the structure of chitosan, was conducted by 

Hirai et al. in 1991 (Hirai et al., 1991). As chitosan is obtained by the deacetylation of 

chitin, Hirai et al. investigated the percentage of acetyl groups present in the chitosan 

after treating the chitin with NaOH solution (50% w/v). What Hiral et al. noticed was 

that under the stimulation of external magnetic field (400 MHz), the protons from the 

glucosamine backbone of chitosan (C2 to C5) resonated at similar chemical shifts, 

resulting in a very broad peak (d = 3.2 – 4.9 ppm). Due to the inability to resolve these 

peaks, Hiral et al. integrated all the proton peaks from C2 to C5 and compared them 

with the integration of the protons from acetyl groups to determine the deacetylation 

level. To increase the sensitivity [signal-to-noise ratio (S/N)] of the NMR results 
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reported by Hirai et al. and potentially offer a better resolution for the overlapping 

proton peaks, Yun Yang and Montgomery increased the magnetic field strengths from 

400 MHz to 600 MHz. However, the protons from the ring (the backbone of chitosan), 

as described by the authors, still could not be separated to present as individual, sharp 

peaks; a degree of deacetylation of 83% was noted by Yun Yang and Montgomery 

(Yun Yang and Montgomery, 1999). 

Another attempt to increase the resolution for these proton peaks on the chitosan was 

made by adjusting the temperature recorded for the 1H – NMR spectra while also 

reducing the chitosan’s molecular weight. A chitosan solution is generally viscous, and 

the degree of viscosity increases as the molecular weight rises. It has been reported 

that the highly viscous chitosan will reduce the mobility of the molecules, meaning the 

protons will be unable to relax back to their unexcited states, thereby contributing to 

the widening of the proton peaks. In order to decrease the viscosity of chitosan, 

Lavertu et al. performed the 1H – NMR measurements at 70 °C and hydrolysed the 

chitosan into its constituted monomers (N-acetyl glucosamine and the deacetylated 

glucosamine) (Lavertu et al., 2003). It was observed by Lavertu et al. that the protons 

from C1 of both the N-acetyl glucosamine and the deacetylated glucosamine 

monomers were well separated from the solvent peaks (HOD), but the proton peaks 

from C2 – C5 remained undifferentiated, despite obtaining the 1H – NMR data at 70 °C.  

The solubility of chitosan has been considered to be a factor that confounded the 

interpretation of 1H – NMR spectra of chitosan, especially for the high density of acetyl 

groups arising from the inefficient deacetylation process. On the other hand, the solid-

state NMR (13C and 15N) has been proposed to offer the possibility of determining the 

deacetylation levels for all types of chitosan whether they are soluble or insoluble as 
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no solvents are required to solubilise the polymer (Ottey et al., 1996). A study was 

carried out to employ solid-state 13C – NMR spectroscopy to determine the 

deacetylation level of chitosan in soluble and non-soluble fractions (Ottey et al., 1996). 

Ottey et al. noted that the carbons (C3 – C5, d = 70 – 90 ppm) of both soluble and 

non-soluble fractions were overlapping with C1 (d = 90 – 110 ppm) creating very broad 

peaks. Due to the inability to resolve the overlapping carbon peaks, the integration of 

methyl carbon from the acetyl groups in comparison with the integration of all the ring 

carbons from the glucosamine was determined by the authors to work out the 

acetylation level (Ottey et al., 1996). Recruiting solid-state NMR (13C and 15N) for 

chitosan’s structure determination has also suffered its own inherent shortcomings. 

Firstly, the low natural abundance (1.108% for 13C and 0.365% for 15N) as compared 

to 1H (99.98%) (Kasaai, 2010) meant that a 13C/15N-enriched chitosan is required in 

very large amounts; 200 mg and 500 mg have been reported as used in the NMR 

analysis to compensate for the low abundance issue (Ottey et al., 1996; Yu et al., 

1999). Secondly, in liquid-phase NMR spectroscopy, the spin-bearing particles were 

undergoing constant Brownian motion. This effectively averaged the anisotropic 

interactions to zero while the isotropic interactions, such as the isotropic chemical shift 

and J-coupling, prevailed (Garg, 2018). Consequently, a series of well-resolved and 

sharp NMR peaks were presented. By contrast, in solid-state NMR, the molecule’s 

movement was relatively static and the anisotropic interactions could not be 

counteracted; hence, broad peaks with low resolutions were produced (Garg, 2018).  

After a few decades of progress, chitosan has now become one of the most widely 

studied biopolymers; and around 4000 publications were produced in 2015 relating to 

the applications of chitosan and its derivatives (Cheung et al., 2015). However, the 
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proton peaks, especially on the backbone of glucosamine remain unresolved on an 

individual basis, in spite of the attempts described previously. The 1H – NMR is still 

regarded as one of the most accurate methods for the structural interpretation due to 

the high abundance of 1H (Kasaai, 2010). In fact, in light of the broad NMR peaks 

found in chitosan, the United States Pharmacopeia 34-NF 29th edition recommended 

the use of the integral of methylene group of N-acetyl, in reference to the integral of 

all the protons between 3 and 6 ppm arising from the glucosamine, to calculate the 

degree of deacetylation (United States Pharmacopeial Convention., 2010). 

Additionally, Hiral et al. noted that the deacetylation level they obtained was well within 

1% error (Hirai et al., 1991) and others reported the deviation of the degree of 

deacetylation from experimenting results was less than 5% from the actual value 

(Rinaudo et al., 1992). So, when comparing the peak breadths (protons from the 

glucosamine) of the present study to the results obtained by the others, the degree of 

ethylamino substitution, based on the equation (1), for EA17GC43 was 17%, with 

errors falling between 1 – 5%. 
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Figure 2.16. 1H – NMR of EA25GC45.  

 

 
 

Figure 2.17. 1H – 1H COSY NMR of EA25GC45. 
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Table 2.5. Proton assignments and chemical shifts for EA25GC45. 

 
Position on the 
H-NMR spectra 

NMR Chemical 
Shift (d) 

Corresponding protons on the 
structure 

9 2.0 ppm CH3—CO— (acetyl-glycol chitosan) 
2” 2.5 ppm —CH—N(CH2CH2NH2)2 (C2 

diethylamino-substituted glycol 
chitosan) 

2 2.9 – 3.1 ppm —CH—NH2 (C2 glycol chitosan) 
A1 3.1 – 3.2 ppm —CH—N(CH2CH2NH2)2 

(diethylamino) 
3 – 8 3.4 – 4.2 ppm —CH—O—, —CH2—OH— (glycol 

chitosan) 
1 4.5 ppm —CH—O— (C1 glycol chitosan) 
- 4.8 ppm Deuterium oxide (D2O) 

 
 
On increasing the amount of 2-(Boc-amino)ethyl bromide from 1.85 g to 7.39 g, the 

proton peaks (2’) from the monoethylamino-substituted C2 diminished and only the 

peaks from the diethylamino-substituted C2 were seen in Figures 2.16 and 2.17. This 

is possible due to the fact that the electron-releasing alkyl groups (–CH2CH2NH2 for 

monoethylamino-substituted GC) increased the electron density for secondary amines. 

As a consequence, the secondary amines behaved as stronger nucleophiles, reacting 

further with 2-(Boc-amino)ethyl bromide to yield diethylamino-substituted GC after the 

deprotection of Boc groups (Solomons and Fryhle, 2000; Simao Carlos, 2014). As the 

2-(Boc-amino)ethyl bromide was added in excess (7.39 g versus 200 mg of GC), all 

the secondary amines from the monoethylamino-substituted GC will be reacted to 

produce mainly the tertiary amines of the diethylamino-derivatised GC (Figure 2.16). 

This was confirmed by the 1H – 1H COSY NMR in Figure 2.17 where a correlation 

between the protons from C2’’ (double substitution) and the protons from C1 and C3 

of the sugar backbone was observed. A correlation between the protons from the 
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unsubstituted C2 and the protons from the C1 and the C3 of the sugar backbone was 

also noted.  

The degree of ethylamino substitution was derived from equation (2) as follows (Simao 

Carlos et al., 2017): 

Degree of substitution	=
[the Integration of C2’’ (double substitution) / 1 proton] 

(the integration of C3–C5 and glycol protons / 9 protons)  

 
Thus, the ethylamino substitution for EA25GC45 was 25% with errors falling between 

1 – 5% as described previously. 
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Figure 2.18. GPC – MALLS chromatogram of EA17GC43. Mw = 42,870 Da, Mn = 

34,890 Da, Mw/Mn = 1.229 and dn/dc = 0.2533 (inset). 

 
 

 
 

Figure 2.19. GPC – MALLS chromatogram of EA25GC45. Mw = 44,850 Da, Mn = 

43,690 Da, Mw/Mn = 1.027 and dn/dc = 0.2255 (inset). 
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Figure 2.20. The viscosities of GC5, EA17GC43 and EA25GC45. **** p < 0.0001 

indicated a statistical significance between GC5, EA17GC43 and EA25GC45. Data 

are presented as mean ± SD (n = 3). 

The one with an ethylamino mole substitution of 17% (1 – 5% errors) and molecular 

weight of 43.0 kDa (Figure 2.18) was named as EA17GC43, and the other one 

(EA25GC45) had a mole substitution of 25% (1 – 5% errors) with a molecular weight 

of 45.0 kDa (Figure 2.19). When in combination with DOPE to produce EAGC-DOPE 

hybrid system, EA17GC43 turned into E17GC43DNPs and EA25GC45 into 

E25GC45DNPs. The presence of ethylamino moiety rendered EA17GC43 and 

EA25GC45 more viscous when compared with the parental GC5 (Figure 2.20, **** p 

< 0.0001). However, there was no statistically significant difference of viscosity 

between the EA17GC43 and the EA25GC45. The formulations tested for viscosity 

were Newtonian liquids, which were represented by the fact that the viscosity value 

was not dependent on externally-applied pressure. 
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 Physicochemical characterisation of EGCDNPs  

 

 
 
Figure 2.21. TEM of E17GC43DNPs and E25GC45DNPs. Scale bar = 25 nm for 

E17GC43DNPs, 100 nm for E25GC45DNPs. 

 

 
 

Figure 2.22. (A) Particle size of E17GC43DNPs/E25GC45DNPs alone or as GFP-

pDNA complexes. A statistically significant difference in size for E25GC45DNPs – 
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GFP-pDNA at vectors, GFP-pDNA mass ratios of 20:1, 30:1 and 40:1 was noted (** p 

< 0.01, **** p < 0.0001), when compared with the E17GC43DNPs gene complexes at 

the same mass ratios between the vectors and the GFP-pDNA. (B) Zeta potential of 

E17GC43DNPs/E25GC45DNPs alone or as complexes. **** = statistically significant 

difference between the E17GC43DNPs and the E25GC45DNPs alone or as 

complexes at ratios used in (A). (C) PDI of E17GC43DNPs/E25GC45DNPs alone or 

as complexes. The PDI of E17GC43DNPs complexes at vectors, GFP-pDNA mass 

ratio of 40:1 was statistical significant (** p < 0.01), when compared with the 

E25GC45DNPs, GFP-pDNA complexes at vectors, GFP-pDNA mass ratio of 40:1. 

The results are presented as mean ± SD (n = 3). 

It was demonstrated in Figure 2.21 that both the E17GC43DNPs and the 

E25GC45DNPs presented as spherical, compacted nanoparticles, indicating that the 

level of ethylamino substitution did not impede the assembling ability of EAGC and 

DOPE. Furthermore, E17GC43DNPs and E25GC45DNPs alone were both positively 

charged (+ 28.4 ± 0.3 mV for E17GC43DNPs, + 42 ± 1.2 mV for E25GC45DNPs) and 

the zeta potential of E25GC45DNPs was significantly higher than that of the 

E17GC43DNPs’ (Figure 2.22B, p < 0.0001), indicating that the level of ethylamino 

substitution played a role in regulating the overall charge density of EGCDNPs. It was 

shown previously that the EAGC without DOPE lipid can condense pDNA into 

positively charged (zeta potential = + 40 – 50 mV), 50 – 450 nm nanoparticles (Simao 

Carlos et al., 2017). It was found in Figure 2.22 that EGCDNPs, when complexed with 

GFP-pDNA, retained the overall positive zeta potential (+ 22.0 – 34.8 mV) and the 

gene complexes formed vesicles with diameters of 196 – 591 nm. When compared 

with the E25GC45DNPs complexes, the GFP-pDNA formulated with E17GC43DNPs 

at vectors, GFP-pDNA mass ratios of 20:1, 30:1 and 40:1 had relatively larger size 

NPs (319 – 591 nm vs 196 – 322 nm) and lower positive zeta potential (+ 22.0 – 27.0 
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mV vs + 28.6 – 34.8 mV) (Figures 2.22A–B, p < 0.01, p < 0.0001). Furthermore, there 

was no statistically significant difference observed for the polydispersity between the 

complexes of E17GC43DNPs and E25GC45DNPs at vectors, GFP-pDNA mass ratios 

of 20:1 and 30:1, but at a mass ratio of 40:1, there was a significant difference between 

the E17GC43DNPs and the E25GC45DNPs complexes (Figure 2.22C, p < 0.01). 
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 EGCDNPs’ in vitro gene transfection  

 
 

Figure 2.23. The incorporation of DOPE lipid into EAGC significantly enhanced the in 

vitro gene transfection of EAGC. (A) The representative flow cytometry results of GFP-

pDNA transfection in U87-MG cells after the administration of complexes prepared 

from the EA25GC45-DOPE (48 μg) hybrid system or EA25GC45 (48 μg) and GFP-

pDNA (1.6 μg/well). The P2 region denotes the percentage of GFP positive cells. (B) 

A comparison of GFP-pDNA gene transfection efficiency of complexes consisting of 

different mass ratios of EA25GC45-DOPE/EA25GC45 and GFP-pDNA. No significant 
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difference of transfection was noted for treatment of EAGC loaded with GFP-pDNA at 

the mass ratios of 20:1, 30:1 and 40:1 between vectors and GFP-pDNA. * p < 0.05 

and ** p < 0.01. Data are presented as mean ± SD (n = 3). 

The first objective of the current work was to check whether adding DOPE lipid into 

EAGC polymer exerted any impact on its overall transfection. The results from Figure 

2.23 revealed that irrespective of the different mass ratios (20:1, 30:1 and 40:1) 

between the EAGC-DOPE and the GFP-pDNA, EAGC-DOPE showed a significantly 

higher gene transfer in glioma cells (U87-MG) as compared with that achieved by 

EAGC alone after a 6 h of treatment (* p < 0.05, ** p < 0.01). This inferred that the 

addition of DOPE lipid rendered EAGC a more efficacious gene transfer reagent. 

Lastly, there was no ratio-dependent GFP transfection in glioma cells as all the ratios 

tested between the GFP-pDNA and the vectors showed an identical transfection 

efficiency in EAGC-DOPE or EAGC without the DOPE (Figure 2.23B). 
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Figure 2.24. EGCDNPs’ in vitro gene transfection. (A) GFP-pDNA in vitro transfection 

after the administration of HEK-293T cells with EGCDNPs complexes at vectors, 
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pDNA mass ratios of 20:1, 30:1 and 40:1 (N/P ratios of 15:1, 23:1 and 30:1, 

respectively for E17GC43DNPs or 17:1, 26:1 and 34:1, respectively for 

E25GC45DNPs). *** = statistically significant difference between the E25GC45DNPs 

complexes and the E17GC43DNPs complexes (p < 0.001). No significant difference 

of fluorescence intensity was noted between the E25GC45DNPs complexes at 

different weight ratios between EGCDNPs and GFP-pDNA. # = statistically significant 

difference between the lipoplexes and the E25GC45DNPs complexes (p < 0.05). (B) 

Representative fluorescence images of HEK-293T cells after the transfection with the 

EGCDNPs complexes, in comparison with the Lipoplexes. (C) β-galactosidase activity 

of HEK-293T cells after the administration of E17GC43DNPs or E25GC45DNPs – β-

gal-pDNA complexes (β-gal-pDNA 4 μg/well) at a N/P ratio of 30:1 (40:1 mass ratio) 

for E17GC43DNPs or a N/P ratio of 34:1 (40:1 mass ratio) for E25GC45DNPs. * = 

statistically significant difference between the E17GC43DNPs and the 

E25GC45DNPs complexes (p < 0.05). #### = statistically significant difference 

between the Lipo 2k complexes and the E25GC45DNPs complexes (p < 0.0001). (D) 

A comparison of the in vitro transfection efficiency of E17GC43DNPs versus 

E25GC45DNPs in delivering 4 μg of FLuc-pDNA/well at a N/P ratio of 30:1 (40:1 mass 

ratio) for E17GC43DNPs or a N/P ratio of 34:1 (40:1 mass ratio) for E25GC45DNPs. 

**** = statistically significant difference between the E17GC43DNPs complexes and 

the E25GC45DNPs complexes (p < 0.0001). ### = statistically significant difference 

between Lipo 2k complexes and E25GC45DNPs complexes (p < 0.001). Data are 

presented as mean ± SD (n = 3). The Lipo 2k was used at a mass ratio of 5:2 between 

the Lipo 2k (10 μg) and the pDNA (4 μg per well). 

To understand if the level of ethylamino mole substitution exerted an impact on the 

overall transfection performance, E17GC43DNPs and E25GC45DNPs were utilised 

to transfect GFP-pDNA at different N/P or mass ratios between the vectors and the 

GFP-pDNA. It can be seen from Figure 2.24A that regardless of the different N/P or 

mass ratios used for the complexes of EGCDNPs – GFP-pDNA, the E25GC45DNPs 

showed a superior transfection efficiency with respect to the transfection mediated by 
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E17GC43DNPs (*** p < 0.001). To investigate if the observed distinct gene 

transfection profiles exhibited by E17GC43DNPs and E25GC45DNPs were 

generalisable, another two commonly used reporter genes (β-gal-pDNA and FLuc-

pDNA) were transfected by different EGCDNPs (160 μg of vectors for E17GC43DNPs 

or E25GC45DNPs) in HEK-293T cells at the pDNA dose of 4 μg/well. The results 

indicated that E25GC45DNPs were more active in β-gal-pDNA and FLuc-pDNA gene 

transfection than E17GC43DNPs (Figures 2.24C–D, * p < 0.05 and **** p < 0.0001). 

Interestingly, the polyplexes comprised of Lipo 2k (10 μg), formulated separately with  

GFP-pDNA (4 μg/well), β-gal-pDNA (4 μg/well) or FLuc-pDNA (4 μg/well) showed 

varying transfection efficiencies in HEK-293T cells with the polyplexes loaded with 

GFP-pDNA or β-gal-pDNA but not with FLuc-pDNA demonstrating a significant higher 

gene transfection than E25GC45DNPs complexes (Figures 2.24A, C–D, p < 0.05, p 

< 0.001, p < 0.0001). This is likely due to the fact that the plasmid DNA has different 

sizes (GFP-pDNA, 4479 bp; β-gal-pDNA, 7853 bp; FLuc-pDNA, 5566 bp) that may 

affect the mobility of these plasmids within the cytoplasm, ultimately impacting their 

access to the nucleus to initiate transgene expression (Lukacs et al., 2000). So, if time 

permitted, it would be interesting to transfect the HEK-293T cells with the lipoplexes 

formulated with fluorescent-labelled plasmids (GFP-pDNA,  β-gal-pDNA and FLuc-

pDNA) and investigate the plasmids’ subcellular distribution and nuclear uptake 

(Lukacs et al., 2000) to understand the distinct transfection profiles mediated by Lipo 

2k. 
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 The cytotoxicty profiles of EGCDNPs complexes by  

TMRE/DAPI staining  

 
 
 

Figure 2.25. Toxicity of EGCDNPs complexes by TMRE/DAPI. (A) Representative 

images of the toxicity of E17GC43DNPs (160 μg) or E25GC45DNPs (160 μg) loaded 

separately with the GFP-pDNA (4 μg/well); the 10% DMSO (v/v in cell culture medium) 
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solution was included as an internal positive control. (B) No significant difference in 

terms of cell viability between the treatments of the E17GC43DNPs and 

E25GC45DNPs complexes was found. Data are presented as mean ± SD (n = 3). 

It is hypothesised that the observed distinct transfection profiles mediated by 

EGCDNPs may lie in their toxicity difference. The cell viability of E17GC43DNPs and 

E25GC45DNPs was measured using a dual-labelling strategy (TMRE/DAPI). 

Whereby, a region with negative TMRE and positive DAPI (TMRE−/DAPI+) was used 

to indicate the apoptotic/dead cells, whereas a healthy cell with normal mitochondrial 

function would fall in the area of TMRE+/DAPI−. The percentage of cell population in 

this region (TMRE+/DAPI−) was used to indirectly represent the cell viability 

(Santander-Ortega et al., 2012). Specifically, for the DMSO positive control, a 

dramatic reduction of the cell population from the region of TMRE+/DAPI− (97.24%) to 

the area of TMRE−/DAPI+ (7.97%) was observed, indicating a substantial toxicity 

(Figure 2.25A). It is envisaged that the mass ratio of 40:1 between the EGCDNPs 

(160 μg) and GFP-pDNA (4 μg/well) would require the highest amount of EGCDNPs, 

and, consequently, these formulations will be tested as they are likely to be the most 

toxic. It is interesting to note that compared with cells alone, both the E17GC43DNPs 

and the E25GC45DNPs loaded with GFP-pDNA at the mass ratio of 40:1 between the 

vectors and GFP-pDNA had no tangible cytotoxicity, and cell viabilities of over 95% 

were recorded (Figures 2.25A–B). 
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 NTA for the determination of NP’s concentrations  

 
 
Figure 2.26. EA25GC45 with a higher ethylamino substitution drove the formation of 

a two times higher concentration of nanoaggregates comprised of EGCDNPs and 

GFP-pDNA than EA17GC43 with a lower ethylamino functionalisation. (A) One 

representative frame was retrieved from the video captured by NTA; GFP-pDNA was 

loaded with EGCDNPs in cell culture medium [MEME containing 10% (v/v) PB buffer] 
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to form nanoaggregates represented by bright spots. (B) A comparison of the total 

number of nanoaggregates per mL MEME medium [10% (v/v) PB buffer] formulated 

by different EGCDNPs – GFP-pDNA complexes (pDNA, 0.8 μg/mL) at the mass ratio 

of 40:1 between the vectors and the GFP-pDNA. The results are shown as the mean 

± SD (n = 5). A significant difference was observed for the complexes consisting of 

GFP-pDNA and E17GC43DNPs or E25GC45DNPs (**** p < 0.0001). 

Another attempt was made in the present study to investigate the number of 

nanoparticles formed by the complexations between different EGCDNPs and the 

GFP-pDNA. This is to determine whether the number of nanoparticles present in a 

cell culture medium may have any influences on their in vitro transfection behaviour 

as individual particles were eventually taken up by cells in the cell culture medium to 

effect gene transfer. As a proof of concept, the mass ratio of 40:1 (equivalent to N/P 

ratio of 30:1 for E17GC43DNPs or 34:1 for E25GC45DNPs) between the EGCDNPs 

and pDNA was selected as this is the ratio used for multiple pDNA transfection. The 

impact of other charge/mass ratios between the EGCDNPs and the GFP-pDNA on 

the number of their formed particles should be also explored in the future work.  

NTA, a number-based tracking approach coupled with a light microscope, was 

adopted in this study to track the individual particles dispersed in the cell culture 

medium, which mimicked the environment when applying EGCDNPs – GFP-pDNA 

complexes to cells cultured on the plate. Specifically, the laser beam, when passing 

through the sample solutions containing the EGCDNPs complexes under Brownian 

motion, illuminated individual particles captured by the installed camera (Carr et al., 

2009). A bright spot was counted as one particle as shown in Figure 2.26A, and the 

total concentration of particles in a solution could be deduced from the number of total 

counted particles. Clearly, the E25GC45DNPs complexes at EGCDNPs, pDNA mass 
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ratio of 40:1 (N/P ratio of 34:1) exhibited approx. 2-fold higher concentrations of 

nanoparticle aggregates when compared with the E17GC43DNPs complexes 

containing the same mass ratio of 40:1 (N/P ratio of 30:1) (Figures 2.26A–B, **** p < 

0.0001). The excess number of particles in the E25GC45DNPs formulations may have 

exerted a profound influence on their ultimate in vitro pDNA transfection in a dose-

dependent manner. 

 EGCDNPs’ binding quantities with GFP-pDNA and circular  

dichroism studies  

 

 
 

Figure 2.27. The interaction between the EGCDNPs and the GFP-pDNA as measured 

by dye exclusion assay and circular dichroism (CD). (A) GFP-pDNA’s binding with the 

two EGCDNPs was measured using the reduced fluorescence of PicoGreen. Ft = the 

total fluorescence intensity emitted by PicoGreen-bound GFP-pDNA alone (F0) minus 

the fluorescence intensity emitted by PicoGreen incubated with GFP-pDNA and 
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EGCDNPs at a mass ratio of 40:1 (Fr), F0 = the total fluorescence intensity emitted by 

PicoGreen-bound GFP-pDNA. Data are presented as mean ± SD (n = 3). *** = 

statistically significant difference between the E17GC43DNPs and the 

E25GC45DNPs loaded with a GFP-pDNA (p < 0.001). (B) The CD spectra of GFP-

pDNA in phosphate buffer (2 mM, pH = 6) alone and its complexation with 

E17GC43DNPs and E25GC45DNPs, respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.28. The structure of PicoGreen dye and its electrostatic interactions with the 

DNA as well as binding to the AT-rich sequences of a DNA duplex as reported in the 

literature (Dragan et al., 2010). This figure was reproduced from Dragan et al. (Dragan 

et al., 2010). 

PicoGreen binding assay was utilised to indirectly indicate the binding quantities of 

pDNA with EGCDNPs. PicoGreen is a cationic dye that can electrostatically bind to 

the phosphate groups of the DNA (Figure 2.28). Furthermore, it was reported that 

PicoGreen could preferentially bind to the AT-rich domains of the DNA minor groove 

(Figure 2.28) (Dragan et al., 2010). Lastly, PicoGreen’s fluorescence increased 

significantly (820-fold compared with unbound PicoGreen) upon intercalation with 

GFP-pDNA. So, the free GFP-pDNA, upon binding to PicoGreen, will have the highest 
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fluorescence of PicoGreen (Fo). When complexed with GFP-pDNA, EGCDNPs 

reduced the number of PicoGreen binding sites, decreasing the fluorescence intensity 

of the PicoGreen solution to Fr. Ultimately, the fluorescence value (Fo minus Fr) of 

PicoGreen-bound GFP-pDNA can be indirectly used to infer the amount of complexed 

GFP-pDNA within the EGCDNPs. It can be seen from Figure 2.27A that 

E25GC45DNPs, GFP-pDNA at a mass ratio of 40:1 significantly binds more GFP-

pDNA (in quantity) when compared with the one formulated with E17GC43DNPs 

(Figure 2.27A, *** p < 0.001).  

CD spectroscopy was utilised to further decipher the role of ethylamino groups in 

regulating the interactions between the EGCDNPs and the GFP-pDNA. The 

fundamental building blocks for nucleic acids are the constituted bases and stacking 

geometry (Warshaw and Cantor, 1970). Any deviation from the conformations of these 

bases was reflected in the CD spectrum, and the structural change could be used for 

the indication of occurrence of binding between the cationic EGCDNPs and the 

anionic GFP-pDNA (Santos-Carballal et al., 2015). In agreement with the literature, 

pDNA in its native form presented a negative peak at near 245 nm due to the 

absorbance of the stacked bases, and a positive peak at near 275 nm from the 

absorption of the helical structure of polynucleotides (Figure 2.27B) (Prevette et al., 

2007; Sahoo et al., 2017). A red shift of the spectra for GFP-pDNA was observed 

when complexed with either the E17GC43DNPs or the E25GC45DNPs at a mass ratio 

of 40:1 between the vectors and the GFP-pDNA, indicating a conformation change 

induced by the EGCDNPs (Warshaw and Cantor, 1970) (Figure 2.27B). However, 

E25GC45DNPs loaded with GFP-pDNA had similar CD spectra, when compared to 

the complexes formulated with E17GC43DNPs and GFP-pDNA (Figure 2.27B). 
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 EGCDNPs’ binding affinity with the GFP-pDNA  

 

 
 

Figure 2.29. SPR was employed to measure the EGCDNPs’ binding affinity with GFP-

pDNA. (A) A representative SPR sensorgram of E17GC43DNPs and E25GC45DNPs 

against GFP-pDNA was performed by injecting five elevated concentrations of 

EGCDNPs (0.078, 0.156, 0.313, 0.625, and 1.25 μg/mL) into the SPR machine. (B) 

The dissociation constant (Kd) between the GFP-pDNA and the EGCDNPs. The 

results are shown as mean ± SD (n = 3), wherein * p < 0.05 indicates that a statistically 

significant higher Kd value for the E17GC43DNPs complexes compared with the 

E25GC45DNPs complexes. 

While Figure 2.27A revealed indirectly the amount of pDNA bound to EGCDNPs, the 

binding affinity between the EGCDNPs and the GFP-pDNA remained unclear. SPR 

was therefore employed to understand this research question. Biotinylated GFP-

pDNA was immobilised on a streptavidin chip, and various concentrations of the 

EGCDNPs were injected sequentially into the SPR machine to allow for binding 

between the EGCDNPs and the GFP-pDNA. It can be seen from the Figure 2.29A 

that after the first injection of EGCDNPs into the streptavidin chip, there was a 

preferable interaction between the EGCDNPs on the unmodified control cell in the 
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chip versus on the cell modified with biotinylated GFP-pDNA, thereby producing a 

slightly negative value in the relative response. It must be noted that the following 

elevated injections of EGCDNPs starting from a concentration of 0.156 μg/mL showed 

a separate interaction profile in which the E25GC45DNPs exhibited a higher relative 

response when interacting with biotinylated GFP-pDNA versus the E17GC43DNPs 

(Figure 2.29A). The further analysis in Figure 2.29B demonstrated that the 

E25GC45DNPs had a lower Kd value compared with the E17GC43DNPs, inferring 

that a relatively higher binding affinity was achieved between the E25GC45DNPs and 

the GFP-pDNA (* p < 0.5).  
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  The cellular uptake of GFP-pDNA faciliated by the EGCDNPs 

 
 
 

Figure 2.30. Cellular uptake of Cy5-pDNA by EGCDNPs. (A) The representative flow 

cytometry results showing the uptake of Cy5-pDNA facilitated by either 

E17GC43DNPs or E25GC45DNPs at 4 h and 6 h treatment in comparison with the 

cell alone. The red squares denote the percentage of Cy5-pDNA positive cells after 
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the administration of the complexes comprised of E17GC43DNPs or E25GC45DNPs, 

loaded separately with Cy5-labelled GFP-pDNA at EGCDNPs, GFP-pDNA mass ratio 

of 40:1. (B) Quantitative analysis of the Cy5-labelled GFP-pDNA transferred to the 

cells by the E17GC43DNPs or E25GC45DNPs. A statistically significant difference 

was observed between the E17GC43DNPs – Cy5-tagged GFP-pDNA complexes 

(40:1 weight ratio between the carriers and the pDNA) and the E25GC45DNPs – Cy5-

tagged GFP-pDNA (40 μg of vectors and 1 μg of pDNA) at 4 h and 6 h of treatment 

(**** p < 0.0001), respectively. There was also a statistical significance between the 4 

h and the 6 h treatments, following the administration of complexes of E25GC45DNPs 

– Cy5-labelled GFP-pDNA at a mass ratio of 40:1 (#### p < 0.0001). The results are 

shown as mean ± SD (n = 3). 

It was revealed previously in Figure 2.22 that the E25GC45DNPs complexes (vector, 

pDNA mass ratio of 40:1) had relative smaller diameters (287 ± 15 nm), higher overall 

zeta potential (+ 34.6 ± 0.2 mV) and lower PDI (0.47 ± 0.02) in comparison to the 

E17GC43DNPs complexes (size of 580 ± 11 nm, zeta potential of + 25.9 ± 1.1 mV 

and PDI of 0.65 ± 0.02, respectively), at an EGCDNPs, pDNA mass ratio of 40:1. In 

the last set of experiments, the influences of size, zeta potential and PDI of the 

complexes on the gene cellular uptake were examined. When the treatment duration 

was 4 h, flow cytometric analysis showed that around 29.61 ± 1.96% of the cells 

displayed a Cy5-derived red fluorescence signal when the E25GC45DNPs, but not 

E17GC43DNPs (**** p < 0.0001) were used as the vectors (Figures 2.30A–B). 

Additionally, as the treatment (E25GC45DNPs – Cy5-tagged GFP-pDNA complexes) 

duration was prolonged from 4 h to 6 h, a significant increase of the percentage of 

cells that displayed a Cy5-derived red fluorescence signal from 29.61 ± 1.96% to 

49.19 ± 2.87% was observed (#### p < 0.0001). Interestingly, the E17GC43DNPs 

had no induced Cy5-GFP-pDNA cellular transfer, irrespective of the length of 
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treatment (4 h or 6 h). The Cy5-GFP-pDNA cellular uptake by E17GC43DNPs was no 

different from that seen in the control cells (Figure 2.30B). 

 

Figure 2.31. A comparison of the Cy5-labelled GFP-pDNA cellular uptake facilitated 

by the EGCDNPs after incubating the HEK-293T cells with 

E17GC43DNPs/E25GC45DNPs – Cy5-labelled GFP-pDNA complexes for 4 h and 6 

h incubation. The GFP-pDNA was labelled with Cy5 (red), the nuclei were stained with 

Hoechst (blue), and the actin was stained with CF®488A-phalloidin (green). Scale bar 

= 20 μm.  
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Furthermore, the confocal microscopy results confirmed the data obtained from the 

flow cytometry analysis that E25GC45DNPs rather than the E17GC43DNPs induced 

Cy5-GFP cellular transfer at the 4 h and 6 h of treatment (Figure 2.31). There was a 

time-dependent dose-response for the E25GC45DNPs, with longer treatment 

achieving a higher cellular uptake (Figure 2.31). Taking the results together, it is 

evident that the E25GC45DNPs, due to the ability to complex GFP-pDNA into 

relatively smaller size NPs that have a higher zeta potential and a lower PDI promote 

a higher gene cellular uptake and ultimately become a potent gene transfection 

reagent, when compared with the E17GC43DNPs. 
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 Discussion  

Engineering biocompatible gene delivery vectors holds great promise for future 

genetic therapies. The combination of polymers and lipids that have self-assembled 

into hybrid nanoparticles has therefore been proposed; this hybrid system could 

induce nucleic acid cellular transfer in a synergistic manner in the hope of achieving 

superior transfection effects exceeding the merits offered by either polymers or lipids 

alone. In the work described in this chapter, an effort was made to understand if the 

level of ethylamino substitutions of EAGC correlated with the EGCDNPs 

supramolecular organisations or physical-chemical properties that could effect gene 

transfer and more importantly, whether this chemical modification could be utilised to 

design efficient gene medicines in a rational way. The importance of understanding 

this structure-based activity has been highlighted in numerous reports. Kowalski et al. 

designed a series of ionizable amino-polyesters (APEs) nanoparticles for mRNA 

delivery via ring opening polymerisation (ROP) of lactones with tertiary amino-alchols 

(Kowalski et al., 2018). To enhance APEs nanoparticles stability and promote the 

endosomal escape, helper lipids such as 1,2-dioleoyl-sn-glycero-3-phosphoe-

thanolamine, cholesterol (Chol) and 1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy-(polyethyleneglycol)-2000] (C14-PEG2000) were 

added into APEs to produce polymer-lipid hybrid system (APE-LNPs) (Kowalski et al., 

2018). It was found that APEs containing lactones with alkyl side chains had a strong 

association with high mRNA transfection efficiency, when compared with APEs 

composed of caprolactone without a alkyl side chain (Kowalski et al., 2018). Similarly, 

a novel dendrimer derivatives with cationic and hydrophobic amino acid motifs 

distributed across three dendrimer generations was proposed (Kwok et al., 2013). 
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Among these derivatives, one dendrimer [G1,2,3-KL, 

((LysLeu)8(LysLysLeu)4(LysLysLeu)2LysGlySerCys-NH2)], in conjunction with 1,2-di-

Ο-octadecenyl-3-trimethylammonium propane (chloride salt) (DOTMA) and DOPE 

lipid, was reported to have achieved a 6-fold higher luciferase plasmid transfection 

than Lipo 2k and up to an 8-fold higher transfection than polyethyleneimine (PEI) in 

HeLa cells (Kwok et al., 2013). The structure activity relationship revealed that 

substituting a lysine residual of G1,2,3-KL with a more hydrophobic leucine unit to 

produce [G2,3-KL, ((LysLeu)8(LysLysLeu)4(LysLeuLeu)2LysGlySerCys-NH2)] 

reduced luciferase plasmid expression up to 5 times in vitro (Kwok et al., 2013).  

Herein, in this study, the role of ethylamino substitutions on EGCDNPs’ in vitro pDNA 

transfection performance was evaluated. From the perspective of understanding the 

rationale for the observed transfection, the physicochemical properties of these 

derivatives, and their binding with pDNA and cellular uptake etc. were determined. It 

is worth mentioning that the commercial transfection reagent – Lipofectamine 2000 

was formulated with the cationic lipid (DOSPA lipid) and the DOPE at a DOSPA, 

DOPE mass ratio of 3:1; a higher cationic lipid content may be too toxic. The current 

study has therefore formulated the EAGC-DOPE hybrid in a reduced mass ratio of the 

cationic vector versus the DOPE at 1:1, in the hope that this hybrid may have less 

toxicity while exhibiting efficient transfection efficiency. In spite of the promising 

transfection results obtained in the current study with EAGC-DOPE hybrid, the 

incorporation of DOPE lipid into another chitosan amphiphile, namely, Ν-palmitoyl-Ν-

monomethyl-Ν,Ν-dimethyl-Ν,Ν,Ν-trimethyl-6-Ο-glycolchitosan (GCPQ) at a polymer, 

DOPE mass ratio of 1:1, did not yield meaningful transfection results. The future work 
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will need to address the potential interactions between the lipid and the different 

chitosan derivatives. 

Two EAGC derivatives were synthesised with similar molecular weights but differing 

ethylamino substitutions. EA17GC43 had a degree of substitution of 17 mole% (with 

errors falling between 1 – 5%) with 43 kDa, while a molecular weight of 45 kDa and 

substitution of 25 mole% (with errors falling between 1 – 5%) was achieved for 

EA25GC45. As one of the objectives for producing EAGC was to use it as a localised 

gene delivery vector for bladder therapy, its viscous nature would help it stick to the 

bladder urothelium during voiding so that the associated cargoes would be able to 

gain entry into urothelial cells. Interestingly, a direct association between the viscosity 

and the ethylamino substitution was observed when comparing EAGC with the 

parental GC (Figure 2.20). However, no viscosity difference was shown between the 

EA17GC43 and the EA25GC45 containing different levels of ethylamnio 

functionalisation. Furthermore, E25GC45DNPs containing the EA25GC45 with a high 

density of ethylamnio groups produced superior pDNA (β-gal-pDNA, FLuc-pDNA and 

GFP-pDNA) transfection, when compared with the E17GC43DNPs containing the 

EA17GC43 with a low density of ethylamino groups (Figures 2.24A–D). The potential 

EGCDNPs, pDNA ratio-dependent transfection was also ruled out by transfecting 

GFP-pDNA at the different mass ratios or charge ratios between the EGCDNPs and 

the GFP-pDNA with the similar observation that the E25GC45DNPs exhibited a 

significantly higher magnitude of gene transfer compared to the E17GC43DNPs 

(Figures 2.24A–B). It was hypothesised that these distinct transfection profiles may 

be due to their unique physicochemical properties of EGCDNPs. The TEM micrograph 

illustrated that EA17GC43 and EA25GC45 had no morphological differences when 
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assembled with DOPE lipid to produce E17GC43DNPs and E25GC45DNPs; all the 

formulations presented as spherical, compacted vesicles (Figure 2.21). Both 

E17GC43DNPs and E25GC45DNPs alone had an overall positive zeta potential (+ 

28.4 ± 0.3 mV for E17GC43DNPs, + 42 ± 1.2 mV for E25GC45DNPs) due to the 

abundant amino groups.  

 

Figure 2.32. The possible interactions between the EAGC and the DOPE in 

EGCDNPs hybrid systems. Four types of interactions between the EAGC and the 

DOPE may occur during the self-assembling process: (A) charge repulsion, (B) 

electrostatic interaction, (C) hydrogen bonding and (D) hydrophobic interaction.  

It is still unclear as to what are the exact mechanisms for the formation of the cationic 

EAGC-DOPE assemblies. However, when taking into the consideration the structures 

of EAGC and DOPE, there is an emerging trend worthy of discussion. Firstly, the TEM 

results (Figure 2.21) indicated that the EAGC and the DOPE did not assemble into a 
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typical bilayer structure as that formed by the cationic lipids (e.g. DOTAP) and DOPE. 

It was envisaged that the favourable electrostatic interaction between the phosphate 

group from the DOPE lipid and the protonated amines of EAGC was taking place; at 

the same time, there was an unfavourable charge repulsion between the amine 

groups of DOPE (NH3+) and the protonated amines of EAGC (Mochizuki et al., 2013). 

Furthermore, the hydrogen bonding between the protons of glycol 

groups/unprotonated amines and the oxygen atoms of the ester and phosphate 

groups of DOPE lipid may hold EAGC and DOPE together (Rhys et al., 2019) (Figure 

2.32). Lastly, as EAGC is a polymer formed by repeating units of its constituted 

monomers, it is possible that the long carbon chains of the EAGC will promote the 

hydrophobic interaction with the DOPE lipid (Figure 2.32) (Wydro et al., 2007).  
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Figure 2.33. (A) Scheme showing the acyl transfer from DOPE into GL-67 (N4- 

spermine cholesteryl carbamate) to produce acylated GL-67(1+2) and 
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lysophosphatidylethanolamine [Lyso PE (1+2)]. The scheme was reproduced from 

Marshall et al. (Marshall et al., 2000). (B) Acryl transfer from the DOPE to produce 

TC-DODEG4 [N-(2,3-Bis((9Z)-octadecenyloxy)propyl)-N,N-dimethyl-13-oxo-3,6,9,12-

tetraoxatriacont-(21Z)-en-1-aminium bromide]. The scheme was reproduced from 

Mohammadi et al. (Mohammadi et al., 2019). 

Additionally, instead of the non-covalent binding between the EAGC and the DOPE, 

DOPE may covalently bond to EAGC to produce several new chemical entities. 

Marshall et al. suggested that hydration of a liposome formulation comprised of a 

cholesterol-based cationic lipid (GL-67) and a DOPE resulted in a chain transfer 

reaction in which the acyl chain of DOPE transferred to the terminal primary amino 

groups of a cholesterol-based cationic lipid (GL-67) (Figure 2.33A) (Marshall et al., 

2000). This acyl chain transfer (also known as transacylation) from the DOPE lipid 

also produced by-products such as Lyso PE (1+2) (Figure 2.33A) (Marshall et al., 

2000). The transacylation became evident when the hydrated GL-67 – DOPE 

liposomes were stored at room temperature for as little as 1 h; under this temperature, 

around 6% of the total GL-67 underwent transacylation within 5 h (Marshall et al., 

2000). However, the rate of transacylation dramatically slowed down when the GL-67 

and DOPE were stored as dried films at  –20 °C (Marshall et al., 2000). The exact 

mechanisms of the transacylation remain elusive, but Marshall et al. observed that the 

acylated GL-67, when either in combination with DOPE lipid or with the by-products 

Lyso PE(1+2), was not active for gene transfer to the lungs of BALB/c mice upon in 

vivo administration (Marshall et al., 2000). Thus, the authors suggested that the level 

of transacylation for cationic lipids (e.g. GL-67), when in contact with DOPE, should 

be carefully controlled to minimise the effect of transacylation on DOPE-mediated non-

viral gene transfer (Marshall et al., 2000).  
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Interestingly, the DOPE-induced transacylation can also occur at the hydroxyl 

terminated groups of the cationic lipids. For instance, Mohammadi et al. discovered 

that on storage, an acyl chain from the DOPE could transfer to the terminal hydroxyl 

group of a novel DOTAP-based cationic lipid (DODEG4) to produce a new trichain 

lipid (TC-DODEG4) and Lyso PE (1+2), as confirmed by the TLC (thin layer 

chromatography) analysis and the LC–MS analysis (Figure 2.33B) (Mohammadi et 

al., 2019). It is worth mentioning that the DODEG4 – DOPE complexes were stored 

at 4 °C for several months, then formulated with a peptide that contained a cyclic 

sequence (–CRGDC-LG) for binding to the integrin receptors. The resulting 

complexes showed a pronounced improvement in luciferase plasmid transfection for 

a wider range of cell types, including human airway epithelial cells and NIH3T3 

fibroblast cells, compared to the control complexes formulated from the freshly 

prepared vesicles (Mohammadi et al., 2019). The authors have observed that the 

transacylation also occurred to the analogues of DODEG4 and the transfection of 

these acylated DODEG4 analogues, in combination with the integrin targeting peptide 

and DNA, was significantly higher in neuroblastoma B104 cells, when compared to 

the corresponding dichain lipids (Mohammadi et al., 2019).  
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Figure 2.34. Scheme showing the possible transacylation of EAGC when in contact 

with DOPE lipid. 
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the glycol and primary amino groups (Figure 2.34). If time permitted, it would be 

interesting to carry out further investigations, using TLC and LC-MS analysis, to verify 

if the observed gene transfection was the result of a new transacylated EAGC. 

Furthermore, the impact of storage conditions (e.g. a longer storage time for EAGC-

DOPE) on gene transfection performance could be further investigated as all the 

current transfection experiments were evaluated using the fresh-made EGCDNPs 

complexes. However, this is beyond the scope of the current work. 

After reviewing the possible interactions between the EAGC and the DOPE, another 

important parameter that may affect EGCDNPs’ gene transfection performance was 

their physiochemical properties when complexed with pDNA. It was revealed in Figure 

2.22 that the E25GC45DNPs condensed GFP-pDNA into significantly smaller 

particles (196 – 322 nm) versus the size of 319 – 591 nm obtained by the 

E17GC43DNPs. The smaller diameter of E25GC45DNPs complexes may promote a 

higher gene cellular uptake, resulting in an efficient gene transfection, when compared 

with the E17GC43DNPs with larger particle sizes. Li et al. constructed a star-shaped 

PEI copolymer (EAPP) by which the eight-armed polyethylene glycol groups (EAP) 

were conjugated into the low molecular weight PEI (Li et al., 2010). A FGFR (fibroblast 

growth factor receptor) targeting peptide (MC11, MQLPLATGGGC) was added into 

the EAP-PEI to produce a targeted gene delivery nanosystem (EAPPM). Li et al. were 

able to show that intravenous injection of the EAPPM – FLuc-pDNA complexes into a 

HepG22 liver cancer xenograft mouse model could lead to high luciferase expression 

in the tumour tissues (Li et al., 2010). In contrast, the polyplexes, without targeting 

MC11 peptide, were found to induce exogenous luciferase expression primarily in the 

lung, followed by the liver with the lowest luciferase expression in the tumour (Li et al., 
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2010). The authors suggested that the EAPPM was able to complex DNA into NPs 

with diameters of 200 to 300 nm that could easily undergo endocytosis to be taken up 

by the tumour cells to facilitate the gene cellular transfer (Li et al., 2010).   

In addition, both the E17GC43DNPs and the E25GC45DNPs were able to interact 

with anionic GFP-pDNA, forming positively charged particles (+ 22.0 – 34.8 mV). It is 

worthwhile to note that the E25GC45DNPs complexes (vectors, GFP-pDNA  mass 

ratio of 40:1 or charge ratio of 34:1) had a higher overall zeta potential (+ 34.6 ± 0.2 

mV) in comparison with the zeta potential of + 25.9 ± 1.1 mV of E17GC43DNPs 

complexes (vectors, GFP-pDNA mass ratio of 40:1 or charge ratio of 30:1). Liu et al. 

suggested that the polymeric NPs with a cationic surface charge of + 31 – 41 mV 

could effectively complex the DNA and aid the electrostatic interaction with the 

negatively charged membrane to be internalised, leading to an efficient cellular uptake 

(Liu et al., 2017). On the other hand, NPs, such as branched PEI (Mw = 25 kDa), had 

a zeta potential of + 35.2 mV, but have proved to be very toxic to the cells (5.2 μg/mL 

of IC50 in A549 cells and 1.9 μg/mL of IC50 in A431 cells) (Brownlie et al., 2004). 

So, the cytotoxicity profiles of EGCDNPs complexes were explored. Previously, a 

TMRE/DAPI dual-labelling strategy was employed to test the toxicity of hyaluronic 

acid-coated polypropylenimine dendrimers whereby TMRE was used to probe 

mitochondrial activity and DAPI was recruited for the live/dead staining, so a healthy 

cell with a normal function of mitochondrial activity would have a positive TMRE 

staining, and negative DAPI staining, and vice versa (Santander-Ortega et al., 2012).  

A cell viability of over 95% was produced (Figure 2.25B) following the treatment of 

complexes consisting of the highest mass ratios of 40:1 between E17GC43DNPs (160 

μg) or E25GC45DNPs (160 μg) and GFP-pDNA (4 μg). This result indicated that the 
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toxicity was not the factor for influencing transfection as a mass ratio of 40:1 between 

the EGCDNPs and the GFP-pDNA used the highest amounts of vectors that could 

represent the maximum cytotoxicity that EGCDNPs complexes can exhibit.    

It was envisaged that to achieve successful pDNA cellular uptake, a delivery vector 

had to overcome several cellular barriers including: traversing the cell membrane, 

escaping from the inside endosome, facilitating pDNA dissociation with the vectors 

and assisting exogenous pDNA nuclear transport to initiate the transcription and 

translation process with the aid of cell apparatus (Vaughan et al., 2006; Yin et al., 

2014). Some of the studies have focused on engineering the synthetic vectors to 

facilitate the endosomal escape of complexes to achieve efficient gene transfer as 

endosomal degradation has been demonstrated to be one of the rate-limiting barriers 

for the delivery of exogenous nucleic acids (Meng et al., 2017; Smith et al., 2019). It 

is interesting to note that one way by which the synthetic vectors are employed to 

escape the acidic endosome is by the buffering capacity of the protonatable amines; 

however, multiple reports have observed that for the amine-rich polymers, such as 

poly(ethylenimine) and poly(2-methyl-acrylic acid 2-[(2-(dimethylamino)-ethyl)-

methyl-amino]-ethyl ester), did not affect the pH of the endosome (Funhoff et al., 2004; 

Benjaminsen et al., 2013). Thus, an effort was made to examine the parameters 

affecting gene transfer in the very first step; that is, the interaction (condensation) 

between the non-viral vectors and their complexed nucleic acids. The DNA in each 

human cell is approximately 2 m long if measured from end to end (Alberts et al., 

2002), and due to the presence of DNA package agents such as histone proteins, it 

could condense DNA approximately 10,000-fold (Holmes and Cozzarelli, 2000; 

Alberts et al., 2002) into chromatin to form histone-DNA complexes. However, mostly 
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DNA is controlled to a loosen state in chromatin between cell divisions, allowing 

multiple transcription factors to bind to DNA to maintain normal physiological 

processes (Teif and Bohinc, 2011). Therefore, it was hypothesised that in order to 

elicit a therapeutic response, the naked exogenous gene, due to its relatively large 

size (1300 – 6500 kDa in the case of plasmid DNA) (Stewart et al., 2018) and inability 

to access the targeted cells, should be condensed in the first instance by the synthetic 

vectors. As such, the naked gene can be delivered by the synthetic vectors to achieve 

efficient cellular uptake. Understanding the interaction between the synthetic vectors 

and their associated cargoes could offer insights into the factors responsible for the 

different transfection results of EGCDNPs. 

Firstly, NTA was recruited to determine how many nanoaggregates there were in the 

cell culture medium (MEME) when the E17GC43DNPs and the E25GC45DNPs were 

formulated with GFP-pDNA. EGCDNPs containing EA25GC45 as opposed to 

EA17GC43 showed a strong interaction with the GFP-pDNA by yielding a 2-fold 

increase in particle concentrations (Figure 2.26B). NTA is commonly employed to 

quantify nanovesicles such as exosomes (extracellular vesicles with a diameter of 40 

– 100 nm) released during reticulocyte differentiation as a consequence of 

multivesicular endosome (MVE) fusion with the plasma membrane (Raposo and 

Stoorvogel, 2013). In recent years, NTA has been utilised to characterise a colloidal 

nanoparticle system, in the hope of bridging the gap in the understanding of in vitro 

characterisation and in vivo biological responses (Ribeiro et al., 2018). As NTA 

measurement does not affect by the common artefacts of the light intensity bias seen 

with dynamic light scattering (Gallego-Urrea et al., 2011), and is solely based on how 

many particles are tracked inside the camera, it was therefore recruited, in this study, 
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to provide the particle concentrations in the relevant biological systems. Furthermore, 

the sixth power of NPs’ diameter is always correlated with the intensity measured from 

DLS, which means that the sizing results from DLS are preferably influenced by the 

presence of larger particles (Filipe et al., 2010). Taken together, the NTA was 

employed for the following experiment. It is clear that the particles’ concentration of 

EGCDNPs – GFP-pDNA complexes may have been a factor that contributed to the 

observed different transfection performances as it can be presumed that a higher 

particle concentration that would attack the targeted cells in a dose-response manner, 

giving rise to a higher gene transfer. Furthermore, the NPs dispersed in solutions, also 

known as colloidal systems, will undergo the Brownian motion. Due to this particle 

movement, it is possible that the higher concentration of NPs formulated by the 

E25GC45DNPs complexes would have the inclination to cause more collisions 

between the NPs and the cell membrane, passively causing cells to take up the gene 

complexes as compared with the lower particle concentration produced by the 

E17GC43DNPs complexes. 
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Figure 2.35. The schematic illustration of the interactions that may occur between the 

EGCDNPs and the pDNA. (A) The electrostatic interaction between the positively 

charged amine groups of the EAGC and the negatively charged phosphate groups 

from the pDNA. (B–C) The hydrogen bond between the hydroxyl groups/primary 

amine groups of EAGC and the DNA bases. The arrow denotes the hydrogen bonding 

between the DNA bases. This figure was reproduced from Prevette et al. (Prevette et 

al., 2007). 

Secondly, to further understand the interaction between the E17GC43DNPs 

/E25GC45DNPs – GFP-pDNA complexes at the molecular level, the CD spectroscopy 

was used to determine the structural conformation of GFP-pDNA following the 

administration of different EGCDNPs. The results from Figure 2.27B indicated that a 
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red shift of GFP-pDNA was observed upon the treatment of the GFP-pDNA with 

E17GC43DNPs or E25GC45NPs, indicating the occurrence of condensation. 

Furthermore, both the E17GC43DNPs and the E25GC45DNPs showed 

indistinguishable CD spectra upon interacting with GFP-pDNA (Figure 2.27B), 

indicating that EAGC with a different level of ethylamino substitution induced a similar 

structural alternation of pDNA.  As described previously, the current work has not been 

able to confirm the exact mechanisms, experimentally, for the formation of EAGC-

DOPE hybrid system, whether through the non-covalent binding between the EAGC 

and the DOPE or possibly through the covalent binding such as acyl chain transfer 

from the DOPE to the EAGC. What was clear was that EGCDNPs could complex 

pDNA and successfully induced pDNA cellular transfer to the targeted cells. 

Additionally, it has not been confirmed in the literature or in the present study that 

DOPE lipid alone could condense pDNA and deliver it to the targeted cells, although 

there may be some non-covalent binding such as between the oxygen atoms of the 

ester/phosphate groups of DOPE lipid and the protons from the DNA bases 

(Mochizuki et al., 2013). Therefore, in this instance, the interactions between the 

cationic EAGC and the pDNA may play a predominant role in condensing pDNA as 

proposed in Figure 2.35. It is plausible that the red shift of GFP-pDNA spectra after 

the addition of EGCDNPs may arise from the electrostatic interaction between the 

protonated amines of the EAGC and the negatively charged phosphate groups of the 

pDNA (Figure 2.35) (Prevette et al., 2007). Secondly, the formation of the hydrogen 

bonds between the bases of DNA, and the abundant glycol groups/the primary amino 

groups of EGCDNPs may be implicated in the change of DNA conformation (Figure 

2.35) (Prevette et al., 2007).  
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Additionally, according to the PicoGreen binding assay, E25GC45DNPs were able to 

bind to GFP-pDNA in higher quantities than the E17GC43DNPs (Figure 2.27A). In 

the last binding evaluation assay, it was demonstrated that the E25GC45DNPs with a 

higher ethylamino functionalisation of EAGC showed a slightly lower Kd value for 

GFP-pDNA when compared to E17GC43DNPs (Figure 2.29B), inferring that a 

relatively strong interaction between the E25GC45DNPs and the GFP-pDNA was 

achieved. A poly(Ν,N-dimethylaminoethyl methacrylate) (PDMAEMA)-functionalised 

silica nanoparticle was reported to bear protonatable amine side chains of PDMAEMA 

that acted as a brush, with the thickness heavily dependent on the amount of amine 

density (Krishnamoorthy et al., 2017). A five-fold increase of DNA binding in PBS was 

observed when the brush thickness increased from 10 – 30 nm; however, it must be 

noted that the PDMAEMA-grafted silica nanoparticles swelled differently in the 

response to different aqueous solutions [e.g. PBS or HEPES-buffered saline (HBS)], 

which also affected the overall DNA binding. Nonetheless, the author did emphasise 

that the level of PDMAEMA modification (amine density) controlled the DNA 

condensation, having an impact on its final transfection efficiency. The Cy5-tagged 

GFP-pDNA cellular uptake experiments revealed that there was no Cy5-tagged GFP-

pDNA cellular uptake, following the administration of the E17GC43DNPs complexes 

in comparison with the control (cell alone), which may affect the E17GC43DNPs’ in 

vitro gene transfection performance (Figures 2.30 and 2.31). In contrast, a time-

dependent Cy5-tagged GFP-pDNA uptake was found for the HEK-293T cells, 

following the administration of E25GC45DNPs – Cy5-tagged GFP-pDNA complexes. 

It was seen that 6 h of treatment leading to a higher percentage of HEK-293T cells 
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exhibiting a Cy5-derived red fluorescence signal (49.19 ± 2.87%), versus the 

treatment for 4 h (29.61 ± 1.96%) (Figures 2.30). 

 Conclusion 

Taking these data together, the current work has evaluated systemically the impact of 

different levels of ethylamino substitution of EAGC on EGCDNPs’ in vitro pDNA 

transfection. Crucially, the higher level of ethylamino substitution for EAGC when 

adding with DOPE lipid had a higher reporter gene transfection, when compared to 

the same formulation containing EAGC with a lower level of ethylamino substitution. 

Specifically, EAGC containing a higher density of ethylamino groups with respect to 

its counterparts with a lower density of ethylamino groups led to a strong interaction 

of EGCDNPs with nucleic acids that can be exemplified into different aspects: 1) 

resulting nanocomplexes with smaller diameters and higher overall zeta potential; 2) 

producing a two-fold higher concentration of nanoparticles that may have the 

inclination to cause more collisions between the NPs and the cell membrane, 

passively causing cells to take up the gene complexes; 3) binding to significant 

quantities of nucleic acids when the dose of free nucleic acids was constant; (4) 

facilitating a higher binding affinity (lower Kd value) with nucleic acids; 5) aiding nucleic 

acid cellular uptake. These attributes endowed by the EGCDNPs containing a higher 

ethylamino substitution of EAGC led to an efficacious transfection reagent.  In the next 

chapter, an effort has been made to evaluate how the other parameters, such as the 

molecular weight of EAGC, influence EGCDNPs’ transfection in in vivo murine bladder 

models. 
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3 Chapter 3:  EAGC-DOPE hybrid system on localised gene 
delivery for the murine bladder  

 Introduction 

In the work described in Chapter 3, an EAGC-DOPE hybrid system (EGCDNPs) was 

produced and the influence of ethylamino substitution of EAGC on EGCDNPs’ in vitro 

gene transfer in the HEK-293T cells was determined. Another objective of the current 

work was to investigate whether the addition of DOPE lipid into EAGC could be active 

for localised gene delivery to the bladder, thus offering therapeutic benefits to the 

future of bladder disease management. Since the E25GC45DNPs outperformed the 

E17GC43DNPs in terms of gene transfection, the E25GC45DNPs were selected for 

the investigation on gene delivery to the bladder. 

 

Figure 3.1. The main structures of bladder wall. The figure is reproduced from 

GuhaSarkar and Banerjee, 2010 (GuhaSarkar and Banerjee, 2010) with modifications. 

The human bladder is a hollow muscular organ (Zhang and Atala, 2019) that plays a 

role in urine storage and prevents the access of toxins. As one of the most flexible 

organs in the body, the bladder can store a maximum of 800 mL of urine in a healthy 

adult (Zhang and Atala, 2019). The bladder is mainly covered by multiple layers of 
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barriers (from outside to inside): the transitional epithelium, the lamina propria, the 

submucosa, the detrusor muscle, and the adventitia (Figure 3.1) (Lewis, 2000; 

GuhaSarkar and Banerjee, 2010). The urothelium, in combination with lamina propria, 

is known as the mucosa and the submucosa is located between the detrusor muscle 

and lamina propria (GuhaSarkar and Banerjee, 2010). The first layer of transitional 

urothelium, comprised of impermeable cells such as umbrella cells joined by tight 

junctions, makes the bladder inaccessible by the majority of drug treatments, thus 

limiting their success for bladder diseases such as bladder cancer and bladder cystitis 

(GuhaSarkar and Banerjee, 2010; Erman and Veranič, 2018). To achieve a higher 

dose delivery to the bladder to elicit a therapeutic effect, polymeric nanoparticles have 

been recommended as promising candidates as described at length in Chapter 1. 

Chang et al. had introduced a poly(ethyl-2-cyanoacrylate) loaded with an anticancer 

drug (epirubicin, EPI) to produce EPI-NPs and these EPI-NPs were capable of 

penetrating and accumulating in the pig urothelium (Chang et al., 2009).   

Similarly, an elegant cationic polypeptide nanogel consisting of a poly(l-lysine)–poly(l-

phenylalanine-co-l-cysteine) (PLL–P(LP-co-LC)) was proposed by Guo et al. to deliver 

the 10-hydroxycamptothecin (HCPT, an anticancer drug) to an orthotopic rat bladder 

cancer model in vivo, significantly inhibiting the tumour growth compared with HCPT 

alone (Guo et al., 2018). The confocal microscopy study revealed that this cationic 

nanogel could adhere to and penetrate the bladder, as represented by a strong HCPT 

fluorescence from the nanogel treatment (Guo et al., 2018). However, a closer look at 

the study revealed that when a rat bladder was treated with nanogel loaded with the 

HCPT, there was a higher level of necrosis in the bladder than with HCPT alone, 

indiscriminatingly affecting both normal and tumour tissues in the bladder (Guo et al., 
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2018). Thus, in order to provide effective treatments for the bladder, the 

biocompatibility of the delivery carriers is one prerequisite. The abovementioned 

studies also stressed the desirable properties that a polymeric carrier should possess 

in order to achieve highly efficient gene/drug transfer to the bladder. First, the 

polymeric carrier should be positively charged, allowing it to complex with the 

negatively charged nucleic acids as well as interact with the negatively charged 

glycosaminoglycan expressed in the bladder urothelium (Erman and Veranič, 2018). 

The second desirable feature was mucoadhesion, enabling the carrier and its 

associated cargoes to adhere to the bladder (Erman and Veranič, 2018). Last, the 

polymeric vectors should have relatively low cytotoxicities to ensure that the delivery 

carriers do not cause any damage to the bladder while facilitating the therapeutic 

payloads across to the bladder permeability barrier (BPB) (GuhaSarkar and Banerjee, 

2010). 

Chitosan, as one of the cationic, biocompatible biopolymers in nature (Duttagupta et 

al., 2015), has been proposed because it fits so well into these parameters. It has 

been reported that chitosan can be mucoadhesive and make epithelium cells 

permeable by reversibly affecting their paracellular and intracellular pathways, 

(Dodane et al., 1999).  Furthermore, the feasibility of adopting chitosan as a gene 

delivery vector has been investigated in a number of preclinical studies. Martin et al. 

revealed that chitosan modified with a poly(lactic-co-glycolic acid) (PLGA) polymer 

achieved a 10-fold higher survivin siRNA (an anti-apoptosis gene) cellular uptake in 

the mouse bladders and human ureter tissues, compared with unmodified PLGA 

(Martin et al., 2014). Convinced of the utilitarian role of chitosan in bladder gene 

transfer, Martin et al. moved on to evaluate the versatility of chitosan-functionalised 
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PLGA in transfecting another signal transduction factor in bladder cancer therapy 

(Martin et al., 2019). The target they decided to investigate was glycoprotein-130 

(GP130), which was highly expressed in in vitro aggressive bladder cancer cells and 

bladder cancer patient specimens (Martin et al., 2019). The expression level of GP130 

was positively correlated with the tumour grades (Martin et al., 2019). Additionally, 

silencing of GP130 with chitosan-coated NPs gave rise to a bladder tumour 

suppression of 70% compared with control NPs without the chitosan coating (Martin 

et al., 2019). These studies revealed the indispensable role chitosan plays in 

regulating gene transfer to the bladder that would ordinarily not adhere to it.  However, 

due to the limited solubility of chitosan in an aqueous solution, the process of 

fabricating PLGA-chitosan nanoparticles formulated with survivin siRNA was time-

consuming. Furthermore, since there was a limited amount of positively charged 

chitosan anchored on the surface of nanoparticles, it was very challenging to load a 

higher amount of the anionic nucleic acids. Lastly, one of the reasons chitosan was 

applied for the treatment of bladder diseases was its high viscosity and it was 

demonstrated in Chapter 2 that EAGC was more viscous than parental chitosan and 

that it is tempting to assume that EAGC could act as a more mucoadhesive reagent 

than parental chitosan.  

Thus, the current work, in collaboration with Dr. Darryl Martin and Dr. Shanshan He 

at the Department of Urology at Yale University (New Haven, USA), explored the 

feasibility of utilising EGCDNPs on localised gene delivery to the bladder. The 

research questions also extended to whether DOPE lipid could synergistically 

enhance gene delivery to the bladder. Lastly, to examine the impact of EAGC’s 

molecular weight on EGCDNPs’ gene delivery, an additional EAGC was synthesised 
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with a targeted molecular weight between 70 and 90 kDa; a study showed that 80 kDa 

chitosan could bind to the negatively-charged integrin that was present in the mucus, 

leading to the temporary disruption of the tight junctions, ultimately enhancing 

macromolecule absorption (Hsu et al., 2013).   
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 Materials and methods  

 Materials  

Materials Supplier 

Glycol chitosan (GC) Wako, Japan 

Hydrochloric acid (> 99%) Sigma-Aldrich, UK 

Visking seamless cellulose dialysis membranes Medicell International Ltd., UK. 

Triethylamine (> 99.5%) Sigma-Aldrich, UK 

Ν-methyl-2-pyrrolidone (NMP, > 99%) Sigma-Aldrich, UK 

2-(Boc-amino)ethyl bromide (> 97%) Sigma-Aldrich, UK 

Diethyl ether (> 99%) Sigma-Aldrich, UK 

Sodium acetate (Anhydrous) Sigma-Aldrich, UK 

Acetic acid (glacial, ≥ 99.85%) Sigma-Aldrich, UK 

Minimum Essential Medium Eagle (MEME)  Sigma-Aldrich, UK 

Sodium pyruvate solution 

100 mM (11 mg/mL) 

Lonza Biologics Inc., UK 

Fetal bovine serum (FBS) (F9665) Sigma-Aldrich, UK 

GlutaMAX (100 X) Gibco, UK 

Lipofectamine 2000 (Lipo 2k) Invitrogen, UK 

Dulbecco's phosphate-buffered saline (DPBS) 

(without Ca2+ and Mg2+, pH = 7.1 – 7.5) 

Sigma-Aldrich, UK 

Hoechst staining  Thermo Scientific, UK 

Bio-Rad Protein Assay kit Bio-Rad Laboratories, Inc., 

USA 
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Materials Supplier 

SiRNA against GP130 
(sense, 5’-CAGUAAAUCUCACAAAUGA-3’) 

Sigma-Aldrich, USA 

Scrambled siRNA control 

(universal negative control#1) 

Sigma-Aldrich, USA 

2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt 

 (WST-1 reagent)  

Clontech, USA 

Opti-MEM® medium Gibco, USA 

Fetal bovine serum (Heat Inactivated) Sigma-Aldrich, USA 

Glutamine  Sigma-Aldrich, USA 

F-12K medium ATCC, USA 

Lipofectamine RNAiMAX Invitrogen, USA 

 Radioimmunoprecipitation assay buffer 
RIPA buffer (10x) 

 

Cell Signaling, USA 

Polyvinylidene fluoride 
(PVDF) membrane (0.2 μm) 

 

Bio-Rad, USA 

cOmpleteTM, mini, EDTA-free protease inhibitor 
cocktail  

Roche Applied Science, 

Germany 

4 –15% precast protein gel 
 

Bio-Rad, USA 

Primary antibody against beta-actin (13E5) Cell Signaling, USA 

Horseradish peroxidase (HRP)-conjugated 
donkey anti-mouse 

Cell Signaling, USA 

HRP-conjugated donkey anti-rabbit  Cell Signaling, USA 

Primary antibody against GP130 (NBP2-15776) 
 

Novus Biologicals, USA 

g-H2AX (p-Ser139) Santa Cruz, USA 

D-luciferin firefly, potassium salt  PerkinElmer, USA 
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Materials Supplier 

PierceTM BCA Protein Assay Kit  Thermo Scientific, USA 

BrightGlo kit Promega, USA 

QuantiLum Recombinant Luciferase Promega, USA 

Reporter Lysis Buffer (5X) Promega, USA 

Primary antibody against luciferase 
 (NB100-1677SS) 

Novus Biologicals, USA 

Secondary donkey anti-goat immunoglobulin 
HRP 

Novus Biologicals, USA 

Phosphate buffered saline (PBS) Sigma-Aldrich, USA   

Bradford Protein Assay Bio-Rad, USA 

Secondary polyclonal goat anti-rabbit 
immunoglobulin HRP 

Dako, USA 

Primary antibody against myeloperoxidase 
(MPO) (EPR20257)  

Abcam, USA 

3,3’-diaminobenzidine (DAB) kit Vector Laboratories, USA 
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 Synthesis and characterisation of EAGC 

EAGCs with a similar ethylamino substitution and two different molecular weights were 

synthesised as described previously (Simao Carlos, 2014; Simao Carlos et al., 2017) 

with modifications. EA25GC45 has been synthesised and characterised in Chapter 3. 

So here, the protocol of synthesising higher molecular weight of EAGC with targeting 

molecular weight between 70 and 90 kDa was discussed. This high molecular weight 

of EAGC also aims at achieving similar ethylamino substitution as that seen in 

EA25GC45. 

Briefly, one batch of GC (5 g) was dissolved in HCl (4 M, 96 mL) in a preheated water 

bath at 50 °C for 45 min to degrade the GC. The degraded GC (GC45min) was purified 

by exhaustive dialysis (molecular weight cut off of dialysis membrane = 3500 Da) 

against deionised water (5 L) with six changes over 48 h. The dialysed solution was 

freeze-dried, and purified GC45min was recovered as a cream coloured cotton wool 

like material. The yield of GC45min was 3.9 g (78%). 

The degraded GC (GC45min,100 mg) was dissolved in a solution of NMP (20 mL for 

GC45min) followed by adding triethylamine in excess (0.5 mL). The GC45min solution 

was allowed to stir at 40 °C in an oil bath for 1 – 2 h to be fully solubilised. Then, 2-

(Boc-amino)ethyl bromide (3.695 g) was added into this solubilised GC45min. The 

reaction was left to stir for 24 h at 40 °C in an oil bath. The resulting solution was 

purified by mixing with water (40 mL) and was washed with diethyl ether (50 mL, x 3) 

to remove the unreacted 2-(Boc-amino)ethyl bromide. The aqueous phase was 

collected and dialysed exhaustively against deionised water (5 L) with six changes 

over 24 h. The dialysate was subsequently freeze-dried. For the deprotection of the 
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Boc group, the recovered polymer from the freeze-drying process was dissolved in 

HCl (4 M, 50 mL) and stirred for 4 h at room temperature. This solution was dialysed 

as mentioned previously and freeze-dried to give EA28GC83, which presented as a 

cream coloured solid. The yield of EA28GC83 was 85.7 mg (86%). 

The molecular weight of EA28GC83 was measured using GPC – MALLS as 

previously reported in Chapter 3. The NMR spectra of EA28GC83 (5 mg/mL, D2O) 

were recorded on a Bruker AMX 500 MHz machine at 298 K (Bruker Instruments, UK). 

 Preparation of EGCDNPs – siRNA/pDNA complexes and the 

physicochemical characterisation and stability of the 

complex at 4 °C 

The method to prepare self-assembled EGCDNPs (4 mg/mL in 2 mM, pH = 6 

phosphate buffer) consisting of EAGC and DOPE at a mass ratio of 1:1 was reported 

in Chapter 2 (Section 2.2.4). The protocol to determine the size, surface charge, and 

morphology of EGCDNPs gene complexes was described in Chapter 2 (Sections 

2.2.5 and 2.2.6). The FLuc-pDNA – EGCDNPs complexes were stored at 4 °C for 6 

days. At each time point (days 0, 3, 6), an aliquot of the complexes was taken for 

particle size, PDI and zeta potential measurements using DLS (Zetasizer Nano Zs, 

Malvern, UK) to check the stability of the complexes.  

 Cell culture 

Human invasive bladder cancer cells (UM-UC-3 and TCC-SUP), human prostate 

cancer cells (PC-3) and human glioblastoma cells (U87-MG) were purchased from 

American Type Culture Collection (ATCC, USA), and human embryonic kidney cells 

(HEK-293T) were a gift from Dr. Ahmed A. Ahmed (UCL School of Pharmacy). The 
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derived drug-resistant UM-UC-3 (UM-UC-3R) cells established by continuous 

exposure to gemcitabine and cisplatin, were at the IC50 of 3.5 μM for gemcitabine and 

39 μM for cisplatin, respectively (Li et al., 2019). UM-UC-3, UM-UC-3R, and TCC-SUP 

cell lines were cultured in MEME, supplemented with FBS (10% v/v) and glutamine 

(1% v/v). PC-3 was cultured in F-12K medium, supplemented with FBS (10% v/v) and 

glutamine (1% v/v). The U87-MG and HEK-293T cell lines were cultured with MEME, 

supplemented with FBS (10% v/v), GlutaMAX (1% v/v), and sodium pyruvate solution 

(1% v/v). The above cell lines (e.g. UM-UC-3 and TCC-SUP) were chosen because 

they are the most representative cell types for investigating the efficacy of non-viral 

gene therapy on bladder cancer (Martin et al., 2014, 2019). Additionally, the present 

work also attempted to evaluate whether the EGCDNPs could be active for gene 

therapy of prostate cancer, and thus PC-3 cells, derived from the advanced prostate 

cancer (bone metastases), was selected as this cancer cells retained the highly 

aggressiveness of the prostate cancer (Tai et al., 2011). All cell lines were maintained 

at 37 °C in a humidified atmosphere containing 5% CO2.   

 In vitro pDNA transfection and in vitro cytotoxicity 

The first objective was to examine whether the addition of DOPE lipid could improve 

EAGC’s overall transfection performance. The bladder cancer cells (UM-UC-3) were 

seeded at a density of 2.5 x 104 cells/well in a 12 well plate and leave it for 24 h. The 

cells were thus treated separately by E25GC45DNPs or EA25GC45 complexes at 

vectors, GFP-pDNA mass ratio of 40:1 (1.6 μg/well pDNA) for 6 h, followed by a 48 h 

recovery phase prior to being imaged on a fluorescence microscope. 
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To evaluate EGCDNPs’ in vitro plasmid transfection in different cell types, the reporter 

gene (GFP-pDNA) loaded separately with E25GC45DNPs and E28GC83DNPs was 

assessed by fluorescence microscopy in the case of GFP expression. Furthermore, 

another reporter gene (β-gal-pDNA) was formulated with E25GC45DNPs and the 

transfection of the complexes was measured for the enzymatic activity of β-

galactosidase using the ONPG assay as reported in Chapter 2 (Section 2.2.8), except 

for the fact that the vector and β-gal-pDNA mass ratio used in this chapter was 20:1 

or 30:1 as opposed to 40:1 used in Chapter 2 and the transfection efficiency was 

expressed as mU/well. E25GC45DNPs (4 mg/mL in 2 mM, pH = 6 phosphate buffer) 

containing EAGC and DOPE lipid at a mass ratio of 1:1 were used as a single mass 

for the above transfection experiments. The pDNA dose was 4 μg/well. Lipo 2k 

formulated with β-gal-pDNA (4 μg/well) at a Lipo 2k and β-gal-pDNA mass ratio of 5:2 

was used as an internal positive control. 

Cells (HEK-293T, U87-MG, UM-UC-3, TCC-SUP, PC-3, and UM-UC-3R) were 

seeded at a density of 5,000 cells/well in a 96-well plate and left to recover for 24 – 48 

h  before being incubated with various concentrations of E25GC45DNPs (112.5 μg/mL, 

56.3 μg/mL, 28.125 μg/mL, 14.063 μg/mL and 1.4063 μg/mL) or Lipo 2k (25.0 μg/mL, 

12.5 μg/mL, 6.25 μg/mL, 3.125 μg/mL and 0.3125 μg/mL) for 6 h. Afterwards, the 

treatments were discarded, and the cells were replenished with 100 μL of medium 

followed by 48 or 72 h of recovery. Ten μL of WST-1 reagent was subsequently added 

to the wells containing different types of cells, which were incubated at 37 °C for 90 – 

180 min. The cell viability was calculated based on the absorbance recorded at 450 

nm of the EGCDNPs/Lipo-treated cells in reference to the non-treated cell control. 
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 Intracellular trafficking  

The cellular uptake of Cy5-tagged GFP-pDNA complexed with EGCDNPs has been 

evaluated previously by confocal microscopy (Chapter 2, section 2.2.14) and there 

was an enhanced Cy5-GFP-pDNA cellular uptake (29.61 ± 1.96%) after 4 h of 

treatment compared with the untreated cells (0.32 ± 0.03%). However, one of the 

downsides of the evaluation of cellular uptake via normal 1D confocal microscopy was 

the inability to provide discernible information regarding particles’ intracellular 

deposition; therefore, z-stack imaging was adopted here to slice 2D specimens 

containing cells of interest and nanocomplexes into multiple focal planes (Lacerda et 

al., 2007; Moscariello et al., 2018). By adding up all the sliced focal planes, a clear 3D 

image could be constructed to indicate the deposition of particles intracellularly. This 

z-stack imaging technique has been widely applied to understand polymeric NPs’ 

cellular trafficking. For instance, Lacerda et al. revealed that single-wall carbon 

nanotubes derivatised by ammonium groups could travel intracellularly and 

accumulate at the perinuclear region as indicated by a z-stack 3D construction 

(Lacerda et al., 2007). Similarly, a z-stack image was shown from Moscariello et al. 

that a streptavidin-modified poly(amido)amine (PAMAM) dendrimer could be taken up 

by brain endothelial cells and be distributed widely into the cytosol (Moscariello et al., 

2018). Therefore, the EGCDNPs’ cellular uptake will be examined with this technique. 

The methodologies for z-stack are identical as those reported in Chapter 2 (Section 

2.2.14), except that the stacked slides for confocal miscopy were set up for 8 with the 

distance between each slice of 2.2 μm. 
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 In vitro siRNA silencing and western blotting 

For RNA interference, UM-UC-3 and UM-UC-3R cell lines were transfected with a pre-

designed siGP130 sequence, and with a scramble (siSC) control using Lipofectamine 

RNAiMAX as well as EAGC-DOPE lipid hybrid nanoparticles [EGCDNPs, 4 mg/mL in 

phosphate buffer (2 mM, pH = 6)] at 4 μg siRNA/well following the preparation method 

below.  

Table 3.1. The preparation methods for the complexes formulated by the EGCDNPs 

or Lipofectamine RNAiMAX. 

Treatments Vectors  siGP130 (0.133 μg/μL) 

or scrambled siRNA 

(0.133 μg/μL) 

EGCDNPs, siRNA 20 μL + 230 μL PB  

(2 mM, pH = 6) 

30 μL of siRNA + 220 μL 

PB (2 mM, pH = 6) 

Lipofectamine RNAiMAX, 

siRNA 

 

4 μL + 246 μL Opti-

MEM®  

30 μL of siRNA + 220 μL 

Opti-MEM® 

EGCDNPs, scrambled siRNA 20 μL + 230 μL PB  

(2 mM, pH = 6) 

30 μL of scrambled RNA 

+ 220 μL PB  

(2 mM, pH = 6) 

SiRNA or scrambled siRNA 

dose 

4 μg 

 

To check the GP130 protein downregulation by the siGP130 – EGCDNPs, western 

blotting was evaluated as described previously (Li et al., 2019b). In brief, cells were 
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treated with EGCDNPs complexes (500 μL/well) under the serum-free medium (1.5 

mL) for 6 h, followed by replenishing with 2 mL of serum full medium for 48 h before 

lysed with 1X ice-cold RIPA buffer supplemented with cOmpleteTM, mini, EDTA-free 

protease inhibitor cocktail, 1 mM phenylmethylsulfonyl fluoride, 2 μg/mL aprotinin 

protease inhibitor, and 1 mM sodium fluoride. Lipofectamine-RNAiMAX complexes (4 

μg siRNA/well) were applied to the cells according to the protocols recommended by 

the manufacturer's instructions followed by lysis with RIPA buffer as indicated above. 

The protein content from the cell lysates was determined using the Bradford Protein 

Assay, before being resolved on 4 – 15% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS—PAGE) and transferred to PVDF membranes. Membranes 

were blocked with 5% non-fat milk in TBST [Tris-buffered saline, 0.05% (v/v) Tween 

20] for 1 h at room temperature before being probed in a primary antibody against 

GP130, g-H2AX, beta-actin at 4 °C overnight. The membranes were subsequently 

washed with TBST and incubated with HRP-conjugated donkey anti-rabbit or donkey 

anti-mouse secondary antibodies. A chemiluminescence system (Thermo Scientific, 

USA) was used to detect protein signals. The GP130 protein bands were normalised 

based on house-keeping protein quantification and the band density was determined 

using ImageJ software (National Institutes of Health, USA). The data are shown as 

the mean ± SD (n = 3 – 4). 

This experiment was performed, in part, by Dr. Shanshan He at the Yale University. 

 Mouse intravesical instillation 

Eight-week-old Swiss Webster (CFW) female mice were instilled twice (80 μL per 

instillation) for 1 h with either saline or EGCDNPs – FLuc-pDNA complexes at the 
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mass ratio of 11:1 (6.4 μg of FLuc-pDNA) once a day over 48 h. Also, since the BPB 

is known to be one of the tightest biological barriers in mammalian tissues (Lewis and 

Diamond, 1976), the current work also attempted to determine if the ability of gene 

transfer across BPB could be augmented in the presence of an endosomolytic agent 

– chloroquine that could buffer the endosome and promote gene release from the 

endosome to achieve efficient cellular uptake (Yamano et al., 2011). Specifically, CFW 

female mice were treated for 1 h by one time or two times instillation (80 μL per 

instillation) of saline or EGCDNPs – FLuc-pDNA complexes at the mass ratio of 11:1 

(2.4 μg of FLuc-pDNA) containing chloroquine (3.4 μg) once a day over 24 h or once 

a day over 48 h. After 24 or 48 h, the mice were administered with filtered D-luciferin 

(150 mg/kg) by intraperitoneal injection. The mice were placed in the Xenogen IVIS 

Spectrum (PerkinElmer, USA) under 1 – 2% isoflurane. Living Imaging (version 4.5.2) 

was used for image acquisition and analysis. All animal studies were approved by the 

Institutional Animal Care and Use Committee of Yale University. 

The mice were euthanised before their bladders and livers were removed en bloc, 

rinsed in PBS, and flash-frozen in liquid nitrogen. Tissues were homogenized in a 

pestle and mortar in liquid nitrogen. The tissues homogenates were lysed in 1X 

Reporter Lysis Buffer, underwent one freeze-thaw cycle in liquid nitrogen and 37 °C 

incubation to enable the completion of lysis, and centrifuged at 12,000 x g for 15 min 

at 4 °C. The supernatant was assayed for total protein content using the BCA assay 

and for luciferase content using the BrightGlo quantification kit. Briefly, 25 μL of 

supernatant from each sample was added to a 96-well plate; the protein standards 

were prepared with the concentrations in the range between 0 – 2000 μg/mL. Then, 

200 μL of working reagents {BCA reagent A, BCA reagent B ratio of 50:1 (v/v)} was 
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added to each well. The plate was placed on a shaker for 30 s, incubated at 37 °C for 

30 min, and cooled to room temperature before the absorbance was measured 

(SpectraMax, USA).  

To quantify the luciferase content in the protein lysates, a luciferase assay was 

employed in that the luciferase will catalyse its substrate, namely luciferin, into 

oxyluciferin and release bioluminescence during the reaction (Gould and Subramani, 

1988). By measuring the signal intensity of the induced bioluminescence with 

reference to the standard luciferase (such as QuantiLum Recombinant luciferase), the 

luciferase content in the protein lysates was calculated (Gould and Subramani, 1988). 

Briefly, the protein lysates (100 μL) were added into a well of 96-well black clear-

bottom plates to avoid the spill-over of the produced luminescence to the adjacent 

wells (Corning, USA). QuantiLum Recombinant luciferase was used as standard in 

the range of 0 – 1.38 ng/mL (Promega, USA). An equal volume of BrightGlo Reagent 

(100 μL) was added into each well and luminescence was measured within 6 min at 

37 °C by SpectraMax M3 and analysed with Softmax Pro 6.2.2 (Molecular Devices, 

USA). All samples were tested in triplicate. The luciferase concentrations of each 

sample were interpolated by Prism 7 to convert it into the luciferase protein content 

(ng/mL) in reference to the standard (QuantiLum Recombinant luciferase). The total 

protein content in the cell lysates were quantified by the BCA assay (as described) 

and convert it into the g/mL. Thus, the exogenous luciferase expression in the liver 

and the bladder was expressed as the luciferase/total protein (ng/g). 

The intravesical instillation and in vivo imaging experiments (IVIS) were performed by 

Dr. Darryl Martin at Yale University. Dr. Shanshan He performed the plate reader 

experiments for luciferase quantification from the lysed bladder tissues.  
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 H&E and IHC 

Paraffin-wax-embedded specimens of the mouse bladder were deparaffinised by 

immersing slides in xylene (twice, 5 min each), absolute ethanol (twice, 5 min each), 

95% ethanol (v/v, 5 min), 70% ethanol (v/v, 5 min) and 50% ethanol (v/v, 5 min). Then, 

the slides can be rehydrated by immersing them into distilled water and were ready to 

use. For H&E procedure, the protocol was derived as described previously (Cardiff et 

al., 2014). Briefly, the slides were stained with haematoxylin for 3 min and with eosin 

Y for 2 min.  For the IHC, the method was retrieved from a previously published report 

with modifications (Martin et al., 2007). Briefly, heat-induced epitope retrieval was then 

carried out in citrate buffer solution (pH = 6) boiled at 95 °C for 30 min. Endogenous 

peroxidase was blocked by incubating slides in 3% H2O2 in PBS for 15 min at room 

temperature. For luciferase staining, slides were blocked in 10% donkey serum in 

TBST for 1 h at room temperature, incubated with primary luciferase antibody (1:5000) 

at 4 °C overnight, secondary donkey anti-goat immunoglobulin HRP (1:2000) for 1 h 

at room temperature. For the MPO staining, slides were blocked in 5% goat serum for 

30 min, incubated with primary antibody (1:1000) at 4 °C overnight, secondary 

polyclonal goat anti rabbit immunoglobulin HRP (1:500) for 1 h at room temperature. 

Slides were then stained using a DAB kit and counterstained with haematoxylin. 

Paraffin-embedded human UM-UC-3 cell pellets treated with EGCDNPs loaded with 

a luciferase plasmid, were used as a positive control for the luciferase staining. The 

rat bladders instilled with acetic acid (0.25%) were used as a positive control for MPO 

staining and kindly provided by Drs. Asal Hojjat and Drs. Adam Hittelman (Yale 

University, USA). The negative controls consisted of tissue through which all steps 



 214 

were performed, except the application of the primary antibody. The tissue sections 

were examined under a light microscope (Olympus, Japan). 

The H&E and IHC staining of the bladder slides were performed by Dr. Shanshan He. 

 Statistical analysis 

GraphPad (Prism 7 software, USA) was used to prepare all graphs and to perform 

one-way ANOVA, two-tailed t-tests or Mann–Whitney U tests. Mann–Whitney U tests 

were performed for experiments in which the data were determined to be non-

parametric by the normality test (that is, firefly luciferase expression from harvested 

bladder and liver tissues). All experiments were performed in triplicate unless 

otherwise stated. Error bars indicate the standard deviation (SD). All statistical tests 

were considered to be statistically significant in which * represents p < 0.05, ** 

represents p < 0.01, *** represents p < 0.001, and **** represents p < 0.0001 unless 

indicated differently. For IC50 analysis, nonlinear fit-log (inhibitor) versus normalized 

response (variable slope) was performed as reported previously (Terry et al., 2015). 
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 Results  

 

 
 

 
Figure 3.2. A graphical illustration of EGCDNPs-enabled exogenous firefly luciferase 

plasmid’s expression in the murine bladder. The bladder permeability barrier is known 

to be one of the tightest biological barriers in mammalian tissues. Due to the presence 

of this formidable barrier, drug treatments through intravesical instillation remain a 

problem. Herein, a combination of DOPE lipid with chitosan derivative (EAGC) was 

proposed for the first time that can facilitate the penetration of macromolecules (e.g. 

firefly luciferase plasmid with a molecular weight of 3618 kDa) through the intact 

bladder permeability barrier to produce exogenous luciferase expression on a healthy 

murine bladder without inducing any adverse effects. As little as 12.8 μg of luciferase 

plasmid can be delivered, drastically reducing any potential toxicity.  
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 Synthesis and characterisation of EA28GC83 

 

Figure 3.3. 1H – NMR of EA28GC83. The degree of ethylamino substitution was 

derived from an equation = [the Integration of C2’’ (double substitution) / 1 proton]  / 

(the integration of C3–C5 and glycol protons / 9 protons) (Simao Carlos et al., 2017).  

The ethylamino substitution for EA28GC83 was 28% (with errors falling between 1 – 

5%).  
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Table 3.2. Proton assignments and chemical shifts for EA28GC83 

 
Position on the 
H-NMR spectra 

NMR Chemical 
Shift 

Corresponding protons on the 
structure 

9 2.0 ppm CH3—CO— (acetyl-glycol 
chitosan) 

2” 2.5 ppm —CH—N(CH2CH2NH2)2 (C2 
diethylamino-substituted glycol 
chitosan) 

2 2.9 – 3.1 ppm —CH—NH2 (C2 glycol chitosan) 
A1 3.1 – 3.2 ppm —CH—N(CH2CH2NH2)2 

(diethylamino) 
3 – 8 3.4 – 4.4 ppm —CH—O—, —CH2—OH— 

(glycol chitosan) 
1 4.5 ppm —CH—O– (C1 glycol chitosan) 

- 4.8 ppm Deuterium oxide (D2O) 
 

 
Figure 3.4. GPC – MALLS chromatogram of EA28GC83. Mw = 83,170 Da, Mn = 

81,800 Da, Mw/Mn = 1.016, dn/dc = 0.1683 (inset). 
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Alongside the EA25GC45 which was synthesised and characterised with a molecular 

weight of 45.0 kDa and an ethylamino mole substitution of 25% (with errors falling 

between 1 – 5%), a new EAGC derivative: EA28GC83 with an ethylamino mole 

substitution of 28% (with errors falling between 1 – 5%) and a molecular weight of 

83.0 kDa was produced, confirmed by NMR and GPC – MALLS (Figures 3.3 and 3.4). 

The molecular weight difference is one factor used to differentiate between 

EA25GC45 and EA28GC83. When self-assembling with DOPE lipid, EA28GC83 

could yield nanohybrid systems, termed E28GC83DNPs. 
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 Characterisation of pDNA/siRNA – EGCDNPs complexes 

 

 
 

 
Figure 3.5. TEM for morphology and size of EGCDNPs. (A) Naked siGP130, (B) 

E25GC45DNPs formulated with siGP130 at an EGCDNPs, siRNA mass ratio of 20:1, 

(C) naked GFP-pDNA and (D) E25GC45DNPs complexing with GFP-pDNA at an 

EGCDNPs, GFP-pDNA mass ratio of 10:1 in phosphate buffer (2 mM, pH = 6). At 

mass ratio of 10:1 between the vector and GFP-pDNA, E25GC45DNPs effectively 

condense GFP-pDNA into nanocomplexes. Naked siGP130 and naked GFP-pDNA 

(in phosphate buffer, 2 mM, pH = 6) presented as electro dense fibres due to the 

staining of the hydrophilic regions in siRNA and pDNA by the uranyl acetate (Simao 

Carlos et al., 2017).  

 

A B

C D
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Figure 3.6. (A) Mean particle size and zeta potential of the E25GC45DNPs and the 

E28GC83DNPs when complexed with GFP-pDNA at a mass ratio of 10:1 between the 

vectors and the GFP-pDNA. *** = statistically significant difference between the size 

of E25GC45DNPs complexes and E28GC83DNPs complexes (p < 0.001). (B–D) The 

stability of FLuc-pDNA – EGCDNPs complexes was assessed when the 

E28GC83DNPs complexed with a FLuc-pDNA at a mass ratio of 10:1 between the 

vectors and the FLuc-pDNA. At various time points (days 0, 3, and 6), an aliquot of 

complexes underwent size, zeta potential and PDI analysis. A significant higher zeta 

B

C D

FLuc-pDNA – E28GC83DNPs

FLuc-pDNA – E28GC83DNPs FLuc-pDNA – E28GC83DNPs

Day
 0

Day
 3

Day
 6

NS
*

0.2

0.3

PD
I

NS
NS

***

15

20

25

Ze
ta

 p
ot

en
tia

l (
m

V)

Day
 0

Day
 3

Day
 6

A

GFP-pDNA – E25GC45DNPs

GFP-pDNA – E28GC83DNPs

0

100

200

300

400

500

16

18

20

22

24

26

Di
am

et
er

 (n
m

)
Size
Zeta

Ze
ta

 P
ot

en
tia

l (
m

V)

***

1 10 100 1000 10000
0

5

10

15

20

25

30

35

In
te

ns
ity

 (%
) Day 6

Day 3
Day 0



 221 

potential (C, * p < 0.05) and PDI (D, *** p < 0.001) in the FLuc – E28GC83DNPs 

complexes was observed at day 6, when compared to that of day 3. No significant 

difference in zeta potential (C) and PDI (D) was noted for FLuc – E28GC83DNPs 

complexes at days 0 and 3. The results are expressed as mean ± SD (n = 3). 

 

 
 
Figure 3.7. (A) Size and zeta potential of siGP130 formulated with E25GC45DNPs at 

EGCDNPs, siGP130 mass ratio of 20:1. (B) A representative image of the size 

measurement of the siGP130 and E25GC45DNPs. (C–D) The size, zeta potential, 

and PDI of E28GC83DNPs and siGP130 – E28GC83DNPs complexes at an 

EGCDNPs, siGP130 mass ratio of 20:1.  **** p < 0.0001 = statistically significant 
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difference in the zeta potential between the E28GC83DNPs and the E28GC83DNPs 

complexes. No significant size difference was observed between the E28GC83DNPs 

and the E28GC83DNPs complexes. The results are expressed as mean ± SD (n = 3). 

Naked anionic siGP130 and GFP-pDNA in PB buffer (2 mM, pH = 6) were clustered 

into a nest fibre network (Figures 3.5A, C) in agreement with a previous study (Simao 

Carlos et al., 2017). When loaded with either GFP-pDNA at an EGCDNPs, pDNA 

mass ratio of 10:1 or with siGP130 at an EGCDNPs, siRNA mass ratio of 20:1, 

E25GC45DNPs complexes were slightly bigger in diameter, with diameters of approx. 

98 nm (siGP130) and 67 nm (GFP-pDNA) recorded on TEM (Figures 3.5B, D). The 

size obtained from the DLS showed that E25GC45DNPs complexes, with GFP-pDNA 

– E25GC45DNPs presented a diameter of around 115 nm (Figure 3.6A). Additionally, 

siGP130 – E25GC45DNPs were 130 nm in diameter (Figures 3.7A–B).  

The E28GC83DNPs alone presented as positively charged (+ 23.5 mV) NPs with an 

average hydrodynamic radius of 278 nm (Figures 3.7C–D). At an E28GC83DNPs, 

GFP-pDNA mass ratio of 10:1, nanosized complexes were formed with a slightly 

increased diameter of 361 nm and a decreased zeta potential of + 19.2 mV, when 

compared to the E28GC83DNPs alone. Of note, the E28GC83DNPs – GFP-pDNA 

complexes containing a higher molecular weight of EAGC produced significantly 

larger sized particles in comparison with the E25GC45DNPs complexes (361 nm vs 

115 nm, *** p < 0.001), inferring that the molecular weight of EAGC played a role in 

regulating the size of its formed complexes (Figure 3.6A). This result is in agreement 

with a previous report that molecular weight has a direct correlation with polymeric 

vesicle size (Wang et al., 2001). In addition, the E28GC83DNPs encapsulating of 

FLuc-pDNA at an EGCDNPs, pDNA mass ratio of 10:1, were stable for up to 6 d with 
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no appreciable aggregation (Figure 3.6B). Furthermore, there was a subtle increase 

of zeta potential from + 21.1 mV (day 3) to + 25.4 mV (day 6) (p < 0.05), inferring that 

a more stable colloidal system may be produced at day 6 as compared to day 3, due 

to the fact that a higher zeta potential would give rise to a higher level of charge 

repulsions between the particles to prevent the aggregation (Figure 3.6C). However, 

it appears to be counterintuitive, when compared to the PDI of the complexes which 

increased from 0.2 (day 3) to 0.361 (day 6) (Figure 3.6D). In fact, studies were carried 

out to demonstrate that a PDI value falling within the range of 0.1 – 0.4 could be 

regarded as monodisperse (Doncom et al., 2017), which meant that the PDI of the 

complexes for both days 3 and 6 still denoted a monodisperse sample population. 

Meanwhile, the DLS has its inherent shortcomings in that the presence of a single 

large particle could effectively give rise to an increase in the PDI as the sixth power of 

NPs’ diameter is always correlated with the intensity measured from the DLS (Filipe 

et al., 2010). However, on a statistical level, no major aggregation peaks were 

appearing in the NPs populations (Figure 3.6B). Additionally, a further investigation 

is warranted to check the stability of the gene complexes in even longer-term storage 

(> 6 days). 

In addition, no significant size and PDI differences were observed for E28GC83DNPs 

– siGP130 complexes, when compared to the E28GC83DNPs alone (Figures 3.7C–

D). The zeta potential, however, of the E28GC83DNPs was significantly more positive 

than that of the complex, indicating that the complexation between the cationic charge 

of the E28GC83DNPs and the anionic charge of siGP130 effectively neutralises the 

positive charge of the E28GC83DNPs (Figure 3.7D; p < 0.0001).  
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 EGCDNPs’ in vitro gene transfection and cytotoxicity  

 
 

Figure 3.8. The effect of adding DOPE lipid into EAGC on GFP-pDNA’s transfection 

in bladder cancer cells (UM-UC-3). UM-UC-3 cells were transfected by 

E25GC45DNPs complexes (A) or by its prototype EA25GC45 complexes (B) at a 

mass ratio between the vectors and GFP-pDNA of 40:1 with 1.6 μg/well of GFP-pDNA. 

Images were taken via a fluorescence microscope and under the x100 magnification. 

Firstly, the effect of DOPE lipid on EAGC’s overall transfection performance was 

examined. It is evident from Figures 3.8A–B that the E25GC45DNPs when 

complexed with GFP-pDNA at an EGCDNPs, GFP-pDNA mass ratio of 40:1 (1.6 μg 

GFP-pDNA/well) transfect a significant higher amount of GFP-pDNA in bladder cancer 

cells (UM-UC-3) than their counterparts, EA25GC45, as demonstrated by the number 

of green dots (exogenous GFP-pDNA expression) presented in the picture frame. 
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Figure 3.9. (A) Representative fluorescence images of cells after transfection for 4 h 

with EGCDNPs, GFP-pDNA mass ratio of 10:1 (HEK-293T), 10:1 (UM-UC-3), 10:1 

(UM-UC-3R) and 10:1 (TCC-SUP) or 6 h with EGCDNPs, GFP-pDNA mass ratio of 

40:1 (U87-MG), 20:1 (PC-3), followed by a 48 h recovery phase for UM-UC-3, UM-

UC-3R, and PC-3 or a 72 h recovery phase for HEK-293T, U87-MG, and TCC-SUP. 

All images are shown at x100 magnification except for the fact that the images for 

HEK-293T and U87-MG cells are taken under the x40 magnification. (B) UM-UC-3 
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cells were transfected for 6 h with E28GC83DNPs complexes at an EGCDNPs, GFP-

pDNA mass ratio of 5:1, followed by a 48 h recovery phase prior to being imaged on 

a fluorescence microscope (x100 magnification). (C) The β-galactosidase activity of 

HEK-293T cells after the administration of the E25GC45DNPs and β-gal-pDNA 

complexes at the mass ratio of 20:1 or 30:1 compared with the polyplexes formulated 

with Lipo 2k and cell alone. Additionally, all of the treatments were dosed with 4 μg/well 

of β-gal-pDNA. Data are presented as mean ± SD (n = 3). **** = statistically significant 

difference between the polyplexes (5:2 of the mass ratio between Lipo 2k and β-gal-

pDNA) and E25GC45DNPs complexes (20:1 or 30:1 of the mass ratio between 

E25GC45DNPs and β-gal-pDNA) (p < 0.0001).  
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Figure 3.10. E25GC45DNPs complexes’ intracellular deposition. HEK-293T cells 

were treated with E25GC45DNPs formulated with Cy5-labelled GFP-pDNA at an 

EGCDNPs, GFP-pDNA mass ratio of 40:1 for 4 h (1 μg of Cy5-labelled GFP-

pDNA/well). Cy5-labelled GFP-pDNA was observed to have accumulated in 

the perinuclear and nuclear regions (white arrows), facilitated by the E25GC45DNPs. 

GFP-pDNA was labelled with the Cy5 (red), the nuclei were stained with Hoechst 

(blue), and actin was stained with CF®488A-phalloidin (green). Scale bar = 20 μm.   
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Figure 3.11. A comparison of the cytotoxicity of Lipo 2k and E25GC45DNPs in 

multiple cell lines. A cell viability (WST-1) assay was used with different concentrations 

of E25GC45DNPs or Lipo 2k for 6 h followed by a 48 h recovery phase for all cell lines 

except for 72 h for PC-3 and TCC-SUP cells. Data are presented as the mean ± SD 
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of three independent experiments with five replicates each. The concentration of 

EGCDNPs is calculated as the combined concentration of polymer and lipid. 

 
Table 3.3. A summary of IC50 for Lipo 2k with respect to EGCDNPs in six tested cell 

lines.  

Cell lines Lipo 2k 

(IC50, μg/mL) 

EGCDNPs 

(% cell viability at the IC50 of Lipo 2k) 

UM-UC-3 3.71 ± 1.40 More than 92% 

UM-UC-3R 2.51 ± 0.76 More than 99% 

U87-MG 7.27 ± 0.78 More than 99% 

PC-3 22.22 ± 5.78 More than 90% 

TCC-SUP 1.20 ± 0.86 More than 95% 

HEK-293T 1.32 ± 0.43 More than 99% 

Similarly, apart from the glioma cells transfected by E25GC45DNPs shown in Chapter 

2 by flow cytometry and here by fluorescence microscopy, the E25GC45DNPs were 

able to transfect GFP-pDNA in prostate cancer cells (PC-3) and the most invasive 

bladder cancer cells (TCC-SUP) (Figure 3.9). Furthermore, it has been reported that 

one of the mechanisms by which the bladder cancer cells acquired cisplatin resistance 

was through limiting the cisplatin cellular uptake (Hall et al., 2008). This work 

attempted to evaluate whether the drug resistant bladder cancer cells (UM-UC-3R) 

could also prevent the access of gene-based drugs. The results from Figure 3.9A 

demonstrated that E25GC45DNPs enabled GFP-pDNA intracellular delivery in UM-

UC-3R cells, resulting in the exogenous GFP expression in UM-UC-3R cells that may 
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pave the way for the future development of gene therapy for cisplatin-resistant bladder 

cancers. 

Additionally, the newly produced E28GC83DNPs were able to induce GFP-pDNA 

gene transfer in UM-UC-3 cells demonstrated by the fact that these cells exhibited 

exogenous green fluorescence. However, a further investigation was warranted to 

investigate whether this transfection was generalisable in different cell types. The z-

stack images obtained from the confocal microscopy (Figure 3.10) showed that after 

4 h of treatment, the E25GC45DNPs could promote GFP-pDNA endosomal escape, 

accumulating at the vicinity of the nuclear region with some of the particles gaining 

entry to the nucleus, which may give rise to the production of green fluorescent protein 

(Figure 3.9A). This unique intracellularly trafficking of GFP-pDNA by the 

E25GC45DNPs could explain why the GFP transfection was observed in the 

abovementioned multiple cell lines. 

To validate the finding, the commercial transfection reagent, Lipofectamine 2000 (Lipo 

2k), was used as a positive control and another reporter gene [β-galactosidase (β-

gal)-pDNA] was applied to the HEK-293T cells using E25GC45DNPs and Lipo 2k as 

transfection reagents. The β-gal-pDNA transfection efficiency can be determined by 

spectrophotometrically quantifying the amount of the released yellow-coloured O-

nitrophenol following the addition of the β-galactosidase substrate [O-

nitrophenylgalactoside (ONPG)] into the transfected cell lysates (Rosenthal, 1987). As 

indicated in the manufacturer’s instructions (Promega, USA), one milliunit (mU) of β-

galactosidase in the cell lysates could convert 1 nmol of ONPG substrate into O-

nitrophenol per minute at 37 °C (pH = 7.5). The β-gal-pDNA transfection results were 

therefore presented as mU/well and it was shown in Figure 3.9C that E25GC45DNPs 
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complexes (20:1 or 30:1 mass ratio between E25GC45DNPs and β-gal-pDNA) 

produced a lower level of β-gal-pDNA exogenous expression in HEK-293T cells than 

the lipoplexes, formulated by Lipo 2k loaded with β-gal-pDNA at a Lipo 2k, pDNA 

mass ratio of 5:2 (35 ± 1 mU vs 140 ± 24 mU, p < 0.0001; 38 ± 2 mU vs 140 ± 24 mU, 

p < 0.0001). However, the cytotoxicity revealed by the WST-1 assay, seen in Figure 

3.11 and Table 3.3, showed that the E25GC45DNPs were, in general, more 

biocompatible gene transfection reagents than the Lipo 2k, maintaining 90 – 99% of 

viable cells at the IC50 (half maximal inhibitory concentration) of Lipo 2k in six tested 

cell lines after 6 h exposure time. Interestingly, it seems that Lipo 2k showed a clear 

cell type-dependent cytotoxicity profile, with prostate cancer cells PC-3 remaining 

most insensitive towards Lipo 2k (IC50 of 22.22 ± 5.78 μg/mL), followed by glioma cells 

(U87-MG, IC50 of 7.27 ± 0.78 μg/mL). Bladder cancer cells including UM-UC-3 (IC50 

of 3.71 ± 1.40 μg/mL), UM-UC-3R (IC50 of 2.51 ± 0.76 μg/mL), and TCC-SUP (IC50 of 

1.20 ± 0.86 μg/mL) and HEK-293T cells (IC50 of 1.32 ± 0.43 μg/mL) showed a similar 

sensitivity towards the Lipo 2k treatment (Table 3.3). 

Due to the time constraint, the current study only evaluated the cytotoxicity profiles of 

the EGCDNPs alone and the Lipofectamine alone. If time permitted, it would have 

been interesting to test the toxicity of the EGCDNPs complexes in comparison with 

the polyplexes formulated with Lipofectamine and pDNA. Furthermore, the toxicity of 

EGCDNPs versus Lipofectamine in an even longer incubation period (more than 6 h) 

with HEK-293T cells could also be explored in future works.  

Additionally, it had to be pointed out that the IC50 of EGCDNPs in different cell lines 

was not attained due to the fact that the EGCDNPs at the highest concentration of 

112.5 μg/mL were not exhibiting tangible cytotoxicity; the toxicity of EGCDNPs at 
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concentrations more than 112.5 μg/mL could be explored in the future work. On the 

other hand, Lipofectamine at the highest attainable concentration (25 μg/mL) showed 

substantial cell death and would be expected to demonstrate a more pronounced 

cytotoxicity effect when increasing its concentration. Lastly, it may be worthwhile to 

examine the biocompatibility of Lipofectamine and EGCDNPs at even lower 

concentrations (< 0.3 μg/mL) as there were still some cell deaths (around 70% cell 

viability in TCC-SUP cells and HEK-239T cells for Lipo versus 87% cell viability in PC-

3 cells for EGCDNPs) at the concentration of 0.3 μg/mL for Lipofectamine and 1.4 

μg/mL for EGCDNPs. 
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 EGCDNPs’ in vitro gene silencing  

 

Figure 3.12. E25GC45DNPs’ in vitro siGP130 gene delivery in UM-UC-3 and UM-UC-

3R cells. A double band of GP130 (A) was visible and this represented low and high 
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glycosylated proteins (GERHARTZ et al., 1994). (A) Immunoblotting graphs showing 

GP130 protein silencing by siGP130 complexing with E25GC45DNPs or 

Lipofectamine RNAiMAX in UM-UC-3 and UM-UC-3R human bladder cancer cells (4 

μg/well siRNA). Scrambled siRNA (siSC) at the same dose of 4 μg/well formulated by 

E25GC45DNPs was used as a control. (B–E) A densitometry analysis of the relative 

GP130/g-H2AX expression levels in the UM-UC-3 and UM-UC-3R cells following the 

treatment as indicated (A). Protein levels were normalised against beta-actin. The 

data are shown as mean ± SD (n = 3 – 4), wherein * denotes p < 0.05, ** denotes p < 

0.01, and *** denotes p < 0.001. 

To investigate whether EGCDNPs could also be utilised as vehicles to deliver siRNA, 

a siRNA against GP130 protein was used in the current evaluation. GP130 protein, a 

signal transducer for interleukin-6 (IL-6) pathway, was overexpressed in high grade 

bladder cancer cells; the silencing of GP130 could reduce the bladder cancer cell’s 

migration in in vitro tests and repress tumour growth in in vivo xenograft bladder 

cancer mouse models (Martin et al., 2019). The data in Figure 3.12 suggested that 

siGP130 formulated with E25GC45DNPs, and applied at a concentration of 4 μg/well 

caused specific downregulation of GP130 protein in UM-UC-3 and UM-UC-3R cells, 

when compared to the application of scrambled siRNA (p < 0.05 and p < 0.01, 

respectively) (Figures 3.12A–B and D). The knockdown efficiency in UM-UC-3R cells 

was comparable to the Lipofectamine RNAiMAX – siGP130 treated group (Figure 

3.12D, no significant difference was observed). Furthermore, although the efficiency 

of silencing GP130 achieved by E25GC45DNPs in UM-UC-3 cells was inferior to 

siGP130 complexing with Lipofectamine RNAiMAX (p < 0.01), siGP130 formulated 

with E25GC45DNPs produced considerably less Gamma-H2AX (γ-H2AX) than 

siGP130 complexed with Lipofectamine RNAiMAX (p < 0.01) (Figures 3.12A–C). This 

reduced γ-H2AX expression after the treatment of E25GC45DNPs complexes when 
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compared to lipoplexes treatment also was observed in UM-UC-3R cells (p < 0.01) 

(Figure 3.12E). 
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 EGCDNPs’ gene transfection in a healthy murine bladder 

model 

 
 
Figure 3.13. The pilot studies showing the effect of incorporating the chloroquine in 

augmenting EGCDNPs’ gene transfection in vivo healthy murine bladder (n = 1). (A) 

Bioluminescence images of mice 24 h post treatment. Mice were intravesically instilled 

with 80 μL of complexes containing FLuc-pDNA (2.4 μg) and EGCDNPs (26.4 μg) or 

with 80 μL of lipoplexes containing Lipo 2k (6 μg) and FLuc-pDNA (2.4 μg). 

A
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1 2         3         4         5
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Additionally, 3.4 μg of chloroquine (CQ) was also added into the EGCDNPs 

complexes as described previously. Lane descriptors: 1	– Lipoplexes (Lipo 2k), 2 – 

E25GC45DNPs complexes plus CQ, 3 – E28GC83DNPs complexes plus CQ, 4 – 

E25GC45DNPs complexes without CQ, 5 – E28GC83DNPs complexes without CQ. 

(B) Bioluminescence images of mice 48 h post treatment with each mouse dosed once 

per day (80 μL per instillation, twice in total) over 48 h with 2.4 μg of FLuc-pDNA 

complexed with EGCDNPs (26.4 μg) by intravesical instillation. Additionally, 3.4 μg of 

chloroquine was also added into the EGCDNPs complexes. Lane descriptors: 6 – 

saline control, 7 – E28GC83DNPs complexes without CQ, 8 – E28GC83DNPs without 

CQ, 9 – E28GC83DNPs complexes with CQ, 10 – E28GC83DNPs complexes with 

CQ. 

In the last set of experiments, the EGCDNPs’ induced gene transfer was evaluated in 

in vivo healthy murine bladder models. Two EGCDNPs: E25GC45DNPs and 

E28GC83DNPs were examined. Since chloroquine has been demonstrated to be able 

to enhance non-viral gene transfer in multiple preclinical studies (Erbacher et al., 1996; 

Yamano et al., 2011), the feasibility of adding chloroquine into EGCDNPs gene 

complexes to augment FLuc-pDNA transfection in murine bladder was investigated. It 

appears to be very encouraging according to the first pilot study (Figure 3.13A) that 

with the aid of chloroquine, E28GC83DNPs complexes containing a higher molecular 

weight of EAGC (83 kDa) had a higher firefly luciferase expression in a healthy murine 

bladder than the E25GC45DNPs complexes containing a lower molecular weight of 

EAGC (45 kDa). However, when intravesical administration of the E28GC83DNPs 

gene complexes in the presence of chloroquine again, there was no induced 

bioluminescence after 24 h, so an attempt to instil for a second time the same 

formulation containing E28GC83DNPs gene complexes in the presence of 

chloroquine was made. The results indicated that (Figure 3.13B) the chloroquine was 
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not active for inducing gene transfer in the bladder, showing an inconsistent gene 

transfection profile, whilst, surprisingly, the E28GC83DNPs had achieved 50% (1 out 

of 2 mice) firefly luciferase expression in the murine bladder. Since this is a pilot study 

and only one mouse per treatment was performed, a follow-up study with large 

numbers of animals was examined in the following section. Moreover, it is worthwhile 

to mention that  the positive control Lipo 2k was not included for the second pilot study 

due to the fact that Lipo 2k is not intended for any animal works as suggested by the 

manufacturer’s instructions (Invitrogen, UK) and may be too toxic to be administered 

to animals according to the cytotoxicity assay shown in Figure 3.11 and Table 3.3. 
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Figure 3.14. Intravesical instillation of E25GC45DNPs and E28GC83DNPs 

encapsulating firefly luciferase plasmid DNA (FLuc-pDNA) in the murine bladder. 
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Representative images of bioluminescence after instillation of two doses of (A) 

E25GC45DNPs and (B) E28GC83DNPs encapsulating pDNA (encoding Firefly 

luciferase; 6.4 μg FLuc each) over 48 h. Quantification of luminescence by IVIS (C) 

FLuc-pDNA – E25GC45DNPs (n = 3; vs saline groups, n = 3) and (D) FLuc-pDNA – 

E28GC83DNPs (n = 18; vs saline groups, n = 7). Luminescence extracted from (E) 

bladder and (F) liver tissues following the treatment specified of FLuc-pDNA 

E28GC83DNPs [n = 14 in (E) or n = 9 in (F)] in comparison with the saline group [n = 

6 in (E) or n = 3 in (F)]. * p < 0.05. Data are shown as mean ± SD.  

 
Upon optimisation, the best and reproducible conditions for inducing a significantly 

higher gene transfer in the murine bladder, than the saline control, were administering 

two doses of E28GC83DNPs – FLuc-pDNA complexes containing a vector, FLuc-

pDNA (6.4 μg per dose) mass ratio of 11:1 (Figures 3.14B and D, * p < 0.05).  In total, 

12.8 μg of FLuc-pDNA could be delivered to the murine bladder by E28GC83DNPs. 

It is interesting to note at this optimum gene transfer condition for the E28GC83DNPs, 

E25GC45DNPs was still unable to induce FLuc-pDNA gene transfer to the bladder, 

producing indistinguishable bioluminescence intensity in the murine bladder, when 

compared with the saline treatment (Figures 3.14A and C). The data in Figure 3.14 

clearly demonstrates that the molecular weight of EAGC is a strong driver for 

EGCDNPs-mediated efficient gene transfection in in vivo murine bladder models. 

Additionally, the bioluminescence obtained from the IVIS spectrum after transfection 

FLuc-pDNA to the murine bladder by the E28GC83DNPs correlated well with the 

extraction and quantification of FLuc protein from harvested bladder tissues treated 

by FLuc-pDNA formulated with E28GC83DNPs (Figure 3.14E) (saline vs treatment: 

0.12 ± 0.15 vs 1.35 ± 1.81 ng/g, * p < 0.05). The possibility of E28GC83DNPs 

complexes entering the blood stream has been ruled out as there was no tangible 
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distribution of exogenous firefly luciferase in the liver (Figure 3.14F), indicating that 

the bladder was indeed the prime accumulation site for the complexes of 

E28GC83DNPs – FLuc-pDNA. 

 

 
 

 
Figure 3.15. Firefly luciferase expression within the bladder. Murine bladders were 

treated with FLuc-pDNA – E28GC83DNPs nanocomplexes for two doses (6.4 μg of 

FLuc-pDNA for each dose) over 48 h, after which the bladders were dissected and 

embedded into paraffin-wax specimens. The paraffin-wax specimens were subjected 

to immunohistochemistry analysis according to the description in Section 3.2.9. 

Paraffin-embedded human (UM-UC-3) bladder cancer cell pellets treated with 

E25GC45DNPs encapsulating FLuc-pDNA were used as a positive control for 

luciferase staining whereas negative controls for luciferase staining included murine 

bladder sections with only secondary antibody staining. Images were acquired at x100 

(A) and x400 (B) magnification. Black errors denoted that FLuc-pDNA not only 

accumulated at the bladder urothelium but also penetrated further into the lamina 

propria regions, facilitated by E28GC83DNPs. 
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Figure 3.16. Histopathological analysis of bladder after the treatment of 

E28GC83DNPs gene complexes. (A) H & E staining of bladder tissue sections 

following the two administrations of saline and E28GC83DNPs complexes (6.4 μg of 

FLuc-pDNA for each dose) in CFW mice over 48 h. (B) The production of an 

inflammatory marker MPO was revealed by immunohistochemistry analysis. The 

black arrow denotes the damaged urothelial cells (A), and an acetic-acid treated rat 

bladder was included as a positive control because acetic acid is a chemical known 

to trigger an inflammatory response in the bladder (Hiragata et al., 2007). All images 

are shown at x100 (A–B) or x400 (C) magnification. 

In addition to this, the immunohistochemistry data showed that the observed luciferase 

expression in the bladder was attributed to the fact that the E28GC83DNPs could 

facilitate the uptake of FLuc-pDNA through the urothelium and to the edge of the 
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lamina propria (Figures 3.15A–B). To evaluate the in vivo side effects following the 

administration of E28GC83DNPs complexes, the murine bladders were collected after 

the last injection. The bladders were sectioned and stained with H&E. No significant 

difference in the infiltration of neutrophils or lymphocytes was observed between the 

saline and E28GC83DNPs – FLuc-pDNA treatment groups. The intact bladder 

epithelium was well preserved (Figure 3.16A). Acetic acid-treated positive controls 

showed intense staining for MPO, whereas, the saline treatment and E28GC83DNPs 

loaded with FLuc-pDNA showed little or no staining, indicating no appreciable 

inflammation was produced by the NPs (Figures 3.16B–C).    

 

 

 

 

 

 

 

 

 



 244 

 Discussion 

In the present study, one objective was to determine whether the EAGC-DOPE hybrid 

system could deliver nucleic acids to the bladder, which does not allow large quantities 

of gene/chemotherapeutics to be delivered due to the presence of BPB (Lewis and 

Diamond 1976). In order to cope with the preceding caveats, a combination of a 

chitosan derivative (EAGC) and a helper lipid (DOPE) was adopted in the hope that 

this hybrid could act collaboratively to effect gene delivery to the bladder. The first 

advantage of using the EAGC-DOPE hybrid system (EGCDNPs) for bladder therapy 

relies on the fact that EGCDNPs exhibit an overall positive charge that could 

electrostatically bind to anionic nucleic acids, offering the possibility of making nucleic 

acids deliverable. Both E25GC45DNPs and E28GC83DNPs encapsulating nucleic 

acids, e.g. GFP-pDNA, presented as 115 and 361 nm nanoparticles with zeta potential 

of + 22.2 mV and + 19.2 mV, respectively (Figure 3.6A).  

Adding DOPE lipid into EAGC is proved to be advantageous in gene transfer to the 

bladder cancer cells in comparison of EAGC alone (Figures 3.8A–B). The formulation 

consisting of DOPE lipid was adopted and tested as very efficacious for cationic 

liposome-mediated gene delivery. In a clinical trial phase I study, a DOPE-based 3β -

[Ν-(Ν',Ν'-dimethylaminoethane) carbamoyl]-cholesterol (DC-Chol) liposomal 

formulation locally delivered a tumour suppressor plasmid (human leukocyte antigens, 

HLA) to the cancer patient and led to a strong upregulation of HLA expression to slow 

down tumour growth (Hui et al., 1997). In addition to the mechanism of an altered 

DOPE’s 3D structure from the bilayer phase (Lα) into the inverted hexagonal phase 

(HII), as described in Chapter 1 (Figure 1.19), to facilitate gene transfer, it has been 
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reported that DOPE could assist pDNA in rapidly transporting to the nucleus (Du et 

al., 2014).   

 

Figure 3.17. The chemical structure of β-AE-DMRIE (1,2-dimyristyloxy-propyl-3-

dimethyl-hydroxy ethyl ammonium bromide). 

It is interesting to note that the addition of DOPE lipid is not always beneficial for gene 

transfer. Fasbender et al. discovered that complexing DOPE lipid with β-AE-DMRIE 

(Figure 3.17) showed a decreased gene expression when compared with β-AE-

DMRIE alone (Fasbender et al., 1997). The exact mechanism for the reduced gene 

transfection efficiency, when adding DOPE lipid into the β-AE-DMRIE, was not 

explored by the authors. However, there was a possibility, as stated in the Chapter 2, 

that the acryl group from the DOPE lipid may transfer to the terminal amine group of 

β-AE-DMRIE to form a new chemical entity (transacrylated β-AE-DMRIE), which may 

reduce the transfection efficiency of β-AE-DMRIE.  

Moreover, the cytotoxicity of the DOPE-based formulation has also been disputed.  

Hussein et al. raised a safety concern that DOPE – PEI nanocomplexes, albeit 

achieving high siRNA delivery efficiency due to promoting siRNA endosomal escape, 

also induced substantial toxicity (Hussein et al., 2019). In contrast, another cationic 

liposome, DMRIE/DOPE, when complexing with HLA-pDNA was tested for toxicity in 

non-human primates under intravenous injection for two weeks. Despite a trace 

amount of HLA-pDNA fragment being found in the heart detected by PCR analysis, 
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no toxicity was noted upon the administration of these gene complexes as determined 

by a pathological examination and cardiac function analysis. The author suggested 

that this liposome could be utilised as a safe gene medicine (San et al., 1993). It is 

possible that DOPE-based formulation may have distinct cytotoxicity profiles, given 

the fact that PEI, as one of the components for DOPE – PEI complex, contained a 

high density of amino groups, when compared to the DMRIE lipid with a low density 

of amino groups. These high-density amino groups were demonstrated as being able 

to induce cell death in multiple reports (Brownlie et al., 2004; Kafil and Omidi, 2011). 

Thus, it is important to evaluate the biocompatibility profile of EGCDNPs as EAGC 

polymer was also rich in amino groups. In order to test the cytotoxicity of EGCDNPs, 

the WST-1 assay was adopted in the present study. The WST-1 assay relies on the 

fact that the viable cells (due to being metabolically active) could cleave WST-1 into a 

water-soluble formazan, which is colorimetric and can be detected by a ultraviolet–

visible (UV) detector; the amount of UV absorbance from the cleaved formazan could 

be utilised to deduce the number of viable cells (Präbst et al., 2017). Unlike the MTT 

assay, which requires cell lysis and formazan-dissolving steps, the WST-1 can be read 

directly in the cell culture medium without the need to proceed cell lysis step due to 

the production of water-soluble formazan (Berridge MV et al., 2005). Furthermore, 

WST-1 assay has been used in multiple reports to investigate the NPs’ cytotoxicity in 

bladder cells (Martin et al., 2013, 2019). The WST-1 assay from Figure 3.11 and 

Table 3.3 revealed that the E25GC45DNPs were orders of less toxic for a 6 h 

exposure time compared with the commercial transfection reagent – Lipo 2k as 

represented by 90 – 99% viable cells at the dose of IC50 used by Lipo 2k in six tested 
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cell lines. If time permitted, the cytotoxicity of E25GC45DNPs complexes in 

comparison with the Lipofectamine complexes could be investigated. 

Furthermore, there was also a need to ascertain whether E25GC45DNPs can be 

utilised as an efficient gene delivery carrier. When compared the transfection 

efficiency of E25GC45DNPs in delivering β-gal-pDNA with the commercial 

transfection reagent – Lipo 2k, E25GC45DNPs were 30% as efficient as Lipo 2k. 

However, the WST-1 assay revealed that the E25GC45DNPs were significantly less 

toxic than the Lipo 2k. The relative non-toxic profile of E25GC45DNPs makes this 

carrier relative appealing for in vivo non viral gene delivery, especially since Lipo 2k 

cannot be used for any animal works suggested by the manufacturer’s instructions 

(Invitrogen, UK) due to toxicity issues as described previously.  

Additionally, to further validate the finding that E25GC45DNPs can serve as a safe 

gene vector, a biomarker, namely g-H2AX, to evaluate the toxicity profile of the 

E25GC45DNPs was introduced. In nature, DNA is tightly wrapped around histone 

protein (Alberts et al., 2002) and when there is a DNA damage following the 

administration of cytotoxic compounds, histone, especially histone’s variant H2AX will 

be phosphorylated to become g-H2AX so that cells will start sensing this error and 

trigger apoptosis to clear the damaged cell waste to maintain homeostasis (Kuo and 

Yang, 2008). The phosphorylation of H2AX is generally regarded as the early sign of 

apoptosis (Kuo and Yang, 2008). It can be seen from Figures 3.12A, B, and D that 

E25GC45DNPs can specifically downregulate GP130 protein in UM-UC-3 and UM-

UC-3R, achieving a gene silencing efficiency comparable to that mediated by 

Lipofectamine RNAiMAX in UM-UC-3R. The E25GC45DNPs produced a significantly 
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lower amount of g-H2AX expression compared to Lipofectamine RNAiMAX in both 

UM-UC-3 and UM-UC-3R (Figures 3.12A, C, and E). 

Surprisingly, when moving on to test E25GC45DNPs’ in vivo gene transfer on the 

murine bladder, they had no impact on facilitating a firefly luciferase plasmid’s (FLuc-

pDNA) translation in the murine bladder (Figure 3.14), clearly showing a distinct 

profile for in vitro and in vivo gene regulation. As a proof of concept, FLuc-pDNA, as 

opposed to a fluorescence-based reporter gene e.g. GFP-pDNA, or enzyme-based 

reporter gene, e.g. β-gal-pDNA, was selected to show the gene transfer in vivo murine 

bladder simply due to the fact that bioluminescence is more sensitive and has a higher 

signal-to-noise ratio (Tung et al., 2016). On the contrary, GFP-pDNA or β-gal-pDNA 

has inherent shortcomings in vivo animal models’ gene expression detection such as 

autofluorescence (Jensen, 2012) or a high level of endogenous β-galactosidase 

enzymatic activity (Weiss et al., 1997).  

By contrast, the E28GC83DNPs containing a higher molecular of EAGC (83 kDa) 

showed a significant amount of firefly luciferase expression in the murine bladder 

distinguishable from the saline-treated groups (Figure 3.14). The data in Figure 3.13 

revealed that the FLuc-pDNA transfection with chloroquine and E28GC83DNPs was 

not reproducible. The reason behind this failure was possibly due to the fact that 

chloroquine was too toxic to use for the preclinical murine models and may cause 

central visual loss (ocular toxicity) (Zhang et al., 2003; Tzekov, 2005). As such, a 

further in-depth investigation of the chloroquine-induced toxicity (e.g. by H&E staining) 

on the murine bladder is warranted. Moreover, it has been reported that the 

preincubation of chloroquine with HepG2 cells (a human hepatoma cell line) reduces 

the luciferase activity by 40 times when compared with HepG2 cells not pre-treated 
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with chloroquine (Erbacher et al., 1996). These pieces of evidence may provide the 

insight that a precaution should be taken when considering using chloroquine for gene 

delivery. Conversely, E28GC83DNPs without chloroquine indeed showed 

reproducible gene transfection results in the murine bladder. 

It was shown from Figure 3.14F that no luciferase expression facilitated by 

E28GC83DNPs was noted in the liver, reducing the likelihood of systematic exposure 

that may cause unwanted side effects. This promising result may imply that the 

potentiality of utilising E28GC83DNPs as a novel modality for the localised gene 

delivery to the bladder. The Immunohistochemistry results revealed that the 

E28GC83DNPs gene complexes were accumulated mainly in the bladder urothelium, 

and some of these complexes gained entry into the inner part of the urothelium (lamina 

propria) (Figure 3.15).  

The difference between the E25GC45DNPs and the E28GC83DNPs is that 

E28GC83DNPs contain a relatively larger molecular weight component of EA28GC83 

(83 kDa) whereas E25GC45DNPs are comprised of a 45 kDa EA25GC45. It appears 

that this molecular weight difference is enough to give rise to a significant exogenous 

FLuc-pDNA gene expression in the murine bladder. Meanwhile, it would be interesting 

to examine in future work the influence of EAGC’s molecular weight on the EGCDNPs’ 

FLuc-pDNA complex capability via the gel electrophoresis. Additionally, it is possible 

that the higher molecular weight of chitosan is more bioadhesive on the bladder than 

its lower molecular weight counterparts, and as such, the associated FLuc-pDNA has 

a higher a chance of adhering to the bladder, offering the possibility of inducing a 

higher FLuc-pDNA expression. A study from Eroğlu et al. showed that a 650 kDa 

chitosan had a superior bioadhesive property than 150 kDa chitosan on a healthy 
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sheep bladder (Eroğlu et al., 2002). However, in this study, an even higher molecular 

weight of chitosan was not attempted as studies have shown that chitosan with a 

molecular weight over 100 kDa is less biocompatible than lower molecular weight 

chitosan (Faizuloev et al., 2012). Additionally, as suggested previously, chitosan with 

a molecular weight of 80 kDa could modulate the tight junctions within the bladder 

urothelium, which may allow the uptake of the gene complexes (Hsu et al., 2013).  

Lastly, it was shown on the murine bladder that the E28GC83DNPs gene complexes 

did not trigger any inflammatory responses nor morphological changes (Figures 

3.16B–C), paving the way for the further development of this gene therapeutics. 

 Conclusion  

In conclusion, in addition to the E25GC45DNP produced from the Chapter 3, a new 

EAGC derivative of EA28GC83 with 83 kDa and an ethylamino mole substitution of 

28% (with errors falling between 1 – 5%) was synthesised. This EA28GC83 could 

assemble with DOPE lipid to produce EAGC-DOPE hybrid nanoparticles 

(E28GC83DNPs). It was found that the E25GC45DNPs with 45 kDa of EA25GC45 

component were responsible for pDNA and siRNA gene transfer in in vitro bladder 

cancer cells, whilst E28GC83DNPs containing 83 kDa of EA28GC83 could prolong 

the contact time of pDNA in vivo healthy murine bladder models. Moreover, 

E28GC83DNPs could deliver pDNA in a safe and efficient manner to the urothelium 

and lamina propria regions of the bladder, resulting in exogenous protein expression. 

This EAGC-DOPE hybrid system will indeed open new avenues for current bladder 

disease management. 
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4 Chapter 4: MEK1/2-mediated chemosensitisation in 
glioblastoma cells  

 Introduction 

Glioblastoma (GBM) is one of the most aggressive brain tumours, and the prognosis 

is worse than most (He et al., 2016). The median survival is only 6.1 months in 

England (Brodbelt et al., 2015), and indeed, at the time of diagnosis, most patients 

are not expected to live more than two years in spite of huge advances in neurosurgery, 

radiotherapy and chemotherapy (Reardon and Wen, 2006). GBM is difficult to treat as 

the highly invasive glioma cells can infiltrate normal brain tissues, which make it 

impossible to be completely removed by standard surgery (Hambardzumyan and 

Bergers, 2015). Furthermore, the presence of the formidable blood-brain barrier (BBB), 

formed by brain capillary endothelium, pericytes and astrocyte end foot processes, 

excludes ~ 100% of large-molecules and more than 98% of all small-molecule drugs 

(Pardridge, 2005). Over the years, researchers worldwide have invested in efforts and 

times to invent new ways to eradicate GBM and to solve the current limitations. For 

instance, a wearable apparatus, namely Optune system (approved by US FDA in 

2011), which is attached to the patient’s scalp uses applied external electricity (200 

kHz of frequency) to attack tumour cells, eliciting antimitotic effects followed by 

triggering apoptosis (Weinberg, 2018). The exact mechanism by which the external 

electrical field acts on the glioma cells is poorly understood, but a disruption of 

microtubules polymerisation during mitotic spindle formation is generally involved, 

which in effect would halt the process of mitosis, leading to cell cycle arrest and 

triggering the apoptosis (Mun et al., 2018). This new treatment modality, in 
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combination with chemotherapy, significantly enhances the overall survival rate by 4.9 

months compared with chemotherapy alone (Stupp et al., 2017).  

Another strategy to deliver drug molecules to the brain is through direct fusion in order 

to overcome the obstacle posed by the BBB. Intraparenchymal infusion of 

chemotherapy, specifically convection-enhanced delivery (CED), involves a lubricated 

catheter containing a chemotherapy solution being inserted directly into the tumour 

site, such that with the aid of an external pressure generator, the chemotherapeutic 

agents may be rapidly pumped into tumour cells to elicit a therapeutic response 

(Jahangiri et al., 2017). It is worth mentioning that the way CED works is by passive 

diffusion of anticancer drugs to the targeted sites and this has caused concerns 

regarding its safety as it is very challenging for the chemotherapy drugs when applied 

locally not to diffuse thorough the healthy brain tissues, which could lead to unwanted 

side effects (Debinski and Tatter, 2009). This may explain why there is a limited 

number of clinical trials for CED therapy with currently no approved products on the 

market (Kunwar et al., 2010).   

To increase patient compliance and reduce the chance of developing infections 

associated with CED (Brown et al., 2018), intranasal delivery has been advocated as 

a promising alternative strategy to bypass the BBB in order to deliver chemotherapy 

drugs/nucleic acids in a non-invasive fashion (Uchegbu et al., 2019). Although it has 

to be admitted that the dose delivered to the preclinical animal models (e.g. mice) is 

limited to a certain volume of liquids (100 – 250 μL) or powders (20 – 50 mg depending 

on the bulk density) (Davis, 1999; Uchegbu et al., 2019), Simao Carlos et al. 

demonstrated it is still feasible to deliver gene complexes containing fluorescently 

labelled siRNA (15 μg, 80 μL) to the olfactory bulb of a healthy rat via the intranasal 
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route (Simao Carlos et al., 2017). The exact mechanism by which the drug is 

transported to the brain via the nose route is poorly understood but it generally 

involves the olfactory and trigeminal nerve pathways (Illum, 2000; Thorne et al., 2008), 

from where the drug molecules can be shuttled to reach the parenchyma, 

cerebrospinal fluid and spinal cord (Lochhead and Thorne, 2012). Various anticancer 

drugs such as perillyl alcohol (Chen et al., 2018), 5-fluorouracil (Sakane et al., 1999) 

and methotrexate (Shingaki et al., 2010) were successfully delivered to the brain via 

this route in preclinical and clinical studies, but future work is required to explore the 

full potential as novel treatments for GBM. First, the safety of these anti-cancer drugs 

should be carefully evaluated, especially when the formulation containing cytotoxic 

materials could irritate and damage the healthy cells in the nasal mucosa (Sabir et al., 

2020). Furthermore, since the drug transport mechanism is still unclear (Uchegbu et 

al., 2019), it is of paramount importance to determine the biodistribution of these 

cytotoxic drugs in the brain and, if possible, encapsulating these drug entities into the 

nanocarriers that could be modified with targeting ligands to enable a preferential 

accumulation in the tumour cells, leaving the healthy cells unharmed. 

Despite the development of these innovative approaches for treating GBM, the 

standard of care is still with surgical resection in combination with first-line 

chemotherapy of TMZ and radiotherapy (Gilbert et al., 2013).  However, it is estimated 

that half of the GBM patients do not show a positive response towards TMZ, gradually 

acquiring drug resistance (Lee, 2016). The mode of action for TMZ and its resistance 

mechanisms have been discussed in length in Chapter 1. Herein, the focus is on 

exploiting the fact that genetic defects are regularly reported in GBM, such as mutated 

mitogen-activated protein kinase 2 (MEK2), which has been identified in GBM patients 
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and its expression positively correlated with the activation of many drug resistance 

genes and worsened the response to TMZ (He et al., 2016).   

Thus, an attempt is made to understand whether the MEK2’s isoform, MEK1 has a 

similar role in chemosensitisation and comprehensively compare this 

chemosensitisation with that mediated by MEK2, as a study showed that MEK1-

silenced mice models exhibited embryonic defects and died after only 10.5 days due 

to being unable to stimulate angiogenesis in the placenta, whereas MEK2 knockdown 

mice grew normally (Giroux et al., 1999). 

 

 

 

 

 

 

 

 

 

 



 255 

 Materials and methods 

 Materials  

 
Materials Supplier 

U-87 MG human glioblastoma cell line ATCC, USA 

Minimum Essential Medium Eagle (MEME) Sigma-Aldrich,UK 

Opti-MEM® Medium Gibco, UK 

Fetal bovine serum (FBS) (F9665) Sigma-Aldrich,UK 

GlutaMAX (100 X) Gibco, UK 

Lipofectamine 2000 Invitrogen, UK 

Lipofectamine RNAiMAX Invitrogen, UK 

Sodium pyruvate solution 

(100 mM, 11 mg/mL) 

Lonza Biologics Inc., UK 

MEK1 siRNA1 Cell Signaling Technology, 

UK 

MEK1 siRNA2 and MEK2 siRNA Sigma-Aldrich, UK 

Scrambled sequence (siSC) control Invitrogen, UK 

 Radioimmunoprecipitation assay (RIPA) buffer Sigma-Aldrich, UK 

Protease inhibitor cocktail Sigma-Aldrich, UK 

Phosphatase inhibitor cocktail Sigma-Aldrich, UK 

PierceTM BCA Protein Assay kit  Thermo Scientific, UK 

Bovine serum albumin  Sigma-Aldrich, UK 
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Materials Supplier 

3-(4,5-Dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS, CellTiter 96® AQueous One 

Solution Reagent)  

Promega, USA 

Nitrocellulose membrane (pore size 0.45 μm) Invitrogen, UK 

NuPAGE Novex 4 – 12% polyacrylamide gels Invitrogen, UK 

Odyssey® blocking buffer (TBS) Li-COR Biosciences, UK 

Primary anti-MEK1  

mouse monoclonal antibody (ab139343) 

Abcam, UK 

Primary anti-MEK2  

mouse monoclonal antibody (ab140372) 

Abcam, UK 

Primary anti-glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) 

mouse monoclonal antibody (GT239) 

GeneTex, USA 

Secondary goat anti-mouse horseradish 

peroxidase (HRP) conjugated immunoglobulin 

(IgG) (G21040) 

Invitrogen, UK 

SuperSignal West Pico Chemiluminescent 

Substrate kit 

Thermo Scientific, UK 

SuperScriptTM III First-Strand Synthesis System Invitrogen, UK 

Power SYBERTM Green PCR Master Mix  Applied Biosystems, UK 

Temozolomide (≥ 98.0%) Sigma-Aldrich, UK 



 257 

Materials Supplier 

TrypLETM Express dissociation reagent Gibco, UK 

Dulbecco's phosphate-buffered saline (DPBS) 

(without Ca2+ and Mg2+, pH= 7.1 – 7.5) 

Sigma-Aldrich, UK 

RNase A (10 mg/mL) Invitrogen, UK 

Annexin V-FITC Kit  Miltenyi Biotec, Germany 

Propidium Iodide solution (PI, 100 μg/μL) Miltenyi Biotec, Germany 
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 General cell maintenance 

Human glioblastoma cells (U87-MG) were generally cultured in MEME, supplemented 

with 10% v/v FBS, 1% v/v sodium pyruvate solution, and 1% v/v GlutaMAX in T-75 

cell culture flasks and in a cell culture incubator (BINDER GmbH, Germany) set at 

37 °C and 5% CO2. The growth medium was changed every two/three days and 4 mL 

of TrypLETM Express dissociation reagent was used to detach U-87MG cells once they 

reached 70 – 80% confluence, followed by inactivation of the enzymatic activity of 

TrypLETM Express with 8 mL of MEME. Cell suspensions were then centrifuged and 

reseeded in a T-75 culture flask for general maintenance or in 6-well or 96-well plates 

(Thermo Fisher, UK) for any intended experiments.  

 SiRNA transfection  

For RNA interference, U87-MG cells were transfected with a commercial predesigned 

MEK1 siRNA1 (10 pmol/μL), a MEK1 siRNA2 (100 pmol/μL, 5’-

3’:UCAAAGAUGGCCAUGGCAGTT), a MEK2 siRNA (100 pmol/μL, 5’-3’: 

CUGCCAUGGCCAUCUUUGATT) and a scrambled sequence (siSC) control (50 

pmol/μL) using Lipofectamine 2000 and Lipofectamine RNAiMAX as transfection 

reagents. To the best knowledge of the author, the exact structural differences 

between these two commercial transfection reagents were still unknown. The only 

possibly information revealed on the literature was that the Lipofectamine 2000 was 

comprised of a polycationic lipid 2,3-dioleyloxy-N-[2(sperminecarboxamido)ethyl]-

N,N-dimethyl-1-propanaminium trifluoroacetate (DOSPA) and a helper lipid DOPE in 

a DOSPA, DOPE mass ratio of 3:1 as described in Chapter 2 (Zhang et al., 2012a). 

Briefly, U87-MG cells were seeded at a density of 2.5 – 5 x 105 cells/well in 6-well 
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plates and allowed to grow for 72 h. Then, the lipoplexes for MEK1 or MEK2 protein 

downregulation were formulated as follows. 

1. Lipoplexes for MEK1 protein downregulation were freshly prepared by diluting 

1,2, 4, 6 and 8 μL of MEK1 siRNA2 separately (stock concentration = 100 

pmol/μL), into Opti-MEM® medium to reach a volume of 250 μL, followed by 

incubating with Lipofectamine 2000 solutions (5 μL of Lipofectamine 2000 

adding into 245 μL of Opti-MEM® medium) for 20 min prior to addition to a well 

in the 6-well plate containing U87-MG cells with 1.5 mL of FBS free MEME for 

6 h. After 6 h of treatment, U87-MG cells were washed with 1 mL of DPBS 

(without Ca2+ and Mg2+) and 2 mL of MEME medium was added, after which 

the cells were left for a further 24 h, 48 h or 72 h recovery, prior to western 

blotting to check for MEK1 protein downregulation. Negative control with a 

commercial scrambled siRNA (800 pmol siRNA) was prepared similar to the 

MEK1 siRNA downregulation experiments. Briefly, 16 μL of scrambled siRNA 

(stock concentration = 50 pmol/μL) was added into 234 μL Opti-MEM® medium 

and incubated with Lipofectamine 2000 solutions (5 μL of Lipofectamine 2000 

added to 245 μL Opti-MEM®) for 20 min prior to addition to a well of the 6-well 

plate containing U87-MG cells with 1.5 mL of MEME medium for 6 h. After 6 h 

of treatment, U87-MG cells were washed with 1 mL of DPBS (without Ca2+ and 

Mg2+) and 2 mL of MEME medium was added to let U87-MG cells recover for 

a further 24 h or 48 h prior to western blotting experiments. 

2. Lipoplexes formulated with Lipofectamine RNAiMAX were also used for MEK1 

gene silencing experiments. Briefly, different amounts of MEK1 siRNA1 (2 μL 

and 3 μL, stock concentration = 10 pmol/μL) were diluted separately Opti-
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MEM® medium to reach a volume of 250 μL, followed by incubating with 

Lipofectamine RNAiMAX solutions (5 μL of Lipofectamine RNAiMAX added to 

245 μL Opti-MEM® medium) for 20 min prior to adding to a well in the 6-well 

plate containing U87-MG cells with 2.5 mL of MEME. Negative controls with 

commercial scrambled siRNA treatments (30 pmol) were prepared in a 

concentrated stock (3X) to minimise pipetting errors. Briefly, 1.8 μL of 

scrambled siRNA (stock concentration = 50 pmol/μL) was added into 748.2 μL 

Opti-MEM® medium, followed by incubating with Lipofectamine RNAiMAX 

solutions (15 μL of Lipofectamine RNAiMAX added into 735 μL Opti-MEM® 

medium) for 20 min, then 500 μL of the abovementioned lipoplexes (30 pmol 

scrambled siRNA) was applied into a well of a 6-well plate containing U87-MG 

cells with 2.5 mL of MEME. The lipoplexes (containing siRNA against MEK1 or 

scrambled siRNA) were allowed to interact with U87-MG cells for 24 h or 48 h 

prior to western blotting to check for MEK1 protein downregulation efficiency. 

3. Lipoplexes for MEK2 protein downregulation were freshly prepared by diluting 

1, 2, 4, 6 and 8 μL of MEK2 siRNA separately (stock concentration = 100 

pmol/μL) into Opti-MEM® medium to reach a volume of 250 μL, followed by 

incubating with Lipofectamine 2000 solutions (5 μL of Lipofectamine 2000 

adding into 245 μL of Opti-MEM® medium) for 20 min prior to addition to a well 

in the 6-well plate containing U87-MG cells with 1.5 mL of FBS free MEME for 

6 h. After 6 h of treatment, U87-MG cells were washed with 1 mL of DPBS 

(without Ca2+ and Mg2+) and 2 mL of MEME medium was added, after which 

the cells were left for a further 24 h or 48 h recovery, before western blotting to 

check MEK2 protein downregulation. Negative controls with commercial 
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scrambled siRNA treatments (containing the same 800 pmol siRNA as MEK2 

siRNA) were prepared similar to the MEK2 siRNA downregulation experiments. 

Briefly, 16 μL of scrambled siRNA (stock concentration = 50 pmol/μL) was 

added into 234 μL Opti-MEM® medium and incubated with Lipofectamine 2000 

solutions (5 μL of Lipofectamine 2000 added to 245 μL Opti-MEM® medium) 

for 20 min prior to addition to a well of the 6-well plate containing U87-MG cells 

with 1.5 mL of MEME medium for 6 h. After 6 h of treatment, U87-MG cells 

were washed with 1 mL of DPBS (without Ca2+ and Mg2+) and 2 mL of MEME 

medium was added to let U87-MG cells recover for a further 24 h or 48 h prior 

to western blotting experiments. 

 Western blotting 

After RNA interference, glioma cells were washed with 1 mL of DPBS (without Ca2+ 

and Mg2+) and lysed with 100  μL of ice-cold radio-immunoprecipitation assay buffer 

containing protease (10 μL) inhibitors and phosphatase (10 μL) inhibitors on ice for 

10 min. Supplementing of protease inhibitors and phosphatase inhibitors into the lysis 

buffer was to protect the sample proteins from degradation by the exogenous 

proteases and the phosphatases released during the cell lysis process. A cell scraper 

was used then to scrape glioma cells and transfer them into a 1.5 mL sterile tube 

(Eppendorf, Germany). The abovementioned glioma cell lysates can be directly 

centrifuged (4 °C) at 12,000 RPM for 30 min or sonicating for 10 s at the 4.0 magnitude 

on ice with a probe sonicator (Soniprep 150 Plus, MSE, UK) to facilitate the lysis 

process, then centrifuged (4 °C) at 12,000 RPM for 30 min. The supernatants were 
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collected and assayed for protein downregulation by western blot or stored at −50 °C 

for further experimentation.  

Protein content from the cell lysates was quantified using a BCA assay as indicated 

in Chapter 2 (section 2.2.9) except for the fact that the BSA protein was diluted in 

DPBS according to the following table and the cell lysates were diluted eight times 

with DPBS. 

Table 4.1. Preparation of BSA standards in DPBS. 

Vial Volume of 
diluents (μL) in 

DPBS 

Volume of BSA 
(μL) 

Final 
concentration 

mg/mL 
A 0 300 2 
B 125 375 1.5 

C 325 325 1 

D 175 175 of B 0.75 

E 325 325 of C 0.5 
F 325 325 of E 0.25 

G 325 325 of F 0.125 

H 400 325 of G 0.056 

I 400 0 0 

The protein (20 μg) of interest was then separated on 4 – 12% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS–PAGE) and transferred to a nitrocellulose 

membrane (pore size 0.45 μm). Membranes were blocked with Tris-buffered saline 

(Odyssey® blocking buffer) for 1 h at room temperature, before being probed 

separately in primary mouse monoclonal antibody separately against MEK1 (1:1000 

in Odyssey® blocking buffer), MEK2 (1:400 in Odyssey® blocking buffer), and GAPDH 

(1:5000 in Odyssey® blocking buffer) at 4 °C overnight. The membranes were 

subsequently washed with TBST [TBS buffer (20 mM Tris, 150 mM NaCl, pH = 7.6) 

containing 0.1% (v/v) Tween 20] for three times, followed by two washes with TBS 
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buffer and incubated with HRP conjugated goat anti-mouse IgG secondary antibodies 

(1:1000 TBST) at room temperature for 2 h. The membrane was then washed three 

times with TBST buffer, followed by twice with TBS buffer. A SuperSignal West Pico 

Chemiluminescent Substrate kit was used to catalyse HRP with luminol to produce 

luminescence, which was then captured by a ChemiDocTM MP system (Bio-Rad, UK) 

and analysed using Image Lab software (Bio-Rad, UK). 

 MEK1 and MEK2 mRNA downregulation 

Real-time quantitative reverse transcription-polymerase chain reaction (RT-qPCR) 

was employed for the quantification of MEK1/2 mRNA level following the treatment of 

cells with MEK1/2 siRNA interference. Briefly, 2.5 – 5.0 x 105 cells were seeded in 6-

well plates and allow to grow for 72 h before being treated by Lipofectamine 2000 or 

Lipofectamine RNAiMAX encapsulating with MEK1, MEK2 siRNA or scrambled siRNA 

control.   

The transfected cells were lysed and extracted respectively using the RNeasy mini kit 

according to the manufacturer’s instructions (Qiagen, UK). In brief, glioma cells were 

lysed with 350 μL/well buffer RLT solution (supplied by the kit) and were pipetted up-

side-down to ensure that the lysis buffer RLT solution was mixed well with glioma cells. 

The cell lysates were passed through a QIAshredder spin column placed in a 2 mL 

collection tube (Qiagen, UK) by centrifugation (14,000 RPM, 2 min, 20 °C). The 

QIAshredder spin column was used as an effective measure to homogenise cell 

lysates to expose the cellular RNA (Qiagen, UK). Then, 1 mL of ethanol (70% v/v) was 

added to the 2 mL collection tube containing the cell lysates and 700 μL of the sample 

ethanol solution was transferred into a RNeasy spin column for centrifugation (14,000 
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RPM, 15 s, 20 °C). The flow-through was discarded and 700 μL of buffer RW1 (Qiagen, 

UK) was applied to the RNeasy spin column before centrifugation (14,000 RPM, 15 s, 

20 °C). The subsequent steps were involved with washing RNeasy spin column with 

500 μL Buffer RPE twice (centrifugation: 14,000 RPM, 15 s for the first centrifugation 

and 2 min for the second centrifugation, 20 °C). Then, the RNA was eluted with 40 μL 

of RNase-free water (14,000 RPM, 1 min, 20 °C).  

The harvested total RNA was quantified in a spectrophotometer (NanoDrop 2000, 

Thermo Scientific, UK) at a wavelength of 260 nm and was used for cDNA synthesis 

using a SuperScriptTM III First-Strand Synthesis System according to the 

manufacturer’s instructions and shown in the flow chart below (Figure 4.1). 

 

Figure 4.1. The brief procedure for cDNA synthesis. 

RT-qPCR reaction was performed with 50 ng cDNA template and 150 nM primers 

using Power SYBRTM Green Master Mix in an AriaMx Realtime PCR System (Agilent 

Technologies, UK). The primers used in RT-qPCR reaction were MEK1-forward 

(GATTACATAGTCAACGAGCC) and reverse (CTTCAAATCTGCTCTCTCTG) or 

1.6 μg RNA (4.87 μL)+Primer (1 μL)+ dNTPmix
(1 μL)+ DEPC-treated water (3.13 μL) 

(65 °C, 5 min)

Place on ice for at least 1 minute 

Add 10 μL cDNA synthesis mix containing
2 μL of RT buffer (10X), 4 μL of 25 mM MgCl2, 

2 μL of 0.1 M DTT, 1 μL RnaseOUT, and 
1 μL of Superscript III RT 

50 °C for 50 min + Terminate at 85 °C for 5 min. Chill on ice. 
+ 1 μL of RNase H 

and incubate mixture for 20 min at 37 °C

STEP 1

STEP 2

STEP 3

STEP 4
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MEK2-forward (CTGGACTATATTGTGAACGAG) and reverse 

(CTTGATGAAGGTGTGGTTTG) or GAPDH-forward (TTGCCCTCAACGACCACTTT) 

and reverse (TGGTCCAGGGGTCTTACTCC). The cycling conditions were 95 °C for 

10 min to activate polymerase, followed by 40 cycles of denaturation (15 s, 95 °C) and 

annealing (60 s, 60 °C). Melting curve analysis was performed between 65 °C and 

95 °C. Data was derived from three independent experiments and the relative mRNA 

expression level was normalised against the housekeeping gene of GAPDH.  

 Cell growth and viability assay 

The role of MEK1/2 in regulating glioma cell growth was evaluated with a MTS assay 

following the treatment of cells with MEK1/2 siRNA interference using Lipofectamine 

RNAiMAX and Lipofectamine 2000. The enhanced chemosensitisation was evaluated 

by comparing the IC50 (half maximal inhibitory concentration) of TMZ in the U87-MG 

cell line after siRNA mediated downregulation of either the MEK1 or MEK2 genes 

versus scrambled siRNA.  

The transfected cells were trypsinised with 1 mL of TrypLETM Express dissociation 

reagent, before addition of 2 mL of MEME medium to inactivate TrypLETM Express 

dissociation reagent and seeded in 96 well plates at a density of 5000 cells/well in 100 

μL of MEME medium. Proliferation was monitored for five consecutive days. On each 

day, 20 μL of CellTiter 96® AQueous One Solution Reagent was applied to the wells 

containing 100 μL medium and glioma cells after silencing MEK1 or MEK2 protein or 

scrambled siRNA control for 1 h at 37 °C as specified in the manufacturer’s 

instructions (Promega, USA). The absorbance of MEK1-deficient cells, MEK2-
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deficient cells and scrambled control treatments was measured at 490 nm in a plate 

reader (BMG Labtech).  

Cells were also exposed to 100 μL of the various concentrations of TMZ (10, 50, 100, 

200, 600, 800, 1000, 1500, 1800, 2000 and 2500 μM) for 4 h, then allowed to recover 

72 h before the MTS assay (detailed protocols specified in above cell growth assay) 

was used to determine the IC50 of the treatments comprising MEK1 siRNA, MEK2 

siRNA and scrambled siRNA polyplexes in response to TMZ.   

 Cell cycle analysis 

Cells were seeded and transfected with MEK1/2 siRNA using Lipofectamine 

RNAiMAX and Lipofectamine 2000 to achieve specific MEK1 or MEK2 protein 

downregulation. MEK1/2-deficient cells and scrambled siRNA treated control cells 

were directly submitted for cell cycle analysis or were dosed with 2 mL/well of TMZ at 

a concentration of 100 μM as reported previously (He et al., 2016) for a duration of 48 

h. The cells were then harvested by trypsinisation with 1 mL of TrypLETM Express 

dissociation reagent and 2 mL of MEME medium to inactivate the dissociation reagent, 

1.2 x 106 of cells were aliquoted into 1 mL iced-cold phosphate-buffered saline (PBS) 

supplemented with  glucose (1 g/L) to maintain the cell viability. Glioma cells were 

washed with the abovementioned PBS-glucose solution for twice followed by fixation 

with 1 mL ice-cold ethanol (70% v/v) under vigorous vortexing to achieve sufficient 

fixation. The washing step was undertaken in a centrifuge (500 x g, 10 min, 4 °C) 

(Eppendorf, Germany). The fixed cells were stored in the fridge for at least 24 h but 

not more than two days before being washed with 10 mL freshly prepared ice-cold 

PBS-glucose solution (500 x g, 10 min, 4 °C) and the supernatant was discarded with 
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special care as fixed DNA can be removed easily. RNase A (10 mg/mL) was diluted 

with PBS-glucose solution to prepare working solution (100 μg/mL). Then, RNase 

working solution (50 μL, 100 μg/mL) was added to the cell pellet for 10 min to remove 

the interference of RNA. Similarly, PI working solution (50 μg/mL) was prepared by 

diluting the PI stock solution (100 μg/mL) with PBS-glucose solution. To the cell pellet 

treated with RNase working solution was thus added PI (400 μL, 50 μg/mL) working 

solution for 5 to 10 min before analysis on a flow cytometry (MACSQuant, 

Miltenyi Biotec, Germany).Specifically, doublet discrimination was performed by 

plotting the area against height, where only the population falling in the value in which 

the height was equal to the area of interest was taken as single cell populations for 

cell cycle analysis. At least 10,000 events were detected in the case of cell cycle 

experiments for a statistically significant result. Also, the results were analysed with 

MACSQuantify software (version 2.11, Miltenyi Biotec, Germany). Additionally, the 

cell cycle is composed of four phases: Gap 1 and Gap 0 (G1/G0), synthesis (S), Gap 

2 (G2), and mitosis (M). 

 Apoptosis analysis 

The underlying mechanism for the enhanced chemosensitisation when silencing 

either MEK1 or MEK2 protein was investigated with annexin V and PI assay. 

Apoptotic/dead cells lose cell membrane integrity exposing phosphatidylserine (a 

phospholipid), which has a high affinity to annexin V, so the percentage of 

compromised cells can be estimated based on the amount of bound annexin V 

molecules (Koopman et al., 1994). PI was used to stain dead cells (Crowley et al., 

2016), so annexin V and PI offers a mechanistic insight for the observed enhanced 
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TMZ response. Briefly, cells were seeded and transfected with MEK1/2 siRNA using 

Lipofectamine RNAiMAX and Lipofectamine 2000 to achieve specific MEK1 or MEK2 

protein downregulation. The control cells (scrambled siRNA treatments), MEK1- or 

MEK2-deficient cells were washed with 1 mL DPBS (without Ca2+ and Mg2+), before 

trypsinisation with 1 mL of TrypLETM Express dissociation reagent and 2 mL of MEME 

medium to inactivate the dissociation reagent. The cell suspensions were centrifuged 

at 400 x g for 5 min at 4 °C (Eppendorf, Germany) and an aliquot of 1 x 106 cell 

suspension was subjected to the following double-staining procedure using annexin 

V conjugated with FITC and PI for the determination of apoptotic cells. 

 

Figure 4.2. The brief protocol for annexin V/PI assay. 

In terms of flow cytometry settings, FITC channel corresponding to annexin V-FITC 

detection and PI/PE-Cy5.5-A channel corresponding to PI detections were used, with 

the results analysed with MACSQuantify software (version 2.11, Miltenyi Biotec, 

Germany). 

Add 1 mL binding buffer (supplied by the kit) 
before centrifugation at (500 x g, 10 min, 4 °C)

Discard the supernatant and add 1 mL binding 
buffer plus 10 μL annexin V-FTIC for 15 min

Wash with 1 mL of 
binding buffer (500 x g, 10 min, 4 °C) 

Resuspend the cell pellet with 500 μL of binding buffer
plus 5 μL of PI (100 μg/mL) and analyze in the flow cytometry immediately

STEP 1

STEP 2

STEP 3

STEP 4
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 Statistical analysis 

GraphPad (Prism 7 software) was used to prepare all graphs and to perform statistical 

analysis such as one-way or two-way analysis of variance (ANOVA) and two-tailed t-

test. All experiments were set up in independent triplicate unless otherwise stated.  

Error bars indicate the standard deviation (SD).  All statistical tests were considered 

to be statistically significant in which * represents p < 0.05, ** represents p < 0.01, *** 

represents p < 0.001, and **** represents p < 0.0001 unless indicated differently. 
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 Results  

 

 
 
 
Figure 4.3. A schematic illustration of MEK1/2-mediated chemosensitisation in glioma 

cells. Although TMZ can damage DNA and cause cell death, glioma cells would 

normally override this damage effect by blocking cell growth at the G2/M phase to 

allow tumour cells to eliminate alkylated TMZ residues, which eventually promotes 

tumour cell survival and confers the drug resistance. When downregulating either 

MEK1 or MEK2 protein, the G2/M phase arrest by TMZ could be abolished such that 

glioma cells would have no time to alleviate the TMZ response with subsequent 

inducing apoptosis. This enhanced TMZ sensitivity was exemplified by a decrease of 

TMZ’s IC50 in MEK1- or MEK2-deficient glioma cells as well as inducing a higher 

expression of an apoptosis marker (annexin V) compared with scrambled siRNA 

treatments. 
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 MEK1/2’s protein levels 

 
 

Figure 4.4. (A) U87-MG cells were treated with lipoplexes (6 h of treatment followed 

by a recovery phase of 24 h) formulated with Lipofectamine 2000 and different doses 

of siRNA against MEK2 protein (100, 200, 400, 600 and 800 pmol). (B) U87-MG cells 

were treated with lipoplexes as specified in (A) but with a 48 h recovery phase. The 

negative control was the treatment comprised of a scrambled siRNA (Scr-RNA, 800 

pmol) and Lipofectamine 2000 (n = 1). 

The first objective in the present study was to determine whether the MEK2 gene in 

glioma cells could be specifically silenced using RNA interference (RNAi). In designing 

the RNAi experiment, different doses of siRNA complexed with Lipofectamine 2000 

were attempted and a scrambled siRNA was also included as a negative control 

(Figure 4.4). The utilisation of a scrambled siRNA, in comparison with a sequence-

specific siRNA, has been repeatedly demonstrated to be an effective control for gene 

silencing experiments (de la Fuente et al., 2015; Li et al., 2018a). Admittedly, the 

negative controls such as untreated cells have also been included separately for RNAi 

experiments to show gene silencing (Lee et al., 2010). However, in the context of 

MEK2 regulated signalling transduction, the majority of studies compared the MEK2 

knock-down efficiency with the cells treated by scrambled siRNA control. Specially, 
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Scholl et al. showed that the MEK2 protein levels can be specifically knocked down 

by a viral vector loaded with a MEK2 siRNA in primary human keratinocytes, when 

compared to the keratinocytes treated with scrambled control siRNA (Scholl et al., 

2007). Likewise, Khanna et al. revealed that Lipofectamine 2000 could deliver siRNA 

against MEK2 in AGS cells (human gastric cancer cells), resulting in a specific MEK2 

protein ablation in comparison with the scrambled siRNA treatment (Khanna et al., 

2011). More importantly, He et al. demonstrated that a lentivirus loaded with a siRNA 

against MEK2 (si-MEK2) could mediate a specific MEK2 gene silencing in U87-MG 

glioma cells, when compared with the scrambled siRNA control (si-ctl) (He et al., 2016). 

Therefore, in order to make a direct comparison of the gene silencing results obtained 

in this work with that achieved in the literature, the present study decided to use the 

scrambled siRNA as the negative control. The results in Figures 4.4A–B inferred that 

MEK2 gene in glioma cells can be silenced by a non-viral vector (Lipofectamine 2000) 

loaded with a MEK2 siRNA, when compared with the scrambled siRNA treatment. It 

was revealed from the Figures 4.4A–B that increasing siRNA doses from 100 pmol 

to 800 pmol, the polyplexes showed a dose-response gene silencing profile and 800 

pmol siRNA was the optimum dose for a maximum MEK2 downregulation represented 

by the weakest band intensity. The recovery phase from 24 h to 48 h did not seem to 

augment or reduce the efficacy of gene silencing mediated by Lipofectamine 2000 – 

MEK2 siRNA complexes at a siRNA dose of 800 pmol. Furthermore, it can be seen 

from Figure 4.4A that Lipofectamine 2000 complexes (800 pmol MEK2 siRNA) were 

quite efficacious as it only took 24 h to induce a specific MEK2 protein downregulation. 

However, Bartlett and Davis suggested that it will normally take 48 h to get a desirable 

protein silencing efficiency as the siRNA, once being introduced into the cytosol, will 



 273 

take time to silence the targeted mRNA (Bartlett and Davis, 2006). The 48 h recovery 

period was, therefore, putting forward as another desirable condition for the following 

biological assays. 

Additionally, it has to be pointed out from Figures 4.4A–B that western blotting is a 

semi-quantitative method and the band intensity among different treatment groups is 

by no means of representing the absolute MEK2 protein expression level (Ghosh et 

al., 2014). Instead, western blotting can provide information on the relative protein 

silencing effects among different treatment groups and controls.  

 
 
Figure 4.5. (A–B) The lipoplexes containing different doses of MEK1 siRNA (200, 400, 

600, 800 pmol) were incubated with U87-MG cells for 6 h, after which the cells were 

left for a 24 h, 48 h or 72 h recovery without any treatment interventions prior to 

western blotting. The negative control was U87-MG cells treated by lipoplexes 

comprised of a scrambled siRNA (Scr-RNA, 800 pmol) and Lipofectamine 2000 for 6 

h, after which the cells were left for a 24 h or 48 h recovery without any treatment 

interventions prior to western blotting (n = 1). 
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It is interesting to note that when testing the MEK1 gene silencing effect with the 

conditions for knocking down MEK2 protein levels mediated by the Lipofectamine 

2000, there was no reduced MEK1 protein levels when compared with the scrambled 

siRNA control, regardless of the doses applied (200, 400, 600 or 800 pmol) and of the 

recovery times (24, 48 or 72 h) (Figures 4.5A–B). This result implied that 

Lipofectamine 2000 was not an efficient siRNA transfection reagent for MEK1 protein 

downregulation. Furthermore, it appears that the band intensity for MEK2 is generally 

weaker than that seen in MEK1 (Figures 4.4–4.5), which may be due to the fact the 

primary antibody used to recognize MEK1 has a weaker affinity than the antibody used 

to bind MEK2 (Mahmood and Yang, 2012). Secondly, the amount of total protein (20 

μg) loaded on the gel may not be sufficient to ensure that MEK2 protein appears as 

an intense band and a higher amount of loading (> 20 μg) could be attempted in the 

further investigation (Mahmood and Yang, 2012).  

 

Figure 4.6. A time kinetic study to determine the optimum conditions for knocking 

down MEK1 protein levels in glioma cells (U87-MG) (n = 1). 
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In addition to the Lipofectamine 2000 tested previously, another commercial 

transfection reagent – Lipofectamine RNAiMAX was used to evaluate the MEK1 

protein downregulation as a study suggested that Lipofectamine RNAiMAX had 

exceptional siRNA silencing efficacy in glioma cells (Li et al., 2016). In selecting the 

doses for silencing MEK1 with Lipofectamine RNAiMAX, the present study used the 

dose of 30 pmol, recommended by the manufacturer’s instructions (Invitrogen, UK) 

and of 20 pmol to start with. Also, a scrambled siRNA was included as a direct 

comparison. After 24 h of treatment by the lipoplexes, glioma cells showed a slight 

reduction of MEK1 protein levels in the treatment comprised of 20 pmol MEK1 siRNA 

and the Lipofectamine RNAiMAX, as compared to the polyplexes containing 30 pmol 

siRNA and 30 pmol scrambled siRNA control (Figure 4.6). Increasing the treatment 

exposure period from 24 h to 48 h, a pronounced decrease of MEK1 protein band 

intensity was observed for the lipoplexes treatment with 30 pmol siRNA instead of the 

Lipofectamine RNAiMAX – siRNA complexes containing 20 pmol of siRNA (Figure 

4.6). This result demonstrated that the treatment plans (30 pmol siRNA and 48 h of 

treatment period) were the optimum conditions for knocking down MEK1 protein levels.  

To sum, the conditions yielding a desirable ablation of MEK1 or MEK2 were 

summarised below. 
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Table 4.2. The conditions that were shown efficient MEK1/2 knock-down effects. 

Conditions for protein 

silencing 

MEK1 MEK2 

Transfection reagents Lipofectamine 

RNAiMAX 

Lipofectamine 2000 

SiRNA doses (pmol) 30 800 

Treatment duration prior to 

western blotting 

48 h of treatment 6 h of treatment 

followed by a 48 h of 

recovery period 
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 MEK1/2’s mRNA levels 

 

 
 
Figure 4.7. The MEK1/2 mRNA levels after (A) MEK1 silencing (MEK1-siRNA) or (B) 

MEK2 silencing (MEK2-siRNA) determined by RT-qPCR. Two-tailed t-test was 

performed and * p < 0.05 represented the significant difference between scrambled 

siRNA vs. MEK1-siRNA or MEK2-siRNA. All results are expressed as the mean ± SD 

(n = 3). 

Western blotting (protein immunoblot) and RT-qPCR were used in conjunction to 

determine and validate the siRNA interference results. It can be inferred from Figure 

4.7 that a specific MEK1 or MEK2 protein silencing was achieved with reference to 

the housekeeping GAPDH protein and scrambled siRNA treatments. Furthermore, 

RNA interference generally works on the hybridisation and degradation of messenger 

RNA (mRNA) once it is introduced in the cytoplasm and as such, mRNA cannot be 

translated into functional protein in the ribosome (Carthew and Sontheimer, 2009).  So, 

whether the silenced protein had a reduced expression at the mRNA level was 

Scra
mble

d s
iR

NA

MEK1 s
iR

NA

Scra
mble

d s
iR

NA

MEK2 s
iR

NA

A B

M
EK

1 
m

RN
A 

le
ve

l (
%

) *

M
EK

2 
m

RN
A 

le
ve

l (
%

) 

*

0

50

100

150

0

50

100

150



 278 

checked and the results in Figure 4.7 showed that MEK1 mRNA was reduced by 46% 

and of MEK2 mRNA by 55% compared with the scrambled siRNA control, confirming 

the results from the western blotting assay. 

 MEK1/2 in cell proliferation and in sensitizing glioma cells to 

TMZ 

 

Figure 4.8. The function of MEK1 or MEK2 in cell proliferation. U87-MG cell 

proliferation for five consecutive days after silencing MEK1, MEK2 protein in 

comparison with scrambled siRNA. Two-way ANOVA followed by Tukey multiple 

comparison test was performed at days 2, 3, 4 and 5, **** represented p < 0.0001 of 

treatments vs. control groups. #### = a statistically significant difference was 

observed between MEK1- and MEK2-deficient glioma cells at days 4 and 5 (p < 

0.0001) (n = 3).  

The first objective of this work is to check whether knocking down the level of MEK1/2 

could slow down glioma cell’s proliferation. Ussar and Voss reported that 

downregulating MEK2 but not MEK1 with siRNA could inhibit the HCT-116 human 

colon cancer cell’s proliferation, when compared with the scrambled siRNA control 
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(Ussar and Voss, 2004). Likewise, Hirata et al. demonstrated that silencing MEK1 

gene with MEK1 siRNA in human bladder cancer cells (T24 cells) led to a growth 

inhibition at days 3 and 4, when compared to the scrambled siRNA treated T24 cells 

(Hirata et al., 2012). So, the present study has decided to use the scrambled siRNA 

as a control in the cell proliferation experiment. As shown in Figure 4.8, after selective 

knockdown of MEK1 and MEK2, glioma cells displayed a significant slowdown in 

proliferation between day 2 and day 5 (p < 0.0001). Furthermore, downregulation of 

MEK2 protein showed a greater cell proliferation inhibitory effect on day 4 and day 5, 

when compared to MEK1 silenced treatment (Figure 4.8, p < 0.0001).  

 
 
Figure 4.9. The cytotoxicity of TMZ in MEK1-, MEK2-deficient U87-MG cells or in 

scrambled siRNA treated cells.  

It has been shown previously that selectively knocking down the level of MEK2 protein 

in glioma cells with a lentivirus loaded with a MEK2 siRNA (si-MEK2) significantly 

potentiated TMZ response in glioma cells, when compared with control cells treated 
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with scrambled siRNA (si-ctl) (He et al., 2016). One objective of the current work is to 

follow up He and his co-workers’ work and to explore the differences of silencing 

MEK1 or MEK2 with siRNA in enhancing TMZ sensitivity in glioma cells, when 

compared to the scrambled siRNA control. Specifically, the IC50 for TMZ in U87-MG 

cells decreased significantly from 774 μM (scrambled siRNA) to 521 μM when 

silencing MEK1 protein and to 223 μM when downregulating MEK2 protein, indicating 

an enhanced chemosensitisation was achieved (Figure 4.9, p < 0.0001). It was 

interesting to note that although MEK1 downregulation enhanced the sensitivity of 

TMZ in the U87-MG cell line; decreasing the TMZ’s IC50 from 774 μM to 521 μM, this 

effect was not as pronounced as that observed with the MEK2-silenced cells (Figure 

4.9, p <  0.0001). 
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 Downregulation of MEK1/2 abolished cell cycle arrest by TMZ  

 
 

Figure 4.10. The function of MEK1 or MEK2 in regulating U87-MG cell cycle 

progression with or without the intervention of TMZ. (A) The representative cell cycle 

profile of U87-MG cells with MEK1 or MEK2 silenced and with the administration of 
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TMZ (100 μM/well) in comparison with the scrambled siRNA. (B) The percentage of 

cells at G1/G0, S, and G2/M phases. Two-way ANOVA was performed where * 

denoted p < 0.05, *** denoted p < 0.001, **** denoted p < 0.0001 of treatments versus 

control (scrambled siRNA) at phases of G1/G0 and G2/M respectively, #### 

= statistically significant difference between treatments of MEK1 siRNA and MEK2 

siRNA at G1/G0 phase. All results are expressed as the mean ± SD (n = 3). 

It has been reported that the TMZ-induced DNA damage effects could be mitigated 

through cell cycle arrest at the G2/M phase, which allows tumour cells to repair this 

damage or to eliminate the TMZ, thereby acquiring a drug resistance (Hirose et al., 

2001). Impeding G2/M phase arrest of glioma cells by the commonly used drugs e.g. 

caffeine (Li et al., 2018b) or resveratrol (Filippi-Chiela et al., 2013), has been exploited 

to sensitise U87-MG towards TMZ. So, it is imperative to investigate the effects of 

MEK1/2 mediated cell cycle arrest, which may provide some indications on the 

mechanism of sensitising U87-MG cells towards TMZ regulated by MEK1 or MEK2 

protein. Due to time restraints, different negative controls such as untreated cells and 

TMZ alone have not been completed. The present study was interested in the 

sequence specific gene regulation and a scrambled siRNA was included as the 

negative control. Additionally, in agreement with the literature, the present study had 

found that TMZ led to a significant number of cells becoming arrested at the G2/M 

phase (Hirose et al., 2001) compared with the scrambled siRNA controls (Figure 

4.10B, 85.3 ± 1.2% vs 55.3 ± 0.5%, **** p < 0.0001). Additionally, it was shown in 

Figure 4.10 that downregulation of either MEK1 or MEK2 protein in U87-MG cells 

arrested the cell cycle significantly at the G1/G0 phase when compared with the 

scrambled control cells (55.6 ± 1.3% vs 33.9 ± 0.5%, **** p < 0.0001, 40.0 ± 2.9% vs 

33.9 ± 0.5%, * p < 0.5). However, the arresting effect of MEK2-siRNA was not as 
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pronounced as that regulated by MEK1-siRNA (40.0 ± 2.9% vs 55.6 ± 1.3%, #### p 

< 0.0001), suggesting a differential response to TMZ in glioma cells. Specifically, 

silencing MEK1 protein completely attenuates TMZ-induced cell cycle arrest at G2/M 

phase compared with scrambled siRNA control (51.2 ± 1.9% vs 55.3 ± 0.5%, no 

significant difference) (Figure 4.10B), whereas MEK2-deficient U87-MG cells 

impedes TMZ-induced G2/M arrest to a less extend and were still arrested at the G2/M 

phase by TMZ with respect to scrambled siRNA control cells (75.9 ± 1.1% vs 55.3 ± 

0.5%, **** p < 0.0001) (Figure 4.10B). These results also demonstrated the 

complexity of MEK1/2 pathways on enhancing chemosensitisation. Specifically, 

silencing of MEK2 gene potentiated TMZ response in glioma cells and slowed down 

the cell proliferation. In contrast, MEK1 protein knock-down markedly arrested the 

glioma cells at the G1/G0 phase, which in turn abolished the TMZ-induced G2/M 

phase arrest with respect to the effects mediated by the MEK2-deficient glioma cells. 

These distinct biological effects triggered by the alteration of MEK1/2 genes were 

possible because MEK1 or MEK2 could be activated differently in cancer cells. It has 

been reported that MEK2 depletion, but not MEK1, exhibited a significant retardation 

of HCT-116 colon cancer cells’ proliferation, which may be attributable to the fact that 

the colon cancer cells, for the sake of their proliferation, preferentially activated the 

MEK2, instead of the MEK1 (Ussar and Voss, 2004). By contrast, MEK1 was only 

activated in CHO cells (Chinese ovarian cancer cells) in response to an external 

mitogen signal (e.g. serum) albeit high expression levels of MEK1 and MEK2 proteins 

(Xu et al., 1997). Moreover, Bélanger et al. observed that MEK1 protein ablation 

dramatically impaired the embryonic stem cells’ proliferation that led to defects on the 
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structures of the embryo in the healthy mice, whereas MEK2-deficient mice had a 

steady embryonic stem cell growth (Bélanger et al., 2003).  

Another complexity relevant to the distinct biological effects (e.g. cell cycle regulation) 

mediated by the MEK1/2 was that some studies unveiled that MEK1/2 could 

differentially phosphorylate ERK (extracellular signal-regulated kinase) to promote 

cell cycle progression from the G1/G0 phase to the S and the G2/M phases (Ussar 

and Voss, 2004). Furthermore, it has been implicated that MEK1, but not MEK2, can 

be exclusively phosphorylated to activate ERK by the upstream activators (such as 

PAK belonging to integrin pathway) at ser298 and thr292 regions (Eblen et al., 2002). 

However, a frequent mutation of PAK is noted in colorectal tumour specimens, which 

affects its ability to phosphorylate MEK1 (Ye and Field, 2012), and it is unclear 

whether there are any alternations of PAK in glioma cells that may impact on the 

activity of MEK1. On the other hand, Liu et al. demonstrated that MEK2 instead of 

MEK1 was the main contributor for the HeLa’s cell progression at the G1/G0 phase 

as knocking down MEK2 protein levels significantly affected the activity of the ERK 

and blocked the HeLa’s cell growth at the G1/G0 phase. However, the authors did 

not check the expression level of cyclin D (a marker for cell cycle progression from 

G1/G0 to S and G2/M phases (Liu et al., 2004). 

Nonetheless, in the context of drug resistance, the present study was the first attempt 

to reveal the distinct functions of MEK1 or MEK2. Upon the literature survey, it is 

plausible that the different activators (e.g. PAK, cyclin D and phosphorylated ERK) 

within the MEK pathways, played a pivotal role in regulating chemosensitivity. 

Furthermore, MEK1 or MEK2 could be activated differently among the different cell 

types, and the exact mechanism needs to be further investigated.  
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 Triggering apoptosis was the mechanism for the MEK1/2-

mediated chemosensitisation 

 
 
Figure 4.11. The apoptosis analysis of the MEK1- or MEK2-deficient glioma cells in 

response to TMZ. (A) The representative graph of the apoptotic U87-MG cells treated 

with TMZ after downregulation of MEK1 or MEK2 with respect to the control 

(scrambled siRNA). (B) The annexin V assay for the detection of apoptosis by TMZ in 

U87-MG cells after silencing MEK1 or MEK2 protein compared with the TMZ-induced 

apoptosis in control cells treated by scrambled siRNA. One-way ANOVA was 
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performed followed by Tukey’s multiple comparison test, * represented p < 0.05 and 

** represented p < 0.01, indicating significance was achieved. 

Interestingly, silencing of either MEK1 or MEK2 protein led to more annexin V positive 

cell populations in response to TMZ treatment in comparison with the scrambled 

siRNA treated groups, inferring that one mechanism by which MEK1/2 mediated 

enhanced chemosensitisation was involved in triggering apoptosis (Figures 4.11A–

B, * p < 0.05, ** p < 0.01). Moreover, glioma cells, when downregulating MEK1 protein 

produced more TMZ-induced apoptosis with respect to the cells with MEK2 protein 

deficiency (Figures 4.11A–B, * p < 0.05).  In an attempt to understand if the observed 

enhanced TMZ response was due to the interplay between cell cycle effects and 

apoptosis when silencing MEK1/2 proteins, it was found that the degree by which 

MEK1/2 diminished G2/M phase arrest by TMZ had implications on the expression 

level of the apoptosis marker (annexin V population). Specifically, MEK1-deficient 

cells due to cells not being arrested at G2/M phase when administering of TMZ had 

the highest level of apoptosis. In contrast, MEK2 protein downregulation was unable 

to completely abrogate TMZ-induced cell arrest at the G2/M phase, inducing less 

apoptosis. 
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 Discussion 

Previously, a comprehensive analysis of glioma patients using bioinformatics and 

immunohistochemistry revealed that the MEK2 protein, belonging to the 

RAF/MEK1/2/ERK pathway, was overexpressed and targeting MEK2 could be utilised 

as a way to sensitise glioma cells towards TMZ (He et al., 2016). The detailed 

structural differences between the MEK1 and the MEK2 were discussed in depth in 

Chapter 1. In the context of the current study, several new biological differences of 

MEK1, as the isoform of MEK2 have been determined. It was first elucidated that the 

doses of siRNA (30 pmol for MEK1 and 800 pmol for MEK2) applied were optimised 

to be able to induce a specific MEK1 or MEK2 proteins downregulation. To further 

verify the silencing results, the mRNA levels of MEK1 or MEK2 following the specific 

RNA interference treatments were determined by qPCR experiment, and the results 

showed that the mRNA level of MEK1 or MEK2 was reduced by 46% and 55%, 

respectively (Figure 4.7).  

Herein, the subsequent regulation of different biological processes (e.g. cell 

proliferation, cell cycle and apoptosis) were the result of the specific ablation of MEK1 

or MEK2 proteins. Additionally, the dose differences (30 pmol of MEK1 siRNA vs 800 

pmol of MEK2 siRNA) were not appearing to be the major contributors for the 

observed chemosensitivities and the anti-proliferation effects as the apoptosis 

experiments revealed that MEK1 siRNA treatment (30 pmol) was more potent than 

MEK2 siRNA (800 pmol) in inducing acute toxicity (apoptosis) in glioma cells. On the 

other hand, MEK1 siRNA (30 pmol) treatment was more active in arresting the glioma 

cells at the G1 phase than MEK2 siRNA treatment (800 pmol). These biological effects 
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were the results of the disruption of MEK pathways, as described in the following 

sections. 

Regarding the cell proliferation experiments, although it must be stated that 

downregulating either MEK1 or MEK2 protein resulted in a significant slow-down of 

cell proliferation compared with the scrambled siRNA control cells, MEK2-deficient 

cells showed a greater retardation of cell progression at day 4 and day 5 compared 

with MEK1-silenced glioma cells (Figure 4.8). It is interesting to note that the function 

of MEK1 or MEK2-mediated cell proliferation is still being discussed. It has been 

reported that downregulation of MEK2 but not MEK1 protein could significantly reduce 

Hela cells’ proliferation represented by a slow uptake of [3H] thymidine (analogue of 

adenine) during cell division in comparison with scrambled siRNA treated groups 

(Ussar and Voss, 2004). Conversely, a study had shown that a specific 

downregulation of MEK1 protein by delivering a small hairpin RNA (shRNA) against 

MEK1 in pancreatic cancer cells (PC-1.0) led to around 60% proliferation inhibition, 

whilst MEK2-deficient in PC-1.0 cells showed no statistically significant cell 

propagation rate differences when compared to control cells (Zhou et al., 2010). It 

seems that contradictory results arose for the MEK1/2 regulated cell proliferation but 

it is plausible that the expression level of MEK1 and MEK2 may be different among 

various types of cells (Alessandrini et al., 1997), which means if the endogenous level 

of MEK2, for instance, is sufficiently low compared with MEK1, downregulating of 

MEK2 protein would have no impact on cell proliferation and vice versa. Secondly, the 

way to measure cell proliferation also varied among different researchers, which 

undoubtedly posed challenges to interpret the results that offered insights for cell 

proliferation. For instance, the [3H] thymidine incorporation assay works by relying on 
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the phenomenon whereby for a viable cell during cell division, a thymidine (T) 

nucleotide will be matched with adenine (A), since thymidine was prelabelled with 

radioactive tritium [3H], the amount of radioactivity from tritium will be used to deduce 

cell proliferation (Madhavan, 2007). On the other hand, the MTS tetrazolium assay 

exploited the cleavage of MTS into a coloured formazan by metabolically active cells 

and by measuring the amount of absorbance from formazan, the relative cell 

proliferation rate may be calculated (Barltrop et al., 1991). So, the study carried out by 

Ussar and Voss (Ussar and Voss, 2004) that utilised the [3H] thymidine assay to 

differentiate MEK1 or MEK2-mediated cell proliferation should be carefully evaluated, 

when compared with the results revealed by Hu et al. that recruited the tetrazolium 

assay to determine the effects of MEK1/2 regulated cell proliferation, especially since 

a report suggested that the [3H] thymidine assay could have inherent artefacts for 

which radiochemical itself had harmful effects such as anti-proliferation, DNA 

fragmentation and cell cycle arrest (Hu et al., 2002).  

Furthermore, glioma cells had augmented the sensitivity of TMZ by exhibiting a 

decrease of IC50 of TMZ from 774 μM (scrambled siRNA treatments) to 521 μM for 

MEK1-deficient cells or to 223 μM for the MEK2-deficient cells (Figure 4.9). This 

enhanced MEK2-mediated TMZ’s chemosensitisation has been demonstrated 

previously where U251 glioma cells infected with a lentivirus loaded with a siRNA 

against MEK2 protein and upon silencing MEK2 protein, a dramatic decrease in IC50 

(from 150 μM to less than 50 μM) was observed (He et al., 2016), however, the 

relationship between chemosensitisation and MEK1/2 protein silencing among glioma 

cells was not explored by He and coworkers. To the best of knowledge, this is the first 

report of the distinct effects of MEK1/2-silenced glioma cells on treatment with TMZ. 
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Specifically, MEK2-deficient glioma cells showed a pronounced intensification of the 

response to TMZ, exhibiting around a 2.3-fold lower of the IC50 compared to MEK1-

silenced glioma cells (Figure 4.9).   

Another interesting finding of this study is that it appears that the way MEK1/2-

regulated chemosensitisation is through weakening the TMZ-induced G2/M cell cycle 

arrest effect. Furthermore, the extent to which the MEK1/2 impeded G2/M phase 

arrested by TMZ reflected on the expression level of the apoptosis marker (annexin 

V). For instance, through specifically downregulating of MEK1 protein, no cells were 

arrested at the G2/M phase TMZ treatment, with a statistically significant increase of 

annexin V expression in MEK1-deficient glioma cells (Figure 4.11B, ** p < 0.01).  

When silencing MEK2 protein, glioma cells could not completely abrogate the TMZ-

induced arresting effect, so cell growth was still blocked at G2/M phase with 

subsequently triggering less annexin V expression compared with MEK1-silenced 

treatments (Figure 4.11B, * p < 0.05). It has been reported that TMZ-triggered G2/M 

arresting effect was due to the activation of ataxia telangiectasia mutated protein–

ataxia telangiectasia/rad3-related protein–checkpoint kinase(1/2) [ATM/ATR–

Chk(1/2)] pathways by TMZ (Newlands et al., 1997). Notably, Chk1/2 would 

phosphorylate mitotic inhibitor kinases (e.g. Wee1) and inhibit cell division control 

protein 25 (Cdc25) (Perry and Kornbluth, 2007). As a consequence, cycling 

dependent kinase (e.g. cyclin B) could not be phosphorylated and cell cycle 

progression will be halted at the G2/M phase (Heald et al., 1993; Boutros et al., 2006) 

and this is presumably one reason for the induced TMZ resistance as glioma cells 

would have sufficient amount of times to eliminate the effects of TMZ. Moreover, 

counteracting glioma cell’s G2/M arresting effects by TMZ could be exploited as an 
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effective measure to enhance TMZ sensitivity and this approach has been exemplified 

by a study that was undertaken to investigate the additive TMZ toxicity following the 

administration of resveratrol (an anticancer compound) (Filippi-Chiela et al., 2013). In 

agreement with our results, the addition of resveratrol completely abolished TMZ-

induced G2/M arrest and due to the fact that cells being arrested at G2 and M phases 

have been mitigated (Filippi-Chiela et al., 2013), glioma cells had little opportunity to 

impede the cytotoxicity effects of TMZ and mitotic catastrophe (MC, apoptosis) 

occurred to cause cell death (Huang et al., 2008). 

Furthermore, alteration of G2/M arrest to enhance the sensitivity of anticancer drugs 

has been adopted by another study where CHK1 protein was specifically silenced by 

siRNA, thereby sensitising Hep3B (liver cancer) cells towards curcumin (Wang et al., 

2008). Upon silencing of CHK1 protein, the G2/M arrest induced by curcumin was 

dramatically attenuated. Moreover, Wang et al., noted that a upregulation of Bcl-

associated death promoter (Bad) protein and a loss of mitochondrial membrane 

potential, indicating that a sensitisation of curcumin was achieved (Cory and Adams, 

2002; Ly et al., 2003). 

 Conclusion 

In summary, these results have shown that two therapeutic targets, MEK1 and MEK2, 

can be targeted to sensitise glioma cells to TMZ in vitro. By affecting the glioma cell 

cycle progression, MEK1 or MEK2 protein can introduce apoptosis in glioma cells on 

TMZ treatment, thereby achieving a desirable chemosensitisation effect. 
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5 Chapter 5: Outlook and future work 

 Thesis overview 

This project was concerned with developing a biocompatible yet efficient non-viral 

based gene medicine. It is clear that a key to the development of efficacious gene 

medicine lied in the employment of delivery vectors as therapeutic genes alone cannot 

enter the targeted cells due to the presence of extra- and intra- cellular barriers as 

described previously. Furthermore, there are no approved gene delivery systems for 

the treatment of bladder cancer and glioblastoma, the focus of the present work is, 

therefore, on these two areas. To cope with this challenge, a novel polymer-lipid hybrid 

system (EAGC-DOPE) was proposed in which a DOPE lipid was added into EAGC 

polymer in the hope that this hybrid could inherit the superior biocompatibility exhibited 

by the EAGC while enhancing gene transfer, facilitated by the DOPE lipid.    

In Chapter 2, the effect of adding DOPE lipid into EAGC polymer in mediating gene 

transfer was demonstrated. Specifically, the EAGC-DOPE hybrid nanosystem 

(EGCDNPs) achieved a two-fold increase of exogenous GFP expression in 

glioblastoma cells, indicating that the addition of DOPE lipid could make EAGC a more 

efficacious transfection reagent. The EAGC’s molecular architecture on EGCDNPs’ 

nucleic acids in vitro transfer was systemically investigated. The first parameter that 

was taken into consideration was EAGC’s ethylamino substitution. In order to test this, 

two types of EAGC with a similar molecular weight but different ethylamino 

modifications were synthesised and characterised, with one achieving a molecular 

weight of 43.0 kDa and an average ethylamino substitution of 17% with errors falling 

between 1 – 5% (termed EA17GC43). The other EAGC had a molecular weight of 
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45.0 kDa and average 25% ethylamino functionalisation with errors falling in between 

1 – 5% (termed EA25GC45). When these two EAGCs were hybridised with DOPE 

lipid to form EGCDNPs, these systems were termed E17GC43DNPs and 

E25GC45DNPs, respectively. The EGCDNPs could condense plasmid into 

nanoparticles, as determined by DLS, with sizes around 196 — 591 nm in diameter 

and zeta potentials of + 22.0 – 34.8 mV. It is interesting to observe that 

E25GC45DNPs could transfect three commonly used demonstration genes including 

β-gal-pDNA, FLuc-pDNA and GFP-pDNA into HEK-293T cells, whereas 

E17GC43DNPs containing a lower density of ethylamino in EA17GC43 showed a poor 

transfection profile. The reasons behind this distinct transfection performance are due 

to the fact that the E17GC43DNPs had low binding strength (interaction) with nucleic 

acids; this poor interaction produced a two-fold lower concentration of nanoparticles 

in two dispersions compared with the E25GC45DNPs, the latter of which had a higher 

ethylamino modification of EA25GC45. Moreover, due to their unsatisfactory 

interactions with nucleic acids, the E17GC43DNPs could not facilitate the nucleic acid 

cellular transfer.  

In Chapter 3, since one of the objectives for designing the EAGC-DOPE hybrid system 

was to turn it into a gene medicine for bladder cancer, this study first investigated 

whether DOPE lipid had any added effects on transfecting nucleic acids in the bladder 

cancer cells (UM-UC-3) in vitro. The transfection results showed that E25GC45DNPs 

were significantly better than their prototype EA25GC45 for transfecting GFP-pDNA 

into UM-UC-3 cells as determined by a fluorescence microscope. In addition, 

E25GC45DNPs containing EA25GC45 component could transfect GFP-pDNA in six 

cancer cell lines, and it was further elucidated by confocal microscopy that 
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E25GC45DNPs were able to assist pDNA endosomal escape and facilitate pDNA 

perinuclear and nuclear accumulation, leading to the translation of functional proteins. 

It was also confirmed in Chapter 3 that E25GC45DNPs could delivery siRNA against 

GP130 protein (a novel marker for bladder cancer) with a similar efficiency as that 

seen in lipofectamine-regulated siRNA delivery but induce less gamma-H2AX 

expression (a DNA damage marker). Moreover, a relatively larger molecular weight of 

EA28GC83 around 83 kDa with average 28 mole% ethylamino substitution (with 

errors falling between 1 – 5%) was produced, also known as E28GC83DNPs when 

assembling with DOPE lipid. To test the hypothesis of whether E28GC83DNPs could 

act as a mucoadhesive enhancer to facilitate the penetration of nucleic acids through 

the bladder urothelium, intravesical instillation of E28GC83DNPs complexes was 

performed in a healthy murine mouse model. Although the E25GC45DNPs could 

transfect pDNA and siRNA in bladder cancer cells, it seems that there was no FLuc-

pDNA transfection by E25GC45DNPs upon in vivo administration in the murine 

bladder.   

In contrast, the E28GC83DNPs could enable the translation of exogenous FLuc-pDNA 

expression in the murine bladder upon instillation of E28GC83DNPs complexes, 

indicating that the molecular weight of E28GC83DNPs plays a pivotal role in 

modulating gene transfer. Additionally, the addition of chloroquine into the transfection 

of E28GC83DNPs did not achieve a consist transfection. However, E28GC83DNPs 

alone without the aid of chloroquine while inducing gene transfection in the murine 

bladder had no impact on the morphology of normal bladder urothelium, and the 

immunohistochemistry showed that the E28GC83DNPs nanocomplexes not only 

adhered to the bladder urothelium but also penetrated further to the bladder lamina 
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propria regions. In sum, Chapter 3 demonstrated that EAGC with a lower molecular 

weight component could enable the transfection of EGCDNPs in vitro while having a 

higher molecular weight of EAGC could induce nucleic acids translation in vivo murine 

bladder.  

In Chapter 4, an attempt was made to unveil the activity of MEK1/2 as novel 

chemosensitisers against glioma. The data showed that MEK1/2 may be targeted by 

delivering a siRNA and that it does play a role in regulating tumour progression and 

chemosensitisation. Specifically, after the downregulation of MEK1 or MEK2 protein 

with siRNA, a discernible slow-down of cell progression was noted in MEK1- or MEK2- 

deficient glioma cells. Moreover, an appreciable decrease of IC50 from 774 μM 

(scrambled-treated groups) to 521 μM (MEK1-silenced treatments) and 223 μM 

(MEK2-silenced treatments) was achieved upon treatment with TMZ. To fully 

understand the mechanism behind this enhanced chemosensitisation, the cell cycle 

and the apoptosis experiments were undertaken. It became apparent that upon the 

administration of the cytotoxic reagent (TMZ), glioma cells would normally force the 

cell cycle to be arrested at the G2/M phase to eliminate TMZ, promoting tumour 

survival and causing the cells to acquire drug resistance.  However, MEK1/2 silenced 

glioma cells showed differentiated cell cycle arrest effects in response to TMZ, with 

MEK1-deficient glioma cells exhibiting no cell cycle arrest at the G2/M phase, 

coinciding with an increase in apoptosis marker (annexin V) expression in comparison 

with the scrambled-treated control groups. Glioma cells, after downregulation of the 

MEK2 protein followed by the treatment of TMZ, were still arrested at the G2/M phase 

and, therefore, produced less annexin V expression compared with MEK1-deficient 

glioma cells. This finding revealed that there is a positive correlation between the 
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degree by which MEK1/2 affects the TMZ-induced G2/M arrest and expression level 

of the apoptosis marker. Targeting either the MEK1 or MEK2 gene could be an 

effective measure to solve the drug resistance associated with GBM in the future. 

 Future work 

 Evaluating MEK1/2 genes in glioblastoma cancer models  

After establishment of the promising chemosensitisation effects of the MEK1/2 genes 

in vitro glioma cell models, it is necessary to test whether these novel biomarkers 

could achieve similar satisfactory results in glioblastoma tumour models. An ideal 

glioma tumour model should meet certain criteria: 1) the genetic information should 

be identical to the real human glioma patients; 2) highly aggressive with an intact 

tumour microenvironment; 3) tumour models should be easily reproduced and 

comprised of a natural physical barrier, i.e. the blood-brain barrier (BBB) (Lenting et 

al., 2017; Sampetrean and Saya, 2018). At this stage of experiments, intracranial 

implanting of human-derived U87-MG glioma cells in nude mice seems to be the ideal 

preclinical xenograft model due to the fact that U87-MG cells retains the high level of 

tumour angiogenesis and can form larger and dense blood vessels, which may 

resemble the aggressiveness of human glioma (Ke et al., 2000). Furthermore, to 

investigate the effects of chemotherapy on glioma tumour shrinkage, the feasibility of 

injecting U87-MG cells directly into the brains of nude mice to establish Intracranial 

tumour models has been evaluated in a couple of preclinical studies (Fisusi et al., 

2016; Tao et al., 2018). Magnetic resonance imaging (MRI) or computed tomography 

(CT) could be employed to confirm the presence of glioma in the brain, and, if under 

the administration of chemotherapy, MRI/CT could also be applied to verify tumour 
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shrinkage should the chemotherapeutics elicit pharmacological effects (Omuro et al., 

2006; Podoreski et al., 2010; Stadler et al., 2017).   

It is envisaged that the best way to downregulate MEK1/2 proteins in vivo remains a 

considerable challenge due to the presence of the formidable BBB, which limits the 

access of xenobiotics. Intranasal delivery could be attempted as a way to bypass the 

BBB (Uchegbu et al., 2019). The main challenge in the intranasal route may lie in the 

limited dose administered to the preclinical animals as described in Chapter 4 and the 

future work may need to determine whether the DOPE lipid could have a beneficial 

impact on the EGCDNP’s gene delivery via the nose route or vice versa. The research 

questions also extend to whether EAGC-DOPE hybrid systems could load siRNA 

against MEK1/2 genes (siMEK1/2) and be administered through the nostril of mice 

bearing a glioma xenograft. The nanocomplexes could travel through the nasal 

epithelium to the brain via olfactory and trigeminal nerves (Illum, 2000; Thorne et al., 

2008), and it would be interesting to determine the distribution of these 

nanocomplexes in the brain regions such as the olfactory bulb, hippocampus, and 

cortex. Furthermore, the distribution of EAGC-DOPE encapsulated with siMEK1/2 in 

the glioma tumour within the brain should be measured as well. 

Should the MEK1/2 proteins be downregulated in vivo glioma mice models, 

temozolomide could be administered orally to determine if the MEK1/2 could sensitise 

tumour cells towards TMZ in vivo, determined by monitoring the tumour shrinkage and 

recording mice survival rates. 
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 Delivering apoptotic/therapeutic genes to bladder cancer in 

vitro and in vivo models  

In Chapter 3, an EAGC-DOPE hybrid system (EGCDNPs) was developed that could 

deliver luciferase plasmid (a reporter gene) into the healthy murine bladder and 

achieve exogenous luciferase expression. The next step is to examine if EGCDNPs 

could demonstrate any therapeutic effects by delivering some apoptotic genes to the 

bladder cancer models. The first therapeutic gene that is worthwhile to consider is 

ubiquitin ligase (ITCH), as it was shown that downregulation of ITCH by a polyamine 

– poly(propyleneimine) dendrimers loaded with an ITCH siRNA or a small hairpin RNA 

(shRNA) could sensitise pancreatic cancer to gemcitabine to achieve tumour 

shrinkage due to the possibility that p73 (an apoptosis marker) could be activated (de 

la Fuente et al., 2015). Thus, the feasibility of delivering a siRNA against ITCH gene 

with EGCDNPs could be investigated to treat bladder cancer in vitro and in vivo. 

In Chapter 4, it was discovered that MEK1 and MEK2 could act as novel markers for 

glioma therapy. It would be interesting to verify whether the MEK1/2 genes could have 

an impact on bladder cancer’s progression given the fact that the MEK1/2 genes are 

ubiquitously expressed and serve as an initiator in virtually all types of eukaryotic cells’ 

signal transduction such as cell proliferation and differentiation (Schaeffer and Weber, 

1999). One of the main features of cancer is uncontrolled cell growth (Hanahan and 

Weinberg, 2011). Moreover, it has been confirmed in numerous preclinical studies that 

directly or indirectly reducing MEK protein expression could inhibit bladder cancer 

progression, sensitise bladder tumour cells towards Bacillus Calmette‐Guérin 

immunotherapy, and deactivate the expression of tumourigenesis markers (Cirone et 

al., 2014; Whang et al., 2017; Li et al., 2019a). Therefore, the research questions 
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could extend to addressing whether downregulating either MEK1 or MEK2 could lead 

to tumour shrinkage or, with the combination of chemotherapy, act in a synergistic 

way to fully repress bladder tumours.   
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