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Abstract 

 

The overall objective of this thesis is to examine the feasibility of RALA peptide to 

manufacture CAR-T cells.  

 

As primary T-cells are hard to transfect, the key barriers to the transfection of primary T-

cells should be explored for further rational designs of transfection agents. The low level 

of heparin sulfate proteoglycans on the cell surface of Jurkat and primary T-cells weakens 

the cell entry of cationic nanoparticles. Besides, eliminated endosomal acidification in 

Primary T-cells limits the endosomal escape of transfection agents based on pH 

sensitiveness.  

 

Next, RALA and RALA-Ks variants were designed and characterised for overcoming 

identified barriers to T-cell transfection. However, the changes in ellipticities showed 

RALA-Ks peptides followed an opposite trend in pH-sensitiveness compared to the RALA 

peptide, which were not suitable for T-cell transfections. Peptide simulations by I-Tasser 

suggested that salt bridges between glutamic acid and cationic residues may determine 

the pH sensitiveness of RALA series peptides. 

 

Although RALA peptide has got 25-30% transfection efficiencies in Jurkat cell transfection, 

such a low rate and an additional pH stability assay suggest it is not rational to extend 

the RALA system to the transfection of primary T-cells.  

 

Afterwards, the mechanism of the cell entry of RALA/pEGFP-N1 nanoparticles was 

identified by investigating the main receptors which may be responsible for cellular 

uptake via bioinformatics. In silico data showed there were correlations between 

transfection efficiencies (RALA) and two kinds of membrane proteins, syndecan-4 & 

glypican-1. This hypothesis was verified by transfecting 5 breast cancer cell lines with 

different levels of syndecan-4 and glypican-1. Results from transfections and RT-PCR 

illustrated the correlations again. 
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Finally, an overall summary and the prospects for the future work of investigation of the 

transduction uptake of arginine rich peptides were proposed, aiming to improve the cell 

viability and the transcriptional stability of RALA mediated transfections. 
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1.1 Gene Therapy for Cancer 

 

1.1.1 Carcinogenesis  

 

Cancer is a malignant disease characterised by abnormal hyperplasia in cells. 

According to global cancer statistics, cancer has become the second leading cause 

of mortality world-wide with 10 million cancer deaths in 2020 [1]. Currently, 

chemotherapy is one of the most frequently used standards of care to treat cancer 

with the development of many new small molecule cancer drugs. However, in clinical 

practice, chemotherapy drugs still have shortcomings including inefficient delivery, 

low bioavailability, and non-targeting, which results in many adverse side effects [2]. 

For those drugs that are well-tolerated, such as Trastuzumab, long-term use can 

lead to resistance [3]. Multidrug resistance (MDR) is always a crucial reason that 

causes 90% of chemotherapy failures in metastatic cancer treatments [4, 5]. Thus, 

there is an urgent need to develop new treatment options for patients.  

 

Carcinogenesis originates from a mutation on both a proto-oncogene (e.g., EGFR) 

and a tumour suppressor gene (e.g., TP53). Thus, cancer should be regarded as a 

genetic disease. Latest research revealed a high oncogene prevalence on 

extrachromosomal DNA (ecDNA), which was thought to originate from debris DNA 

arising from DNA damage [6]. ecDNA lacks chromatin, causing uneven segregation 

during mitosis, which is a source of tumour heterogeneity [7]. Therefore, regulating 

disordered gene expression could be a potential way for cancer treatment. 

 

1.1.2 Gene therapy 

 

Since 1990, the first approved gene therapy study was conducted at the National 

Institutes of Health (NIH) to treat a four-year-old patient with adenosine deaminase 

deficiency severe combined immunodeficiency (ADA-SCID) by retrovirus-mediated 

autologous transducing CD34+ cells, gene therapy has become the research 

hotspot in pharmacy, medicine, biochemistry and chemical engineering worldwide 
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[8]. The CD34+ cell therapy was finally approved for marketing under the brand 

name Strimvelis. However, a potential Strimvelis-relevant leukaemia case has been 

reported recently, which suggests gene therapy is an immature technology and 

requires careful evaluation currently [9]. 

 

Gene therapy was defined by the FDA as: A) Replacement of disease genes with 

normal genes; B) Inactivation of abnormal genes; C) Introduction of new or modified 

genes to treat diseases [10]. There are 22 gene therapy drugs currently approved 

worldwide [10]. However, due to high costs associated with complex manufacture, 

some drugs have been withdrawn from the market. For example, Glybera®, an 

Adeno-Associated Virus (AAV) mediated treatment of familial lipoprotein lipase 

deficiency, with a price of $1.2 million per patient, was withdrawn in 2017 [11]. 

Undoubtedly, high prices and low demand contributed to the withdrawal of the 

product. Therefore, gene therapy needs to be studied to improve safety, be utilised 

in a wider market with improvement in manufacturing to reduce costs. 

 

Although gene therapy holds extraordinary potential for cancer treatment, the 

biggest single rate-limiting factor is the delivery of genetic cargoes to cells, tissues, 

and organs. There are two major classes of delivery systems, viral and non-viral 

vectors. After a long evolutionary process, viruses have evolved a highly effective 

process of entering and inserting genetic material into the nucleus of human cells. 

These key delivery attributes have been harnessed to create recombinant viral 

systems that do not contain any replicative or pathogenic genes. Recombinant 

viruses therefore use the delivery power of viruses to deliver genetic material into 

human cells. Currently, the commonly used viral vectors include retroviral/lentiviral 

vectors, adenoviral vectors, and AAV vectors (Table 1.1) [12].  
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Table 1.1 Properties of various viral vectors. 

  Retrovirus Lentivirus Adenovirus AAV 

Genetic material RNA RNA dsDNA ssDNA 

Packing size 8 kb 9 kb 8-36 kb 5 kb 

Integration Integrated Integrated Episomal 
90% Episomal, 

10% Integrated  

Target cell type 
Dividing 

cells 
Dividing and Non-dividing cells 

 

 

Pros 

Persistent 

gene 

transfer 

Persistent 

gene 

transfer 

High titers, 

high loading 

size 

Predicted 

integration site 

in human 

genome 

 

 

 

 

 

 

Cons 

Dividing 

cells only, 

Possible 

oncogene 

activation 

 Possible 

oncogene 

activation 

High 

inflammatory 

response 

Small packing 

size, 

Immunogenetic 

clearance in 
vivo 

 

 

 

 

 

 
 

Though viral vectors have a higher efficiency of gene transfer, shortcomings such as 

semi-random integration, immunogenicity, costly, and low loading capacity limit the 

widespread adoption of viral vectors [2]. Therefore, some non-viral vectors have 

been developed. According to the manufacturing method, non-viral vectors can be 

separated into 2 types: physical methods and chemical methods [13]. Physical 

methods contain microinjection, ultrasound and electroporation, which limits the 

scale of engineered cell production and the type of gene delivery (ex vivo or in vitro 

only). Chemical methods contain cationic polymers vectors (polyplexes) and cationic 

liposomes (lipoplexes) [14]. Cationic properties of these materials facilitate cell entry 

due to the negative charged cell membrane. Polyethylenimine (PEI) and 

lipofectamine are two representative products of cationic polymers and liposomes, 

respectively. Though the polyplex and the lipoplex are relatively inefficient and 

highly toxic compared to viral vectors, it is possible that flexible modifications of the 

polymer and the polyplex/lipoplex could optimise gene delivery efficiency from all 

aspects. Also, lower immunogenicity and cost but higher loading capacity are the 

advantages of non-viral vectors compared to viral vectors. Cancer gene therapy 

based on non-viral vectors has been implemented in clinical trials (Table 1.2). 
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Although there is no approved gene therapy drug based on non-viral vectors for 

cancer therapies to date, encouraging progress on the application of mRNA vaccine 

for the prevention of SARS-CoV-2 (Covid-19) evokes the development of mRNA 

vaccines against cancers [15].  

 

Table 1.2 Active clinical trials for Gene Therapy for Cancer with non-viral vectors 

Classificati

on 
Indication Mechanism Reference 

        

 Polyethyl

enimine 

(PEI) 

  

  

Pancreatic Cancer 
pDNA of SST2 complexes 

with PEI 
NCT02806687 

Relapsed 

Neuroblastoma 

pDNA of tyrosine 

hydroxylase, Phox2B, 

Survivin, MAGEA1, 

MAGEA3, PRAME 

complex with 20kDa PEI 

NCT04049864 

Merkel cell 

carcinoma and 

cutaneous 

squamous cell 

carcinoma 

pDNA of Ac/emm55 

complex with jetPEI 
NCT04160065 

  

Liposome 

  

  

Non-Small Cell 

Lung Cancer, 

Pancreatic Cancer, 

Colorectal Cancer 

 siRNA targeting 

Liposome Encapsulated 

GST- 

NCT03819387 

Advanced Ewing’s 

sarcoma 

shRNA targeting 

EWS/FLI1 
NCT02736565 

Melanoma 

mRNA vaccine of 

melanoma antigen 

complexes with liposome 

to stimulate T-cell 

NCT02410733 

 

1.1.3 Cancer Gene therapy: Chimeric Antigen Receptor-T-cell (CAR-T) 

 

During the past three decades, more than 2200 clinical trials of gene therapy studies 

have been carried out, of which about 60% are related to cancer gene therapy [16]. 

According to the methods of gene editing, cancer gene therapy can be classified 

into naked nucleic acids based therapy, targeting micro RNAs based therapy, 

oncolytic virotherapy, suicide gene therapy, and cell-mediated gene therapy [13].  

 



6 

 

T-cells are a component of the adaptive immune system, which can recognise 

specific antigens, release cytokines, and lyse target cells. T-cells mediate the 

identification and killing of pathogens, virus-infected cells and tumour cells. 

However, tumour cells may exploit several mechanisms such as A) loss of 

antigenicity that eliminates T-cell recognition and targeting, B) overexpression of 

immunosuppressive PD-L1 to downregulate the activities of T-cells, C) 

immunosuppressive tumour microenvironments including low pH and high 

concentration of regulatory T-cells for immune escape [17]. Artificial T-cell 

modifications with chimeric antigen receptors (CARs) enhance the effect of antigen 

recognition and facilitate the activation of T-cells, which can help partially overcome 

the effects of immune escape. Fundamental components of chimeric receptors 

contain an antigen binding domain, a hinge and a transmembrane domain, a co-

stimulation domain, and an activation domain (Figure 1.1) [16]. Specific bindings of 

CARs to tumour antigens mediate target cell location, T-cell activation, and 

subsequent cell killing. All of the 3 FDA-approved CAR-T products, Kymriah, 

Yescarta and Tecartus, follow this pattern for the treatment of B-cell lymphoma.   
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Figure 1.1, The structure of chimeric antigen receptor. A CAR contains an scFV 
domain for specific antigen binding, a transmembrane domain, one or two co-
stimulation domain(s) and an activation domain. Besides, one or multiple armoured 
receptors can be transduced into the CAR-T cells for achieving more functions.  
 

According to Table 1.3, CAR-T therapy has the most clinical trials in the strategies 

of cancer gene therapy, which implies the potential of CAR-T therapy in cancer 

treatment. In FDA/EMA approved gene therapy drugs, Imlygic aims to treat 

melanoma via oncolytic virotherapy. Kymriah, Yescarta and Tecartus aim to treat B-

cell lymphoma/B-cell precursor acute lymphoblastic leukaemia (B-ALL) via CAR-T 

cell-mediated gene therapy in children and adults [18]. 
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Table 1.3 Recruiting clinical trials of gene therapy for cancer treatments on FDA (2021.10) 

Classification Indication Mechanism Reference 

        

Naked DNA 

HPV16+ 

 pNGVL4a-Sig/E7 naked 

DNA plasmid priming 

vaccine 

NCT03911076 
(Total: 1) 

 

Oncolytic 

virotherapy 
Pancreatic Cancer 

LOAd703 Oncolytic 

Virus 
NCT02705196 

(Total: 11) Bladder Cancer 
Attenuated Measles 

Virus 
NCT03171493 

 

RNA 

interference 

therapy 

Non-Small Cell 

Lung Cancer, 

Pancreatic Cancer, 

Colorectal Cancer 

Liposome encapsulated 

GST-π siRNA 
NCT03819387 

(Total: 6) 
Metastatic 

Pancreatic Cancer 

Exosomes with KRAS 

G12D siRNA 
NCT03608631 

 

Suicide gene 

therapy Pancreatic Cancer 

Adenovirus-mediated 

Double Suicide 

Gene Therapy 

NCT04739046 

(Total: 4) 
 

CAR-T 

mediated 

therapy 

Poorly 

Differentiated 

Thyroid Cancer 

LFA-1 expressed on 

CAR-T against ICAM-1 
NCT04420754 

(Total: 479) 
Gastric or 

Pancreatic Cancer 
CAR-T anti CLDN18.2 NCT04404595 
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Table 1.4 FDA/EMA approved cancer therapies 

Brand 

Name 
Indication Vector Administration 

Date of  

Approval 

Tecartus 

Relapsed or refractory 

mantle cell lymphoma 

and B-cell precursor 

acute lymphoblastic 

leukaemia 

Retrovirus FDA 2020.7 

Yescarta 
Large B-cell 

lymphoma 
Retrovirus FDA/EMA 

2017.8/ 

2017.10 

Kymriah 

B-cell precursor acute 

lymphoblastic 

leukaemia and large 

B-cell lymphoma 

Lentivirus FDA/EMA 
2017.8/ 

2018.8 

Imlygic Melanoma 

Herpes 

simplex 

virus 

FDA/EMA 
2015.10/ 

2015.12 

 

CAR-T cell therapy is at the intersection of gene therapy and immunotherapy, which 

is regarded as enhancing the ability of cytotoxic T-cells to target tumour-specific 

antigens through transduction of chimeric receptors via genetic modification. In 

Kymriah, Yescarta and Tecartus, anti-CD19 CAR was autologously transduced to 

patients’ T-cells for targeting malignant and normal B-cells (Figure 1.2). Kymriah 

exploits 4-1BB as the activation domain and is manufactured by a lentiviral vector.  

However, Yescarta and Tecartus exploit CD28 and are manufactured by retroviral 

vectors [19]. Efficacies of Kymriah, Yescarta and Tecartus reflected by complete 

remission (CR) of 83%, 54% and 62% to B-malignant lymphoma, respectively. Such 

high CRs make CAR-T therapy a promising way for cancer treatment. 
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Figure 1.2 A brief description of CAR-T therapy for B-ALL. T-cells are extracted from 
patients via leukopheresis. Extracted T-cells will be transfected by retroviral or 
lentiviral vectors to express chimeric antigen receptors. After selection and 
expansion, modified CAR-T cells will be administered back to patients for treatments.  
 
Latest developments in CAR-T cells focus on the addition of armour genes (Figure 

1.1). One of the purposes of armoured CAR-T cells with additional genes is to 

enhance the therapeutic effects besides fundamental components. For example, 

several strategies were developed against the inhibitory effects caused by the 

immune checkpoint protein, PD-1. The most straightforward methods involve PD-

1 knock down with a transduced vector encoding shRNA for PD-1 [20] [21]. Besides, 

a recombinant chimeric receptor can change the original signal pathways of 

activation. The engineered ‘switch’ receptor with extracellular PD-1 binding domain 

and intracellular CD28 co-stimulation domain converts immunosuppressive signals 

into immune activation signals [22]. Furthermore, CAR-T cells were also designed to 

secret soluble PD-1 to neutralise free PD-L1 against immunosuppressive effects [23]. 

Apart from PD-1, another immunosuppressive cytokine was called Transforming 

Growth Factor-β (TGFβ), which reduces tumour-directed immune responses. CAR-

T cells expressing truncated dominant-negative TGFβ receptors without a 

suppressive domain act as a ‘ligand sink’ which antagonises TGFβ [24, 25]. Other 

strategies beyond signalling pathways include heparanase secreting CAR-T cells 

aiming to degrade extracellular matrix of solid tumours, which aims to promote T-

cell tumour infiltration; expression of C-C chemokine receptor type 2 (CCR2B) to 

promote the infiltration of malignant pleural mesotheliomas which highly express 

CCL2; and the design of CAR-T cells targeting multiple antigens against single 

antigen escape occurred on tumour cells by expressing dual CARs or tandem CAR 

[26-29].   
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Another purpose of armoured CAR-T cells is to reduce safety risks and side effects. 

The safety risks of CAR-T therapy are sorted into 2 types: systemic cytokine toxicity 

and the ‘on target, off tumour’ effect [30]. Systemic cytokine toxicity is mainly caused 

by robust interactions between CAR-T cells, cancer cells, and the host’s immune 

system. Cytokine-release syndrome (CRS) is the most common side effect caused 

by an excessive level of cytokines in CAR-T therapy. Additionally, armoured CAR-T 

cells with the expression of IL-1 receptor antagonists (IL-1Ra) reduced CRS-relevant 

mortality by 50% in mouse models [28]. Besides, in a clinical trial of allogeneic 

haematopoietic stem cell transplant induced graft versus host disease (GVHD), 

transduction of suicide gene FKBP1A (iCasp9) can induce the apoptosis of modified 

T-cells in the presence of dimerised agent, a small molecule called AP1903, in which 

more than 90% modified T-cells were eliminated in 30 minutes with a remission of 

GVHD [31].  

 

In addition to the modification of autologous CAR-T cells, transplantation of 

allogeneic CAR-T cells makes T-cells an off-the-shelf therapeutic vector. Due to 

previous chemotherapies and inflammations, autologous T-cells from cancer 

patients showed a higher differentiation level with subsequent reduced therapeutic 

effects [32]. CAR-T cells manufactured from healthy donors have higher levels of 

low differentiated memory phenotypes with stronger therapeutic capabilities. 

However, risks of GVHD and graft rejection may become potential side effects. Justin 

et al. inserted CAR genes at the site of T-Cell Receptor Alpha Constant (TRAC) with 

Transcription Activator-Like Effector Nucleases (TALEN) and Homology Directed 

Repair (HDR) to achieve the knock-out of endogenous T-cell receptors and the 

insertion of CARs simultaneously [33]. On the one hand, it puts the expression of 

CARs under the control of endogenous TRAC, which avoids tonic signalling which 

eliminates the exhaustion of CAR-T cells. On the other hand, the deletion of 

endogenous TCR from allogenic products reduces the risk of GVHD. Therefore, 

CAR-T therapy will develop into an effective and flexible treatment for cancer 

therapy with high efficacy and low toxicity when optimally designed. 
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1.2 The barriers of non-viral gene delivery 

 

1.2.1 Barriers: an overview 

 

Both formulas of transfection reagent and cellular properties can influence the 

transfection process. Within these two factors, cellular barriers to the non-viral 

gene delivery system in vitro can be roughly classified into 3 parts: internalisation, 

endosomal escape, and nuclear entry.  

 

1.2.2 Formation of the nanoparticle  

 

The barriers to transfection should be considered as two parts, the transfection 

agents, and the cells. It is well known that plasmid DNA with negative charges 

hardly penetrates the cell membrane. However, cationic polymers or cationic 

lipids encapsulate pDNA into a nano scale (less than 150 nm) with reversed 

cationic charge, facilitating the internalisation via cationic-anionic interaction 

induced cell endocytosis.  

 

There are several types of nucleotides that are delivered which include: Anti-sense 

oligonucleotide (ASO), siRNA, oligonucleotide (about 10 nm, 20 bps), mRNA (less 

than 100 nm, 0.5-10 kbps) and plasmid DNA (circular, 500 nm, 2-10 kbps) [34]. 

The size of genetic materials impacts the A) packaging pattern, B) the stability of 

the complex, and C) intracellular trafficking. A) For example, the assembly of 

plasmid DNA is quite different from siRNA due to its larger size, which are 

required to be condensed first [35]. B) PEI/pDNA polyplexes have a higher stability 

than PEI/siRNA polyplexes due to fewer binding sites attributed to the shorter 

length of siRNA [36]. C) Due to differences in size, oligonucleotides (DNA) can 

diffuse in the cytoplasm freely then enter the cell nucleus rapidly, whereas plasmid 

DNA moves slowly and requires some forms of nuclear entry after endosomal 

escape [37].  
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The formation of nanoscale complexes between cationic polymers and DNA 

should not be simply summarised as the positive-negative interaction. The 

process is driven by thermodynamics. The complex formed by spermine and 

plasmid DNA has an enthalpy change of 0 cal/mol, in which the binding is driven 

by the increase of entropy, which is from the release of counter-ions on DNA 

surface [38]. The binding between poly-lysine and DNA has a negative enthalpy 

of about -300 cal/mol [39]. In reverse, due to different binding thermodynamics, 

the free energy required for the disassembling process will also be different. 

 

Positive charge does play a role in non-covalent binding with DNA: A) Charge 

neutralization is a prerequisite for DNA compression, which significantly reduces 

the electrostatic repulsion on side chains [40]. B) Only multivalent ions with no 

less than +3 net charge is able to form complexes with the plasmid DNA [35]. C) 

the theory of ‘tails and arches’ explains the reason for which complexes getting 

extra positive charge after neutralisation but with a limitation on the highest 

potential either [41]. As Figure 1.3 shows, the upper figure indicates the condition 

of neutralisation between anionic and cationic atoms. However, branched ‘tails 

and arches’ caused by additional cationic atoms in the lower figure indicate the 

reason neutralised complexes to get extra positive charges. 

 

 
Figure 1.3 Theory of ‘tails and arches’. Hollow and solid circles indicate anionic 
and cationic atoms. The upper figure shows the condition of neutralisation. The 
lower figure shows conditions with extra positive charges, which is achieved by 
branched cationic atoms with ‘tails and arches’. 
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It is worth highlighting that there would be free cationic polymers existing in the 

formula once negative charged cargoes are fully encapsulated. The existence of 

free polymers is quite important in several non-viral delivery systems. In PEI 

mediated transfection, free PEI in the formula contributes to both polyplexes’ 

internalisation and cytotoxicity [42]. Also, dissociated free PEI is believed to be 

involved in the disruption of the endosomal membrane for an endosomal escape 

[42]. With the help of direct Stochastic Optical Reconstruction Microscopy 

(dSTORM), excessive free R9 (RRRRRRRRR) peptides and free Poly (β-amino ester) 

(pBAE) polymers were also observed in R9/mRNA (Figure 1.4) and pBAE/pDNA 

formulas respectively [43, 44]. With the help of dSTORM, it was observed that 

excessive pBAE had shown cytoplasmic staining, which was distinct from 

endocytic pathways for pBAE/pDNA complexes [44]. Therefore, free cationic 

polymer is an important factor for the balance of transfection and the toxicity in 

non-viral transfection systems. 

 

 

Figure 1.4 The figure of R9 (Green) /mRNA (Red) at different N:P ratios observed 
by dSTORM. Considerable uncomplexed (free) peptides showed at N:P 5 and N:P 
7 when mRNA was highly encapsulated. Images are reprinted from Reference [43] 
 

Notably, solutes in the formula can also affect the formation of nanoparticles 

either. The existence of a negatively charged serum protein would decomplex 

R9/mRNA nanoparticles in 30 minutes [43]. This illustrates the in vivo use of 

CPP/mRNA nanoparticles requires modifications for the stability concern. 

Chitosan can only form complexes with pDNA at an acidic pH due to its lower 

pKa [33]. Therefore, the properties of vectors and scenes to be used should be 

considered in the manufactures and applications of nanoparticles. 
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1.2.3 Internalisation of the nanoparticle: endocytosis 

 

Nucleotides are negatively charged macromolecules which are less permeable to 

the cell membrane. Therefore, an ideal vector for cell entry is required for gene 

delivery. Vector/nucleotides complexes are usually composed by cationic polymer 

and genetic materials with the size from 60 to 200 nm [45]. The size is much larger 

than small molecules such as O2 and CO2, which can diffuse the cell membrane 

freely. Thus, endocytosis becomes the main pathway for the uptake of these 

cationic polyplexes [46]. Notably, multiple pathways may participate together, in 

which the endocytosis of complexes is diverse and intricate. This section aims to 

give a brief introduction to the classification of endocytic pathways and the fate 

of different endocytic vesicles. The escape strategies of transfection agents should 

adapt to changes in the endosomal physiological environment (mainly lower pH 

value). 

 

1.2.3.1 Non lipid raft: Clathrin-mediated endocytosis (CME)  

 

CME is the most studied endocytic pathway and represents the major role of 

endocytic cargo transfer [47]. CME occurs in non-lipid raft membrane domains. 

Endocytosis always starts with the formation of clathrin-coated pits with a 

diameter from 60 to 200 nm, which suggests the size of complexes for gene 

delivery systems should be limited to under 200 nm [47, 48]. CME has been 

identified as one of the major pathways for the internalisation of TAT peptide and 

R8 peptide [49, 50]. For cell penetrating peptide-mediated gene delivery, 

internalisation of the MPGα (one of the cell penetrating peptides) /siRNA nano-

polyplex partly relies on CME in the Hela and 293-T cell lines [51]. Also, the 

scavenger receptors (SCARA3 and SCARA5) may participate in the endocytosis of 

negative charged serum proteins coated CPP/nucleotide complexes [52-54]. 

 

There are five stages in the process of CME: (a) the initiation of CME endocytosis, 

(b) cargo selection, (c) vesicle budding and clathrin coat assembly, (d) vesicle 
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excision and (e) clathrin coat disassembly (Figure 1.5) [55]. CME always occurs in 

the same place on the cell membrane, which means the occurrence of CME seems 

non-random [56, 57]. The formation of clathrin coated pits is triggered by 

activated transmembrane receptors or phosphatidylinositol 4,5-bisphosphate 

(PI(4,5)P2) in the inner leaflet of the cell membrane [58, 59]. Clathrin does not 

directly bind to cell membranes or receptors. Activating signals from 

transmembrane receptors or PI(4,5)P2 in the inner leaflet of the cell membrane 

are transduced to an adaptor protein such as Adaptor protein 2 (AP2) which links 

to a clathrin, mediating a series of processes of vesicle budding [48]. Therefore, 

the trigger of CME can be caused by either ligand-receptor binding or non-

specific complex-lipid interaction. 

 

 
Figure 1.5 Five stages of clathrin mediated endocytosis (CME). CME initials from 
the endocytosis of receptors or frequently occurs in phosphatidylinositol-4,5-
bisphosphate (PtdIns(4,5)P2)-rich zones. Adaptor protein 2 (AP2) recruits clathrin. 
Cargo-specific adaptors participate in the binding between AP2 and 
receptors/cargoes. Budding happens after the formation of clathrin pits. The 
scission of the vesicle is driven by dynamin. The vesicle will be uncoated from the 
clathrin pit and participate in follow-up cycles. 
 

The fate of clathrin coated vesicles: After formation and internalisation, the 

vesicles will be uncoated from clathrin and fuse with other endocytic vesicles to 

form an early endosome. The vascular ATPase will pump hydrogen ions into 

vesicles to lead an acidification with pH 6.1-6.8 [60]. The cargo will be sorted for 

further lysosomal digestion or transmission between organelles or recycling, in 

which the types of Rab proteins on various endosomes are regarded as the label 
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determining the fates for the vesicles. Usually, early, late and recycling endosomes 

are marked as Rab 5, Rab 7/9 and Rab 4/11, respectively. 

 

1.2.3.2 Lipid raft-mediated endocytosis:  

 

The lipid raft is a specific domain on the cell membrane where it is rich in 

cholesterol and glycoproteins. The lipid raft is a temporary and dynamic cluster 

of proteins. The lipid raft-mediated endocytosis lacks the participation of clathrin 

but includes Caveolae-mediated endocytosis, Flotillin-dependent endocytosis, 

GRAF-1-dependent endocytosis, Arf6-dependent endocytosis and Rho-A-

dependent endocytosis are all summarised as Clathrin-Independent Endocytosis 

(CIE) [46]. 

 

Caveolae-mediated endocytosis: as per clathrin mediated endocytosis, the 

endocytic vesicle of caveolae-mediated endocytosis is coated by caveolae. 

However, the size of a caveolae vesicle is about 60-80 nm, which is less than a 

CME vesicle. The internalisation of the simian virus 40 (SV40 virus) is based on 

this endocytic pathway [60].  

 

Compared to the clathrin vesicle, the caveolae vesicle requires a longer time for 

acidification and subsequent degradation [61]. It is reported that caveolae 

vesicles tend to be transmitted into the Golgi and the endoplasmic reticulum 

(ER), which is close to the nucleus [62]. In PEI transfection, it has been proven 

that this pathway does not contribute to final transfection efficiency [42, 63]. 

However, in the histone 3 (H3) nuclear localisation signal (NLS) modified PEI 

mediated transfection, knockdown of the Sec61 (a retrotranslocon of the 

endoplasmic reticulum, retro-transport the cargo from ER to the cytoplasm) 

causes a decrease in the transfection efficiency by 40%, which illustrates that 

histone-modification assists the transport from endoplasmic reticulum to the 

nucleus [64]. Though the uptake pathway is not clear in this case, H3 

modification enhances the caveolar uptake of H3-PEI polyplexes in other 
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examples [65]. In addition, the fates of caveolae vesicles seem various in 

endothelial and non-endothelial cells. The vesicles in a non-endothelial cell will 

follow the normal endo-lysosomal degradation pathway, whereas the vesicles 

will experience a transcytosis in an endothelial cell [66]. 

 

Flotillin-dependent endocytosis: similar to clathrin mediated endocytosis, the 

endocytic vesicle of flotillin-mediated endocytosis is coated by flotillin. Flotillin 

has 2 variants, flotillin 1 and flotillin 2. The flotillin 2 mediated endocytosis 

requires the assistance of dynamin, whereas the flotillin 1 mediated endocytosis 

is dynamin independent [67]. 

 

Fate of flotillin vesicles: Unlike clathrin/caveolin mediated endocytosis, flotillin 

vesicles seems to bypass early endosomes but directly colocalise with late 

endosomes in 15 mins. After that, the late endosome will form the 

endolysosomes by fusing with the lysosome [68].   

 

1.2.3.3 Macropinocytosis:  

 

Macropinocytosis occurs in a mixed membrane domain containing both the lipid-

raft and non-raft domains, which is regarded as optimal for the uptake of fluid 

[69]. Actin polymerisation causes ruffling on the plasma membrane, which carries 

fluid-filled vesicles back to the cell. Ruffling sites of macropinosomes are rich in 

lipid rafts. It has also been reported that SDC-4 mediated R8 peptide 

internalisation is based on both macropinocytosis and clathrin mediated 

endocytosis [70].  

 

1.2.4 Maturation of endosomes 

 

After endocytosis, complexes are temporarily retained in the endosomes. Thus, 

an efficient endosomal escape is necessary for cargoes’ delivery. Otherwise, 

cargoes will be degraded once entrapped in endosomes that mature into 
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lysosomes. The endosomal escape process is the most challenging process for 

non-viral gene delivery. It has been reported that less than 1% cargoes can be 

released to the cytoplasm in both lipoplex and cell penetrating peptide-mediated 

macromolecular delivery [71, 72].  

 

During the maturation of endosomes, V-ATPase pumps on endosomal 

membrane pumps hydrogen ions into endosomes causing an acidification of the 

endosomal environment. Naturally, the acidification will trigger a series of 

subsequent activities such as ligand-receptor decoupling, recycling, and 

degradation. Some transfection agents utilise this acidic pH to achieve complex 

disassembly and endosomal escape. The level of acidification varies among 

different cell lines in both rate and intensity (final pH) [73]. For example, one of 

the factors making primary T-cells hard to transfect is the lack of endosomal 

acidification. Given that endosomal acidification is vital for many non-viral 

systems to escape, the lack of this process in T-Cells is rate-limiting.  

 

1.2.5 Endosomal escape: mechanisms 

 

1.2.5.1 Proton sponge effect hypothesis 

 

The theory of the proton sponge effect is based on the buffering capacity of 

primary amines. It has been proven that the buffering capacity of PEI presents in 

both complexed and uncomplexed states [74]. The hypothesis is that the 

attraction of protons by the ‘PEI sponge’ causes an excess influx of chloride, which 

increases the osmotic pressure of endosomes. An increased osmotic pressure 

may lead to the swelling of endosomes, which may be followed by endosomal 

disruptions [75]. However, this hypothesis was challenged as follows:  

 

A) The proton sponge effect does exist, but it does not alter the pH of 

lysosomes, nor does it trigger endosomal membrane disruption [76]. In fact, 

the endosome/lysosome experienced a swelling and a delayed acidification 
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process as measured by a pH-sensitive probe [77]. However, the final pH value 

of the lysosomes would remain constant. The driving force of acidification 

comes from ATP and the concentration difference of protons. 

 

B) The lysosomal membrane is more rigid than the cytoplasm membrane due 

to a higher proportion of cholesterol (~27%). It was calculated that 1-2% 

membrane expansion of the membrane does not reach to the critical value (2-

5%) for the explosion of the lysosome [76]. 

 

C) The burst of the endosome in the PEI/DNA transfection occurs transiently 

and directionally. Cargoes were vectorially escaped from endosomes, which 

suggested the release occurred from a certain region on the endosomal 

membrane. This is not corresponding to a fully rupture caused by osmotic 

pressures [78].  

 

D) It has been proven that the destruction of the CHO-K1 plasma membrane 

requires the intercalation of free PEI [79].   

 

Therefore, a modified theory of the proton sponge effect mediated endosomal 

escape should contain the contribution of both osmotic pressure and the 

membrane intercalation of free PEI [36]. Therefore, for the design of a membrane 

disruption CPP, the introduction of titratable histidine and the enhancement of 

interaction with the endosomal membrane simultaneously may conduce to the 

effect of endosomal escape. 

 

1.2.5.2 Membrane destabilisation  

 

The following descriptions will focus on peptide-induced membrane disruption. 

The ability of peptide mediated membrane disruption is reminiscent of 

antimicrobial peptides (AMPs). AMPs are a type of natural peptide that can disrupt 

the microbial membrane. Usually, AMPs consist of positively charged amino acids 
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with an α-helical amphipathic structure and the characteristics of cell penetration, 

which are highly similar to amphipathic cell penetrating peptides (CPPs). AMPs 

can cause a serious impact on the integrity of the cell membranes of 

microorganisms [80]. There are 2 main models describing the mechanisms of 

peptide mediated membrane destabilisation: A) the carpet model: the binding of 

the cationic polymers surrounds the membrane causing an increase in the 

membrane permeability [59], B) the barrel model: formation of the peptide 

induced hydrophilic pore, which is supported by amphiphilic structures of 

peptides (Figure 1.6) [59]. 

 

 
Figure 1.6 Mechanisms of membrane disruption by amphiphilic peptides. The 
hydrophilic area of the peptide is shown in blue, and the hydrophobic area of the 
peptide is shown in red. The carpet model and the barrel model exploit different 
mechanisms to disrupt the plasma membranes.  
 
In the carpet model, peptides aggregate on the surface of the lipid bilayer first. A 

gradually increasing concentration of peptides may cause the formation of 

micelles with a detergent-like effect [81]. Peptides that depend on this 

mechanism include  

melittin (GIGAVLKVLTTGLPALISWIKRKRQQ),  
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derrmaseptin S (ALWKTMLKKLGTMALHAGKAALGAAADTISQGTQ),  

cecropin (KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK),  

caerin 1.1 (GLLSVLGSVAKHVLPHVVPVIAEHL)  

ovispirin (KNLRRIIRKIIHIIKKYG) [80] 

 

In the barrel formation model, again, peptides aggregate on the surface first. The 

peptides aggregate and intercalate into lipid bilayers by their amphiphilic 

structure. The hydrophobic side may bind to the phosphate heads (toroidal model) 

or the hydrophobic part of the lipid bilayer (barrel-stave model), which forms a 

hydrophilic pore at another side of the peptides [80-82]. Compared to the barrel-

stave model, pores under the toroidal model have a larger size about 3-5 nm at 

the inner leaflet and 7-8.4 nm at the outer leaflet. Peptides that depend on this 

mechanism include:  

melittin,  

magainin 2, (GIGKFLHSAKKFGKAFVGEIMNS) 

protegrin-1, (RGGRLCYCRRRFCVCVGR) 

LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) and  

MSI-78 (GIGKFLKKAKKFGKAFVKILKK) [80]. 

Notably, melittin can utilise both mechanisms to disrupt plasma membranes. 

 

Several methods have been proposed to identify the profile of peptide-

membrane interaction such as droplet interface bilayers, fluorescence techniques, 

biomembrane force probe, photolabelling studies and in silico prediction of 

membrane-peptide interactions, which helps to give a more comprehensive 

explanation on the mechanisms of peptide-induced membrane disruption [83]. 

In addition, some methods can quantitatively characterise the level of endosomal 

escape by cytosolic localization such as the calcein release assay, split protein 

complementation assay and fluorogenic probe/enzyme pairing assay [84].  
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1.2.6 Nuclear entry: mechanisms 

 

Nuclear entry is only required for DNA transfection. After endosomal escape, 

genetic materials need to traffic through a congested and sticky intracellular 

environment. Oligonucleotide DNA delivered by PEI demonstrated rapid diffusion 

intracellularly then aggregated in the cell nucleus after endosomal escape in 1 

minute [78]. In reverse, for the same period, plasmid DNA delivered by PEI did 

not show visible movements after releasing from endosomes, which indicates the 

speed of pDNA intracellular movement was significantly limited due to its larger 

size [78]. Meanwhile, the cytoplasmic injection of naked plasmids with 30-100 

times higher concentrations only showed the same transfection level compared 

to nuclear injection [85]. These facts illustrate that intracellular trafficking and the 

nuclear membrane are barriers to plasmid DNA transfection after endosomal 

escape.  

 

In fact, naked DNA cannot exist in the cytoplasm independently but tends to 

associate with other molecules. For example, more than 600 proteins are 

associated with the pEGFP-N1 plasmid [86, 87]. The complexes formed by 

proteins and plasmids may contribute to cytoplasmic movements, the protection 

from nuclease and nuclear localisation. Also, due to the sticky environment of the 

cytoplasm, movements of complexes are regarded as cytoskeleton dependent 

[86]. It has been reported that intracellular trafficking of microinjected pDNA was 

mediated by microtubules [88]. The application of the microtubule inhibitor 

(Nocodazole) or anti-dynein decreased the expression of cytoplasmic injected 

pDNA from 40% to 10%. Besides, nuclease in the cytoplasm can degrade DNA 

either, which may reduce the number of plasmids to a failure of transfection [89]. 

Finally, cytoplasmic plasmid DNA transfected by Fugene 6 can also elicit antiviral 

immune responses by activating the cyclic GMP–AMP receptor stimulator of 

interferon genes (cGAS/STING) signalling pathway. Plasmid DNA transfection in 

Hela, BGM, Vero and HEK293-T cell lines limited subsequent coxsackievirus B3 

infections. Knockout of cGAS/STING eliminated this inhibition effect [90]. 
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Mitosis contributes much to the nuclear entry of both plasmids and polyplexes 

[91, 92]. During mitosis, plasmids can reach the nuclear zone when the nuclear 

membrane disappears. In PEI, cationic liposomes or peptide-based transfection 

agents, it has been reported that the efficiencies of pDNA expression have been 

two to several hundred times higher in dividing than non-dividing cells [93]. Cells 

with high proliferative rates have always shown greater transfection efficiencies 

irrespective of the non-viral vector applied [86]. Lipoplex and PEI polyplex show 

a transfection yield (efficacy) of 50-3000 times in G2-M period cells higher than 

cells during G1 period [94, 95]. Thus, the limitation of nuclear entry is a vital factor 

causing low transfection efficiencies/efficacies in non-dividing or low-

proliferative cells.  

 

However, the ease of nuclear entry during mitosis does not readily apply to 

normal cells in vivo which are terminally differentiated or have slower cell cycles. 

Therefore, active nuclear entry via nuclear pore complexes (NPC) is an alternative 

way for successful gene delivery on a living animal, although with a much lower 

efficiency. It has been observed that plasmids injected into the cytoplasm of 

primary myotubes (post-mitosis) can enter the cell nucleus without cell division 

[96]. In the same case, it has also been proven that the plasmid proximally injected 

to the nucleus results in higher transfection rates than those distantly injected. 

These findings confirm that cytoplasmic travel is difficult without an active 

mechanism.  

 

NPCs perforate the nuclear envelope, which enables small molecules to be 

transported into and out of the nucleus. However, the diameter of NPCs is ~120 

nm and the diameter of the pore ranges from 10 nm to 25 nm, which makes it 

impossible for the transportation of both nuclear proteins and nucleotides with 

thousands of base pairs. Nuclear localisation signals are a part of peptide 

segments which tag a protein for NPC-mediated nuclear entry [97]. A classical 

NLS is regarded as a peptide containing more than one basic amino acid. 
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However, substitution of a threonine or an asparagine for the second lysine in the 

SV40 peptide (PPKKKRKV) abolished the ability for nuclear localisation [98, 99] . 

The NLS binds to mono importin β (Imp β) (11 subtypes in human), importin α 

(Imp α) (7 subtypes in human) & β or heterodimer importin β for an NPC-

mediated nuclear entry. Importinβ can bind and dissociate with phenylalanine-

glycine (FG) repeat nucleoporins on the surface of the NPC channel, which helps 

NLS enter into the nucleus [100]. Finally, after the dissociation of NLS-importin 

complexes in the nucleus, importins will be recycled to the cytoplasm. The whole 

process is driven by RAN-GTP/GDP [101] (Figure 1.7).   

 

 
Figure 1.7 Mechanisms of NLS mediated cargoes nuclear import. The 
combinations of NLS and importin-α/β contribute to nuclear entry via the 
nuclear pore complex (NPC). The cycling of importin-α/β is mediated by 
RanGTP/GDP. 
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1.2.6.1 Nuclear entry: transcription factor, NLS/DNA complex and cationic 

polyplexes 

 

NLSs usually direct some proteins, such as transcription factors, entering the cell 

nucleus for further activities. Normally, transcription factors regulate gene 

transcription by binding with DNA after its transportation into the cell nucleus 

[86]. Transcription factors such as NF-κB have been proven to mediate the nuclear 

entry of plasmids. Plasmids with NK-κB binding sites compared to the wild type 

showed rapid intracellular trafficking and intense nuclear localisation with the 

assistance of the NLS sequence on the NF-κB molecule [102]. Other general and 

cell specific transcription factors and their DNA nuclear targeting sequence (DTSs) 

have been identified, such as: SV40 enhancer, glucocorticoid receptor binding 

sites for generally use; Sox2 regulatory region 2 and T1α promoter for embryonic 

stem cells and Type I alveolar epithelial cells with cell specificity respectively [101]. 

Different transcription factors with different binding sites on DNA may cooperate 

to assist the nuclear entry of plasmids.  

 

Several strategies have been developed for NLS-mediated nuclear entry including 

the use of Peptide nucleic acid (PNA)-NLS, the covalent bonds between NLS and 

importin β, and the non-covalent bonds between NLS and plasmid (electrostatic 

force).  

 

The NLS-CPP fusion peptide is another option for enhanced nuclear localisation 

via electrostatic binding with pDNA. The TAT-Mu transposase NLS fusion peptide 

(YGRKKRRQRRR-MRRAHHRRRRASHRRMRGG)/pDNA complex showed an 

increase in both transfection yield and nuclear import [103]. However, a lysine rich 

antimicrobial peptide derived from CPP fused with SV40 (ALWKTLLKKVLKA-

PKKKRKV) shows no increase in nuclear localisation with the form of a fusion 

peptide/DNA complex [104]. Reasons for this conflict may be: Firstly, the fusion 

of NLS peptides may change the characterisation of the original peptides, which 

may hinder other processes in the transfection. Secondly, due to the 

complexation between the NLS peptide and pDNA, motifs which are responsible 
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for the NLS-importin binding may be buried. Thirdly, the formation of a 

condensed complex may contribute to nuclear entry in an alternative way. 

Fourthly, arginine may be much more efficient than lysine as a factor of NLS [101].   

 

One of the keys to successful NLS-mediated pDNA delivery may be the 

separation of pDNA and NLS sequences. It has been proven that a longer PEG 

spacer in the covalently linked plasmid DNA and the SV40 NLS conjugates will cause 

a higher transfection efficacy [105]. Besides, human immunodeficiency virus (HIV) 

integrase has separate domains for DNA binding and NLS, which facilitated the 

nuclear entry of the HIV cDNA synthesised in the cytoplasm [106-108]. 

 

1.3 Cell penetrating peptides 

 

1.3.1 An introduction of cell penetrating peptide 

 

Cell penetrating peptides are short peptides usually composed of 5-30 amino 

acids, which can be internalised into the cell via energy dependent or independent 

transport pathways [109]. The size of the peptide with no more than 30 amino 

acids varies from 2 to 3 nm. Generally, the major mechanism of CPP internalisation 

is the endocytic pathway [110]. The first cell penetrating peptide was discovered 

in 1988 called the trans-activator of transcription (TAT) protein from HIV-1. It was 

reported that 1 nM HIV TAT protein in the cell culture could trigger transcriptional 

activation in PC12 cells, which indicates the ability of penetrating from extracellular 

to the cytoplasm by HIV TAT peptides [110]. In 1997, a truncated HIV-TAT (TAT 

48-60 GRKKRRQRRRPPQ), which is full of cationic arginine and lysine, was 

characterised as the core domain that is responsible for cell penetration and 

nuclear localisation [111]. Then, the penetrating properties of TAT (and variants) 

are used to improve the cellular uptake of antibodies, proteins, liposomes, 

nanoparticles, and nucleic acids by covalent or non-covalent modifications [112]. 

After HIV TAT, more cell penetrating peptides were characterised or synthesised 

such as penetratin derived from Antennapedia Drosophila melanogaster and 



28 

 

synthesised polyarginine [113].  

 

A rough classification of cell penetrating peptides depends on their physical-

chemical properties (Table 1.5). The first class are the peptides which are rich in 

cationic amino acids such as arginine and lysine. For instance: HIV-TAT, penetratin 

and polyarginines. In a series of polyarginine peptides, longer peptides (R7-R12) 

have a stronger internalization ability than truncated peptides (R5-R6) which 

suggests cationic amino acids contribute to the process of internalisation [114]. 

The second classification of cell penetrating peptides contains an amphipathic 

structure. Most of the amphiphilic CPPs have a secondary structure of α-helix, in 

which hydrophilic and hydrophobic residues align at both sides of the peptide, 

such as MAP, KALA and CADY. The third classification CPPs are mainly composed 

by hydrophobic residues, such as C105Y and Pep-7 [115]. 

 

Table 1.5 Classification of cell penetrating peptides [115] 

Name Sequence Origin Classification 

TAT48−60 GRKKRRQRRRPPQ HIV-1 TAT protein Cationic 

Penetratin RQIKIWFQNRRMKWKK 

Antennapedia 

Drosophila 

melanogaster 

Cationic 

Polyarginin

es Rn Synthesised Cationic 

MPG 

GALFLGFLGAAGSTMGAWSQ

PKKKRKV HIV GP41 Amphipathic 

MAP KLALKLALKALKAALKLA Synthesised Amphipathic 

CADY GLWRALWRLLRSLWRLLWRA Synthesised Amphipathic 

KALA 

WEAKLAKALAKALAKHLAKAL

AKALKACEA Synthesised Amphipathic 

C105Y CSIPPEVKFNKPFVYLI α1-Antitrypsin Hydrophobic 

Pep-7 SDLWEMMMVSLACQY N/A Hydrophobic 

 

Negatively charged small molecule drugs such as bisphosphonate and genetic 

materials such as siRNA, mRNA and pDNA can electrostatically bind with cationic 

CPPs. Meanwhile, interaction between cationic amino acids and negatively 

charged components such as heparan sulfate glycosaminoglycans on the cell 

membrane facilitates the cellular uptake of cationic complexes. Therefore, these 

properties make CPPs become an ideal candidate vector for drug delivery. 
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1.3.2 Arginine rich peptide 

 

The advantages of arginine rich peptides include capabilities to encapsulate 

negatively charged cargoes, wide expression of uptake receptors in cell lines, and 

the ability to enter the nucleus. This is beneficial to the delivery of genetic material, 

especially the delivery of plasmid DNA, in which the destination is the cell nucleus. 

In addition, compared with lysine, the guanidine group with three nitrogen atoms 

can form bidentate hydrogen bonds with phosphate, sulphate and carboxylate, 

which enhances the interaction with negative charged nucleic acid, proteoglycans 

and phospholipids [116]. These properties make arginine a better gene delivery 

vector compared to lysine (Figure 1.8). 

 
Figure 1.8 Comparison of hydrogen bonds formed by arginine and lysine with 
negative charged groups. Guanidine on the side chain of arginine rather than 
lysine can form bidentate hydrogen bonds with several negatively charged 
groups.  
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1.3.2.1 DNA condensation: Due to electrostatic force, arginine peptides can 

interact with plasmids. However, arginine rich peptides have shown varying 

degrees of pDNA condensation, where some could compact plasmid DNA into 

complexes of the size about 100 nm facilitating endocytic uptakes (Table 1.6). It 

has been observed that nanoparticles formed by R9 peptide and mRNA were 

endocytosed by Hela cells to achieve gene delivery [43]. Therefore, nanoparticles 

formed by non-covalent binding of arginine peptides to genetic materials can be 

applied to cell transfection. 

 

Table 1.6 DNA-condensing peptides 

Peptide Cargo Sequence Particle Size (nm) Reference 

R9 mRNA RRRRRRRRR 60-80 [117]  

R9 pDNA RRRRRRRRR 69.26 [118]  

R16 pDNA R16 63.88 [118]  

Tyr3-TAT pDNA (Tyr)3-TGRKKRRQRRR 78-102  [119] 

TAT pDNA TGRKKRRQRRR 300-470   [119] 

 

1.3.2.2 Uptake of arginine rich peptide: The uptake pathways for arginine rich 

peptide are flexible. In the same cell line, the uptake pattern of a certain arginine 

rich peptide follows concentration-dependent modes [120]. As the concentration 

of the arginine rich peptide increases, the uptake pattern changes from 

cytoplasmic translocation (<2 μM) to endocytosis (2-10 μM) and finally to the 

nucleation zone-mediated cytoplasmic transduction (>10 μM) (Figure 1.9) [120]. 

Among them, endocytic uptake pathway is most studied. Syndecan (SDC) carrying 

negatively charged glycosaminoglycans contributes to the uptake of arginine rich 

peptides [70, 121]. SDC-4 is widely expressed in all cell lines. At the same time, 

the uptake capacity of SDC-4 for R9 peptides is 1.5 and 2 times greater than that 

of SDC-1 and SDC-2, respectively [121]. Therefore, arginine rich peptides are 

ideal vectors targeting to a wide range of cell types. The transition from 

endocytosis to the transduction only happens when the concentration of arginine 

rich peptides increases over a threshold. The threshold depends on the cell lines 

and the type of arginine rich peptides. The threshold for R9 peptide is 10 μM for 

adherent cell lines such as the Hela cell line [122]. However, for Jurkat cells, the 
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threshold can be lower than 2 μM, which means some cell lines are much sensitive 

to arginine rich peptides (Figure 1.9A) [122]. Acid sphingomyelinase (aMSase) was 

implicated in the occurrence of the nucleation zone [123]. Ceramide derived from 

the hydrolysis of sphingomyelin, as a secondary messenger in Fas pathway, was 

identified as one of the sources of cytotoxicity to Jurkat cells, which is similar to 

serum withdrawal [124]. Notably, cytosolic arginine rich peptides will aggregate 

in the cell nucleus rapidly due to their nucleophilic properties (Figure 1.9). 

A. 

 
 

B. 
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Figure 1.9 Concentration-dependent uptake pathways of arginine rich peptides. 
A. MC57, mouse fibrosarcoma cells, Chinese hamster ovary cells, primary human 
dendritic cells and human Jurkat T-cell leukaemia cells were treated with 2 and 
20 μM fluorescent R9 peptide (Fluo-RRRRRRRRR-CONH2). Scale bars= 10 μm. 
images were taken either 30 min (for 2 mM) or 15 min (for 20 mM) after peptide 
addition. Punctate staining and cytosolic staining illustrate endocytosis and 
transduction respectively. Images are reprinted from the reference [122]. B. 
Uptake pathways of arginine rich peptides. Endocytosis of arginine rich peptides 
occurs at low peptide concentrations with the assistance of proteoglycans. 
Cytosolic transduction occurs at a high peptide concentration. Peptides penetrate 
the cell membrane via nucleation zone, which bypasses endosomes. Internalised 
arginine rich peptides will then aggregate in the cell nucleus rapidly. 
 

1.3.2.3 Nuclear entry: NLS are kind of nucleophilic peptides, which naturally exist 

in the transcription factors and virus to facilitate the regulation of genome 

transcription and transduction of genetic materials. Most of the NLSs are cationic 

and rich in lysine and arginine. Interaction between cationic NLSs and plasmid 

DNA may promote the nuclear entry of cargoes (see 1.2.6.1), especially beneficial 

for the nuclear delivery of plasmid DNA. Therefore, delivery of pDNA with arginine 

rich peptides may contribute to nuclear entry. 

 

In addition to a non-covalent interaction with genetic materials, arginine rich 

peptides can also covalently bind to cargoes, which enhances the level of 

internalisation [125]. An example of the application in the field of gene editing is 

that the mixture of m9R covalently modified Cas 9 protein (Cas9-4-

maleimidobutyryl-GGGGRRRRRRRRRLLLL) and 9R (CGGGRRRRRRRRRLLLL) 

/sgRNA complexes achieved 16% and 5.5% mutation of CCR5 locus in HEK293T 

and Hela cell lines [126]. This experiment provided an alternative method for 

electroporation to deliver CRISPR-Cas9 protein. Therefore, covalent modification 

of arginine peptides with a spacer can facilitate of cellular delivery of 

macromolecules. It is worth mentioning that covalent addition of cargoes on 

arginine rich peptides may change its uptake pathway [127]. For example, 10 μM 

fluorescent R7W peptide (Fl-RRRRRRRW) showed both endocytic and cytosolic 

uptake in the U2OS cell line. However, the VQD peptide carried by the R7W 

peptide (Fl-RRRRRRRW-GREEEVQD) only showed endocytic uptake under the 
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same condition [127]. A rational explanation for this phenomenon is that the 

conjugated peptide decreased the proportion of arginine, which may alter the 

properties of the original arginine rich peptide.  

 

Arginine itself is not an inert molecule however, it has also been reported that 40 

μM TAT, R9 and Antp peptides (RQILIWFQNRRMKWKK) would induce 40-50% 

internalisation of TNF receptor-1 on the surface of Hela cells after 30 minutes 

incubation [128]. Another example is that mesenchymal stem cells transfected by 

arginine rich peptides have different differentiated phenotypes from PEI and 

nanohydroxyapatite [129]. Therefore, it is necessary to pay attention to the 

unexpected gene activations caused by arginine rich peptides in the transfections 

with specific purposes or experiments related to cells for a subsequent lineage. 
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1.4 Aims and Objectives 

 

The overall aims of this project are: 

A. Determine if an arginine rich amphipathic peptide can transfect Jurkat cells 

B. Interrogate whether the production of a peptide that is less pH responsive 

can escape endosomes that do not acidify   

C. Identify the barriers to arginine rich peptide mediated pDNA transfection 

 

The objectives of this project will be met through: 

A. Jurkat cell transfection by RALA/pEGFP-N1 nanoparticles 

B. Synthesise and measure the pH responsiveness of RALA-K derivative 

peptides 

C. Understand the role of syndecans and glypicans in cellular entry. 
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Chapter 2: Delivery systems for 

recombinant T-cells 
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2.1 Introduction 

 

2.1.1 Intracellular delivery using the RALA peptide  

 

The RALA (WEARLARALARALARHLARALARALRACEA) peptide derives from GALA 

(WEAALAEALAEALAEHLAEALAEALEALAA) and KALA 

(WEAKLAKALAKALAKHLAKALAKALKACEA) peptides (Figure 2.1 and 2.2) [130-132]. The 

RALA peptide is an amphiphilic peptide with an arginine-alanine-leucine-alanine (RALA) 

repeat with 30 amino acids. The arginine rich structure enables self-assembly with 

negatively charged nucleic acids such as DNA, mRNA, siRNA and ASO (Anti-Sense 

Oligonucleotide) to form cationic nanoparticles that enter cells via clathrin-mediated 

endocytosis with internal trafficking to the endosome [130]. 

 

 
Figure 2.1 RALA simulated modelling by I-TASSER. Purple indicates arginine; light 
purple indicates Histidine; dark green indicates leucine; light green indicates alanine; 
red indicates glutamic acid; brown indicates cysteine. Yellow dotted line indicates the 
hydrogen bonds with the pink dotted line indicating a salt bridge between the 
glutamic acid and the basic amino acid (pink arrows).  
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Figure 2.2 KALA simulated modelling by I-TASSER. Blue indicates lysine; Others are 
consistent with Figure 2.1 
 

The RALA peptide is also a pH sensitive peptide with the opposite trend of pH sensitivity 

for α -helix formation compared to KALA. RALA has a predominantly random coil 

confirmation at a neutral pH (6.26 or higher) but forms an amphiphilic α-helical structure 

under acidic conditions pH (5.29 or lower) [130]. Hydrophobic and hydrophilic residues 

gather at two opposite sides when the α-helix forms. The α-helical and amphiphilic 

structure meets the characteristics of antimicrobial peptides, which may disrupt the 

membrane structure under acidic pH about 5.5. This pH sensitive conformational change 

of the secondary structure may contribute to an efficient endosomal escape and 

importantly low cytotoxicity at neutral pH.  

 

Whether RALA contributes to nuclear entry has yet to be confirmed. It is possible that the 

arginine rich sequence aids nuclear transport acting as a nuclear localisation signal. Early 

studies with a microtubule inhibitor (Nocodazole) indicated that transfection was 

maintained with no significant decrease compared to cells without the inhibitor in the 

RALA system [130]. Microtubules participate in part of the intracellular transport, where 

kinesins and dynein drive large cargoes (> 2MDa) such as organelles of (endosomes, 

autophagosomes, mitochondria, peroxisome) and virus transportation on the microtubes 

[133-135]. Meanwhile, microtubules participate in the process of cell mitosis which is 

considered to enhance nuclear delivery of plasmids in the transfection. However, the 

inhibitor assay of nocodazole supports the possibility of microtubule-free intracellular 

transport and nuclear entry. [130]. 
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2.1.2  Key barriers to the transfection of Primary T-cells 

 

Current CAR-T products (Kymriah, Yescarta and Tecartus) approved by the FDA were all 

manufactured by viral vectors. General steps of CAR-T manufactured by viral vectors 

include leukapheresis, T-cell activation, viral transfection, CAR-T cells expansion and 

CAR-T cells transfusion [136]. T-cells are activated by antigen presenting cells mediated 

physiological activation in vivo. However, rapid expansion protocol was exploited ex vivo 

for the T-cell activation and expansion to avoid the complicated co-culture process [137]. 

In the rapid expansion protocol, T-cells are activated by anti-CD3 antibodies or anti-

CD3/CD28 antibody coated magnetic beads then maintained in IL-2 [136, 137]. 

 

The advantage of viruses is that these modified vectors have the ability to naturally 

integrate external genomes into primary T-cells. New delivery systems still need to be 

developed to overcome existing limitations of viral vectors such as low loading capacity 

and high price. Thus, understanding of the barriers to T-cell transfection and how viral 

vectors overcome them can inspire the design of an ideal non-viral vector. 

 

2.1.2.1 Internalisation 

 

Transmembrane proteins such as syndecans with negatively charged glycosaminoglycans 

(GAGs) are inferred to be the receptor for the entry of cationic nanoparticles [138]. Two 

phenotypes, CD4+ and CD8+, represent the majority of human primary T-cells. Genetic 

modifications of CD4+ T-cells aim to treat autoimmune disease and human 

immunodeficiency virus (HIV), whereas gene modifications of CD8+ T-cells aim to treat 

cancers.  Both CD4+ and CD8+ T-cells express undetectable level of HSPG at rest as 

naïve T-cells [139]. However, once activated by IL-2 or anti-CD3 beads in vitro, the 

expression level and rate of HSPG in CD4+ T-cells are always higher and quicker than 

CD8+ T-cells [139]. Also, it has been shown that the uptake efficiency of arginine rich 

peptide/phosphonodiamidite morpholino oligomers complexes in the activated murine 

primary CD4+ T-cells was 2-4 times higher than the activated CD8+ T-cells in vitro [140]. 

It suggests a separation of T-cells with different phenotypes before the transfection helps 

to implement different optimization strategies.  
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E6-1 Jurkat cell is a commonly used leukaemia T-cell line. Many experiments of 

transfection of T-cells based on non-viral chemical vectors used Jurkat cells as a model 

before the transfection of primary T-cells [141-145]. However, the level of HS for Jurkat 

cells is slightly higher than activated (fully differentiated) CD4+ effector T-cells but more 

than 2 times higher than memory like (partly differentiated) CD4+T-cells [146]. Due to 

higher level of HSPG on CD4+ T-cells compared to CD8+ T-cells, it is reasonable that 

Jurkat cells express higher level of HSPG than CD8+ T-cells in vitro. A decreased uptake 

efficiency of cationic polyplex was observed in the comparison between the Jurkat cell 

line and the primary T-cells [147]. Therefore, the uptake efficiencies of cationic 

nanoparticles may be overestimated in Jurkat models for T-cell transfection. 

 

Furthermore, although there is a difference in the amount of HS expression, the profiles 

of HS expression, which indicate the degree of sulfation, is similar among memory like 

CD4+ T-cells, activated CD4+ effector T-cells, and the Jurkat cells, which suggests they 

have similar structural features. Notably, HS on the CD4+ T-cells and the Jurkat cells are 

both highly sulfated (due to the highly expressed HS sulfotransferases) compared to 

epithelial cell lines although the level of syndecans is quite low in the Jurkat cells [146]. 

This indicates cationic transfection agents may have higher binding affinity with Jurkat 

cells due to more negatively charged sulfation sites, which may enhance the 

internalisation.  

 

The low expression level of HSPG on primary T-cells may not limit the subsequent 

transfection processes. Primary T-cells transfected by the poly(2-(dimethylamino) ethyl 

methacrylate) (pDMAEMA) have the same internalisation rate and the transfection rate 

approximately 10% with optimised parameters, which indicates that the poor 

internalisation rate limited the final transfection rate [148]. Comb has internalisation rates 

of 100% and 40% in Hela and Jurkat cell lines respectively, where the comparison further 

proves that poor HSPG levels limited the internalisation of comb polymers in the 

transfection of primary T-cells [147]. In order to bypass HSPG, it is possible that specific 

receptors on primary T-cells (both naïve and activated) could be exploited for cellular 

entry such as CD3E, CD7 and CD8 [143-145]. In fact, nanoparticles conjugated to 
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antibodies against these receptors resulted in extremely high transfection efficiencies (60-

80%), which suggests these receptors are highly effective for the uptake [144, 145]. Most 

importantly, anti-CD3E and anti-CD8E modified nanoparticles achieved the targeted 

delivery to T-Cells in vivo, which is a competing technology to physical methods ex vivo 

such as electroporation, and results in instant CAR-T therapy [143, 144]. However, with in 

vivo delivery, metabolic toxicity and the off-target risks need to be carefully evaluated. 

 

2.1.2.2 Endosomal escape 

 

Many delivery systems rely on acidification to trigger endosomal escape. However, it has 

been shown that the pH within endosomes of primary T-cells is not as low as the pH in 

Jurkat cells. In fact, the endosomal pH of primary T-cells drops to 6 after 1 h and this is 

maintained until 4 h [147]. With Jurkat cells, the pH drops to 5.5 after 4 h. Some delivery 

systems such as pDMAEMA and pBAE achieved successful transfection in primary T-cells 

of 20-25% (pDNA) and 80% (mRNA) respectively [144, 147-149]. In the case of pBAE 

mediated transfection, it showed an almost 100% conversion rate from the internalization 

rate to the transfection rate with more than 80% mRNA transfection efficiency in primary 

T-cells [11, 12]. However, pDMAEMA has a 5-10 times lower efficiency of endosomal 

escape and pBAE has a weaker proton buffering capacity comparing to PEI, which 

suggests the proton sponge effect may not dominate endosomal escape in primary T-

cell transfection [150, 151]. Therefore, the endosomal escape effect may not primarily 

depend on the acidification of the endosome for these particular delivery systems. 

However, an eliminated acidification may reduce the content of amphiphilic alpha helical 

RALA peptides. This may further limit the effect of membrane disruption for endosomal 

escape in RALA-mediated transfections. 

 

2.1.2.3 Nuclear Entry 

 

Transient translation or integration of genetic material to the hosts’ genome requires 

nuclear entry, which means overcoming the barrier of the nuclear envelope. Compared 

to other ex vivo methods such as lentiviral vectors and electroporation, nanoparticle 

mediated transfection lacks the mechanisms to facilitate the nuclear entry of the DNA. 
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Thus, nuclear entry is probably the biggest obstacle to nanoparticle-mediated 

transfection in primary T-cells following endosomal escape.  

 

Viral vectors usually have a specific structure such as NLS-conjugated viral capsids to 

achieve nuclear entry of genetic materials. Nanoparticles (assembled or partly assembled) 

with random structures may be difficult to exploit mechanisms similar with viruses to 

promote nuclear entry of genetic material. Therefore, promoting the expression of NLS 

or encapsulating NLS in complexes are considered for the improvement of nuclear entry 

in non-viral vector mediated transfections of primary T-cells.  

 

The combination of a fusion peptide of microtubule-associated sequence (MTAS) and a 

NLS sequence (GRYLTQETNKVETYKEQPLKTPGKKKKGKPGKRKEQEKKKRRTR) was 

conjugated on the pBAE polymer to facilitate the nuclear entry of the DNA plasmids [143]. 

The efficiency of pDNA transfection on inactivated murine primary CD8+ T-cells ex vivo 

was 3.1% [143]. However, due to lack of controlled experiments, the contribution of the 

MTAS-NLS sequence to nuclear entry cannot be determined. 

 

Another option to promote efficient nuclear transport can be taken from specific T-cells 

viruses such as Human Immunodeficiency Virus and Human T-cell Leukaemia-

Lymphoma virus (HTLV). As a single-stranded RNA virus, HIV reverse transcribes its viral 

RNA into viral cDNA in the hosts’ cytoplasm for further integration into the hosts’ genome. 

However, a precondition for the integration of the viral genome is to enter the nucleus. 

The formation of the HIV capsid (CA) based pre-integration complexes (PIC) provides 

nucleophilic properties by several proteins: matrix (MA), viral protein R (Vpr) and the 

integrase (IN) [106, 108]. In other words, these three proteins exhibit the nucleophilicity 

which assists with the nuclear entry of the viral genome.  

 

Among these components, IN exhibits multiple functions, which include viral cDNA 

binding, nuclear localisation, and viral cDNA integration (Figure 2.3). At least two cassettes, 

which were identified as the NLSs at 161-173 (IIGQVRDQAEHLK) and 186-188 (KRK) on 

the IN according to the mutations at these positions, will damage the nuclear 

accumulation of IN [106, 107]. Anna et al. designed an ingenious experiment to show the 
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nuclear transport efficiency of DNA plasmids mediated by IN and SV40 (β-gal-tagged 

SV40 DDEATADSQHSTPPKKKRKV) [107]. It has been proven that IN rather than SV40 can 

assist the nuclear entry of plasmids in rat hepatoma cells (Figure 2.4). Therefore, IN 

derived from HIV may promote the nuclear transport efficacy/efficiency of the plasmids 

in some low-proliferated/non-divided cells. This can be achieved by transfecting its 

mRNA prior to the target pDNA, which can be regarded as a ‘two-step transfection’. 

 

 
Figure 2.3 Functional domains of HIV integrase. The DNA binding domain and NLS 
sequence are separated. 
 

 
Figure 2.4 Nuclear entry of pDNA mediated by HIV integrase (IN) and SV40. The nuclear 
entry of NLSs are mediated by importin α and importin β through the nuclear pore 
complex (NPC). HIV integrase with DNA binding domain rather than SV40 is capable of 
carrying pDNA to achieve nuclear entry with the assistance of the DNA binding domain. 
 

Apart from IN, NLSs derived from HIV MA and Vpr may co-operate to effect nuclear 

transport mediation. nMA (CGKKKFKLKH) and nVpr (CNEWTLELLEELKNEAVRHF) may 

jointly enhance the transfection efficiencies of nMA/nVpr condensed plasmid DNA in both 

divided and non-divided Hela cells (Table 2.1) [152]. This also indicates the NLSs from 

HIV proteins may have a wide range of audiences besides CD4+ T-cells. 

 

Nucleus 
NPC 
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Table 2.1 Results of Hela cells transfected by nMA and mVpr peptides [152] 

Peptide 
Dividing 

(%) 

Non-

Dividing 

(%) 

nMA 39.2 10.6 

nMA mu 11.6 4.8 

nVpr + nMA 44.5 48 

nVpr mu + nMA 26.4 6.5 

nVpr + nMA mu 42.2 21.2 
mu: mutated peptide 

 

Finally, activation of primary T-cells is a common step before transfection in almost all 

methods: viral vectors, electroporation and the nanoparticle mediated transfection. 

Activation aims to upregulate the expression of HSPG and the proliferation in Primary T-

cells for an enhanced virus/nanoparticles’ cell entry and mitosis enhanced nuclear entry, 

respectively, to promote transfection. Especially for nanoparticle mediated transfection, 

an optimised activation time point can obviously boost transfection efficiency, which may 

facilitate the nuclear entry of the plasmids at the right time such as the interphase of the 

mitosis [148]. Therefore, both mitosis and NLS contribute to the nuclear entry of the 

plasmids in T-cell transfection. 

 

In conclusion, in primary T-cells, because of the small amount of HSPG, delayed and 

eliminated endosomal escape, transfection by non-viral vectors exploiting the cellular 

endocytic pathway may be very challenging. Rest primary T-cells activated in vitro by IL-

2 or anti-CD3 beads can activate the proliferation of T-cells, which promotes the nuclear 

entry of pDNA during mitosis in non-viral vector mediated transfection. 

 

2.1.3 Methods to produce recombinant T-cells 

 

Primary T-cells are a well-known hard-to-transfect T-cell type, which limits the scale of 

production and significantly raises the cost for their clinical use. FDA approved CAR-T 

products are based on lentiviral and retroviral vectors. In CAR-T-cell production, concerns 

regarding the safety of viral vectors (immunogenicity, and carcinogenicity by random 

integration), cost and limited effectors & loading capacity put forward the demand for 

non-viral vectors. The most popular strategy currently is based on the membrane 

disruption by physical methods such as electroporation, cell squeezing, microfluidic 



44 

 

shearing force, and nanoneedles (Table 2.2) [153].  
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Table 2.2 A glance of the methods for the CAR-T-cells production  

Classification Vector  Efficiency Viability Effectors Pros Cons Notes Reference 

  
   

 
   

   
Lentivirus 50-80%  

 

Reversely 

transcribed 

DNA 

High 

efficiency, 

clinically 

approved, 

lentivirus can 

transfect rest 

T-cells. 

RCL, 

integration 

mutagenesis, 

limited 

loading 

capacity, 

costly 

 
[154] 

  
  

 
α-retrovirus 51% 

  
[155] 

Viral 
  

  γ-retrovirus >50% >60% by 

trypan blue 

 
[156] 
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Classification Vector  Efficiency Viability Effectors Pros Cons Notes Reference 

 
Electroporation 

(Neon system from 

Thermofisher) 

40% pDNA 75-100% 

Flexible 

(DNA, 

mRNA, 

SiRNA, 

ASO) 

High 

throughput, 

high 

efficiency, 

multi 

effectors 

contain 

Cas9 RNP, 

multiple 

effectors 

High 

cytotoxicity, 

disrupt the 

normal 

function,  

T-cell 

heterogeneity 

not 

compatible 

For 

electroporation, 

delivery of 

plasmid DNA 

has a lower 

viability than 

mRNA 

[157] 

     

  
Nucleofection 

(Lonza) 

70% 

pDNA 
50-60% [158] 

  
  

Physical 

Microfluid 

continuous-flow 

electroporation 

95%, mRNA 80% by flow   [159] 

    

  
Microfluidic shear 

forces 

70% for 

siRNA, 50% 

for Cas9 

RNP 

>80% by flow 
High 

efficiency 
T-cell 

heterogeneity 

Cell squeezing [160] 

  
  

      

  Mechanoporation 
80% pDNA 95% by flow High 

efficiency 

  

[161] 

  Nanoneedles 30% pDNA 
Not 

mentioned 

   

[162]  
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Classification Vector  Efficiency Viability Effectors Pros Cons Notes Reference  
Comb-25-

(PDMAEMA)16 

20% pDNA 100% by flow 

Flexible 

(DNA, mRNA, 

SiRNA, ASO) 

Cost-

effective, 

flexible to 

modify the 

polymer, 

modification 

compatible, 

targeted in 
vivo delivery, 

multiple 

effectors 

Low transfection 

efficiency, 

medium to high 

cytotoxicity, low 

throughput than 

physical 

methods 

 
[148] 

  
 

  

  SiO-24-

(PDMAEMA)200 

0-19.4% pDNA 35.1-65.3% 

by flow 

 
[163]  

  
 

  

Chemical SiO-20-

(PDMAEMA)230 

25% 50-75% by 

MTT 

Transfect 

CD4+ cells 

[164]  

  
 

  

  AntiCD3E/CD8 

conjugated pBAE 

NP 

3% DNA ex vivo, 

1.5% DNA in 
vivo, 80% mRNA 

ex vivo 

87% for 

mRNA by 

flow 

  [143, 144] 
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Due to low expression of proteoglycans and delayed & weakened endosomal acidification, 

classical transfection agents such as PEI and Lipofectamine are not compatible with 

primary T-cell transfection. From 1982, electroporation was developed as an efficient way 

to transfect primary immune cells, but this method resulted in high toxicity [165]. The 

transfection efficiency by optimised electroporation (Neon) or nucleofection (Lonza) can 

be higher than 70% [157, 158]. Different from viral vectors, the effectors for non-viral 

vectors can be expanded to most types of nucleotides such as mRNA, siRNA and 

oligodeoxynucleotides (ODN) . However, the cell viability by nucleofection is about 50% 

and further reduced to 30% with the participation of transposon plasmids with certain 

cytotoxicity [166]. Furthermore, sometimes the cell toxicity might be underestimated due 

to the methods chosen: cell viability assay by dead cell staining + flow cytometry may 

ignore all lysed cells [153]. Transient electroporation may also trigger cell stress with 

temporary disordered gene transcriptions, which is not conducive to cell homeostasis and 

the screening of potentially therapeutic CAR-T sites by gene pooled knock in [160, 167].  

 

Additional technologies which were developed based on shearing force triggered 

instantaneous pore formation. Membrane disruption by cell squeezing is a promising 

physical transfection method, which showed considerable transfection efficiency (50% for 

Cas9 RNP) and higher cell viability (70-80% by flow cytometry compared to 

electroporation,) [160].  Cells in the suspension passed a narrow constriction (30-80% of 

the cell diameter) temporarily causing membrane permeability for the delivery of effectors. 

A variant of cell squeezing called the microfluidic vortex shedding (μVS) system creates 

periodic turbulences to disrupt the cell membrane by shearing force. Creation of 

turbulence rather than cell squeezing eliminates the risk of cell clogging. The μVS system 

reaches a >60% mRNA transfection efficiency with 77% cell viabilities by trypan blue [168]. 

Importantly, T-cells treated by the squeezing and the μVS system did not show obvious 

changes in their gene expression profile compared to those treated by electroporation. 

These two cases suggest that membrane disruption by shearing force may not perturbate 

the transcription of cell genes as much as electroporation, which it is vital to the T-cell 

proliferation, differentiation and exhaustion for further CAR-T-cell production or the site 

selection for CAR-T-cell modification. In addition, acoustofluidic sonoporation based on 

the microfluidic shearing force achieved the disruption of both cell membranes and the 
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nuclear envelopes simultaneously [169]. However, whether the interference of 

sonoporation would disrupt other organelle membranes (e.g. mitochondria), which would 

be fatal, remains to be studied further. In several cases, a combination of microfluidic 

shearing and electroporation have been proven to assist in pDNA delivery [170]. Instead 

of the instant and intense voltage for membrane disruption at the first stage of 

electroporation, the application of microfluidic shearing also interfered with the 

membrane but with lower cell toxicity. The preserve of the second stage of the 

electroporation with low but continuous voltage promoted the entry of negative pDNA 

into the microfluidic shearing pre-treated cells. Finally, compared to  electroporation, 

activation is not necessary in the cell squeezing/microfluidic shearing method, which 

maintains the naïve phenotype of primary T-cells for a higher therapeutic/memory effect 

[160]. 

 

Mechanoporation is another technology for primary T-cell transfection [153]. Due to the 

extremely large nucleus within the naïve T-cell or slightly smaller nucleus in the activated 

T-cells, silicon nanowires arranged in microarrays may disrupt the cell membrane and the 

nuclear membrane at the same time. Basically, the technology can be divided into 3 steps: 

cell capture, effector entry and cell release, which can be regarded as a batch 

microinjection. Sometimes effectors depositing in the nanowires were injected to the 

captured cells and sometimes the cells were released to the pDNA solution after 

mechanoporation. The former achieved 20-45% transfection efficiencies in the mouse 

primary T-cell with cell viability of around 90-40% (PI+ Flow) and the latter achieved >80% 

transfection efficiency in both Jurkat and primary T-cells with a cell viability of 95% (Cell 

tracker + Flow) [161, 171].  

 

Distinct from large-scale electroporation-based CAR-T clinical trials, CAR-T-cells 

produced by transfection reagents are still at the research stage. The advantages of 

chemical transfection reagents include modification flexibility and the availability of in vivo 

administration. However, high toxicity and relatively lower transfection rate compared to 

physical methods are the limitations of carrier-mediated transfection. Current strategies 

of chemical carrier-mediated transfection can be divided into two types: ex vivo 

transfection with/without antibody modification and in vivo administration/transfection 
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with antibody modification. However, due to the lack of an efficient mechanism for nuclear 

entry, common effectors delivered by nanoparticles are siRNA and mRNA, in which nuclear 

entry is not necessary (Table 2.3).  

 

2.1.4 Summary 

 

The introduction has provided a brief description of RALA peptide, barriers to primary T-

cells and the methods for CAR-T production. Meanwhile, the main barrier of nanoparticle 

mediated non-viral gene delivery has been identified as an inefficient nuclear entry and 

a solution based on the HIV integrase was proposed. 
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Table 2.3 Nanoparticle mediated Jurkat/Primary T-cells transfection under investigation. 

Reagent 
Target cell 

Type 
Effectors 

Transfection 

Efficiency (%) 
Viability (%) 

Viability 

Assay 
Notes Reference 

 Jurkat pDNA  30 100 

Zombie 

Pruple+Flow 

Transfection 

conditions 

optimised; T-

cells barriers 

identified 

  

            

 pHEMA25 -g-

pDMAEMA16 
CD4+ pDNA  10 

95-100 

 [148] 

    mRNA 28   

  CD8+ pDNA  10   

    mRNA 25   
 

 Jurkat pDNA 50.6-70.0 58.2-72.9 

PI+Flow 

Indicated the 

viability related 

to the total 

amount of 

polymers 

  

            

SiO1.5-PDMAEMA24         [163] 

            

  CD4+/CD8+ pDNA  0-19.4 35.1-89.9   
 

SiO1.5-PDMAEMA20 Jurkat  pDNA  24.1-46.1 84.3-69 

PI+Flow 

    

  CD4+/CD8+ siRNA 40% Knock Down N/A     

  CD4+/CD8+ pDNA  20 75   [164]  

PEI 

  

Jurkat  pDNA  4.4-6.2 69.0-39.9     

CD4+/CD8+ pDNA  5 75     
 

LFA-1-I-tsNPs (liposomes) CD3+  siRNA 
95% Knock Down in 

vitro 
N/A N/A 

In vivo silence rest 

and activated T-cells 
[172]  
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Reagent 
Target cell 

Type 
Effectors 

Transfection 

Efficiency (%) 
Viability (%) 

Viability 

Assay 
Notes Reference 

  

  

  Ionizable Lipid 

Nanoparticle 

  

Jurkat mRNA N/A 90  

 

 

CellTiter-Glo 

  

Similar specific 

killing to the 

lentivirus; half 

cytotoxicity to 

electroporation 

  

  

  

[141] 

  

  

 

CD4+/CD8+ 

  

  

 

mRNA  

  

  

  

N/A 

  

  

 

60-80 

  

              

Charge-altering liposome Jurkat mRNA 80 80 MTT   [142]  
 

 

CD3-targeted PBAE 

polymer 

CD4+/CD8+ mRNA 81.1-83.2 87 Flow   
  

[143, 144] 

 CD4+/CD8+ pDNA 

In vivo, 15.5% 

internalisation, 4% 

transfected 

N/A N/A 

NLS addition 

on the 

polymers 

 

  

CD8-targeted PBAE 

polymer 
CD8+ mRNA at least 60 80 N/A   [144]  

 

CD7-Chitosan 

Nanoparticles 
Jurkat siRNA 70% Knock Down 100 Alamar Blue Compare to 

Lipofectamine 

[145]  

Lipofectamine Jurkat siRNA 70% Knock Down 40 Alamar Blue   
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2.2 Aim and objectives 

 

Aims 

i) Exploit RALA to transfect suspension Jurkat cells  

ii) Design a cell penetrating peptide through modifications to RALA that is pH 

responsive at pH 6 then ideal for T-Cell transfection 

 

Objectives 

 

1. To optimise conditions to transfect Jurkat cells  

2. To design and characterise RALA variant peptides 

3. To interrogate transfection levels using the RALA variant peptides 
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2.3 Methods 

Salt bridges (demonstrated in Figure 2.1 and 2.2) between glutamic acids at both ends 

and the cationic amino acids (Arg or Lys) may cause different patterns of pH 

responsiveness in ‘XALA’ peptides. Thus, three variants of the RALA peptide were 

synthesised by the substitutions of either 1, 2 or 4 arginine with lysine to explore the 

change of pH sensitiveness. 

 

2.3.1 Reconstitution of peptides 

 

RALA (WEARLARALARALARHLARALARALRACEA) 

 

There are three RALA-K candidates besides RALA. Helixes of RALA-Ks are shown in Figure 

2.5-2.7.  

 

RALA-K1: N-WEAKLARALARALARHLARALARALRACEA-C 

 

Figure 2.5 Helix of RALA-K1, hydrophobic moment (a measure of the amphiphilicity of an 

α-helix) was demonstrated at the central of the helix (same below). 

 

RALA-K2: N-WEAKLARALARALARHLARALARALKACEA-C 
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Figure 2.6 Helix of RALA-K2. 

 

RALA-K3: N-WEAKLARALAKALARHLAKALARALKACEA-C 

 
Figure 2.7 Helix of RALA-K3. 

 

Lyophilised RALA and RALA-Ks peptide (Biomatik, UK) was reconstituted in distilled 

DNase/RNase-free water (Invitrogen, UK) at a concentration of 5.8 μg/μL. Aliquots were 

stored at -20°C.  

 

2.3.2 Preparation of plasmid DNA (pEGFP-N1)  

 

pEGFP-N1 was propagated in MAX Efficiency Chemically Competent DH5α Cells (Life 

Technologies, UK). The cells were incubated in LB broth containing 25 μg/mL kanamycin 

at 37°C, shaking overnight. LB broth was centrifuged at 4000 g for 15 min and the 
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bacterial pellet harvested. PureLink HiPure Plasmid Maxiprep Kit (Invitrogen, UK) was used 

to extract pEGFP-N1 plasmid. Finally, plasmid DNA (pEGFP-N1) was resuspended in 

distilled DNase/RNase-free water. A Nanodrop 2000 Spectrophotometer 

(ThermoScientific, USA) was used to measure the concentration and purity of pEGFP-N1 

at a wavelength of 260nm, and purity was analysed by A260/280 ratio.  

 

2.3.3 N:P ratio calculation 

 

N:P ratio refers to the ratio between the numbers of nitrogen atoms in the peptide and 

phosphorus atoms in the sugar phosphate backbone of DNA, which indicates the ratio of 

positive atoms to negative charged atoms. The N:P ratio between RALA and nucleic acid 

can be calculated as follows:  

 

𝑁: 𝑃 =
𝑄𝑝𝑒𝑝𝑡𝑖𝑑𝑒 ∗ 𝑀𝑜𝑙 𝑝𝑒𝑝𝑡𝑖𝑑𝑒

𝑄𝑛𝑢𝑐𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑 ∗ 𝑀𝑜𝑙 𝑛𝑢𝑐𝑙𝑒𝑖𝑐 𝑎𝑐𝑖𝑑.
 

 

where Q refers to the net charge of the molecule and Mol is the mole of the molecule.  

 

𝑀𝑜𝑙 =
𝑀 (𝑀𝑎𝑠𝑠)

𝑀𝑊 (𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑊𝑒𝑖𝑔ℎ𝑡)
 

 

For a certain peptide or nucleic acid, MW and Q are constant.  

 

Thus, 𝑁: 𝑃 =
𝑀𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝑀𝑑𝑛𝑎∗𝐶 𝑁𝑃
 

 

CNP is a constant, for RALA peptide x 1 μg pEGFP-N1: 

  

C𝑁𝑃 =
M𝑝𝑟𝑜𝑡𝑒𝑖𝑛

1 μg𝑑𝑛𝑎 𝑁𝑃
=

Q𝐷𝑁𝐴/MW𝐷𝑁𝐴

Q𝑝𝑟𝑜𝑡𝑒𝑖𝑛/MW𝑝𝑟𝑜𝑡𝑒𝑖𝑛
=

Q𝑑𝑛𝑎 MW𝑝𝑟𝑜𝑡𝑒𝑖𝑛

Q𝑝𝑒𝑝𝑡𝑖𝑑𝑒 MW𝐷𝑁𝐴
=

2 MW𝑝𝑟𝑜𝑡𝑒𝑖𝑛

650 Q𝑝𝑒𝑝𝑡𝑖𝑑𝑒
 

 

For RALA peptide, 

C𝑁𝑃 =
2 MW𝑅𝐴𝐿𝐴

650 Q𝑅𝐴𝐿𝐴
=

2 ∗ 3327.9

650 ∗ 7
= 1.45 

For RALA-K1 peptide:  MW=3299.91 CNP= 1.45050989 
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For RALA-K2 peptide:  MW=3271.89 CNP= 1.438193407 

For RALA-K3 peptide:  MW=3215.87 CNP= 1.413569231 

 

2.3.4 RALA(K)-pEGFP-N1 nanoparticle formation 

 

RALA(K) and pEGFP-N1 were diluted in distilled DNase/RNase-free water to a 

concentration of 5.8 μg/μL and 1 μg/μL respectively. RALA(K)/pEGFP-N1 complexes were 

prepared at a range of N:P ratios by adding the components in the following order of 

water first, followed by pEGFP-N1 and finally RALA. Components were mixed gently by 

pipetting up and down and incubated at room temperature for 30 min. Table 2.4 shows 

the mass and the volume for preparation at each N:P ratio for NCTC-929 cell. Table 2.5 

shows the mass and the volume for preparation at each N:P ratio for Jurkat cell 

transfection. 

 

Table 2.4 The preparation of RALA(K)-pEGFP-N1 complexes for NCTC-929 transfection.  

RALA           

NP 

Mass 

DNA 

(μg) 

Vol. DNA 

(1 μg/μL) 
Mass RALA(μg) 

Vol.RALA  (5.8 μg/μL) 

(μL) 

Water 

to 50 μL 

1 

0.5 0.5 

0.725 0.125 49.375 

2 1.450 0.250 49.250 

4 2.900 0.500 49.000 

6 4.350 0.750 48.750 

8 5.800 1.000 48.500 

10 7.250 1.250 48.250 

12 8.700 1.500 48.000 

14 10.150 1.750 47.750 

16 11.600 2.000 47.500 

18 13.050 2.250 47.250 

20 14.500 2.500 47.000 
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K1           

NP 

Mass 

DNA(μg) 

Vol. 

DNA(1μg/μL) Mass K1(μg) 

Vol.K1 (5.8 μg/μL) 

(μL) 

Water to 

50 μL 

1 

0.5 0.5 

0.725 0.125 49.375 

2 1.451 0.250 49.750 

4 2.901 0.500 49.500 

6 4.352 0.750 49.250 

8 5.802 1.000 49.000 

10 7.253 1.250 48.750 

12 8.703 1.501 48.499 

14 10.154 1.751 48.249 

16 11.604 2.001 47.999 

18 13.055 2.251 47.749 

20 14.505 2.501 47.499 

 

K2           

NP 

Mass 

DNA(μg) 

Vol. 

DNA(1μg/μL) Mass K2(μg) 

Vol.K2 (5.7528 μg/μL) 

(μL) 

Water to 

50 μL 

1 

0.5 0.5 

0.719 0.125 49.375 

2 1.438 0.250 49.750 

4 2.876 0.500 49.500 

6 4.315 0.750 49.250 

8 5.753 1.000 49.000 

10 7.191 1.250 48.750 

12 8.629 1.500 48.500 

14 10.067 1.750 48.250 

16 11.506 2.000 48.000 

18 12.944 2.250 47.750 

20 14.382 2.500 47.500 
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K3           

NP 

Mass 

DNA(μg) 

Vol. 

DNA(1μg/μL) Mass K3(μg) 

Vol.K3 (5.656 μg/μL) 

(μL) 

Water to 

50 μL 

1 

0.5 0.5 

0.707 0.125 49.375 

2 1.414 0.250 49.750 

4 2.827 0.500 49.500 

6 4.241 0.750 49.250 

8 5.654 1.000 49.000 

10 7.068 1.250 48.750 

12 8.481 1.500 48.500 

14 9.895 1.750 48.250 

16 11.309 2.000 48.000 

18 12.722 2.250 47.750 

20 14.136 2.500 47.500 

 

Table 2.5 The preparation of RALA/pEGFP-N1 complexes for Jurkat cell transfection.  

RALA           

NP 

Mass 

DNA(μg) 

Vol. 

DNA(0.1μg/μL) 

Mass RALA 

(μg) 

Vol.RALA (1 μg/μL) 

(μL) 

Water to 

150 μL 

0 

3.3 33 

0 0 132 

2 9.636 9.636 122.364 

4 19.272 19.272 112.728 

6 28.908 28.908 103.092 

8 38.544 38.544 93.456 

10 48.18 48.18 83.82 

12 57.816 57.816 74.184 

14 67.584 67.584 64.416 

 

2.3.5 Encapsulation efficiency  

 

50 μL of prepared RALA(K)/pEGFP-N1 solution at a range of N:P ratios were mixed with 

and 50 μL of Quant-iT™PicoGreen® Reagent (Life Technologies, UK) and incubated for 

30 min at room temperature before being added to each well in a black 96 well plate. 

Use BMG Omega Fluoro Star Plate Reader (BMG LABTECH GmbH., Germany) to measure 

the fluorescence of samples at 480/520 nm. The encapsulation efficiency was calculated 

with the fluorescence value of each sample divided by the value of DNA only control. 

 

2.3.6 Nanoparticle size measurement by Malvern Zetasizer 
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50 μL RALA(K)/DNA complexes were prepared as described in section 3.4 and loaded 

into a disposable microcuvette at a range of N:P ratios from 1 to 14. The mean 

hydrodynamic particle sizes of RALA/DNA complexes were measured by Malvern Nano 

ZS instrument with DTS software (Malvern Instruments, UK).  

 

2.3.7 Nanoparticle charge measurement by Malvern Zetasizer 

 

Following size measurement, 50 μL of RALA(K)/DNA complexes were diluted to 1 ml with 

distilled water and transferred into a zeta-cuvette. The zeta potential was measured by 

Laser Doppler Electrophoresis using a Malvern Nano ZS instrument with DTS software 

(Malvern Instruments, UK). 

 

2.3.8 Cell culture and maintenance  

 

NCTC-929 murine fibroblast cells (ATCC, USA) were cultured in MEM medium (Thermo 

Fisher Scientific, UK) supplemented with 10% horse serum (Thermo Fisher Scientific, UK) 

at 37°C, under 5% CO2, and sub-cultured when confluent approximately every 3 days.  

 

Jurkat human T lymphocyte lymphoblast cells, clone E6-1 (ECACC) were cultured in RPMI 

1640 medium (Thermo Fisher Scientific, UK) supplemented with 10% foetal bovine serum 

(Thermo Fisher Scientific, UK) at 37°C, under 5% CO2, and sub-cultured when confluent 

approximately every 48 h. 

 

2.3.9 Transfection with RALA(K)/pEGFP-N1 

 

For NCTC-929 cells: 20,000 cells were seeded into each well of a 96 well plate and allowed 

to adhere overnight in complete medium at 37°C, under 5% CO2. On the day of 

transfection, MEM was replaced with Opti-MEM serum free-media (Thermo Fisher 
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Scientific, UK) 2 h prior to transfection then put back into the incubator. 150 μL 

RALA(K)/pEGFP-N1 complexes were prepared as previously described in section 2.3.4 at 

N:P ratios of 0,4,6,8,10,12 and 14, and incubated for 30 min at room temperature. 50 μL 

RALA/ pEGFP-N1 complexes were then added into appropriate wells in triplicate for every 

N:P ratio and incubated for 4 hours (RALA) in the incubator (incubate 3 hours for RALA-

K1, K2 and K3). OptiMEM was then replaced with complete medium and cells maintained 

for 48 hours. 

 

For Jurkat cells: Prior to experimental use, it is important to ensure the cell viability of 

Jurkat cells is greater than 60%. Mix 10 μL cell and 10 μL trypan blue, transfer the mix 

into slide then measure the cell viability by Countess II Automated Cell Counter (Thermo 

Fisher Scientific, UK). The Jurkat cell suspension was centrifuged at 1500 rpm for 5 min 

and resuspend Jurkat cells with OptiMEM. The cell suspension was diluted to 5x10
5
 per 

millilitre measured by Countess. 500 μL of this cell suspension was seeded into each well 

of a 24 well plate. 150 μL RALA/pEGFP-N1 complexes were prepared as previously 

described in section 2.3.4 at N:P ratios of 0,2,4,6,8,10,12 and 14 and incubated for 30 min 

at room temperature. After 2h incubation of Jurkat cells, 150 μL RALA/ pEGFP-N1 

complexes were added into each well for 4-6h transfection. Following transfection, Jurkat 

cells were extracted from each well and centrifuged at 1500 rpm for 5 min, resuspended 

in complete media and incubated for 48h. For cell viability assay, the scale of the cell 

count and the RALA formula experienced a five-fold reduction: 50,000 cells in 96 well 

plates, 150 μL RALA/pEGFP-N1 complexes were prepared as previously described in 

section 2.3.4 at N:P ratios of 0,4,6,8,10,12 and 14 for 3 replicates. 50 μL RALA/ pEGFP-N1 

complexes were then added into each well. 

 

2.3.10 Cell viability test 

 

For NCTC-929 cells: Following transfection as described in section 2.3.9, Alamar Blue 

reagent (Thermo Fisher Scientific, UK) was added into each well at 24 h and 48 h 
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incubation to the final concentration of 10% and incubated for 2 hours in dark. Absorbance 

was then measured at 544/590 nm by an BMG Omega Fluoro Star Plate Reader (BMG 

LABTECH GmbH., Germany). Cell viability equals to the sample absorbance divided by the 

absorbance of untreated control.  

 

For Jurkat cells: Following transfection as described in section 2.3.9, MTS reagent 

(Promega, USA) was added into each well at 24 h and 48 h incubation to the final 

concentration of 10% and incubated for 2 hours in dark. Absorbance was then measured 

at 490 nm by an BMG Omega Fluoro Star Plate Reader (BMG LABTECH GmbH., Germany). 

Cell viability equals to the sample absorbance divided by the absorbance of untreated 

control. 

 

 

2.3.11 Fluorescence microscopy 

 

Cells were visualised and imaged after 48h transfection under fluorescent light using an 

EVOS FL Cell Inverted Microscope and Imaging System (Life Technologies).  

 

2.3.12 Flow cytometry 

 

For NCTC-929 cells: Cells were trypsinised to detach cells. Triplicate wells were pooled 

and resuspended in 150 μL PBS for analysis by flow cytometry. BD Accuri™ C6 Plus (BD 

Biosciences, UK) was used to detect GFP. Set range of living cells in SSC-A/FSC-A and 

FSC-H/FSC-A in untreated group first. Then, set FITC threshold of untreated group as the 

base line for GFP fluorescence then detect other groups with different NP ratios. 

 

For Jurkat cells: Cell suspension was removed from wells, centrifuged at 1500 rpm for 5 

mins and the pellet resuspended in 250-300 μL PBS for final analysis. BD Accuri™ C6 Plus 

(BD Biosciences, UK) was used to detect GFP. Set range of living cells in SSC-A/FSC-A and 
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FSC-H/FSC-A in untreated group first. Then, set FITC threshold of untreated group as the 

base line for GFP fluorescence then detect other groups with different NP ratios. 

 

2.3.13 Circular dichroic (CD) spectra  

 

Circular dichroic spectra were recorded on a Jasco-J815 spectropolarimeter (Jasco 

International Co. Ltd., Japan), Spectra were recorded at a scan rate of 100 nm/min. Molar 

ellipticities per residue were calculated using the equation: [θ]= 100 (θ)/(lcN). Where [𝜃] 

is the molar ellipticity per residue, (𝜃) is ellipticity, l is the path length in cm. c is the molar 

concentration of the peptide, and N is the number of residues in the peptide. 

 

2.3.14 Statistical analysis 

 

Three independent experiments were carried out for each experiment and the results are 

presented as mean ± SEM, N=3. Statistically significant differences were calculated with 

one-way and two-way ANOVA by GraphPad Prism 9.1.0 (GraphPad Software, USA). One-

way ANOVA and two-way ANOVA use Dunnett's multiple comparisons test and Šídák's 

multiple comparisons test respectively. A p-value ≤0.05 is considered significant; p≤ 

0.05 (*); p ≤ 0.01 (**); p ≤ 0.001 (***).  
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2.4 Results 

 

The results have characterised RALA/pEGFP-N1 complexes with encapsulation efficiency, 

gel electrophoresis and particle size and charge first. Then transfection results of 

RALA/pEGFP-N1 complex in NCTC-929 and Jurkat cells are presented with cell viability 

tests. Furthermore, circular dichroism spectra of RALA and RALA-Ks at different pH presents 

a comparison between RALA and RALA-Ks, revealing the reason why the differences in 

toxicity. Finally, a dissociation assay of RALA/pEGFP-N1 nanoparticle explains the states of 

nanoparticles at different pH. 

 

2.4.1 Encapsulation Efficiency  

 

Encapsulation efficiency aims to test the encapsulation of pEGFP-N1 by RALA(K) 

peptide. The encapsulation efficiency is above 70% from RALA/pEGFP-N1 at N:P 8 or 

higher as shown in Figure 2.8 A. RALA-K1 has the highest encapsulation efficiency 

among all four peptides, approximately 80% at N:P 6 or higher (Figure 2.8 B). The 

encapsulation efficiency of RALA-K2 and RALA-K3 is approximately 70% at N:P 6 or 

higher (Figure 2.8 C&D). Overall, RALA and RALA-Ks demonstrated similar self-

assembly capabilities with pEGFP-N1 plasmids stabilizing from N:P 6 or higher. The 

gel retardation assay (Figure 2.9) demonstrated no more free pDNA existing in the 

RALA/pEGFP-N1 preparation after N:P 2. It indicated RALA peptide can neutralise 

pEGFP-N1 at the N:P ratio 2 or higher, preventing migration of the pEGFP-N1 down 

as the gel shown in Figure 2.9. In addition, according to the band at N:P 1, it showed 

that the plasmids with less resistance in the electrophoresis (generally super-coiled) 

were readily bonded with RALA, which may be due to smaller size of these types. 
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Figure 2.8 Encapsulation efficiency of RALA(K)/pEGFP-N1 with different N:P ratio. A. 

RALA/pEGFP-N1, B. RALA-K1/pEGFP-N1, C. RALA-K2/pEGFP-N1, D. RALA-

K3/pEGFP-N1. 50 μL of prepared RALA(K)/pEGFP-N1 solution at a range of N:P ratios 

were mixed with and 50 μL of Quant-iT™PicoGreen® Reagent (Life Technologies, UK) 

and incubated for 30 min at room temperature before being added to each well in a 

black 96 well plate. Fluorescence value measured by BMG Omega Fluoro Star Plate 

Reader (BMG LABTECH GmbH., Germany) at 480/520 nm of Encapsulation efficiency 

was calculated by the fluorescence of each sample divided by the value of DNA only 

control. Results was performed by GraphPad Prism 9 as mean ±SEM, N=3, p ≤ 

0.0001 (****). 

 

 

Figure 2.9 Gel electrophoresis of RALA/pEGFP-N1 complex. 1% agarose gel indicating 

the ability of RALA peptide to neutralise pEGFP-N1 at a range of N:P ratios, the gel 

was visualised under ultraviolet light by a UVITEC Bioimaging System (Cambridge, 

UK).  Top lines indicate DNA ladder and N:P ratios. 
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2.4.2 Particle size and charge 

 

As shown in Figure 2.10, the Z-average size shows the diameter of the 

RALA(K)s/pEGFP-N1 nanoparticles. The diameter of RALA(K)s/pEGFP-N1 complex 

becomes stable from N:P ratio 4-8 to with the diameters approximately 100 nm. Zeta 

potential shows the potential difference between two interfaces of the diffuse layer 

of nanoparticle. The zeta potential of RALA(K)s /pEGFP-N1 complexes show a 

negative charge in N:P 1 but a reversal charge approximately 10 mV from N:P 4 to 

N:P 14 (Figure 2.10)  

 

Figure 2.11 A shows PDI and the kilo counts per second (kcps) (mean count) of 

RALA/pEGFP-N1 complex. PDI refers to Polydispersity Index, indicating the 

heterogeneity of sizes of nanoparticles. The PDI of nanoparticles remains under 0.4 

after N:P 6, which indicates the formula has a uniform particle size. Kcps reflects the 

number of nanoparticles being counted per second. A precise reading should be in 

range of 100-500 kcps. A big error of kcps occurs at N:P 14, which illustrates one of 

the measurements is not accurate enough. 
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 A.         B. 

    

C.         D. 

   
 

Figure 2.10 A. Z-average and Zeta potential RALA/pEGFP-N1 nanoparticles at a 

range of N:P ratios. B. RALA-K1/pEGFP-N1, C. RALA-K2/pEGFP-N1, D. RALA-

K3/pEGFP-N1. 50 μL of RALA/DNA complexes at various N:P ratios from 1 to 14 were 

measured using a Malvern Nano ZS instrument with DTS software (Malvern 

Instruments, UK). Results was performed by GraphPad Prism 9 as mean ±SEM, N=3.   
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A.          B. 

   
C.          D. 

    

 

Figure 2.11 A. PDI and Meant count of RALA/pEGFP-N1 nanoparticles at a range of 

N:P ratios (below). B. RALA-K1/pEGFP-N1, C. RALA-K2/pEGFP-N1, D. RALA-

K3/pEGFP-N1.  50 μL of RALA/DNA complexes at N:P ratios from 1 to 14 were 

measured using a Malvern Nano ZS instrument with DTS software (Malvern 

Instruments, UK). Results was performed by GraphPad Prism 9 as mean ±SEM, N=3.   
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2.4.3 Transfection of NCTC-929 cells with RALA(K)/pEGFP-N1 

 

NCTC-929 is commonly used material for transfections, which was applied in the transfection 

mediated by Lipofectamine and jetPEI [173, 174]. Besides, NCTC-929 cells were successfully 

transfected by RALA before [130]. Therefore, NCTC-929 cells were chosen to identify the 

effects of RALA-Ks in this section.  

 

NCTC-929 cells were transfected with RALA(K)/pEGFP-N1 complexes. The fluorescent images 

(Figure 2.12 A & B) provide a qualitative analysis of RALA(K)/pEGFP-N1 through the observed 

GFP fluorescence 48 hours post transfection with RALA(K)/pEGFP-N1 at a range of N:P ratio.  
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B. 

 
 

Figure 2.12 Fluorescent Images for NCTC-929 cell transfection with RALA(K)/pEGFP-N1 at 

different N:P ratio treatment under microscope. A. Images are UV-GFP only. B. Images are 

overlay of transmission and UV-GFP. Scale Bars=400 nm. 
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Among these 4 peptides, RALA has got the highest transfection efficiency (50%, N:P 12) on 

NCTC-929 cells, then RALA-K2 (48%, N:P 8)>RALA-K3 (42%, N:P 10)>RALA-K1 (40%, N:P 14).  

 

 

 

Figure 2.13 A. NCTC-929 cell transfection efficiencies with RALA(K)/pEGFP-N1 complexes). B. 

RALA-K1/pEGFP-N1, C. RALA-K2/pEGFP-N1, D. RALA-K3/pEGFP-N1. 20,000 cells were 

seeded into each well of a 96 well plate and allowed to adhere overnight in complete medium 

at 37°C, under 5% CO2. On the day of transfection, MEM was replaced with Opti-MEM serum 

free-media (Thermo Fisher Scientific, UK) 2 h prior to transfection then put back into the 

incubator. 150 μL RALA(K)/pEGFP-N1 complexes were prepared as previously described in 

section 2.3.4 at N:P ratios of 0,4,6,8,10,12 and 14, and incubated for 30 min at room 

temperature. 50 μL RALA/ pEGFP-N1 complexes were then added into appropriate wells in 

triplicate for every N:P ratio and incubated for 4 hours (RALA) in the incubator (incubate 3 

hours for RALA-K1, K2 and K3). OptiMEM was then replaced with complete medium and cells 

maintained for 48 hours. Results was performed by GraphPad Prism 9 as mean ±SEM, N=3, 

p ≤ 0.01 (**); p ≤ 0.001 (***); p ≤ 0.0001 (****).  
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2.4.4 NCTC cell viability assay 

 

The cell viability of NCTC cell after transfection was measured after 24h and 48h to test the 

cell viability of NCTC-929 cells following transfection with RALA/pEGFP-N1 (Figure 2.14 A). 

Samples with all N:P ratio maintained a good cell viability at 24- and 48-hours post-

transfection (>80%).  

 

ISO 10993-5 standard identifies the toxicity of preparations based on cell viabilities of 

experimental group comparing to untreated group. Cell viabilities with 80%-60% regards to a 

weak cytotoxicity, 60%-40% regards to a moderate cytotoxicity and <40% regards to a strongly 

cytotoxicity. RALA has got the lowest cytotoxicity between RALA and RALA-Ks. Among RALA-

Ks, RALA-K2 has got the lowest cytotoxicity at all N:P ratios from 4 to 14. However, for RALA-

K1 and RALA-K3, the cell viability visibly drops from N:P 8. In conclusion, RALA-K1 shows a 

moderate cytotoxicity, RALA-K3 shows a weak to moderate cytotoxicity and RALA-K2 shows 

a weak cytotoxicity on NCTC-929 cell. The cytotoxicity ranking is RALA-K1>RALA-K3>RALA-

K2>RALA (Figure 2.14). 
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Figure 2.14 NCTC-929 cell viability assay. Following transfection, Alamar Blue reagent 

(Thermo Fisher Scientific, UK) was added into each well at 24 h and 48 h incubation to the 

final concentration of 10% and incubated for 2 hours in dark. Absorbance was then measured 

at 544/590 nm by an BMG Omega Fluoro Star Plate Reader (BMG LABTECH GmbH., Germany). 

Cell viability equals to the sample absorbance divided by the absorbance of untreated control.  

A. The cell viabilities were tested at 24 h (Black) and 48 h (Blue) post RALA/pEGFP-N1 

transfection. Untreated group was regarded as control. Dotted line at 80% indicates a critical 

value for cytotoxicity (60-80% refers to a weak cytotoxicity). B. RALA-K1/pEGFP-N1, C. RALA-

K2/pEGFP-N1, D. RALA-K3/pEGFP-N1. Results was performed by GraphPad Prism 9 as mean 

±SEM, N=3, p ≤ 0.01 (**). 
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2.4.5 Ellipticity of RALA by circular dichroism spectroscopy 

 

The ellipticity of RALA(K) peptides was measured by CD spectroscopy under different 

pH conditions (Figure 2.15). For RALA peptide, the curves indicate its random coil at 

pH 7.4 and 6.5 with two minimums at 208 nm and 222 nm. But when pH drops to 6 

or lower, the curves indicate an obvious feature of the α-helix. However, for all RALA-

K variants, they remains in the form of α-helix at all pH, in which shows a reversed 

trend of pH responsiveness-triggered conformational changes compared to RALA, 

although there is only one lysine substitution of arginine in RALA-K1.   

 

 

 

Figure 2.15 Ellipticity of RALA peptide under different pH value 7.4, 7, 6.5, 6 and 5.5. 

Circular dichroic spectra were recorded on a Jasco-J815 spectropolarimeter (Jasco 

International Co. Ltd., Japan), Spectra were recorded at a scan rate of 100 nm/min. 

Molar ellipticities per residue were calculated using the equation: [θ]= 100 (θ)/(lcN) 

[N=3, for RALA-K3 in 2.15D has 2 replicates (N=2) in pH 6 and 5.5 due to the peptide 

were used up. 
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2.4.6 Transfection of Jurkat T-cell with RALA/pEGFP-N1 complexes 

 

Jurkat cells were transfected by RALA/ pEGFP-N1 complexes (Figure 2.16 and 2.17). 

Transfection efficiencies are stable from N:P 6 or higher at about 22% (the highest at 

N:P 12 for 30%).  

 

A. 
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B. 

 
 

Figure 2.16 Fluorescent Images for Jurkat cell transfection with RALA/pEGFP-N1 at different 

N:P ratio treatment under microscope. A. Images are UV-GFP only. B. Images are overlay of 

transmission and UV-GFP. Scale Bars=400 nm. 

 

 

 

Figure 2.17 Jurkat cell transfection efficiencies with RALA peptide (Cell count=500,000). The 

transfection efficiencies were stable at N:P 6 to N:P 12 (21.3%-23.2%). Results was plotted by 

GraphPad Prism 9 as mean ±SEM, N=3, p ≤ 0.01 (**). 
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2.4.7 Jurkat cell viability 

 

The cell viability of Jurkat cell after transfection was measured after 24 h and 48 h to test the 

cell viability of Jurkat cells following the transfection with RALA/pEGFP-N1. RALA/pEGFP-N1 

shows obvious cytotoxicity on the transfection of Jurkat cells. As the figure 2.18 shows, the 

impact on the cell viability of Jurkat cells by RALA transfection is quite higher compared to 

that on NCTC cells. The cell viability decreased from 50% at N:P 2 to the lowest about 20% at 

N:P 10. The cytotoxicity of the Jurkat cell transfection indicates more optimisations are 

required for further transfections to get a balance between transfection efficiency and 

cytotoxicity.  

 

 

Figure 2.18 Jurkat cell viability assay. Following transfection, MTS reagent (Promega, USA) was 

added into each well at 24 h and 48 h incubation to the final concentration of 10% and 

incubated for 2 hours in dark. Absorbance was then measured at 490 nm by an BMG Omega 

Fluoro Star Plate Reader (BMG LABTECH GmbH., Germany). Cell viability equals to the sample 

absorbance divided by the absorbance of untreated control. A. The cell viabilities were tested 

at 24h (Black) and 48h (Blue) post RALA/pEGFP-N1 transfection. Untreated group was 

regarded as control. Dotted line at 80% indicates a critical value for cytotoxicity (60-80% refers 

to a weak cytotoxicity). Results was performed by GraphPad Prism 8 as mean ±SEM, N=3, p≤ 

0.01 (**); p ≤ 0.001 (****). 
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2.4.8 Disassembly assay of RALA/pEGFP-N1 nanoparticles 

 

Poor unpacking of nanoparticles in the endosome is regarded as an obstacle to the 

endosomal escape [175]. The dissociation assay aims to identify the state of RALA/pEGFP-N1 

nanoparticles under neutral and acidic pH. According to the Figure 2.19A, RALA/pEGFP-N1 

nanoparticles remained stable in UltraPure water (pH=7) for 4 hours. N:P 10 was chosen for 

further interrogation of dissociation assay. According to the Figure 2.19B-D, RALA/pEGFP-N1 

nanoparticles followed a trend of pH and time-dependent disassembly of nanoparticles. The 

nanoparticles were stable at pH 7.4 in 4 hours but dissociated at pH 5.5. The dissociation 

occurred immediately even as shown with three results in one measurement (Figure 2.20). 

Each measurement has 3 replicates and the interval between each replicate is 5 minutes, 

which means RALA/pEGFP-N1 nanoparticles disassembled immediately in 15 minutes at 37 °

C.  However, for pH 6, nanoparticles exhibited a partial dissociation over 4 hours.  

 

 

 

Figure 2.19 pH stabilities of lyophilised RALA/pEGFP-N1 nanoparticles. A. Size and charge 

of lyophilised RALA/pEGFP-N1 nanoparticles with different N:P ratios. The powder was 

reconstituted with 50 μl H2O then incubated for 4h at 37 °C. B. Size and charge of 

lyophilised RALA/pEGFP-N1 nanoparticles with N:P 10. The powder was reconstituted 

with 50 μl Bis-Tris propane/HCl buffer at pH 7.4 then incubated for 0-4h at 37 °C. C and 

D: pH 6 and pH 5.5.  
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Figure 2.20 Size distribution of lyophilised RALA/pEGFP-N1 nanoparticles with N:P 10. 

The powder was reconstituted with 50 μl Bis-Tris propane/HCl buffer at pH 5.5 then 

measured immediately at 0h. Three lines indicated three results in one measurement for 

the same sample. Each measurement has 3 replicates. The interval between each replicate 

is 5 minutes. 

 

However, although nanoparticles immediately show a strong dissociation under pH 5.5, 

there was still no DNA band after 4-hour incubations without proteinase K, which means 

the plasmid DNAs were still binding with cationic RALA peptides, in which at least negative 

charge of the plasmids is neutralised (Figure 2.21).   
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Figure 2.21 Gel retardation assay for pH stability. Lyophilised nanoparticles were 

reconstituted in 50 μL Bis-Tris propane with different pH then incubated for 4 hours at 

37°C. Samples at the top line are free from Proteinase K. Samples at the bottom line were 

incubated with 50 μL Protease K for 2 more hours. L: DNA ladder, D: DNA only, Numbers: 

N:P ratio. Colours: pH value.  
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2.5 Discussion 

 

The properties of RALA and derived RALA-K peptides were characterised. Also, Jurkat cells 

were transfected with RALA peptide with a transfection efficiency of approximately 25%. 

However, the pH sensitiveness of RALA-Ks is converse to RALA. Jurkat cells got a low cell 

viability of less than 50% after RALA-mediated transfection. 

 

2.5.1 Characterisation of RALA and RALA-Ks peptides 

 

The encapsulation efficiencies of all 4 peptides are less than 100%. However, this may not 

indicate that there is any plasmid DNA left. One of the limitations of Picogreen assay is that 

some of the pDNA may only partially bind to peptides. The unbound parts exposed can be 

identified as free pDNA by the Picogreen dye.  

 

In an assembly experiment of R9 peptides (RRRRRRRRR) and mRNA, excessive peptides were 

observed at the N:P ratio forming stable nanoparticles (N:P 5) or higher [43]. Excessive 

peptides are speculated as the factor influencing charge reversal, the association/dissociation 

equilibrium of nanoparticles and the source of cytotoxicity [41, 43, 176]. Especially for arginine 

rich peptides, a high concentration of peptides (>10-20 μM) will transform the pattern of 

uptake from the endocytic vesicular vesicles to the nucleation zone-induced cytoplasmic 

uptake which is bypassing the endosomes [120]. In polymer-mediated transfection, the 

existence of free PEI is considered to enhance the efficiency of transfection by inhibiting the 

GAG-triggered polyplex dissociation and promoting downstream processes such as 

endosomal escape/intracellular trafficking [177, 178]. Except PEI, pBAE/pDNA polyplexes 

entered cells by endocytic pathways. However, free pBAE in the preparation demonstrated 

strong cytoplasmic staining simultaneously [44]. General methods such as TEM and AFM focus 

on nanoparticles (complexes) but ignore other components such as excessive (free) polymers 

in the formula. Therefore, the encapsulation assay and the gel retardation assay may not 

reflect the full picture of a preparation and further states of transfection. 
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All the nanoparticles have similar results in size and charge from N:P 6 to higher N:P ratios 

with PDI lower than 0.4 also indicates the formation of stable nanoparticles, which suggests 

that RALA is a sequence of DNA-condensing peptide such as R9 and Tyr3-TAT peptides 

mentioned in Table 1.6. A size of approximately 100 nm facilitates cellular uptake via clathrin 

mediated endocytosis [179]. Size and charge are two vital parameters for a nanoparticle. 

However, the uptake characteristics of nanoparticles are not limited to these parameters only. 

Small modifications on the side chains of pBAE can deeply affect the internalisation rate of 

the nanoparticles forming with plasmid DNA, although they had similar sizes and charges 

[151]. 

 

RALA achieved transfection in both NCTC-929 and Jurkat cell lines, which indicates it is 

available for transfecting both adherent cell lines and suspension cell lines. Compared to RALA, 

all RALA-K variants show obvious cytotoxicity after 4 hours of incubation (data not shown). 

Therefore, the time for the incubation during the transfections was reduced to 3 hours. 

Although the cells were treated with a shorter time, RALA-Ks indicated comparable 

transfection efficiencies and cytotoxicity to the RALA peptide, especially at N:P 8 or above. 

Therefore, RALA-Ks should be considered for Jurkat cell transfections in future experiments.  

 

2.5.2 pH sensitiveness of RALA and RALA-Ks peptides 

 

The CD spectra data of RALA-Ks explains the reason RALA-Ks causing a higher cytotoxicity 

on NCTC cell transfection than RALA. An amphipathic α-helical structure at pH 7.4 can 

disrupt membrane structures such as the cytoplasm membrane and the mitochondrial 

membrane extracellularly and intracellularly. Besides cytotoxicity, a lower proportion of α-

helix at pH 5.5 is not expected for the disruption of the endosomal membrane. Therefore, 

RALA-Ks should not be applied for further experiments. 

 

The α-helical structure of RALA at pH 6 seems to gain the ability to disrupt the endosomal 
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membrane in primary T-cells. However, the percentage of α-helix at pH 6 is too low, which 

may eliminate the efficacy of membrane disruption. In addition, a weak dissociation of the 

RALA/pEGFP-N1 nanoparticles at pH 6 may further limit the effect of endosomal escape in 

primary T-cells. 

 

Titratable glutamic acid is the key to trigger pH sensitivities at endosomal pH due to its pKa 

(pKa3 = 4.25). It is worth mentioning that the mechanism of pH sensitiveness of GALA may 

be totally different from that of KALA and RALA. The glutamic acids in all these peptides are 

titratable. Therefore, the formation of the α-helix in GALA may be due to the weakened 

electrostatic repulsion of protonated glutamic acids. However, arginine and lysine are not 

titratable at lower pH (pH < 7) according to the Henderson-Hasselbalch equation. As a result, 

effects of electrostatic repulsion cannot explain the pH sensitiveness of the KALA and RALA 

peptide. 

 

The author of KALA peptide has claimed that Glutamic acid, Cationic residues and the 

Histidine will affect the pH responsiveness of KALA, which is corresponding to the results of 

RALA-Ks (Figure 2.15 B-D) [131]. In RALA-K1, only the first arginine was substituted to a lysine, 

but totally altered the pattern of RALA’s pH responsiveness, which indicates that the 

interaction between the glutamic acid and the side chain of the first charged amino acid 

(exclude the Glutamic acid at the top) determines the pattern of pH responsiveness on ‘XALA’ 

peptides (X= R or K). Opposite trends in pH responsiveness of RALA and KALA peptides may 

heavily depend on salt bridges between side chains rather than the repulsion between 

cationic residues or pKa. In addition, the secondary structure of peptides is also related to the 

interaction of the side chain on the residues with water [180]. 

 

Different from GALA peptide, glutamic acids at both 2 sides form salt bridges with lysine and 

arginine in KALA, RALA, RALA26 (WEARLARALARHLARALARALRACEA) and RALA-K1. Types, 

distance and orientation of cationic and anionic amino acids can affect the free energy of salt 

bridges [181-183]. As Table 4.1 shows, a truncated RALA called RALA26 possess the same pH 
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sensitiveness as RALA. The simulation results from I-TASSER explain that the different kinds 

and positions of salt bridge formed may be the reason why KALA and RALA-K1 demonstrated 

reverse trends of pH sensitiveness compared to RALA and RALA26 peptides (Figure 2.22 and 

Table 2.7) [184].  
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Figure 2.22 Salt bridges in 4 peptides predicted by I-TASSER. The pink dotted lines indicated 

by pink arrows refer to salt bridges [184]. 

A. RALA 

B. RALA26 

C. KALA 

D. RALA-K1 
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Table 2.7 pH sensitiveness of 4 peptides  

Peptide Name 
TE% changes with the 

existence of chloroquine 

Conformational change when 

pH drops from 7.4-4.3 

KALA N/A less α helix, reverse to RALA 

RALA No change Random coil to α helical 

RALA26 [185] No change Random coil to α helical 

RALA-K1 N/A less α helix, reverse to RALA 

 

Table 2.8 Components and positions of salt bridges in 4 peptides  

Peptide Name Positions of salt bridges 

RALA GLU2-ARG7, ARG26-GLU29 

RALA26  GLU2-ARG7, ARG22-GLU25 

KALA GLU2-LYS4, GLU2-LYS7, LYS26-GLU29 

RALA-K1 GLU2-LYS4, ARG26-GLU29 

 

Through the comparison of the 4 peptides in Table 2.8, the salt bridges at the end of the 

peptides seem to follow the same pattern: ARG/LYS-GLU (i, i+3). However, for the salt bridges 

at the head of the peptide, the salt bridges occur at different positions, which is relevant to 

the reverse pH sensitiveness between RALA/RALA26 and KALA/RALA-K1, which may cause 

the heterogeneity of pH sensitiveness between RALA and RALA-K variants. 

 

2.5.3 Jurkat cell viability 

 

Comparing to previous data on cell viabilities following transfection with RALA peptide, Jurkat 

cell line had a much lower cell viability [130]. Previous experiments of Jurkat cell transfection 

showed cell toxicity was related to the total amount of polymer or DNA added rather than 

the N:P ratio. Olden et al. have proven that decreasing the mass of DNA used in the 

pDMAEMA mediated transfection of 500k and 750k Jurkat cells from 3 μg to 2 μg can 

improve the cell viability from 20% to 60% [148]. Simon et al. have further proven and explained 

the source of cytotoxicity in pDMAEMA mediated transfection depends on the total amount 

of polymers (or pDNA) rather than the N:P ratio. A proportional trend was illustrated between 

the amount of polymer (or pDNA) and the cell viability at a fixed N:P ratio (N:P 10) (From 3 μ

g polymer with 100% viability to 40 μg polymer with 5% viability per 1*10
6
 cells) [163]. In 

addition, the optimisations of transfection methods will also contribute to the improvement 
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of Jurkat cell viability. Simon et al also proved that transfecting the Jurkat cells in rotating 

Eppendorf tubes with a higher cell density about 1*10
8
 but with the constant polymer density 

(3 μg polymer per 1*10
6
 cells) can dramatically increase the cell viability from less than 5% to 

73% comparing to 1*10
6 
cells transfected in the 6-well plates with the same transfection 

efficiency about 60% [163]. Furthermore, learning from RALA-K peptides, a shorter incubation 

time should be considered either. In conclusion, there are many parameters that should be 

considered in future work to get the best balance between the transfection efficiencies and 

the cell viabilities.   

 

Jurkat cells appear to be more sensitive to arginine rich peptides. Jurkat cells have a much 

lower threshold for the nucleation region-mediated cytoplasmic uptake of arginine rich 

peptides and are sensitive to the toxicity induced by arginine-rich peptides (Figure 1.9) [122, 

186]. Cytoplasmic arginine peptides rapidly concentrated in the nucleus, causing intense 

nuclear staining, which may induce unexpected transcription. Besides, as mentioned in 1.3.2.2, 

serum withdrawal and prospective arginine rich peptide induced ceramide during RALA 

transfections may also be the sources of cytotoxicity to Jurkat cells. The nucleation region-

mediated cytoplasmic uptake positively relates to the concentration of arginine rich peptides 

and the level of GAG [122]. Although the level of GAG is quite low in Jurkat cells and activated 

CD4+ Primary T-cells, it is highly sulphated compared to adherent cell lines, which may be 

more attractive for the attachment of arginine-rich peptides [146]. Therefore, reducing the 

total amount of RALA rather than the N:P ratio is vital for the recovery of cell viability during 

transfection. 

 

Importantly, the choices of cell viability assays also dramatically influence the results, which 

has been discussed in the review [153]. The types of assays can be briefly separated into 2 

types: cell staining with flow and metabolic assay. The former may cause a huge 

misunderstanding due to the differences in the total cell numbers and the cell counts running 

by flow cytometry. For example, in the experiments of Olden et al., they transfected 500-700k 

cells, but only 10,000 events were tested by flow cytometry [148]. The cell viabilities in all types 



89 

 

of polymers were kept at 100%, which was not realistic as a result of the lysed cells were not 

completely accounted. By contrast, metabolic assays such as MTT can reflect an overall cell 

activity more realistically.  

 

2.5.4 Disassembly of RALA/pEGFP-N1 nanoparticles 

 

The disassembly of RALA/pEGFP-N1 nanoparticles can release RALA peptides and pDNA 

cargoes from complexes. Interaction between amphiphilic peptides and the plasma 

membrane contributes to membrane disruption according to the mechanisms of anti-

microbial peptides. In addition, the release of pDNA facilitates the expression of external 

genetic materials in transfection. Previous studies have shown that RALA/Bisphosphonates 

nanoparticles would lose the signal of phosphorus at pH 4 in the 
31
P NMR stability assay, 

which may suggest the nanoparticles formed by RALA/Bisphosphonates were disassembled 

and phosphate becoming free under acidic pH [187]. Therefore, low pH caused by endosomal 

acidification was speculated as the factor influencing the disassembly of 

RALA/bisphosphonates nanoparticles, then further for RALA/pEGFP-N1 nanoparticles. 

 

RALA/pEGFP-N1 nanoparticles show a rapid disassembly at pH 5.5. However, for Primary T-

cells, endosomal pH never fell below 6 in 4 hours [147]. The higher pH (pH 6) did prohibit the 

disassembly of RALA/pEGFP-N1 nanoparticles, which may further eliminate the endosomal 

escape of RALA and the release of pDNA cargoes in the transfection of Primary T-cells.  A 

shorter RALA with less arginine (RALA26: WEARLARALARHLARALARALRACEA) may promote 

the property of disassembling at pH 6 due to less amount of arginine, which decreases the 

binding affinity between pDNA and RALA26 peptides [185].  
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2.6  Conclusion 

 

The chapter 2 reviews the background of RALA peptide, T-cell barriers and current 

methods for CAR-T-cell production. A HIV integrase based method for the improvement 

of nuclear entry was proposed. For the experimental section, RALA and RALA-Ks have 

been characterised. Also, the ability of RALA transfection on Jurkat cells were proved. 

Finally, CD and dissociation assay of RALA/pDNA nanoparticle indicated a potential 

weakness of RALA on the Primary T-cell transfection.  

 

2.7 Future work 

 

Substitute the second arginine (ARG7) to a lysine in RALA to inquiry the pH sensitiveness 

at pH 6 

 

Optimise the parameters of Jurkat cell transfections to get a balance of transfection 

efficiency and cytotoxicity.  

 

Design mRNA of HIV integrase to investigate the enhancement of plasmids’ nuclear entry 

in low proliferation/non-dividing cells. 
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Chapter 3: An interrogation into 

the key factors that play a role 

in the cellular entry of RALA 

nanoparticles  
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3.1 Introduction  

 

For a nanoparticle to enter a cell, it must have the correct physiochemical characteristics, 

escape the endosome, and release its cargo, which dictates transfection efficiency. Yet for 

many CPPs, transfection efficiencies markedly vary at both the intra and inter cell line level. 

The goal of this chapter is to try to understand some of the key factors that govern RALA 

transfection within a range of breast cancer cell lines. Current Jurkat cell transfection has 

shortcomings of low transfection efficiency and high cytotoxicity. The identification of these 

key factors can promote the future design of RALA variants for a higher transfection efficiency 

and a lower cytotoxicity in T-cell transfections. 

 

3.1.1 HSPG and the uptake of arginine rich peptide 

 

Nanoparticles that are formed using CPPs typically have cationic amino acids that confer 

an overall positive charge, essential for ensuring that nucleic acid cargoes are condensed. 

This, however, leaves nanoparticles susceptible to the interactions with negatively 

charged Heparin Sulphate Proteoglycans (HSPG), sialic acids, and the polar head of 

phospholipids. From these, HSPG has been shown to directly influence the uptake of 

arginine rich peptides by both endocytic pathways and nucleation zone mediated 

transduction [121, 122, 188].  

 

The first interaction between cationic CPPs and cells occurs in the extracellular matrix 

where HSPGs are found. The extracellular matrix is composed of multiple proteins and 

polysaccharides such as collagens, fibronectin, laminin and proteoglycans [189]. Among 

these macromolecules, a proteoglycan is made up of a core protein, a linker and 

glycosaminoglycans. GAG is rich in repeated disaccharide units with negative charged 

sulfation groups and carboxyl groups. Heparan Sulfate (HS) is the most dominant (>50%) 

type of cell surface GAG in syndecans and glypicans (Table 3.1). Other types of GAG 
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include Chondroitin Sulfate (CS) and Dermatan Sulfate (DS) which contain much fewer 

sulfation sites compared to HS (Figure 3.1) [190].   

 

The biosynthesis of HS occurs in the Golgi apparatus, consisting of gagosylation, 

elongation and the sulfation [191]. Heparan sulfate is composed by repeated 

disaccharides which contain a Glucuronic Acid (GlcA) and an N-acetyl Glycosamine 

(GlcNAc) (Figure 3.1) [192]. The polymerisation of the disaccharides extends the length of 

HS chains (usually 50-400 monosaccharides), which are catalysed by the Exostosin 1 and 

2 enzymes. After elongation, sulfation of GlcNAc occurs at N-Ac site by de-N-Acetylation 

and re-N-sulfation, which is catalysed by the N-deacetylase/N-sulfotransferase 1 and 2 

(NDSTs). Other sulfation sites contain No. 3 and 6 carbon on GlcNAc and No. 2 carbon 

on the GlcA or Iduronic Acid (IdoA, epimerisation of GlcA). According to the density of 

N-sulfation (NS) on the N-acetyl (NA) glycosamines, HS can be divided into NS, NS/NA 

and NA domains (Figure 3.1). The diversity in the NS domain supplies distinct binding 

sites for various ligands to achieve multiple biologic functions. Some examples are shown 

in Figure 3.1, such as FGF, antithrombin and selectin binding sites on the HS or CS [188]. 

 

In contrast to the expression of proteins, the biosynthesis of HS is non-template driven, 

which means HSPG can regulate a series of biological functions flexibly [191]. The flexibly 

facilitates the regulation of dynamic processes such as embryonic development, 

inflammation and immune response. In addition, HS mediates multiple functions 

involving ligand-receptor clustering and signalling (FGF2), chemokine presentation, cell 

adhesion and crosstalk, endocytosis of lipoproteins and virus entry [191].  
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Table 3.1 Classification of proteoglycans [189, 190] 

Classification  Type 
Predominant 

GAG type 

Number of 

GAG chain(s) 
Tissue specificity 

Extracellular 

Proteoglycans 

Aggrecan CS/KS 

N/A 

Widely expressed 

Versican CS 

Neurocan CS 

Brevican CS 

Pericellular 

Proteoglycans 

Perlecan HS 1-4 

Agrin HS 1-3 

Collagen HS 1-3 

Cell surface 

Proteoglycans 

Syndecan 

1/3 
HS/CS 3-4/1-2 

SDC-1 on Epithelial 

cells, plasma cells; 

SDC-2 on endothelial 

cells, fibroblasts; 

SDC-3 on neural 

tissue; SDC-4: on 

ubiquitously 

Syndecan 

2/4 
HS 2-3 

CSPG4 CS 

N/A Widely expressed Betaglycan HS/CS 

Phosphacan CS 

Glypicans HS 1-3 
Epithelial cells, 

fibroblasts 

CD44v3 HS 1 Lymphocytes 

 

GAGs are bound to a core protein which is organised as the whole proteoglycan. The 

main proteoglycans that interact with arginine rich peptides include: Syndecans (SDC) as 

transmembrane protein and Glypicans (GPC) that are anchored by a 

glycosylphosphatidylinositol (GPI) linker on the lipid raft domain [190]. It has been proven 

that SDC-4 and GPC-1 relate to the uptake of the R8 peptides (RRRRRRRR-Alexa488). In 

fact, RNA silencing of these 2 genes eliminated 10% (si-GPC-1) and 30% (si-SDC-4) uptake 

of R8 peptides in Hela cells, respectively [70].  
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Figure 3.1 Structure of syndecan (SDC) and glypican (GPC). Syndecan 1 and 3 have 

Heparan Sulfate (HS) and Chondroitin Sulfate and Dermatan Sulfate (CS/DS) chains. 

Glypicans, Syndecan 2 and 4 only have HS chains. HS chains are composed by repeating 

disaccharide units of N-acetylglucosamine (GlcNAc) and Glucuronic acid (GlcA)/Iduronic 

acid (IdoA). CS/DS chains are composed by repeating disaccharide units of N-acetyl-d-

galactosamine (GalNAc) and GlcA. Syndecans are transmembrane proteins with 

extracellular domain, transmembrane domain and intracellular domain with constant 

domains 1/2 and a variable domain. Glypicans are Glycosylphosphatidylinositol (GPI) 

anchored proteins that only have extracellular domains.  

 

The types of proteoglycans can also affect the uptake of the molecules. Syndecans have 

4 types of variants: SDC 1-4 and glypicans have 6 variants which are GPC 1-6 [190]. 

Among the syndecans, SDC-1 is only expressed in epithelial and plasma cells. SDC-2 is 

only expressed in endothelial and fibroblasts. SDC-3 mainly expresses in neural tissues. 

While, SDC-4 is universally expressed (Table 3.1). Studies have shown that all of SDC-

1/2/4 can enhance the uptake of R8 peptide to different levels with  (SDC-4 >> SDC-

1 > SDC-2) (SDC-3 was not studied) [121]. Syndecans are a kind of transmembrane 

receptors, composed of an extracellular domain, a transmembrane domain, and an 

intracellular domain. At the extracellular domain, components of GAGs are different 

between syndecan isotypes (Table 3.1). The intracellular domain can be divided into a 

conserved C1 domain, a variant domain, and another conserved C2 domain [190]. 

Arginine rich peptides can cluster syndecans, in which arginine rich peptides and HSPGs 

are cross-linked together by electrostatic interaction. However, to what extent the 
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clustering will trigger endocytosis is still controversial. A strong negative correlation 

between the stoichiometry of binding and uptake efficiency in lactoferrin derived arginine 

rich CPP variants indicates the importance of HSPGs clustering [186]. In other words, 

fewer binding sites per HS will cause higher uptake of arginine rich CPPs, which suggests 

the influence of HSPG clustering. Deletion of the variant domain in SDC-4 eliminated half 

of the uptake of the R8 peptide (RRRRRRRR-Alexa488) in Hela cells [193].  
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3.2 Aims and objectives 

The aim of this chapter is to understand the relationship between RALA/pEGFP-N1 

nanoparticles’ transfection efficiencies and proteoglycan levels in vitro.  

 

Objectives are: 

To evaluate the statistical relationship between the transfection efficiencies of RALA NPs 

among across inter cell lines using in silico data analysis. 

 

To examine the intra-cell variation from 5 breast cancer cell lines using in silico data with low 

to high expression of SDC4/GPC1. 
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3.3 Methods 

 

3.3.1 Bioinformatics analysis 

 

mRNA expression data of SDC-4 and GPC-1 was downloaded from Cancer Cell Line 

Encyclopedia database (CCLE 2019) using cBioportal (cbioportal.org). The heatmaps 

were generated on Morpheus (software.broadinstitute.org/morpheus/). The data was 

normalised with a robust z score transformation (‘Subtract row median, divide by row 

median absolute) within the online tool to normalise the mRNA expression level of each 

gene. Data of RALA-mediated transfection efficiencies for in silico analyses was used 

from previous commercial transfections from pHion. 

 

3.3.2 Cell Culture 

 

MDA-MB-468, MCF-7 and MDA-MB-231 cells (ATCC, USA) were cultured in DMEM 

medium (Thermo Fisher Scientific, UK) supplemented with 10% Fetal bovine serum 

(Thermo Fisher Scientific, UK) at 37°C, under 5% CO2, and sub-cultured when 70% 

confluent approximately every 2-3 days. T-47-D cells (ATCC, USA) were cultured in 

RPMI-1640 medium (Thermo Fisher Scientific, UK) supplemented with 10% Fetal bovine 

serum (Thermo Fisher Scientific, UK) at 37°C, under 5% CO2, and sub-cultured when 70% 

confluent approximately every 2-3 days. BT-20 cells (ATCC, USA) were cultured in 

DMEM/F:12 medium (Thermo Fisher Scientific, UK) supplemented with 10% Fetal bovine 

serum (Thermo Fisher Scientific, UK) at 37°C, under 5% CO2, and sub-cultured when 70% 

confluent approximately every 4-5 days. 

 

3.3.3 Transfection with RALA/pEGFP-N1 

 

RALA/pEGFP-N1 nanoparticles were prepared as 2.3.4 in Chapter 2. Methods for 

transfections were as same as described in 2.3.9 for NCTC-929 cells in Chapter 2. The 
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complete mediums were replaced to the corresponding mediums as shown in 3.3.2. 

 

3.3.4 Cell viability test 

 

Same as NCTC-929 cells described in 2.3.10 of the Chapter 2 

 

3.3.5 Fluorescence microscopy 

 

Same as 2.3.11 in Chapter 2 

 

3.3.6 Real-time PCR (RT-PCR) 

 

RNA of 5 cell lines was extracted using Trizol (Thermo Fisher Scientific, UK) according 

to the manufacturer’s instructions. 1ml trizol was added to 500,000 cells cultured 1 days 

ago in the 6-well plate. Lyse the cells for 10 mins then add 200 µl chloroform, vortex 

until homogenous. Spin at 15,000 rpm for 15 mins (at 4 °C) then collect clear layer. Add 

500 µl isopropanol into the collected layer and freeze at -80°C for 30 mins. Spin for 10 

mins at 15.000 rpm (at 4 °C) then pour off isopropanol. Add 1ml of cold 70% EtOH then 

mix well. Spin at 15,000 rpm for 5 mins (at 4 °C) then pour off EtOH. Add water to 

dissolve the precipitations and measure the concentration by Nanodrop. Universal 

Human Reference RNA was purchased from Thermo Fisher Scientific, UK. cDNA 

synthesis was performed in a 20 µl reaction volume consisting of 4 µL reaction buffer, 

0.5 µL RNase Inhibitor, 2 µL dNTP, 0.5 µL Reverse transcriptase, 2 µL Random primer, 

1 µg RNA and water to 20 µL (cDNA synthesis kit, Roche). Two negative controls  

without RNA or reverse transcriptase were prepared simultaneously. Synthesised cDNA 

solutions were diluted for 5 times for further use. 

 

PCR sequences of primers for SDC-4: (F: 5’-GGCAGGAATCTGATGACTTTG-3’ R: (5'-

GGCCGATCATGGAGTCTTC-3'), and for GPC-1: (F: 5’-CGAGGTCCGCCAGATCTAC-3’ R: 
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5'-GACAGATCCGCAGGTGCT-3') were designed using the online universal 

ProbeLibrary (ProbeFinder version 2.53, Roche). Primers were purchased from 

Integrated DNA Technologies (IDT. UK). The concentration of the primers was finally 

diluted to 5 µM as the working concentration. PCR analysis was carried out on the 96-

well plates. Each well contains 1.5 µL cDNA, 0.5 µL F primers, 0.5 µL R primers, 5 µL 

SYBR Green (Roche, UK) and water to 10 µL. The mixture was amplified using the 

Lightcycler
®
 480 II (Roche, UK). Data was analysed by absolute quantification using a 

standard curve prepared using cDNA from the universal reference RNA via LightCycler
®
 

480 Software (Roche, UK).  

 

3.3.7 Western Blot 

 

300,000 cells were seeded in p-60 plates 24 hours before protein extractions for each 

cell line. Cells were lysed with 200 µL 2x Laemmli buffer scraped and collected. Cell 

lysates were heated at 95°C for 10 minutes to break any disulphide bonds. 40 μL of 

denatured protein was loaded into the wells of a 4-12% Bis-Tris Plus Gel (Thermo Fisher 

Scientific, UK) which was then run for 1.5 hours at 90 V. PVDF Membrane transfer was 

performed using the iBolt Gel Transfer Stack (Thermo Fisher Scientific, UK).  

 

Blocking solution was prepared by dissolving 5% milk powder into 1x TBST. The 

membrane was blocked for 1 h after protein transfer. For the target protein: 1:500 of 

Anti-SDC-4 antibody (Thermo Fisher Scientific, UK, Cat #PA5-105801) was dissolved 

into 3 ml blocking solution with a 50 ml Eppendorf tube. The blocked membrane was 

then incubated overnight at 4°C. The incubated membrane was then washed with 1x 

TBST for 10 mins, and repeated 3 x. The membrane was then incubated with 1:1000 

Anti-Rabbit Ab, (Cell signaling, UK, Cat # #7074) for 1 h. Again, the incubated 

membrane was washed with 1x TBST for 10 mins and repeated for 3 x. 2-3 drops of 

HRP substrate were added to visualise the bands on the UNITEC Bioimaging System 

(Cambridge, UK). For loading control protein: 1:1000 of Anti-Vinculin Ab (Cell signaling, 
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UK, Cat #4650) was dissolved into 5 ml blocking solution. 1:1000 Anti-Mouse Ab (Cell 

signaling, UK, Cat #7076) was used for the secondary antibodies for Anti-Vinculin Ab. 

 

3.3.8 pH stability assay of RALA/pEGFP-N1 nanoparticles 

 

RALA/pEGFP-N1 nanoparticles at N:P 10 were prepared as 2.3.4 . 16.67 μL 20% trehalose 

solution was added to 50 μL RALA/pEGFP-N1 nanoparticles for lyophilisation overnight. 

Lyophilised powder was reconstituted by Bis-Tris propane/HCl buffer and titrated to pH 

7.4/6.0/5.5. Reconstituted solution was characterised by Dynamic Light Scattering for 

zeta-size, zeta-potential and gel retardation assays.  

 

3.3.9 Statistical analysis 

 

Three independent experiments were carried out for each experiment and the results are 

presented as mean ± SEM, N=3. Statistically significant differences were calculated with 

one-way and two-way ANOVA by GraphPad Prism 9.1.0 (GraphPad Software, USA). One-

way ANOVA and two-way ANOVA use Dunnett's multiple comparisons test and Šídák's 

multiple comparisons test respectively. A p-value ≤0.05 is considered significant; p≤ 

0.05 (*); p ≤ 0.01 (**); p ≤ 0.001 (***). Simple linear regression was exploited for the 

correlation tests. Correlations with R
2
 values higher than 0.7 were considered as strong 

correlations. R
2
 values between 0.3 and 0.7 were considered as medium correlations.  
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3.4 Results  

 

3.4.1 In silico data of mRNA level of SDCs and GPCs vs Transfection Efficiencies % by 

RALA/pEGFP-N1  

 

11 cell lines were previously transfected and were chosen for the in silico analysis to 

investigate the relationship between potential proteoglycans that influence uptake 

and transfection efficiencies (Table 3.2). The results of the in silico analysis concur with 

those reported in the literature clarifying the function of SDC-4 and GPC-1 with R8 

peptides [70]. In this study, the efficiencies of RALA/pEGFP-N1 mediated transfection 

positively correlate to SDC-4 and GPC-1 across all cell lines (Figure 3.2).  
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Table 3.2 Data of transfection efficiencies of RALA/pEGFP-N1 nanoparticles and the 

normalized in silico mRNA levels (z-scores) in raw of syndecan family and glypican family. 

Cell lines TE% SDC-1 
SDC-

2 

SDC-

3 
SDC-4 

GPC-

1 

GPC-

2 

GPC-

3 

GPC-

4 

GPC-

5 
GPC-6 

OVCAR3                                      

ovarian cancer 

cell line 

20 26.85 41.26 11.71 87.14 18.7 3.89 0.6 11.72 0.31 7.42 

PC-3                                      

prostatic 

adenocarcinoma 

20 170.28 16.7 3.89 81.79 16.38 2.17 0.03 7.19 0 1.17 

Jurkat                                                          

T-cell leukemia 

cell line 

25 0.33 0.17 4.83 4.06 2.74 15.58 0.5 2.48 0.11 0.01 

22Rv1                                            

prostate 

carcinoma 

epithelial cell 

line 

25 13.83 7.63 4.31 15.55 1.51 1.96 0.59 5.26 0.09 5.92 

LNCaP                                   

prostate 

carcinoma cell 

line 

25 14.78 2.14 11.37 21.44 4.02 4.62 1.89 2.47 0.02 0.39 

MCF-7                                                

breast 

adenocarcinoma 

cell line 

25 11.08 4.38 5.33 64.04 12.25 1.3 0.39 7.08 0 0.35 

MG63                        

Osteosarcoma 

cell line 

38 21.88 16.5 8.47 87.82 43.17 0.32 0.17 3.96 0 6.07 

MDA-MB-231                                             

breast 

adenocarcinoma 

cell line 

40 29.67 4.91 12.14 73.13 18.51 0.16 0.35 0.03 0.01 1.11 

T98G                              

glioblastoma 

cell line 

40 20.39 16.03 29.57 65.68 59.89 1.97 0.01 2.16 0.01 0.18 

DU145                                   

prostate 

carcinoma cell 

line 

45 63.26 0.73 7.65 122.24 51.47 0.67 1.96 0.86 0.02 0.12 

LN229                            

glioblastoma 

cell line 

50 15.4 34.14 55.39 105.46 42.29 3.71 0.52 2.36 0 10.38  
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Figure 3.2 Heatmap made on Morpheus of the mRNA level of syndecan family and glypican 

family versus increasing transfection efficiencies of RALA/pEGFP-N1 nanoparticles in several 

cell lines.  
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3.4.2 Transfection in 5 breast cancer cell lines 

 

Current data in the heatmap has shown a positive correlation between the transfection 

efficiencies and the levels of SDC-4/GPC-1 in prostate cancer cell lines (PC-3, 22RV1, 

LNCaP and DU145). However, this generality should be verified further with another type of 

cell lines to exclude tissue specificity. Therefore, 5 breast cancer cell lines were chosen 

according to the mRNA level of SDC-4 for further investigation. The sequence from low to 

high expression of SDC-4 is MDA-MB-468 < MCF-7 = T-47-D < MDA-MB-231 < BT-20 

(Table 3.3). The results of transfection efficiencies are shown in Figure 3.3. The transfection 

efficiencies showed significant differences from N:P 6 (or higher) in all 5 cell lines. The most 

significant difference occurred at N:P 10 in all 5 cell lines. As a result, transfection efficiencies 

at N:P 10 were chosen for further experiments. 

 

Table 3.3 mRNA levels of SDC-4 and GPC-1 in 5 breast cancer cell lines 

Cell lines SDC-4 GPC-1 

MDA-MB-468 40.04 12.71 

MCF-7 64.04 12.25 

T-47-D 63.48 10.8 

MDA-MB-231 73.13 18.51 

BT-20 173.06 38.24 
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Figure 3.3 Transfection efficiencies of RALA/pEGFP-N1 in 5 cell lines. 20,000 cells were 

seeded into each well of a 96 well plate and allowed to adhere overnight in complete 

medium at 37°C, under 5% CO2. On the day of transfection, full mediums were replaced 

with Opti-MEM serum free-media (Thermo Fisher Scientific, UK) 2 h prior to transfection 

then put back into the incubator. 150 μL RALA/pEGFP-N1 complexes were prepared as 

previously described in section 2.3.4 at N:P ratios of 0,4,6,8,10,12 and 14, and incubated 

for 30 min at room temperature. 50 μL RALA/ pEGFP-N1 complexes were then added 

into appropriate wells in triplicate for every N:P ratio and incubated for 4 hours. OptiMEM 

was then replaced with complete medium and cells maintained for 48 hours. Data are 

shown as mean ± SEM. (N=3, p≤0.001 (***), p≤0.0001 (****)) 

 

 
Figure 3.4 Fluorescent images of GFP positive cells in 5 cell lines with overlay of transmission 

and UV-GFP. All pictures captured at N:P 10.  
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Cell viabilities were measured for 5 cell lines in RALA-mediated transfection. Results are 

shown in Figure 3.5. MDA-MB-231 cells got the lowest cell viability among all 5 cell lines. The 

cell viability was lower than 80% at N:P 10, which means RALA caused low to medium 

cytotoxicity in the MDA-MB-231 cells. Except MDA-MB-231 cell line, all other 4 cell lines 

remained high cell viabilities after RALA transfection.  

 

 

Figure 3.5 Cytotoxicity assay of 5 cell lines. Following transfection, Alamar Blue reagent 

(Thermo Fisher Scientific, UK) was added into each well at 24 h and 48 h incubation to the 

final concentration of 10% and incubated for 2 hours in dark. Absorbance was then measured 

at 544/590 nm by an BMG Omega Fluoro Star Plate Reader (BMG LABTECH GmbH., Germany). 

Cell viability equals to the sample absorbance divided by the absorbance of untreated control.  

Cell viabilities were tested at 24 h (Black) and 48 h (Blue) post RALA/pEGFP-N1 transfection. 

Untreated group was regarded as control. Dotted line at 80% indicates a critical value for 

cytotoxicity (60-80% refers to a weak cytotoxicity). 
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Consistent with in silico data, the cell lines that express high levels of SDC-4 and GPC-1 such 

as BT-20 and MDA-MB-231 have higher transfection efficiencies. Reversely, cell lines that 

express less SDC-4 and GPC-1 have lower transfection efficiencies such as T-47-D, MDA-

MB-468 and the MCF-7 cells.  

 

Table 3.4 A summary of TE% by RALA and the level of SDC4/GPC1 by in silico data  

Cell lines TE% SDC4 GPC1 

MDA-MB-468 20 40.04 12.71 

MCF-7 22.5 64.04 12.25 

T-47-D 2.5 63.48 10.8 

MDA-MB-231 40 73.13 18.51 

BT-20 46.67 173.06 38.24 

 

Statistical analysis of correlation assay was shown in the figure 3.6. Both mRNA levels (in silico) 

of GPC-1 and SDC-4 show medium to high correlation with transfection efficiencies by RALA, 

in which GPC-1 shows higher correlation with the transfection efficiencies comparing to SDC-

4. However, P values in two correlation assays are higher than 0.05. Error may be caused by 

fewer cell lines chosen. An extension on a wider range of cell lines is required for further 

studies.  
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Figure 3.6. X-Y plots indicate the in-silico mRNA expression level of SDC-4 and GPC-1 vs the 

highest RALA transfection efficiencies at N:P 10 in 5 cell lines. Simple linear regression was 

exploited for the correlation tests. Correlations with R2 values higher than 0.7 were considered 

as strong correlations. R2 values between 0.3 and 0.7 were considered as medium correlations. 
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3.4.3 RT-PCR 

 

In order to validate the correlations to date, the actual mRNA levels of SDC-4 (Table 3.5 and 

Figure 3.7) and GPC-1 (Table 3.6 and Figure 3.8) were measured using RT-PCR in the five 

selected breast cancer cell lines. 

 

Table 3.5 RT-PCR results for SDC-4 

Cell lines In silico SDC-4/B-actin Mean SD 

MDA-MB-468 40.04477 0.649595 0.650704 0.259315 0.519871 0.184242 

MCF-7 64.03531 1.586583 2.665412 0.667657 1.639884 0.81645 

T-47-D 63.48462 1.804391 2.74508 0.840384 1.796618 0.777608 

MDA-MB-231 73.12824 1.2022 1.639448 0.436688 1.092779 0.497083 

BT-20 173.055 5.157322 4.438597 1.211053  3.602483 0.359363 

 

Cell lines In silico SDC-4/SDHA Mean SD 

MDA-MB-468 40.04477 0.615394 1.201528 0.065315 0.627412 0.463935 

MCF-7 64.03531 1.539837 2.385885 0.112781 1.346168 0.938041 

T-47-D 63.48462 1.432357 2.144673 0.17415 1.250393 0.814687 

MDA-MB-231 73.12824 2.118744 2.687482 0.197391 1.667872 1.065396 

BT-20 173.055 2.712676 3.625848 0.273858 2.204127 1.414903 
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Figure 3.7 X-Y plots show the correlation of in silico microarray data from cBioportal (X-

axis) and the data from RT-PCR (Y-axis) in 5 breast cancer cell lines. Left panel: SDC-4/β-

actin, right panel: SDC-4/SDHA. Simple linear regression was exploited for the correlation 

tests. Correlations with R2 values higher than 0.7 were considered as strong correlations. R2 

values between 0.3 and 0.7 were considered as medium correlations. 
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Table 3.6 RT-PCR results for GPC-1 

 

Cell lines Microarray GPC-1/B-Actin Mean SD 

MDA-MB-468 12.71001 0.394177 1.516237 0.309551  0.955207 0.56103 

MCF-7 12.24795 1.382941 3.297313 0.422086 1.70078 1.195129 

T-47-D 10.7956 1.02828 1.968581 0.363473 1.120111 0.658492 

MDA-MB-231 18.50523 0.277144 2.209341 0.293973 0.926819 0.906906 

BT-20 38.23767 3.013294 8.895397 1.23674 4.38181 3.272958 

 

Cell lines Microarray GPC-1/SDHA Mean SD 

MDA-MB-468 12.71001 0.373424 2.799737 0.077968 1.08371 1.219395 

MCF-7 12.24795 1.342195 2.951517 0.071299 1.455004 1.178547 

T-47-D 10.7956 0.816267 1.538011 0.075321 0.809866 0.597158 

MDA-MB-231 18.50523 0.488435 3.621685 0.132882 1.414334 1.567568 

BT-20 38.23767 1.584948 7.266565 0.279667 3.043727 3.033174 
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Figure 3.8 X-Y plots show the linear regression of in silico microarray data from cBioportal 

(X-axis) and the data from RT-PCR (Y-axis) in 5 breast cancer cell lines. Left panel: GPC-1/β-

actin, right panel: GPC-1/SDHA. Simple linear regression was exploited for the correlation 

tests. Correlations with R2 values higher than 0.7 were considered as strong correlations. R2 

values between 0.3 and 0.7 were considered as medium correlations. 

 

The results of RT-PCR show a consistent trend with in silico data. The mRNA level of SDC-4 

from low to high: MDA-MB-468 < MCF-7 = T-47-D < MDA-MB-231 < BT-20. The mRNA 

level of GPC-1 from low to high: T-47-D < MDA-MB-468 = MCF-7 < MDA-MB-231 < BT-

20. Except MDA-MB-231 applied with the housekeeper gene of β-actin, other PCR results 

are consistent with the microarray results in the database and show the relation of linear 

regression. Thus, the data of microarray or RT-PCR is reliable for further experiments. Finally, 

although results of RT-PCR revealed the trend of SDC-4 and GPC-1 expression level in 5 cell 

lines, smaller R
2
 values and larger P values are not ideal, which may be due to the overall 

differences between the results of triplicates RT-PCR. Therefore, further experiences are 

supposed to improve the consistency of RT-PCR. 

 

  



114 

 

3.4.4  Western Blot  

 

Due to the results of RT-PCR were corresponding to the in silico data, further experiments to 

characterise the protein level of SDC-4 in 5 cell lines were arranged. When the protein 

expression was examined, it was found that there was not relatively uniform loading with the 

vinculin at 124 kDa in all the cell lines (Figure 3.9). Moreover, the expression levels of SDC-4 

at 22 kDa was measured in 5 cell lines are not corresponding to the data of RT-PCR or 

microarray. Therefore, improvements on this experiment are required to provide a more 

reliable result for further experiments. 

 

 
 

Figure 3.9 Western Blot of SDC-4. 5 cell lines were indicated on the top line of the figure. The 

target protein was SDC-4 and the controlled protein chosen was vinculin. 
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3.5 Discussion  

 

Based on the literature reviewing, it was determined that the syndecan and glypican families 

are related to the uptake of arginine rich peptides. Meanwhile, according to the combination 

of commercial transfection data of RALA peptide and the gene expression data from 

cBioportal, syndecan-4 and glypican-1 were assumed as receptors for the uptake of 

RALA/pEGFP-N1, which is consistent with a previous study that siRNA knocked out of 

syndecan-4 and glypican-1 will decrease the uptake of arginine eight peptide by 30% and 15% 

[70]. After that, 5 breast cancer cell lines, MDA-MB-468, MCF-7, T-47-D, MDA-MB-231 and 

BT-20 were chosen to identify the relation between SDC-4/GPC-1 and transfection 

efficiencies of the RALA peptide. Among them, BT-20 has got the highest expression level of 

SDC-4 and GPC-1 with the highest transfection efficiency. MDA-MB-468 and T-47-D have 

the lowest expression of SDC-4 and GPC-1 respectively with the second lowest and the lowest 

transfection efficiencies. This conclusion is corresponding to the circumstances of RALA-

mediated transfections in prostate cancer cell lines. Therefore, a constant relation between 

transfection efficiency and proteins’ expression levels is proven, which suggests SDC-4 and 

GPC-1 are very likely to be the receptors for the internalisation of RALA/pEGFP-N1 

nanoparticles.  

 

In the comparison of MCF-7 and T-47-D cell lines, GPC-1 has a stronger correlation to the 

transfection efficiency of RALA/pEGFP-N1 nanoparticles comparing to SDC-4, which is a little 

bit different from the uptake of R8 peptide. The transfection efficiencies of the 5 breast cancer 

cell lines correlate more to the expression level of GPC-1 compared to SDC-4 in RALA 

mediated transfection (Table 3.4 and Figure 3.6). Nevertheless, the binding affinity of R8 to 

GPC-1 is much higher than SDC-4 with 4 times higher cross-link scores, which has been 

studied in the article mentioned above [70]. Results of transfection efficiencies by RALA are 

partially corresponding to the existing results. It is also worth mentioning that SDC-1 and 

SDC-2 also contributed to the uptake of R8 peptide (60% and 40% of SDC-4 respectively) [121]. 

Therefore, there may be a variety of proteoglycans involved in the internalization of 
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RALA/pEGFP-N1 nanoparticles. 

 

According to Table 3.2, the expression levels of syndecan-4 and glypican-1 in the Jurkat cell 

line are quite low compared to 22RV1, LNCaP, and MCF-7 cell lines. However, all these cell 

lines maintained a similar transfection efficiency of about 25%, which means SDC-4 and GPC-

1 are not the only two factors that affects the internalisation/transfection. Except the 

expression level of proteoglycans such as syndecans and glypicans, the level of sulfation of 

glycosaminoglycans on the proteoglycans may also affect the binding affinities between 

receptors and ligands, which may influence further uptake. The synthesis of HSPGs is not 

driven by a gene template as mentioned above [191]. The diversity in sulfation sites makes 

HSPGs respond to external environment charges flexibly, which is vital for progressive 

processes such as cell proliferation, stem cell developments and inflammations [191] [194]. It 

is worth mentioning that HSPGs in Jurkat cells are highly sulfated, which is contributed by the 

highly expressed N-Deacetylase And N-Sulfotransferase 2 (NDST-2). Cells highly expressed 

in NDST-2 also include inactivated/activated CD4+ T-cells and monocytes [146].  

 

Apparently, the result of western blot is not satisfying. It cannot reliably reflect the abundance 

of SDC-4 in 5 cell lines due to inconsistent bands of the control protein. Besides, the level of 

SDC-4 bands is not correlated to the results of RT-PCR or microarray. The failure was caused 

by multiple factors including suboptimal protein extraction. Alternate extraction methods 

were also assessed. Both ionic (RIPA) and non-ionic (ELB) cell lysis buffers were applied to the 

cell lines, but non-specific bands or no bands at all were observed. Application of the Lamelli 

buffer makes the quantification of protein concentrations not possible, which influences the 

uniformity of the total mass of the sampled protein added. An alternate approach could be 

to use 2% SDS as this has previously been shown to be useful [195]. Then the protein 

extractions were quantified for subsequent western blots. In addition, it has also been 

discussed that transmembrane proteins are not suitable for denaturation at a high 

temperature, which will cause the aggregations of hydrophobic domains.  
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3.6 Conclusion 

 

Interactions between arginine rich peptides and syndecan and glypican families are 

identified by literature review. In silico data of SDC-4/GPC-1 expression and transfection 

efficiencies database shows the connection between transfection efficiency and these two 

proteins. The hypothesis was verified by choosing 5 breast cancer cell lines with a 

comparison of subsequent transfection and RT-PCR results.  

  

3.7 Future work 

 

Improve the quality of western blots. Try to change the lysing buffer to 2% SDS for further 

experiments. 

 

Fluorescent labelling RALA/pEGFP-N1 nanoparticles and SDC-4/GPC-1 to perform a 

colocalization analysis. 

 

Identify the disassembly of RALA26/pEGFP-N1 nanoparticles at pH 6.  

 

Investigate the cellular uptake/transfection efficiencies with SDC-4 and/or GPC-1 knock 

out. 
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Chapter 4: General Discussion 
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The overall goal of this research was to identify the barriers to primary T-cell transfection 

using the RALA peptide as a gene delivery vehicle and to understand the factors that influence 

cellular entry. It is well known that primary T-cells are a ‘hard to transfect’ cell line. Current 

approved CAR-T products are manufactured by viral vectors with only one CAR expressed 

[18]. However, the demands of more advanced modification with the addition of ‘armour’ 

genes and reduced costs have led to the development of non-viral vectors which have 

characteristics of higher cargo loading capacity and lower manufacturing costs compared to 

viral vectors [153]. However, the primary challenge of using non-viral vectors to produce 

CAR-T-cells is that they are not as effective at cellular entry compared to viral delivery systems. 

In this research project, 3 key objectives were investigated. The first objective was to 

determine if RALA peptide could transfect Jurkat cells, an essential first step before 

progressing onto transfecting primary T-Cells. The second objective focuses on trying to 

modify RALA peptide to become more alpha-helical at a higher pH in response to the 

endosomal pH of primary T-Cells. The third objective examines the role of specific HSPGs in 

RALA-mediated transfection. 

 

4.1 Barriers to T-cell transfection 

 

Heparan sulfate proteoglycans have been shown to play a key role in mediating the cellular 

entry of cationic nanoparticles and viral vectors by endocytosis. Studies have shown that the 

removal of HSPG severely limits the cellular entry of viruses such as Human T-Lymphotropic 

Virus type 1 in Primary T-cell infection [139]. However, resting primary T-cells barely express 

HSPG which negatively impacts transfection [139]. The expression of HSPG peaks at 4 and 6 

days respectively, following the activation with interleukin-2 (IL-2) activated primary CD4+ 

and CD8+ T-cells [139]. The order of HSPG expression levels is Jurkat > fully activated CD4+ > 

fully activated CD8+ T-cells [139, 146]. Therefore, the uptake efficiencies of cationic 

nanoparticles in primary CD4+ and CD8+ cells may not be higher than in Jurkat cells. This is 

why Jurkat cells were chosen as a pilot for this study in the first instance. Our results indicated 

that with RALA at N:P 6-12, an overall transfection rate of 25% was achieved but this was too 
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low to consider moving to primary T-Cells where conditions are not conducive to enhanced 

transfection. Other studies have also found that the uptake of cationic complexes (Comb-

shaped pHEMA25-g-pDMAEMA16 polymer) by Jurkat cells was relatively lower than Hela 

cells (60% vs 90%), which was attributed to 15-19 times less HSPG expression levels in Jurkat 

cells compared to Hela cells [147, 196]. Comb polymers have achieved an internalisation rate 

of 60% with an impressive transfection efficiency of 40% delivering pDNA to Jurkat cells. 

However, when the Comb-shaped polymer was tried on Primary T-cells at 2-days pre-

activation, an internalisation rate of 10% and transfection efficiency of 10% ensued. This 

indicates that Primary T-cells are much more difficult to transfect than Jurkat cell lines and 

that the uptake of nanoparticles could be the burden, which is attributed to the low levels of 

HSPG on Primary T-cells. An improved method is to use antibodies against T-cell-specific 

receptors to improve the uptake of nanoparticles. For example, pBAE/mRNA nanoparticles 

modified by anti-CD3 or anti-CD8 antibodies achieved transfection efficiencies (mRNA) of 87% 

and 73.6% on both CD4 and CD8 primary T-cells, respectively [144]. These findings indicate 

that further modification of the RALA transfection system is required to improve actual cellular 

entry.   

 

High toxicity was also found with RALA-mediated Jurkat cell transfection. The cell viability 

dropped to approximately 40% at N:P 6 (pDNA concentration was 0.5 μg/μL). The source of 

toxicity in Jurkat cell transfection in previous studies has been attributed to the concentration 

of either polymers or pDNA rather than N:P ratio [163]. However, with respect to RALA, it is 

known that Jurkat cells are sensitive to arginine rich peptides. In contrast to other cell lines, 

the Jurkat cells have a much lower threshold for the initiation of cytosolic transduction uptake 

of arginine rich peptides [122]. For example, internalised R9 peptides (Fluo-RRRRRRRRR-

CONH2) were present in the cytoplasm of Jurkat cells initially, which was followed by nuclear 

staining in 10 minutes [122]. It is not clear, if the tracking of arginine peptides to the nucleus 

is responsible for toxicity through disruption of cellular transcription. However, it is clear that 

this phenomenon does not occur with other non-arginine delivery vehicles, so further 

interrogation is required.    
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The elimination of endosomal acidification is also a challenge when trying to transfect primary 

T-cells. The endosomal pH of Primary T-cells has been shown to never fall below a pH of 6 

even after 4 hours [147]. In contrast, the endosomal pH of Jurkat cells fell to 5.5 after 4 hours 

[147]. The reduced acidification inhibits endosomal escape and delivery systems that exploit 

the proton sponge effect. The lack of acidification does not help complexes disassemble and 

release their cargo. For example, the lack of acidification can be correlated to a small 

differential in the pH. And under these conditions, the RALA/pEGFP-N1 does not release the 

cargo, which reduces both transfection efficacy and efficiency [36] [197]. It is worth 

mentioning that Polyglutamic acid (PGA)-Anti-CD3/anti-CD8 modified nanoparticles, which 

are formed by pBAE and mRNA successfully achieved endosomal escape in Primary CD8+ T-

cells, which got a transfection efficiency of 87% and 60% [144]. Such high transfection 

efficiencies fully illustrate the contribution of anti-CD3/anti-CD8 antibodies to internalization 

and the applicability of pBAE for primary T-cell endosomal escape. Especially, pBAE needs 

N:P 200 to achieve the same pDNA encapsulation rate of about 50-75% as PEI under N:P 5-

10 [36]. It means pBAE has a weaker binding affinity with negative charged cargoes. The loose 

complexation may facilitate the unpacking of complexes at pH 6 to release cargoes in Primary 

T-cell transfections. Meanwhile, PGA-anti-CD3/anti-CD8 modification may contribute to the 

encapsulation of pBAE/mRNA nanoparticles for avoiding premature decomplexation. 

 

Unlike mRNA, pDNA needs to cross the nuclear envelope to be functional. There are two 

mechanisms by which this can happen. During mitosis, the nuclear envelope dissolves, which 

means that cargo can enter via a passive effect, or the addition of nuclear localisation signals 

can actively promote cargo to enter the nucleus via the microtubules. Non-viral vectors 

usually lack mechanisms to promote the nuclear entry of plasmids, in which nuclear entry is 

more dependent on the dissolution of the nuclear membrane during mitosis. However, some 

plasmids have NLS built into them, such as the SV40 in the backbone. In addition, it has been 

proven that primary T-cell transfected by Comb at 48 hours post activation had a transfection 

efficiency of 4%, which was higher than the transfection efficiency of 1% at 24 or 72 hours post 
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activation [148]. This means there is a certain time point, in which a T-cell proliferation cycle 

facilitates non-viral vector mediated transfection most. It was speculated that the T-cells 

during G2/M phase of mitosis had the highest transfection efficiency.  

 

The role of the NLS in aiding the nuclear entry of plasmids remains controversial. One 

explanation is that the complex of cationic amino acids with plasmids interferes with and 

actually prevents the function of nuclear localization signals because of peptide masking [101]. 

A new strategy for enhancing nuclear entry based on the HIV integrase was proposed in 

Chapter 2. The key point was the separation of the DNA binding sequence from the nuclear 

localization signal sequence, resulting in two separate domains. A commercial transfection 

enhancer Nupherin™, is based upon this principle as a fusogenic peptide with a M9 NLS (M9: 

NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGY), a glycine linker and a DNA binding 

domain (KCRGKVPGKYGKG), which can promote the transfection efficiencies in non-dividing 

cells [198, 199]. The feature of Nupherin is based on the application of the non-classical NLS 

M9, which lacks cationic amino acids, to reduce interferences from NLS-plasmid bindings.  

 

In conclusion, the uptake pathway of HSPG-based endocytosis (e.g. arginine rich peptides) is 

not suitable for T-cell engineering, as evidenced by low gene expression levels. An alternative 

way is to apply modified antibodies against specific T-cell receptors to achieve high 

internalisation rates and targeted delivery. Application of a transfection agent with lower 

binding affinity to pDNA may also benefit endosomal escape in primary T-cells. Dividing 

primary T-cells increase the effectiveness of non-viral vectors. It has also been shown that 

HIV integrase facilitates nuclear entry of synthesised HIV cDNA in CD4+ T-cells, and this 

mechanism could also be exploited for primary T-cell transfections. 

 

  



123 

 

4.2. pH responsiveness of RALA and variant peptides 

 

The ellipticities of RALA and RALA-Ks revealed that RALA and RALA-Ks have opposite trends 

of pH-sensitiveness, which elicits the discussion on the determining factors about the pH-

sensitiveness of RALA series peptides. RALA peptide was derived from KALA peptide with the 

substitution of all lysine to arginine, which retains the characteristics of membrane 

interference but has opposite pH responsive characteristics. Repeated lysine, histidine and 

glutamic acids at both sides were regarded as the source of pH responsiveness in the research 

of the KALA peptide [131]. However, arginine and lysine are not titratable at lower pH (pH 4-

7.4) according to Henderson-Hasselbalch equation due to their high pKa. As a result, the 

effects of electrostatic repulsion caused by repeated cationic amino acids on pH 

responsiveness should be excluded. Furthermore, a RALA variant without histidine called 

RALA26-H (WEARLARALARALARALARALRACEA) also exhibited a similar pH sensitiveness to 

the RALA peptide, which indicates histidine was not vital for pH responsiveness either [185]. 

Therefore, glutamic acid may be the only residue that influences the pH sensitiveness of 

RALA/KALA peptides.  

 

Titratable glutamic acid is the key to trigger the pH sensitivity of RALA at an endosomal pH 

due to its pKa (pKa3 = 4.25). The formation of salt bridges between glutamic acids and 

arginine/lysine influences the ellipticity of the α-helices [200]. Important parameters of salt 

bridges affecting the α-helical structures include the types of amino acids, distances, and the 

orders of amino acids [182]. Through protein simulation, it is known that the mutation of 

arginine changes the type and length of the salt bridge from RALA to KALA in RALA-K1. This 

explains why the substitution of the first arginine to lysine triggered a completely opposite 

pH sensitiveness. Meanwhile, by analysing the modes of RALA and RALA26, the salt bridge 

between GLU2 and ARG7 results in a pattern of pH responsiveness that keeps random coils 

at a neutral pH and forms an α-helix under an acidic pH. Therefore, rational designs of 

peptides in the future should preserve the salt bridge formation between GLU2 and ARG7 to 

maintain the pH responsiveness of RALA. 
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4.3 RALA and Syndecan-4/Glypican-1 

 

Previous studies have shown that both Syndecan-4 (SDC-4) and Glypican-1 (GPC-1) have 

two highest binding coefficients with the R8 peptide (RRRRRRRRGC(Alexa488)-amide) [70]. 

Knocking out of SDC-4 or GPC-1 abolished 30% and 15% uptake of R8 peptide, respectively, 

demonstrating how critical these proteoglycans are. Consistent with previous research, the 

transfection rates of RALA/pEGFP-N1 nanoparticles were also proportional to the expression 

levels of SDC-4 and GPC-1 in most cell lines, which indicates both proteoglycans contribute 

to the uptake of RALA/pEGFP-N1 nanoparticles. In addition to SDC-4, other isoforms of 

syndecan such as SDC-1 and SDC-2 also showed 40-60% of the uptake level found with SDC-

4 and R8 (RRRRRRRR), TAT (YGRKKRRQRRR) and penetratin peptide (RQIKIWFQNRRMKWKK) 

[121]. Therefore, it can be speculated that these isoforms would also directly influence the 

uptake of RALA/pEGFP-N1 nanoparticles. This is different from the uptake of PEI 

(Polyethyleneimine)/pDNA complexes that SDC-1 promotes, but SDC-2 inhibits [201]. 

Notably, SDC-4 is widely expressed on all cell types. As a result, it could be rationalised that 

arginine rich peptides have a broader scope of applications compared to PEI.  

 

4.4 Overall summary and prospects 

 

The thesis has identified the barriers to RALA-mediated DNA transfection for T-cells and 

characterised RALA and RALA-K peptides. For internalisation, SDC-4 and GPC-1 were 

regarded as potential receptors mediating the endocytosis of RALA/pEGFP-N1 nanoparticles 

by clathrin-mediated endocytosis and lipid-raft-mediated endocytosis respectively. The 

comparation of RALA and variants shows that different kinds of salt bridges between glutamic 

acid and lysine/arginine influence the patterns of pH sensitiveness in RALA-serial peptides. 

Eventually, the hypothesis of mRNA delivery by HIV-integrase derived ‘plasmid carrying NLS’ 

was proposed to promote nuclear entry in transfecting low/non divided cells.  
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Future directions focus on reducing the cytotoxicity of RALA and analysing the impacts of 

RALA on cell transcription. It should be divided into 3 parts: A) visualising the preparation of 

RALA/pEGFP-N1 formula; B) visualising the transfection process of RALA/pEGFP-N1 

nanoparticles; and C) RNA-Seq studies of RALA-transfected cells. 

 

A) The purpose of section A was to qualitatively identify the existence of free peptides in the 

RALA/pEGFP-N1 preparation. In the case of R9/mRNA nanoparticles, exceeded free 

peptides were observed via dSTORM system [43]. This indicates there is a limitation on 

the number of complexed peptides, in which exceeded peptides (above a certain N:P 

ratio) only remain in a free state. RALA mediated transfection showed increased 

cytotoxicity when N:P ratio became higher in both adhered cells and suspension cells. 

Therefore, exceeded free peptides may be a source of cytotoxicity at high N:P ratios. Free 

peptides in the formula can be qualitatively identified by the dSTORM system with a high 

resolution. This may contribute to optimising the volume of use for the RALA/pEGFP-N1 

formula to get a balance of transfection efficiency and cytotoxicity.  

 

B) A subsequent problem derived from exceeded free peptides is that high concentrations 

of free arginine rich peptides above a certain threshold can cause the change of the 

uptake pathway from endocytosis to transduction in most of the cell lines. The purpose 

of section B is to investigate the conditions for the occurrence of transduction on RALA 

peptides and how much does it impact cell viability. 

 

Certain cell lines such as the Jurkat cell line is much sensitive to arginine rich peptides, in 

which the threshold is quite low. Therefore, visualisation of RALA peptide and the cells 

may reveal the exact uptake patterns that were exploited by the cells under different 

transfection conditions (e.g. various peptide concentrations, cell count and cell lines). In 

addition, transduction uptake of arginine rich peptides is mediated by nucleation zones 

on the cell membrane [120]. To date, only one suspension cell line (Jurkat) was proven 

that has a low threshold [122]. A rational speculation for this is that the cell membrane of 
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suspension cell lines may have more opportunities to directly interact with arginine rich 

peptides due to the lack of extracellular matrix. Therefore, more suspension cell lines 

should be studied to investigate if a low threshold is universe in suspension cells. 

Meanwhile, it is supposed to investigate how much transduction uptake impacts cell 

viability. This may contribute to an explanation of the reason the cytotoxic N:P ratio (for 

RALA/pEGFP-N1) shifted from 14 (in adhered cell lines) to 6 (in Jurkat cell line). 

 

C) RNA-seq studies of RALA-transfected cells aim to investigate changes in genome 

transcription. A much lower concentration of TAT or Antp peptides may elicit unexpected 

transcriptions, which indicates the arginine rich peptides may have the activity of 

regulating transcription [111, 202]. Meanwhile, the R9 peptide shows rapid accumulations 

in the cell nucleus after transduction uptake due to its NLS-like nucleophilicity. The 

interaction between positively charged arginine rich peptides and DNA raises the 

concerns about unexpected regulations on transcription.  

 

RALA was widely applied for the delivery of siRNA, mRNA and pDNA. However, RALA itself 

may also cause unexpected transcriptions like other arginine rich peptides mentioned above, 

which may influence the (therapeutic) effects of genetic cargoes and further biological 

functions. Therefore, an RNA-seq study is concerned with interrogating the impacts of RALA 

on target genes. 
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