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Abstract 

Delivery of proteins and nucleic acids into cells is a major challenge to the 

development of biological therapeutics.  Cell penetrating peptides (CPPs) and 

cationic liposomes have been shown to internalise short interfering RNA (siRNA) to 

achieve gene silencing, but no standard reagent exists which can safely deliver 

macromolecules both in vitro and in vivo.  Small Molecule Carriers (SMoCs) are 

amphipathic α-helix mimetics displaying guanidine groups in order to mimic the 

structure of the CPP penetratin.  Previously, SMoCs were shown to effectively 

deliver active proteins into cells.  It is hypothesized that SMoCs may also be applied 

to the delivery of siRNA into cells in order to knockdown target genes.  In addition, 

since cell surface binding is thought to be a crucial step in CPP internalisation, a new 

SMoC which optimises binding to proteoglycans may be more efficiently taken up.  

The aims of this thesis are to optimise the synthesis of the SMoCs in order to 

increase the quantity of product; to demonstrate that SMoCs may be used as siRNA 

delivery agents; and to design and synthesize a new SMoC which maximises siRNA 

uptake.  The synthesis of SMoCs has been significantly enhanced, with the 

development of new reagents to improve the yields and cost of production.  The 

electrostatic interactions of SMoCs with siRNA have been characterised, using NMR 

to examine a π-cation interaction which may contribute to anion binding, as well as 

determination of binding affinities using ITC and gel shift assays.  Initial 

experiments using SMoC-siRNA complexes show significant mRNA knowdown 

which demonstrates the potential of SMoCs as siRNA delivery vectors.  Finally, a 

new SMoC has been designed and synthesized which represents the first in a new 

class of dendritic SMoCs which are designed to maximise binding to the cell surface.  

This SMoC is also capable of delivering siRNA into cells, and may also be expanded 

by the addition of targeting peptides.   
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1. Introduction 

1.1. Macromolecular Therapeutics 

Over the last decade, there has been increasing interest in the field of 

macromolecular therapeutics, in which biological molecules such as proteins and 

nucleic acids, rather than traditional small molecule inhibitors, are used to treat a 

wide range of diseases.  Macromolecular drugs are thought to hold the key to a new 

era of treatments that show greater complexity and higher specificity than current 

small molecule drugs.  Proteins may be used to upregulate or restore function to 

defective biochemical pathways, or to introduce a novel function not normally 

present in the body
1
 and nucleic acids may be able to silence mutated genes with 

high specificity, or replace non-functioning genes.
2
  Small-molecule drugs, on the 

other hand, are limited in their ability to target many biological mechanisms such as 

protein-protein interactions and genes.  They are also often abandoned during the 

early stages of development due to off-target side effects and toxicity problems.   

The first protein therapeutic, human insulin, was approved by the FDA in 1982 to 

treat type I and type II diabetes mellitus by replacing the defective protein produced 

by individuals with the disease.
1
  Since then, other protein therapeutics which restore 

function to a defective pathway, augment and existing pathway, or add a novel 

function to the body have been approved, including most recently etanercept 

(Enbrel®), a protein-based drug for treatment of rheumatoid arthritis, plaque 

psoriasis and other autoimmune diseases.  Etanercept is a fusion protein combining 

human TNF receptor 2, which acts as a TNF inhibitor, with the Fc domain of human 

immunoglobulin G1 (IgG1) which increases the drug's serum half-life by binding to 

the salvage receptor FcRn.
3
  In addition, the fastest-growing class of protein 

therapeutics are monoclonal antibodies (mAbs), which bind to defective cells and 

label them for destruction by the immune system.
3
  The first mAb therapeutic to be 

approved was muromonab-CD3 in 1986, and was a murine antibody which targeted 

the T-cell CD3 receptor in order to suppress the immune response in organ transplant 

patients.  Recent advances have enabled the production of human mAbs using 

transgenic mice possessing human IgG genes, or phage display libraries.
4
  As a 

result, 24 mAb drugs have now been approved, with a further 30 in Phase 2/3 or 
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Phase 3 clinical trials at the end of 2010.
5
  In addition, mAbs may be used to target 

drugs to their site of action by binding specific cell types, including conjugating 

antibodies to radionuclides to destroy tumour cells, such as tositumomab, a murine 

mAb linked to iodine-131 which is used to treat non-Hodgkin lymphoma.  In total, 

more than 130 different protein therapeutics have been approved by the FDA,
1
 with 

more in development, showing that protein therapeutics are becoming an 

increasingly important area of drug development, and with the growing wealth of 

crystal structure data, will continue to be so in future years. 

Despite lagging some years behind protein therapeutics, oligonucleotides have also 

shown considerable potential for use in clinical treatments.
2
  The first 

oligonucleotide drug candidates were based on antisense technology, whereby single 

stranded nucleic acid molecules would bind sequence specifically to their 

complementary mRNA target, thus triggering degradation of the duplex by the 

RNase H system.  The first and only antisense drug to be approved by the FDA was 

fomiversin in 1998, which targets a main transcriptional protein of the 

cytomegalovirus (CMV) in patients with CMV retinitis, a disease leading to 

blindness common in AIDS sufferers.
2
  Despite several other antisense-based 

therapies entering clinical trials, there have been no other drugs approved, mainly 

due to their limited efficacy.  However, in the same year that the first antisense drug 

was approved, experiments by Fire et al.
6
 paved the way for a new approach to 

oligonucleotide therapeutics which has since superseded the previous RNase H-based 

antisense technology.  This was the discovery of the RNA interference (RNAi) 

pathway in which short interfering RNA (siRNA) or short hairpin RNA (shRNA) are 

able to catalytically silence mRNA transcription by binding to their complementary 

mRNA sequences and activating a previously unknown biochemical pathway leading 

to degradation of the mRNA.  A number of siRNA based drugs have now entered 

clinical trials (Table 1), including ALN-RSV01 for treatment of the respiratory 

syncytial virus (RSV), which causes upper and lower respiratory tract infections.
7
  

The drug is now entering Phase IIb clinical trials, and so far has shown to be 

effective at reducing infection rates in preliminary studies (www.alnylam.com).  

Another siRNA-based drug undergoing Phase II clinical trials is PF-655 for 
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treatment of age-related macular degeneration (AMD) and diabetic macular edema 

(DME) and targets the gene RTP801 which is upregulated as a result of ischemia, 

hypoxia or oxidative stress.
8
  These trials show the potential of oligonucleotide based 

therapeutics, and demonstrate their importance in the future of macromolecular drug 

technologies.  
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Table 1.  Current progress of clinical trials of siRNA-based therapeutics. 

Drug Company/Institution Disease Target Delivery System Phase Status 

TD101 Pachyonychia Congenita Project Pachyonychia 

congenita 

Keratin K6a Naked siRNA Phase I Completed 

AGN211745 Allergan AMD VEGF receptor-1 Naked siRNA Phase II Terminated 

Proteosome 

siRNA and 

tumour antigen 

RNA-transfected 

dendritic cells 

Duke University Melanoma Immunoproteosome Unknown Phase I Recruiting 

SV40 vectors 

carrying siRNA 

Hadassah Medical Organization CML Tyrosine kinase Viral Unknown  Completed 

CALAA-1 Calando Pharmaceuticals Refractory cancer M2 subunit of 

ribonucleotide 

reductase 

Transferrin-targeted 

cyclodextrin 

nanoparticle 

Phase I Recruiting 

ATU027 Silence Therapeutics AG Advanced solid cancer Protein kinase N3 Cationic lipid lipoplexes Phase I Recruiting 

QPI-1007 Quark Pharmaceuticals Optic Nerve Atrophy Caspase 2 Modified siRNA Phase I Recruiting 

Bevasiranib Opko Health, Inc. DME/AMD VEGF Naked siRNA Phase III Withdrawn 

PRO-040201 Tekmira Pharmaceuticals 

Corporation 

Hypercholesterolemia Apo-B SNALP-siRNA Phase I Terminated 

IL-10 siRNA National Taiwan University 

Hospital 

Preeclampsia IL-10 Unknown Unknown Terminated 



 

 

 

2
0

 

AHR siRNA National Taiwan University 

Hospital 

Neuroblastoma Aromatic 

hydrocarbon  

receptor 

Unknown Unknown Completed 

siG12D LODER Silenseed Ltd Adenocarcinoma KrasG12D Biodegradable polymeric 

matrix 

Phase I Recruiting 

I5NP Quark Pharmaceuticals Acute Kidney Injury, 

Delayed Graft 

Function 

p53 Modified siRNA Phase I/II Recruiting 

SYL040012 Sylentis, S.A. Ocular Hypertension Adrenergic receptor 

beta-2 

Naked siRNA Phase I/II Recruiting 

TBX3 University of California, Irvine Cell Differentiation TBX3 Unknown Unknown Unknown 

ALN-VSP02 Alnylam Pharmaceuticals Solid tumours Kinesin spindle 

protein, VEGF 

siRNA-SNALP Phase I Active 

ALN-RSV01 Alnylam Pharmaceuticals RSV RSV nucleocapsid Naked siRNA Phase IIb Recruiting 

ALN-TTR01 Alnylam Pharmaceuticals Transthyretin-

mediated amyloidosis 

Transthyretin Unknown Phase I Recruiting 
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However, there are still many hurdles to be overcome before the macromolecular 

drug revolution is finally upon us.  A recent study into the safety of therapeutics 

which are derived from a biological system, so-called biologics, including 

recombinant proteins, antibodies and vaccines, indicated that a higher proportion of 

these drugs have prompted safety alerts than for small molecule therapeutics.
9
  Of the 

174 biologic drugs that were approved in either the US or Europe between January 

1995 and June 2007, 23.6% prompted regulatory action as a result of safety concerns 

compared with an average of 8% of small molecule drugs studied between 1975 and 

1999.  Other challenges that have continued to hinder the progress of 

macromolecular therapeutics include the control of biodistribution and degradation 

of macromolecules in the body, off-target effects and specificity, and delivery to 

intracellular compartments.
8
  Many advances have been made that increase the 

stability of proteins and oligonucleotides in vivo resulting in a longer half-life in the 

body, including the chemical modification of oligonucleotide strands to prevent 

degradation by endogenous nucleases.  Similarly, modification of proteins by the 

addition of polyethylene glycol (PEG) protects from proteases, as well as decreasing 

renal clearance.
1
  Off-target effects are a particular issue for oligonucleotide drugs, 

including both traditional antisense oligonucleotides and newer RNAi-based agents.  

Despite these oligonucleotides being designed to target a single mRNA sequence, 

binding to additional genes is often observed using DNA arrays, including to 

sequences with little homology to the target.
10

  Improved design of siRNA sequences 

using computational tools such as BLAST, as well as chemical modifications 

(Section 1.3.2.1) have reduced off-target binding.  

Finally, one of the largest challenges to the development of protein and 

oligonucleotide-based drugs has been the lack of a suitable delivery agent to target 

these macromolecules to the intracellular machinery.  Proteins and oligonucleotides 

are large and hydrophilic, thus preventing them from crossing the lipid membrane 

surrounding cells.  Traditional small molecule drugs usually conform to Lipinski's 

rule of five,
11

 which stipulates that molecules should be small and lipophilic, making 

them permeable to cell membranes.  Over the last decade, much research has been 
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dedicated to finding an effective delivery mechanism for macromolecules, which 

have included viral carriers, liposomes and cell penetrating peptides (CPPs).
12

   

1.2. Cell Penetrating Peptides 

CPPs, also called protein transduction domains (PTDs), are short peptides, usually 

less than 30 amino acids long, which have the unusual property of being able to cross 

the cell membrane.  In 1988 it was found that a transcription factor from HIV called 

the transactivator of transcription (TAT) was taken up by cells and migrated to the 

nucleus to activate transcription of the viral genome.
13

  Shortly after, it was also 

found that the Drosophila melanogaster Antennapedia homeodomain was also 

internalised into cells.
14

  These observations led to the identification of the first 

CPPs, the third helix of the Antennapedia homeodomain, named penetratin 

(RQIKIYFQNRRMKWKK),
15

 and a short basic peptide derived from TAT 

consisting of amino acids 47-57 (RKKRRQRRR).
16

  Many other CPPs have since 

been described, including chimeric peptides such as MPG, a fusion peptide derived 

from a hydrophobic domain from HIV gp41 and a hydrophilic domain from the 

nuclear localisation sequence of Simian vacuolating virus 40 (SV40) T-antigen.
17

  

CPPs can be divided into two main classes; the amphipathic CPPs, containing both a 

hydrophobic and a hydrophilic domain, such as TAT, penetratin, and MPG, and the 

polycationic CPPs containing mainly positively charged residues such as lysine and 

arginine.  Some CPPs are covalently linked to their cargo, such as TAT which was 

incorporated into fusion proteins and successfully delivered to various mouse 

tissues.
18

  Other CPPs are used to form stable non-covalent complexes with their 

cargo, such as Pep-1 which was designed to form complexes with proteins and 

peptides through hydrophobic interactions with a tryptophan-rich domain.
19

  The 

formation of non-covalent complexes has also been particularly useful in the CPP-

mediated delivery of oligonucleotides, which are highly negatively charged and 

therefore able to form electrostatic complexes with cationic peptides (Section 

1.3.2.4).  Over the last two decades, CPPs  have been used to transport a wide range 

of high molecular weight cargoes into cells, including biologically active proteins 
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both in vitro and in vivo,
18, 20

 quantum dots,
21

 and oligonucleotides,
22-23

 making them 

attractive candidates for delivery agents for macromolecular drugs. 

1.2.1. Uptake Mechanism 

One of the most challenging questions surrounding CPPs is the mechanism by which 

these peptides enter cells.  Early studies using fluorescent dyes linked to CPPs 

concluded that internalisation was energy-independent, occurring at both 4 °C and 37 

°C.
15, 24

  However, this was later found to be an experimental artefact resulting from 

CPPs adhering strongly to the cell membrane and not removed under the washing 

conditions used in the early experiments.
25

  When the cells were fixed with methanol 

for visualisation, the membranes were disrupted allowing the CPP-dye complex to 

enter the cells, thus giving false-positive results for CPP internalisation.  In addition, 

the flow cytometry protocols did not distinguish between internalised fluorescent 

CPPs and those adhered to the cell surface.  Methods used to detect internalised 

fluorescent CPPs now include a more thorough washing procedure, such as treatment 

with trypsin or heparin, in order to remove extracellular peptide.  In experiments by 

Lundberg et al.,
26

 Chinese Hamster Ovary (CHO) cells were incubated with various 

CPPs linked to GFP.  These experiments used microscopy on live cells to determine 

the extent of cell uptake and showed that for all the CPPs tested, the bulk of the 

proteins were bound to the cell surface rather than internalised into the cells.  

Subsequent studies on various CPPs such as TAT, penetratin and polyarginine 

concluded that CPP internalisation is driven by endocytosis, and in particular lipid-

raft macropinocytosis (Figure 1).
27-28

  However, the uptake mechanism of CPPs is 

still unclear, and it is probable that there is no general mechanism that is applicable 

for all peptides and cargoes.  Indeed, recent studies have suggested that CPP uptake 

takes place by both endocytosis and energy-independent translocation, with the 

balance between these pathways influenced by factors such as CPP sequence, 

temperature and CPP concentration.
29-30
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Figure 1.  Endocytosis mechanisms used by CPPs.  Clathrin-mediated endocytosis occurs at 

clathrin-coated pits which mature into clathrin-coated vesicles upon binding of a ligand to its cell-

surface receptor.  Dynamin releases the vesicles from the membrane allowing them to progress into 

the cell and fuse with early endosomes (EE).  Some receptors, such as the low-density lipoprotein 

(LDL) receptor are returned to the cell surface via recycling endosomes (RE).  Alternatively, caveolin-

coated vesicles (caveolae) may form at lipid-rich regions of the membrane, so-called lipid rafts, which 

are also released by dynamin into the cytoplasm and fuse with EEs.  Finally, larger cargoes may be 

internalised by macropinocytosis via interactions with proteoglycans in the extracellular matrix, which 

results in rearrangement of the actin cytoskeleton to form lamellipodia.  These structures engulf the 

cargo, internalising it into macropinosomes (MP) which fuse to EEs.  EEs mature into late endosomes 

(LE) and finally lysosomes (Lys) where the contents is broken down by enzymes.  Therefore, it is 

important that the CPP-bound cargo escapes from early endosomes in order to exert its biological 

effect. 

1.2.1.1. Cell-surface binding 

Many studies have shown that CPPs bind strongly to the glycosaminoglycans 

(GAGs) of cell surface proteoglycans, such as heparan sulfate (HS) and chondroitin 

sulfate (CS) as a precursor to internalisation.
26, 28, 31-35

  Proteoglycans such as 

syndecans form part of the extracellular matrix, where they play a structural role in 

cell adhesion, as well as a regulatory role in mediating lipid microdomains when 
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bound by heparin-binding ligands.
36

  It is thought that proteoglycan ligand binding 

results in receptor clustering, leading to the reorganisation of the actin cytoskeleton 

via activation of a signalling cascade involving the Rho-family of GTPases, therefore 

leading to cellular uptake via macropinocytosis.
37

   

HS a linear polysaccharide made up of highly sulfated NS domains and low sulfated 

NA domains.  Heparin is a closely related compound that has been used as a 

substitute for HS in binding assays with a number of CPPs which have calculated 

dissociation constants in the low micromolar to low nanomolar range.
38

  These strong 

interactions are probably comprised of an ionic contribution as well as bi-dentate 

hydrogen bonds between the guanidine groups of the peptide's arginine amino acids 

and the sulfate anions of heparin.  The internalisation of nonaarginine (R9), which 

was found to bind heparin with a Kd of 109 nM, was found to be GAG-dependent by 

comparing uptake in wild-type CHO cells with mutant cells deficient in HS and 

CS.
34

  In GAG-deficient CHO cells, oligoarginine and TAT internalisation is 

significantly reduced compared to wild-type cells and the presence of CPPs results in 

activation of Rac1, a Rho-family GTPase which is involved with F-actin 

reorganisation, suggesting that GAG binding may be a precursor for CPP uptake by 

endocytosis.
31

   Similarly, it was found that the CPPs MPG-α and MPG-β, either 

alone or in complexes with DNA, initiated remodelling of the actin network, leading 

to the formation of lamellipodia, accompanied by upregulation of Rac1.
35

  In 

addition, CPPs and other polycationic cell penetrating compounds (CPCs) are 

capable of clustering GAGs, which is a precursor for endocytosis.
39-40

  

A recent study, however, contradicts these findings claiming that whilst TAT does 

bind to cell-surface HS, this interaction is independent of uptake, with enzymatic 

removal of cell surface GAGs having little effect on the uptake of fluorescently-

tagged TAT.
41

  Contradictions such as these are commonplace in the literature 

surrounding CPP internalisation, and demonstrates our limited understanding of the 

mechanism of uptake of these peptides.  It is possible that competing internalisation 
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mechanisms exist and that the pathway used is dependent on factors such as CPP 

sequence, cargo and cell line.  

Another possible route by which CPPs are internalised into cells involves binding to 

anionic lipids on the cell surface.  It is thought that the positively charged side chains 

on the peptide interact with anionic membrane lipids, shielding the positive charge 

and forming a neutral, lipophilic complex that is able to cross the membrane.
40, 42-44

  

It has been shown that addition of anionic lipids such as 1,2-dioleoyl-sn-glycero-3-

phosphatidylglycerol (DOPG) are capable of shifting basic peptides from the 

aqueous phase to the organic phase by the formation of lipophilic complexes.
42, 45

  

This suggests that cell-surface phospholipids may act as counter-ions to the CPP’s 

positively charged amino acids, allowing it to dissolve in the hydrophobic cell 

membrane.  It is suggested that arginine favours this counterion-mediated membrane 

translocation over lysine, due to the tendency of guanidinium groups to form 

bidentate hydrogen bonds with anions in order to reduce charge repulsion with 

adjacent arginine residues, whereas charge repulsion in lysines is generally countered 

by a reduction in pKa (Figure 2).
45

  This may explain the high proportion of arginine 

residues present in CPPs.  In addition, the presence of a hydrophobic counteranion, 

pyrenebutyrate, increases the translocation of arginine-containing CPPs.
30

  

Polyarginine is the most affected, followed by TAT, and then by amphipathic CPPs, 

showing that a high arginine content favours binding to counterions.  The addition of 

the counteranion increased membrane perturbation in large unilamellar vesicles 

(LUVs), showing that increased hydrophobicity of the CPPs leads to greater 

penetration of the membranes.  In a splice-switching assay in which the same CPPs 

were used to transport an antisense oligonucleotide complexed electrostatically to the 

peptides into HeLa cells, pyrenebutyrate was found to increase the rate of 

translocation, and therefore the biological effect, for arginine-rich peptides more than 

amphipathic peptides.  However, it was found that chloroquine, which delays the 

maturation of endosomes into lysosomes, was required for a biological effect to be 

observed, hence pointing to an endocytotic internalisation pathway, with 
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pyrenebutyrate enhancing translocation through the endosomal membrane, rather 

than direct membrane penetration. 

 

Figure 2.  Reduction of charge repulsion by lysine and arginine oligomers.  Amino groups in 

polylysine (left) reduce charge repulsion by lowering their pKa, resulting in deprotonation.  Guanidine 

groups in polyarginine (right) form bidentate hydrogen bonds to anions such as phosphates.  Arginine-

rich peptides may therefore more readily bind to counter-anions on the cell surface than lysine-

containing peptides. 

 

1.2.1.2. Endosomal Escape 

Overcoming entrapment by endosomes is one of the major challenges to the design 

of efficient CPPs and other macromolecular transporters.  By comparing the levels of 

endosomal escape of polyarginine- and polylysine-coupled liposomes, El-Sayed et 
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al. suggest that the reason for the improved endosomal escape of arginine-containing 

peptides over lysine-containing peptides lies in the ability of arginine to form bi-

dentate hydrogen bonds with anionic membrane components (Figure 2).
44

  These 

hydrogen bond interactions allow arginine residues to remain fully protonated on 

acidification of the endosome, therefore leading to increased potential across the 

membrane, whereas lysine residues may be deprotonated due to electrostatic 

repulsion.  This increased membrane potential, together with the increased binding to 

the membrane, will therefore lead to a greater rate of endosomal escape than for 

lysine-containing peptides.   

Biophysical studies have demonstrated that CPPs such as TAT and penetratin are 

capable of inducing negative Gaussian curvature in lipid membranes, which may 

explain the mechanism by which they are able to escape endosomes, or directly 

penetrate cell membranes.
46-47

  Negative Gaussian curvature is an indicator of 

"saddle"-shaped membrane structures, which is a feature of membrane pores.  

Polylysine is only capable of inducing negative curvature in one direction along the 

membrane due to its electrostatic binding to anionic lipids.  However, arginine is able 

to form bidentate hydrogen bonds with zwitterionic lipids, allowing it to induce 

positive curvature in the perpendicular direction to the negative curvature, resulting 

in negative Gaussian curvature.  Although the mechanism of membrane interactions 

is not yet fully understood, and these results are derived from studies on synthetic 

membranes, it may help to explain the importance of arginine residues in CPPs.  

Another proposed mechanism for the endosomal escape of TAT suggests that the 

arginine residues do not interact directly with the membrane, but instead is involved 

in a pH-sensing mechanism that allows a conserved tryptophan residue to become 

exposed at low pH.
48

  A triplet of three arginine residues are thought to interact with 

an N-terminal Glu residue, which becomes protonated in the acidic environment of 

the endosome, resulting in loss of this interaction resulting in a conformational 

change exposing the Trp side chain.  Insertion of the Trp side chain into the 

membrane then results in endosomal escape.  This mechanism explains the cell-

penetrating ability of TAT and other amphipathic peptides, but not the cationic CPPs 
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which do not contain lipophilic amino acids.  Therefore, endosomal escape may not 

follow a general mechanism and further supports the hypothesis that different CPPs 

are internalised via different pathways. 

1.3. RNA Interference 

1.3.1. Mechanism 

In 1998, the Nobel prize-winning work carried out by Andrew Fire, Craig C. Mello 

and co-workers demonstrated that double stranded RNA (dsRNA) injected into the 

nematode worm Caenorhabditis elegans was capable of suppressing gene expression 

at a far higher potency than single stranded RNA (ssRNA).
6
  The pathway by which 

dsRNA is able to silence gene expression is now known as RNAi and has been 

demonstrated in a wide range of eukaryotic organisms,
49-50

 including humans.
51

 

It was observed by Fire et al. that RNAi was unlikely to occur via a simple antisense 

mechanism due to the potency of the observed effects compared to ssRNA.  

Therefore, since its discovery, much attention has been given to the determination of 

the mechanism of the RNAi pathway (Figure 3).  Hamilton and Baulcombe observed 

that when tomato plants were transformed with cDNA sequences of endogenous 

genes, gene silencing occurred, accompanied by the appearance of short 25-

nucleotide RNA molecules complementary to the target gene.
52

  The identification of 

a ribonuclease-III enzyme in D. melanogaster called Dicer (Dcr) provided an 

explanation for the presence of these short RNA strands.
53

  Dcr is responsible for the 

'initiation' phase of RNAi, processing long dsRNA strands into ~25 nucleotide 

siRNA molecules in an ATP-dependent mechanism.
53

  D. melanogaster has been 

found to possess two Dcr enzymes, Dicer-1 (Dcr-1) and Dicer-2 (Dcr-2), of which 

Dcr-2 is the enzyme responsible for dsRNA cleavage.   

The existence of RISC was elucidated around the same time as Dcr.
54

  RISC is 

responsible for the 'effector' phase of RNAi and consists of a set of proteins which 

assemble around the siRNA strand.  All RISC complexes so far isolated contain a 

protein from the Argonaute (Ago) protein family, such as Ago2 in D. 
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melanogaster,
55

 possessing PAZ domains capable of binding 3’ 2-nucleotide 

overhangs.
56

  Following binding to RISC, one strand of the siRNA, the ‘passenger’ 

strand, is abandoned and the activated RISC-Ago2 complex together with the 'guide' 

strand identifies and binds to the complementary mRNA sequence, which is finally 

cleaved by endoribonuclease activity within the complex.
57

  Proteins that link the 

initiation and effector phases, so-called dsRNA-binding proteins (dsRBPs), have 

been identified and include the D. melanogaster protein R2D2, so named because of 

its two RNA-binding domains (R2) and its ability to bind Dcr-2.
58

  R2D2 does not 

affect the dsRNA-processing function of Dcr, however it has been shown to restore 

RISC function in a system containing purified Dcr and RISC, suggesting that its 

function is involved with loading siRNA onto RISC.
58

  Human variants of R2D2 are 

yet to be elucidated, however two proteins, transactivating response RNA-binding 

protein (TRBP) and protein activator of protein kinase R (PACT), have been shown 

to bind to Dcr but their interaction with RISC is unclear.
59

 

A mechanistic aspect of RNAi that is poorly understood is the separation of the two 

siRNA strands, resulting in just the antisense strand which guides RISC to its target 

mRNA sequence.  Several proteins associated with RISC have been shown to 

possess helicase domains, but no direct link with the unwinding of siRNA strands 

has been observed, and the exact point along the RISC-assembly pathway at which 

strand separation occurs is also unknown.
49, 59

  In addition, the mechanism by which 

the guide strand is preferentially loaded onto RISC, whilst the passenger strand is 

discarded, is also unknown.  One theory suggests that Dcr and dsRBPs are able to 

detect the thermodynamic stability of the binding of each strand to the other and 

preferentially incorporate one strand over the other.  Crosslinking experiments with 

siRNA modified with 5-iodouracil residues showed that when one siRNA strand has 

a greater thermodynamic stability at its 5' end than the other, Dcr-2 will bind to the 

strand with the least stable 5' terminus.  R2D2 will bind to the more stable 5' 

terminus, resulting in the Dcr-bound strand being incorporated into RISC and the 

R2D2 strand discarded as the passenger strand.
60

  This model states that siRNA 

unwinding occurs prior to RISC incorporation, whereas others have suggested that 
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strand separation is carried out by Ago2 after the siRNA has been transferred from 

the Dcr-2/R2D2 complex to RISC.
61

   

Following this poorly understood RISC activation stage, the final step of the RNAi 

pathway is cleavage of the target mRNA strand.  This is accomplished by an ATP-

independent endonuclease reaction by the Ago proteins, which contain conserved 

PIWI domains with a structure very similar to RNase H.
62-63

  The reaction does not 

destroy the bound siRNA strand, so RISC is a multiple turnover enzyme, explaining 

the catalytic nature of RNAi.
49

 

Another form of RNAi is driven by microRNAs (miRNA) – hairpin RNA strands 

that are naturally transcribed by the genome – and is thought to follow a similar 

mechanism via processing by a Dcr enzyme, and activation of the RISC complex.
49, 

59
  However, it is unclear how distinct these two pathways are, and how assembly of 

the micro RISC (miRISC) differs from that of the siRISC.  In D. melanogaster, 

separate Dcr enzymes, Dcr-1 and Dcr-2, exist for processing of miRNA and dsRNA 

respectively,
64

 as well as a separate dsRBP, R3D1,
64

 and a distinct RISC-associated 

Ago protein, Ago1.
65

  However, in humans only one Dcr enzyme has been 

indentified, suggesting more integration between the processing of miRNA and 

siRNA.  Sequence complementarity of microRNAs to their target mRNAs is less 

exact, leading to blocking of translation by mRNA binding rather than silencing by 

mRNA destruction.
66
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Figure 3. Mechanism of RNA interference in D. melanogaster.  Double stranded RNA is bound by 

the Dcr-2 enzyme which cleaves it into ~25 nucleotide siRNA in an ATP-dependent process.  The 

resulting siRNA is loaded onto the RISC complex via a RISC-loading protein called R2D2 which 

binds both the siRNA and Dcr-2, and the passenger strand is discarded leaving only the guide strand, 

which is bound by Ago-2.  RISC is responsible for loading the guide strand onto its complementary 

mRNA.  Knockdown of mRNA expression occurs either via cleavage of the mRNA by the Ago 

proteins of RISC if sequence complementarity is high, or via repression of translation once loaded 

onto the ribosome when complementarity is low, which is usually observed for miRNAs. 

1.3.2. Delivery 

The discovery of the RNAi mechanism has opened up the possibility of targeting any 

gene using its complementary siRNA for the treatment of a vast array of diseases.  

However, before siRNA reaches its target in vivo, it faces a number of significant 

barriers that block its pathway to the RISC machinery.  Upon entering the 



 

33 

 

bloodstream, siRNA is vulnerable to degradation by endogenous nucleases, and renal 

excretion due to its small size and highly anionic character.  In addition, before 

reaching its target cell, the siRNA must navigate the tight endothelial junctions of the 

blood vessels and diffuse through the extracellular matrix.   Due to its numerous 

negative charges, siRNA does not readily bind to or cross the cell membrane, and 

once inside the cells, it must escape from endosomes in order to interact with its 

intracellular protein targets.
67

  

Where siRNA can be applied directly to the target tissue, local delivery of naked, 

unmodified siRNA has shown to be successful, and several treatments for age-related 

macular degeneration involving the injection of siRNA directly into the eye have 

reached clinical trials (Table 1).
8
  However, for many therapeutic targets, including 

metastatic tumours, local delivery is not possible and systemic delivery of siRNA is 

the only effective route.  Therefore, in order to achieve successful delivery of siRNA 

to these targets, a delivery system is needed which protects the siRNA from 

degradation by endogenous enzymes and improves the bioavailability of the siRNA 

to its target cells, enabling the siRNA to cross the cell membrane and escape the 

endosomes to reach the intracellular machinery.
8, 67-68

  The first delivery vectors 

developed for the delivery of siRNA were viral vectors and were shown to achieve 

effective mRNA knockdown both in vivo and in vitro.
69

  However, due to safety 

concerns, such as the observation of mutagenesis caused by insertions,
69

 more recent 

siRNA delivery systems have focussed on non-viral approaches. 

1.3.2.1. Chemical Modifications 

Chemical modifications can be used to increase the efficacy of siRNA delivery in 

vivo.  Modifications can be made to oligonucleotides to protect from nuclease 

degradation (Figure 4) such as addition of a 3' phosphorothioate backbone linkage to 

protect from exonucleases or 2' modifications such as 2'-O-methyl or 2'-fluoro to 

protect from endonucleases.
8
  In addition, the substitution of the 5'-phosphate on the 

sense strand to a 5'-O-methyl prevents the sense strand from binding to RISC, 

reducing off-target effects.
8
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Figure 4.  RNA chemical modifications.  A: 3'-phosphorothioate to prevent degradation by 

endonucleases; B and C: 2'-O-methyl and 2'-fluoro to prevent degradation by exonucleases; D: 5'-O-

methyl on the sense strand to prevent binding to RISC. 

One type of delivery method involves chemical conjugation of small molecules to 

the sense strand in order to improve the biodistribution of siRNA.  Cholesterol-

conjugated siRNA is able to knock down the ApoB gene in mice injected with the 

conjugate, whereas naked siRNA was found to be ineffective.
70

  The cholesterol-

siRNA conjugates were also able to bind to human serum albumin, improving 

biodistribution by restricting clearance by the renal system.  The same effect is also 

observed with various long chain fatty acids and bile acids, which bind albumin as 

well as high and low density lipoproteins (HDL and LDL).  Unconjugated siRNA 

and siRNA linked to short and medium chain fatty acids do not knock down ApoB in 

vivo and do not bind to albumin or HDL and LDL, which illustrates the importance 

of lipophilicity in the biodistribution of siRNA.
71

  Another type of chemical 

conjugation has been the attachment of RNA aptamers to siRNA in order to target 

specific tissues or cell types.  For example, an siRNA-RNA aptamer chimera 

designed to target prostate cancer cells expressing prostate-specific membrane 

antigen has been shown to knock down cancer survival gene Plk1 and inhibit tumour 

growth in vivo.
72

  Therefore, conjugation of siRNA to small molecules may enhance 

siRNA delivery by improving bioavailability and targeting, but do not offer any 

assistance in crossing cell membranes. 

1.3.2.2. Liposomes and Lipoplexes 

One of the most commonly used types of delivery vector for siRNA are liposomes, 

where the siRNA is encapsulated within a lipid bilayer.  These liposomes are formed 

from synthetic cationic lipids which are composed of a cationic head group, usually a 
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quaternary ammonium group, and a hydrophobic region consisting of one or two 

alkyl chains or a steroid such as cholesterol.  Delivery of nucleic acids using cationic 

lipids, known as lipofection, was first demonstrated by Felgner et al. using the 

synthetic lipid N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride 

(DOTMA).
73-74

  This was followed by studies with several other cationic lipids 

which proved to be successful for in vitro delivery of nucleic acids to a wide variety 

of cell types, including dioctadecylamidoglycylspermine (DOGS),
75

 3β[N-(N',N'-

dimethylaminoethane)-carbamoyl) cholesterol (DC-Chol),
76

 dimethyldioctadecyl-

ammonium bromide (DDAB),
77

 and dimyristyloxypropyl-3-dimethylhydroxyethyl 

ammonium bromide (DMRIE),
78

 as well as commercially available products such as 

Lipofectamine (Invitrogen), RNAifect (Qiagen) and Oligofectamine (Invitrogen).  

However, many of the early cationic lipid delivery systems proved to be ineffective 

in vivo and showed high levels of toxicity, with a microarray study of the widely 

used lipofection agents Lipofectin and Oligofectamine showing alteration of the 

expression of up to 16% of genes, including genes involved with apoptosis.
79

  

Another study showed that siRNA complexed with several cationic lipids elicited an 

inflammatory response in a mice by upregulating the expression of pro-inflammatory 

cytokines such as IL-2, IFNγ and TNFα.
80

   

Cationic lipids are often used in conjunction with other components in order to 

improve their delivery efficiency.  Neutral lipids such as dioleoyl phosphatidyl-

ethanolamine (DOPE)
81

 or cholesterol
82

 are often used as colipids to increase 

endosomal escape by adopting the inversion hexagonal (HII) phase.  Lipids that adopt 

the HII phase are arranged in hexagonally packed tubes, with each tube containing a 

narrow aqueous channel in the centre surrounded by the lipid chains on the outside.  

The HII phase has been shown to be favoured by lipids that participate in membrane 

fusion due to their decreased stability compared to the bilayer configuration.
83

  They 

are therefore more prone to endosomal escape, making them advantageous for 

siRNA delivery.  However, the incorporation of DOPE into cationic lipid lipoplexes 

with siRNA leads to instability of the complexes due to salt bridges forming between 

the phosphate groups of DOPE and the positive charges of the cationic lipid.  This 
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therefore decreases the strength of the interactions between the siRNA and the 

liposomes and makes the complex more susceptible to destabilisation by acidic 

serum proteins when used in vivo.
84-85

  

Many recent studies have focussed on the development of stable lipid delivery 

systems which show effective gene delivery in vivo.  In particular, the stable nucleic 

acid-lipid particles (SNALPs), consisting of small, monodisperse particles with low 

surface charge have been successful in achieving siRNA-mediated gene silencing in 

several in vivo models.  SNALPs were first shown to be effective in targeting the 

hepatitis B virus (HBV) in mice, where SNALP-formulated siRNA was given in 

three daily injections of 3 mg/kg/day, resulting in a decrease in HBV levels by 1-2 

orders of magnitude.
86

  SNALPs have also been shown to be effective in non-human 

primates, with one study achieving a knockdown of ApoB in monkeys resulting in a 

90% decrease in blood ApoB-100 protein two days after a 2.5 mg/kg injection.
87

  

More recently a study on rhesus monkeys given a lethal dose of Zaire Ebola virus 

(ZEBOV) showed that the animals could be rescued by seven daily 2 mg/kg 

treatments of an anti-ZEBOV siRNA cocktail formulated with SNALPs.
88

  Other 

groups are attempting to develop novel cationic peptides to produce more stable 

lipoplexes by rational design.
89-91

  Semple et al. have taken a commonly used 

SNALP cationic lipid, 1,2-dilinoleyloxy-3-dimethylaminopropane (DLinDMA), and 

used a structure-activity relationship (SAR) approach to optimise the linker and polar 

head group to produce a new cationic lipid which, when incorporated into SNALPs, 

achieves a 50-fold increase in ED50 in mice and an ED50 of 0.3 mg/kg in monkeys.
89

   

The first RNAi therapeutic using a SNALP has now entered Phase I clinical trials 

(Table 1), demonstrating the potential of this type of delivery vector. 

1.3.2.3. Cationic Polymers 

Another type of delivery vehicle for siRNA is cationic polymers which form 

electrostatic complexes, protecting the siRNA from degradation and aiding 

internalisation by shielding the siRNA negative charges.
68, 92

  One of the most widely 

studied polymers for nucleic acid delivery is polyethyleneimine (PEI, Figure 5a).  
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PEI is available as both linear and branched isomers, with linear PEI containing only 

secondary amine groups (except for one terminal primary amine), whereas branched 

PEI contains primary, secondary and tertiary amines.
92

  These ionisable amine 

groups allow PEI to bind to siRNA, forming stable nanoparticles to protect the 

siRNA from degradation by serum nucleases.
93

  The amine groups also provide PEI 

with a mechanism for endosomal escape, known as the "proton sponge" hypothesis.
94

  

The titratable amine groups of PEI are protonated in the endosomes, preventing 

endosome acidification and causing an influx of chloride ions and water, with the 

resulting osmotic pressure leading to swelling and lysis of the endosome, releasing 

the nucleic acid cargo into the cytoplasm.  The importance of the ionisable amine 

groups of PEI was further highlighted by Thomas et al. who showed that 

commercially-available PEI contained ~11% acylated nitrogens as a result of 

inefficient removal of N-propionyl groups from the N-propionyl-PEI (PEOZ) 

precursors.
95

  Following complete deacylation of PEI, an increase in its DNA-

condensing ability as well as PEI-DNA transfection efficiency was observed.  The 

fully deacylated PEI was used to deliver siRNA targeting the influenza nucleoprotein 

to mice infected with the influenza virus, resulting in a 94% reduction of virus titre in 

the lungs after 24 h.  Another study used PEI to deliver siRNA targeted to the proto-

oncogene c-erbB2/neu (HER-2) both in vitro, where a 50% mRNA knockdown was 

achieved in SKOV-3 cells, and in vivo, where significant reduction in tumour growth 

was observed compared to a non-specific siRNA control using a subcutaneous mouse 

tumour model.
93

  Therefore, PEI shows some potential as a siRNA transfection 

agent, however its toxicity at higher concentrations resulting from membrane 

disruption and apoptosis induction may limit its applications as a therapeutic delivery 

agent.
96

 

Other polymers used for siRNA transfection include cyclodextrin-based compounds 

(Figure 5b).  Cyclodextrins are widely used in the food and pharmaceutical industries 

due to their ability to encapsulate small, hydrophobic molecules, thereby increasing 

their stability and solubility, making them suitable for drug delivery and food 

preservation.  For use in nucleic acid delivery, cyclodextrins are modified by 
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addition of cationic polymers such as PEI which complex the oligonucleotides.  

Cyclodextrin-containing cationic polymers are less cytotoxic and have higher 

transfection efficiencies than the un-modified polymers.
92, 97

   

  

Figure 5.  Synthetic polymers for siRNA delivery.  A: PEI; B: β-cyclodextrin.  This structure is 

modified by addition of cationic polymers to the hydroxyl groups, allowing complexation of siRNA. 

1.3.2.4. Cell Penetrating Peptides 

CPPs have been employed in the delivery of siRNA both in vitro (Table 2) and in 

vivo (Table 3).  A few CPPs have been covalently attached to siRNA via disulfide 

bonds, which are reduced in the intracellular environment allowing interaction of the 

siRNA with RISC.  Successful knockdown was demonstrated by the CPPs penetratin 

and transportan covalently linked to luciferase or GFP siRNAs.
98

  The conjugates 

were shown to decrease GFP fluorescence in Chinese hamster ovary (CHO) cells 

expressing GFP by 53% and 63% respectively with knockdown lasting for up to 72 

h, compared with Lipofectamine which only achieved a 36% knockdown and lasted 

for less than 3 days.  In EOMA cells expressing GFP, Lipofectamine was also shown 

to be less effective than the penetratin and transportan conjugates, producing a 

decrease in fluorescence of 65% compared to 73% and 80% for the CPP-linked 

siRNA.  However, these results should be interpreted with caution, as the continuous 

CPP-siRNA treatments were compared to Lipofectamine treatments of just 6 hours.
99

  

In addition, it is not clear whether the knockdown was achieved due to the CPP-

siRNA conjugates, or electrostatic complexes since no purification strategy was 

performed to isolate the disulfide-linked species.  



 

39 

 

Chiu et al. demonstrated that 300 nM of disulfide-linked EGFP siRNA and TAT was 

capable of delivering up to 70% gene silencing in HeLa cells after a 16 hour 

incubation, compared to 87% for 20 μg of Lipofectamine.
100

   The same CPP was 

also covalently linked to siRNA for the endogenous gene CDK9, and achieved an 

82% knockdown after 42 h at a concentration of 400 nM.  This study addressed the 

issue of whether the knockdown effect was caused by the disulfide conjugate or an 

electrostatic CPP-siRNA complex by including a control transfection consisting of 

free siRNA and CPP.  This control transfection produced no knockdown, suggesting 

that the covalently linked species was responsible for the gene silencing.  Another 

study extended the principle of covalently linked CPPs and siRNA to primary cells, 

using penetratin to deliver siRNA to hippocampal neuron cells.
101

  This system 

achieved knockdown of the endogenous proteins SOD1 and Caspase-3, which were 

decreased by 90% and 73% respectively at 80 nM according to Western blot 

analysis.  In addition, cell survival using penetratin-siRNA was compared to 

Lipofectamine, and showed that the penetratin conjugate was much less harmful to 

neurons, with a 92% survival rate compared to 58% for Lipofectamine.  Once again, 

this study does not purify the CPP-siRNA conjugate, and therefore the species 

responsible for the observed siRNA delivery is unclear.
99

 

More recently, CPP-siRNA conjugates containing penetratin and TAT, have been 

tested in vivo for the first time.
102

  An siRNA sequence targeted to p38 MAP kinase, 

a protein implicated in various inflammatory diseases, was linked to TAT(48-60), 

penetratin, or cholesterol and the conjugates purified by anion-exchange HPLC and 

characterised by electrospray mass spectrometry.  When incubated with mouse 

fibroblast cells, these conjugates show a modest 20-36% knockdown of p38 MAP 

kinase, however when the three conjugates were administered to mouse lungs via 

intratracheal injections, none of the constructs were able to produce a knockdown 

significantly different to siRNA alone.  In addition, penetratin-siRNA elicited high 

levels of the immune markers TNFα and IL-12p40, suggesting that this CPP may be 

responsible for triggering the innate immune system.  These results suggest that the 
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use of covalently-conjugated CPPs might not be ideal delivery vectors for siRNA in 

vivo. 

Most of the published studies concerning the delivery of siRNA using CPPs have 

used the cationic nature of the peptides to form electrostatic complexes, shielding the 

siRNA negative charges to allow entry into cells.  It is thought that these non-

covalent complexes may not be as effective as covalent conjugates, as the peptide 

positive charges also play a role in internalisation by interacting with cell surface 

proteoglycans (Section 1.2.1.1).  Therefore, if these charges are tied up in 

electrostatic interactions with siRNA molecules, it may not be possible to form 

sufficient interactions with the cell membrane to allow internalisation.
99

 On the other 

hand, using CPPs in electrostatic complexes may be beneficial as they provide 

greater protection against nuclease degradation by forming a stable complex.  In 

addition, complex formation is less time consuming as the siRNA requires no 

modification to allow CPP attachment.  Electrostatic complexes remain the most 

popular application for CPPs in siRNA delivery, and some significant progress has 

been made both in vitro and in vivo by several groups using both natural and 

synthetic CPPs.   

One of the earliest such studies examined the siRNA delivery abilities of the 

amphipathic CPP MPG, a chimera peptide of the hydrophobic fusion peptide domain 

of HIV-1 gp41 protein and the hydrophilic nuclear localisation sequence (NLS) of 

SV40 large T antigen.
103

  The MPG peptide was successful in internalising siRNA as 

electrostatic complexes, achieving a 60% GAPDH knockdown at an siRNA 

concentration of 100 nM after a 30 h transfection in human fibroblast HS-68 cells.  

However, a mutant MPG peptide possessing a mutation in the NLS region, 

MPGΔ
NLS

 increased the knockdown to 80% at a siRNA concentration of just 25 nM, 

supporting the general mechanism that the siRNA targets RISC in the cytoplasm.  

This early study did not include any cytotoxicity data and also did not compare MPG 

with any other available transfection reagent.   
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The use of MPG as an siRNA delivery vector was further explored by Veldhoen et 

al. who formed electrostatic complexes between siRNA and MPGα, a derivative of 

MPG differing by 6 amino acids in the hydrophobic region increasing its tendency to 

form a helical conformation.
104

  MPGα was compared to Lipofectamine 2000 and 

showed that whilst the CPP showed a comparable maximum knockdown ability to 

Lipofectamine, achieving a 70-83% luciferase knockdown in HeLa cells compared to 

88-97% for Lipofectamine, its IC50 was 30-fold higher than Lipofectamine (0.8 nM 

compared to 0.02-0.04 nM).  By measuring the total internalised siRNA at the half 

maximal inhibition point of each compound using a highly sensitive liquid 

hybridisation assay, it was found that around 10,000 molecules were required for half 

maximal inhibition of MPGα compared to 300 for Lipofectamine.  Therefore, the 

amount of available siRNA was about 30-fold less using MPGα, suggesting that the 

CPP was either inefficient at escaping from endosomes, or targeted to intracellular 

compartments other than the cytoplasm, thus preventing the siRNA from binding to 

RISC.  These observations seem to contradict evidence that suggests that MPG-DNA 

complexes enter cells via a non-endosomal route, and are unaffected by inhibitors of 

endocytosis.
103

  Thus, it appears that very similar peptides may be internalised by 

different pathways, perhaps influenced by differing sequences, cargoes or particle 

size 

The ability of siRNA complexes to escape the endosomes was studied using a 

penetratin analogue called EB1 by replacing two amino acids with histidine which, in 

theory, would promote endosomal escape by the formation of a helical structure upon 

protonation in the endosome, therefore promoting membrane insertion.
105

   The 

activity of EB1 was compared to the other well characterised CPPs penetratin, 

MPGΔ
NLS

, bPrPp, another peptide known to promote endosomal escape,
106

 and 

TP10.  In the system tested, EB1, MPGΔ
NLS

 and bPrPp were able to knockdown 

luciferase expression to a similar extent to Lipofectamine, achieving a ~50% 

knockdown with 100 nM siRNA.  Under the conditions used, penetratin and TP10 

did not show any significant knockdown at 100 nM siRNA.  This highlights the 

importance of localising the siRNA to the cytoplasm for interaction with RISC by 
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ensuring siRNA can escape from endosomes.  Importantly, this study included a 

toxicity study for all CPPs used, looking at both membrane stability and long term 

toxicity.  Membrane integrity was maintained for siRNA-peptide complexes, but a 

higher membrane disturbance was observed for uncomplexed peptides, suggesting 

that the use of electrostatic complexes may have toxicity advantages over covalent 

conjugates.  In a proliferation assay to assess long term toxicity over 48 h, no 

significant reduction in proliferation was observed for the peptide-treated cells, 

however Lipofectamine significantly reduced proliferation, showing that CPPs may 

be more advantageous for in vivo siRNA delivery than cationic liposomes. 

More recently, in a further attempt to design a CPP with built-in endosomolysis 

functionality, a report by Andaloussi et al. described a modified version of the TP10 

CPP called PepFect6, which is functionalised with an N-terminal stearyl group, as 

well as four covalently attached chloroquine analogues.
107

  The N-terminal fatty acid 

is incorporated to improve serum stability, whilst the chloroquine-like side chains are 

included to allow the CPP-siRNA complex to escape from endosomes when 

protonated.  The results for PepFect6 show convincing siRNA internalisation across 

a range of cell lines, including primary cells, which out-perform Lipofectamine with 

lower toxicity.  The peptide also promotes significant knockdown in vivo in two 

mouse models, one using siRNA targeting the ubiquitous endogenous gene 

hypoxanthine phosphoribosyltransferase 1 (HPRT1) and one in mice expressing 

luciferase in the liver.  The study showed that PepFect6 was capable of achieving 

knockdown in several organs lasting 72 h after systemic injection of the CPP-siRNA 

complexes at a concentration of 1 mg/kg.  However the most significant knockdown 

was in the liver, kidneys and lungs, probably due to the high blood supply to these 

organs, suggesting that delivery to other areas requires more specific targeting 

(Section 1.3.2.5). 

The synthesis of a novel amphipathic peptide further highlighted that not all CPPs 

are internalised using the same mechanism.
108

  CADY, a 20-amino acid peptide 

containing arginine and tryptophan residues was found to form stable CPP-siRNA 
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complexes which are capable of >80% mRNA knockdown in 3T3C and HUVEC 

primary cells at a siRNA concentration of 20 nM and a 40:1 CADY:siRNA ratio.  

Biophysical analysis of CADY found that the peptide forms an amphipathic α-helix 

structure upon hydrophobic binding to phospholipid mono- or bilayers, followed by 

the formation of electrostatic interactions between the polar head groups of the 

phospholipids with the cationic residues of the peptide.  After interaction with the 

membrane lipids, the helical peptide is then thought to disrupt the membrane, 

allowing direct penetration of the CPP and cargo across the lipid bilayer and entry 

into the cell without entrapment in endosomes.
109

  It was shown that, like MPG, 

inhibitors of endocytosis do not reduce CADY-siRNA uptake or reduce mRNA 

knockdown,
108

 suggesting that CADY-siRNA complexes may employ a more direct 

internalisation mechanism.   

One of the simplest cationic peptides, polyarginine, has also been used for siRNA 

delivery.  A 12-mer arginine peptide (R12) was the first homoarginine peptide shown 

to internalise siRNA and knockdown a target gene in suspension tobacco cells.
110

  A 

recent study using 15-mer arginine (R15) has further characterised the delivery of 

siRNA both in vitro to mammalian cells and in vivo to mouse tumours.
111

  In Cos-7 

cells, R15 achieved a >50% knockdown of luciferase after a 24h incubation with 150 

nM siRNA and a R15:siRNA ratio of 3:1.  In this case, confocal microscopy 

suggested that the complexes were taken up via endocytosis into vesicles followed 

by escape into the cytoplasm.  This suggests that polyarginine peptides may have an 

innate ability to escape endosomes, perhaps due their ability to form interactions with 

phospholipids and GAGs (Section 1.2.1.1).  In vivo, 4 μg of siRNA complexed with 

R15 in a ratio of 3:1 R15:siRNA was administered directly to tumours every 3 days, 

resulting in significant tumour reduction after 17 days with no observed toxicity.  

This demonstrates that cationic peptides may have a role in the therapeutic delivery 

of siRNA if successfully delivered to the cytoplasm. 

As mentioned previously, one of the concerns about non-covalent attachment of 

CPPs to siRNA is that the overall positive charge of the peptides may be neutralised 
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by the anionic RNA molecules, thus reducing the CPP's ability to bind to negatively 

charged cell surface GAGs, and therefore the transfection ability of the CPP.
99

  Some 

groups have attempted to modify existing CPPs by attaching RNA-binding 

components which complex the siRNA leaving the CPP's cationic amino acids 

available for cell surface interactions.   Attaching additional cationic peptides such as 

polylysine, to CPPs is one technique that has been shown to increase the uptake of 

several CPPs including TAT, transportan and penetratin.
112-113

  It was found that 

longer attached peptides encourage preferential binding of siRNA to the extended 

polycationic amino acid chain rather than the original CPP, thus restoring the full 

transfection capabilities of the CPP.  However, significant cytotoxicity was observed 

when using these fusion peptides, probably as a result of the large positive charges 

present. 

Another CPP modification involves coupling TAT to natural RNA-binding protein 

domains which are not highly charged.  This technique was first described by Endoh 

et al. who linked TAT to the U1 small nuclear ribonucleoprotein A RNA-binding 

domain (U1A RBD), which when complexed to a modified siRNA reduced 

fluorescence in CHO cells expressing eGFP by ~65%.
114

  However, the approach 

used in this study had many drawbacks, including the requirement to irradiate the 

cells with light in order to induce endosomal escape, and the fact that the U1A RBD 

is a sequence-specific binding domain, and therefore requires a specific RNA 

sequence to be fused to the siRNA of interest.  The concept of using RBDs was 

further explored using an RNA binding domain from the human dsRNA-activated 

protein kinase (DRBD), which is a non-sequence specific binding domain, fused to 

TAT.
115

  In this study, significant knockdown of genes in a wide range of cell types 

was achieved, including in cell lines in which transfection has previously been 

difficult, such as Jurkat T-cells, HUVEC cells and human embryonic stem (hES) 

cells.  mRNA knockdown by this construct was shown to be significantly greater 

than with Lipofectamine, and with very low toxicity, and local delivery in vivo was 

also successful.  This study shows that the use of RNA binding domains to complex 

RNA, may be a useful technique for improving uptake of currently used CPPs, 
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perhaps by freeing up the peptides' basic amino acids to allow interaction with 

anionic cell membrane GAGs.  However, this technique depends upon the expression 

and purification of recombinant proteins, which may be time consuming and 

expensive. 
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Table 2. CPPs used for in vitro siRNA delivery. 

CPP Sequence Attachment Cell Lines Target Genes siRNA Conc 

(IC50) 

Cytotox. data 

available 

Refs 

Penetratin CRQIKIWFQNRRMKWKK Covalent C166, EOMA, CHO 

Hippocampal 

Neurons 

eGFP, Luciferase 

SOD1, Caspase3 

25 nM 

80 nM 

No 

Yes 

[98] 

[101] 

Transportan CLIKKALAALAKLNIKLLYGASNLTWG Covalent C166, EOMA, CHO eGFP, Luciferase 25 nM No [98] 

TAT47-57 CYGRKKRRERRR Covalent HeLa eGFP, CDK9 300 nM No [100] 

MPG 

MPGΔNLS 

MPG-8 

GALFLGFLGAAGSTMGAWSQPKKKRKV 

GALFLGFLGAAGSTMGAWSQPKSKRKV 

AFLGWLGAWGTMGWSPKKKRK  

Non-covalent HS-68, HeLa, Cos-7 

HS-68, HeLa, MCF-

7, PC3, SKBr3-

HER2 

Luciferase, 

GAPDH 

Cyclin-B1 

25-100 nM 

 

0.125-20 nM 

(0.6-1.2 nM) 

No 

 

Yes 

[103] 

 

[116] 

MPGα GALFLAFLAAALSLMGLWSQPKKKRKV Non-covalent HeLa, ECV304 Luciferase 50 nM 

(0.8 nM) 

No [104] 

EB1 LIRLWSHLIHIWFQNRRLKWKKK Non-covalent HeLa, GepG2 Luciferase 100 nM Yes [105] 

CADY GLWRALWRLLRSLWRLLWRA Non-covalent U2OS, THP1, 3T3C, 

HUVEC 

GAPDH 0.5-40 nM 

(1.2-3.4 nM) 

Yes [108] 

Polyarginine R15 

Cholesterol-R9 

Non-covalent Cos-7 

CT-26 

Luciferase 

VEGF 

150-300 nM 

- 

No 

Yes 

[111] 

[117] 

TAT-RBD TAT-U1A 

TAT-DRBD 

Non-covalent CHO 

H1299, Jurkat T-

cells, murine T-cells, 

HUVEC, hES 

eGFP 

dGFP, GAPDH, 

CD4, CD8, OCT4 

200nM 

100-400 nM 

Yes 

Yes 

[114] 

[115] 

PepFect6 St-AGYLLGK(ε-K3qn4)INLKALAALAKKIL Non-covalent HEK293, U2OS, 

HepG2, CHO, 

Hepa1c1c7, MEF, 

Bhk21, N2a, 

SHSY5Y, B16, U87, 

RD4, K562, C17.2, 

HUVEC, Jurkat, 

mES 

Luciferase, eGFP, 

HPRT1, OCT4 

3-100nM 

(2.6-29.3 nM) 

Yes [107] 
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Table 3.  CPPs used for in vivo siRNA delivery 

CPP Attachment Model Target Gene Dose (siRNA) Delivery Route Refs. 

R15 Non-covalent Ovarian tumour 

xenograft 

HER-2 4 μg /mouse Intratumoral [
111

] 

Cholesterol-

R9 

Non-covalent Colon 

adenocarcinoma 

xenograft 

VEGF 3.5 μg /mouse  Intratumoral [
117

] 

PepFect6 Non-covalent Mice, Luciferase 

transgenic mice 

HPRT1, Luciferase 1  mg/kg Intravenous [
107

] 

TAT-DRBD Non-covalent Luciferase transgenic 

mice 

Luciferase ~10 μg  /mouse Intranasal [
115

] 

Cholesterol-

MPG-8 

Non-covalent Prostate/lung 

carcinoma xenograft 

Cyclin-B1 5-10 μg /mouse Intratumoral/Intravenous [
116

] 
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1.3.2.5. Nanocarriers 

Although many of the siRNA delivery strategies described above have been 

successful in delivering functional siRNA both in vitro and sometimes in vivo, very 

few have progressed to use in clinical trials.  In fact, most of the first siRNA-based 

therapeutics to enter clinical trials involved local administration of naked siRNA to 

the target site, with more advanced delivery systems only appearing more recently 

(Table 1).  Thus, efficient siRNA delivery still remains a difficult challenge, with the 

goal of finding a vector that provides effective stabilisation of siRNA, cell 

internalisation, endosomal escape and low toxicity yet to be reached.  Rather than 

using just one of the aforementioned delivery systems, researchers are increasingly 

using rational design strategies to build complex, multi-component nanoparticles to 

achieve siRNA delivery for therapeutic applications.
8
 

One classification system for these siRNA nanoparticles was described by Kostarelos 

and Miller as the ABCD system, where a nucleic acid (A) is complexed with layers 

of polymeric material which aids cell entry (B), biological stabilising compounds (C) 

and cell targeting ligands (D) (Figure 6).
118

  There are many examples of 

nanocarriers that are comprised of some or all of these components, and there are 

several thorough reviews that summarise recent advances in siRNA delivery 

technology.
8, 119-120

  In general, the B component is cationic,  such as cationic 

liposomes, synthetic polymers or cell penetrating peptides, as described previously.  

This layer binds to siRNA electrostatically and promotes cell entry and endosomal 

escape.  Layer C is used to confer additional serum stability to the nanocarrier and 

increase its half life in vivo.  PEG is often used as a biological stabiliser since it 

neutralises the positive surface charge of the cationic liposome or polymer, resulting 

in decreased interactions with serum proteins, which result in inactivation and 

aggregation of the siRNA nanoparticles.  A targeting component, D, is often included 

in nanoparticles intended for systemic delivery.  This component can be used to 

specifically target certain cell types, for example using antibodies, or ligands with 

specificity for particular cell-surface receptors, such as RGD peptides which are used 

to target cancer cells overexpressing cell surface integrin proteins. 
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Figure 6.  Structure of ABCD siRNA nanoparticles.  A is the desired siRNA for a particular target 

gene; B is a cationic polymer used to shield the negative charges on the siRNA and to promote uptake 

into cells; C is a stabilising polymer such as PEG to increase stability of the complex to degradation 

by serum proteins; D is a targeting ligand used to confer specificity for certain cell types. 

One example of a nanocarrier system was developed by Rozema et al. who named 

their delivery vehicles siRNA Dynamic PolyConjugates.
121

  This system was based 

around an amphipathic polymer (B) called PVABE, linked to PEG as a biological 




































































































































































































































































































































































