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ABSTRACT 

Recessive Dystrophic Epidermolysis Bullosa (RDEB) is caused by mutations in the collagen VII 

gene (COL7A1) that lead to an alteration of function or a reduction in the amounts of collagen 

VII protein (C7). Any of these mutations will impair C7 assembly into anchoring fibrils that 

anchor the basement membrane zone (BMZ) to the underlying dermis. This in turn causes 

reduced skin resistance to mild trauma making the patients suffer from severe blistering and 

scarring in the skin and mucosa. Intensive efforts are being made to restore the anchoring protein 

at the BMZ as a means of providing a lasting cure for the disease. One of the methods examined 

as potential therapy utilizes viral vectors for genetic correction of the C7 expressing cells. 

However, toxicity and immunogenicity concerns have halted progress using viral vectors for 

gene therapy in many clinical trials. As a result, non-viral methods of delivery have attracted 

great interest as a replacement. The overall aim of this project was to develop a safe and efficient 

polymer based gene delivery method to encourage the production of functional C7 protein and 

restore the mechanical stability at the BMZ in RDEB mouse skin. We focused on one of the 

more versatile methods of non-viral based delivery that utilizes a dense polycation synthesized 

from deactivation-enhanced atom transfer radical polymerisation (multi-knot) or Michael 

addition (hyperbranched poly (β-amino ester)). The polymers were created to deliver the 

therapeutic C7 plasmid DNA to RDEB keratinocytes and fibroblasts. The focus was mainly on 

keratinocytes and fibroblasts since they are the predominant cells found in the upper dermis and 

epidermis, and perhaps contribute more to C7 expression than any other group of cells. Using 

specially designed cationic polymers, we were able to restore some of the C7 expression in vitro 

and in RDEB skin equivalents (SEs) (3D organ cultures). SEs are being used to test for toxicity 

and effectiveness of many drugs, reducing the need for pre-clinical trials. Unfortunately, SEs do 

not fully replicate natural tissues, because they lack the complexity and array of cells and 

proteins found in natural tissue. In addition, the presence of immune response capability and 

blood circulation in pre-clinical models will give a more accurate account of the drug’s safety. 

This encouraged us to test the effectiveness of polymer vectors for COL7A1 delivery in an in 

vivo pre-clinical model of RDEB. We used Col7α1 null RDEB (Col7α1-/-) knockout mice 



xix 

 

(developed from immune-competent mice by targeted inactivation of Col7α1) to test our 

hypothesis. Clinically, these mice showed severe blistering and detachment of the epidermis 

from the dermis after birth similar to the human phenotype. We successfully observed expression 

of the therapeutic transgene product (C7) in the mice after intradermal injection of the 

HPAE/COL7A1 complex into the mouse paws and ventral region, although there was a 

noticeable inflammatory response around the injected area. This new approach has proved that it 

is possible to restore the expression of the missing protein C7 in RDEB skin using a polymer 

based gene delivery. Full restoration of the skin’s mechanical stability requires further 

investigation into the delivery system, areas of injection and addressing the adverse effects of the 

delivery agents.  
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1.1. Recessive Dystrophic Epidermolysis Bullosa  

1.1.1. Background 

The term epidermolysis bullosa (EB) describes a group of 30 different 

clinical entities characterized by the mechanical fragility of the epithelial 

tissue leading to blistering and formation of open and non-healing wounds 

[1]. Classification of the EB subtypes is based on the identification of the 

distinct differences in the ultrastructural components of the blisters [2]. 

Although the subtypes can be hard to distinguish at the initial inspection, 

there are more than 13 genes involved in all the different clinical forms of 

EB [3-6]. The final classification is based on the mode of inheritance which 

can be dominant or recessive, of which the latter is the more severe. 

Recessive dystrophic epidermolysis bullosa (RDEB), of which severe 

generalized RDEB-sv is the most common, is characterized by the severe 

blistering and scarring of the skin. The disease manifests at birth or during 

neonatal development with an estimated prevalence of less than 1 per 

million worldwide [7]. The blisters are not limited to the skin but spread to 

the oral and gastrointestinal regions. Joint contractures further limit the 

movement of the limbs while dental caries and esophageal strictures are 

frequent. All these factors, especially the oral, esophageal and anal 

involvement, induce a state of chronic malnutrition which contributes to 

growth retardation typical of the disease. Another serious complication is 

the development of squamous cell carcinoma (SCC) [8] which is the leading 

cause of death among RDEB patients that survive into adulthood. As a 

result, most patients have life expectancies lower than half of that of an 

average person. The disease is incurable and management is preventive. 

Protective padding is used to reduce trauma and blistering to the skin and 

routine wound care is necessary to prevent scarring. Iron deficiency and 

anemia are improved with iron supplements and transfusions. In some cases 

surgery is required to treat severe deformities or SCC. 

RDEB is caused by mutations in the collagen VII gene (COL7A1) [9, 10] 

that lead to an alteration of function or a reduction in the amounts of 

collagen VII protein (C7). This impairs collagen VII assembly into 
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anchoring fibrils that anchor the basement membrane to the underlying 

dermis. This in turn causes reduced skin resistance to mild trauma (Figure 

1.1). A range of mutations are responsible for RDEB which may result in 

expression of full length C7 variants with altered stability and/or function or 

non-expression caused by the premature termination codons (PTCs).  

Collagen VII alpha 1 (COL7A1) is an 8.8kb coding sequence segmented 

into 118 axons and codes for C7 protein [11]. The protein is composed of 

three identical alpha 1 chains characterized by Gly-x-y amino acid 

sequences. These are flanked by a large 145kDa amino terminal non-

collagenous domain (NC1) and a small 34kDa carboxyl-terminal non-

collagenous domain (NC2). In the extracellular space, C7 forms anti-parallel 

dimers stabilized by disulfide bonds. The dimers aggregate laterally to form 

anchoring fibrils with large globular NC1 domains at both ends of the 

structure and extend from the lamina densa to the underlying dermis 

immobilizing the epithelia to the underlying dermis [12].  
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Figure ‎1.1: Schematic comparison between normal and RDEB skin at the ultrastructural level. In 

normal skin, functional C7 assembles into fibrils that anchor the lamina densa to the dermis. In 

RDEB skin, mutations in the COL7A1 gene produce impaired or lower amounts of C7 which 

increases the chances of detachment of the lamina densa and epidermis from the dermis. 
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1.1.2. Current progress in RDEB therapy 

With no current effective cure for RDEB, interest in the disease has 

increased rapidly over the years with many approaches being proposed, 

from genetic correction to direct protein delivery (Table ‎1.1). Ex vivo 

genetic correction is one indirect method that has been investigated because 

it provides more controlled environment for gene delivery. Gene corrected 

keratinocytes and fibroblasts have successfully been used to generate skin 

equivalents capable of restoring C7 in the basement membrane zone (BMZ) 

and subsequently adhering the epidermis to the underlying dermis in mice 

[13]. Similarly, epidermal grafts generated from genetically corrected 

epidermal stem cells restored LAM-β3 in a patient with junctional EB [14]. 

Success with gene therapy has been limited mainly due to delivery issues 

and risks of insertional mutagenesis which was observed in some clinical 

trials [15]. Alternatively, direct intradermal injection of allogeneic 

fibroblasts into RDEB patients has been examined and the results showed 

increased levels of C7 although its capability to form functional anchoring 

fibrils was not confirmed [16]. More encouraging results were obtained 

from bone marrow transplantation of allogeneic stem cells in young RDEB 

patients. Five out of seven patients who received the treatment showed 

increased C7 deposition and sustained presence of donor cells, but two died 

because of toxicity issues [17]. The most direct approach is the intradermal 

injection of the recombinant protein, which has shown promising results, 

and is currently being tested on RDEB patients.  

To date, there has been little to no effective method of treatment of the 

disease while clinical prevention is limited to wound care. Here we look at 

the potential of cationic polymers as delivery agents for genetic correction 

of RDEB by direct in situ application. Before that, we give a brief 

background on gene therapy; discuss the various viral delivery methods, and 

evaluate the hurdles facing polymer gene delivery today.      

   



Introduction 

 6 

Table ‎1.1: The major reported milestones in RDEB research. 

Year of 

publication 

Lead 

author(s) 

Model Therapy type Journal Findings Reference 

1986-7 Sakai 

Keene 

- - The Journal of Cell 
Biology 

C7 is the major 
structural component 

of anchoring fibrils 

[18, 19] 

1992 Ryynänen - - Journal of 
Investigative 

Dermatology 

Expression of C7 is 
mainly found in 

epidermal 

keratinocytes 

[20] 

1991 Uitto Human - Proceedings of the 

National Academy 

of Sciences USA 

First mapping of the 

COL7A1 gene 

[10] 

1999 Uitto Human - Matrix Biology Mutation analysis of 

EB 

[21] 

2000 O’Toole,‎
Woodley 

Human DEB 
keratinocytes 

Retrovirus The Journal of 
Biological 

Chemistry 

First minigene C7 [22] 

2000 Cheah Transgenic 
mice 

Injection Gene Therapy First whole C7 gene 
therapy 

[23] 

2002 Barrandon RDEB 

keratinocytes 

Microinjection Human Gene 

Therapy 

Firs PAC derived C7 

therapy 

[24] 

2002 Khavari SCID Mice phi C31 

bacteriophage 

integrase 

Nature Medicine First phi C31 

bacteriophage 

integrase therapy 

[25] 

2002 Woodley SCID Mice Lentivirus Nature Genetics First lentiviral vector 

delivery of whole C7 

[26] 

2003 Khavari SCID Mice Corrected 
fibroblasts 

Journal of Clinical 
Investigation 

First fibroblast cell 
therapy 

[27] 

2003 Meneguzzi RDEB Dog Retrovirus Human Molecular 

Genetics 

First canine therapy [28] 

2003 Chen, 

Woodley 

SEs on SCID 

mice 

Normal/correc

ted Fibroblasts 

Journal of 

Investigative 

Dermatology 

First RDEB 

organotypic culture 

[29] 

2004 Chen, 

Woodley 

SEs on SCID 

mice 

C7 protein 

injection 

Nature Medicine First C7 protein 

injection 

[30] 

2004 Chen, 
Woodley 

SEs on nude 
SCID mice 

SIN-lentivirus Molecular Therapy Combination of viral 
gene therapy and 

organoypic cultures 

[31] 

2004 Meneguzzi SEs Retrovirus Human Gene 
Therapy 

First retroviral therapy 
on SEs 

[32] 

2006 Shimizu Nude Rats Retrovirus 

corrected 
RDEB 

fibroblasts 

Journal of 

Investigative 
Dermatology 

Showed fibroblasts 

can express more C7 
than keratinocytes in-

vivo 

[33] 

2007 Chen, 
Woodley 

SCID Mice Intravenously 
injected 

human 

fibroblasts 

Molecular Therapy First intervenous 
injection cell therapy 

[34] 
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2008 McGrath Humans with 

RDEB (5) 

Intradermal 

injection of 
fibroblasts 

extracted from 

unaffected 
arease 

Journal of 

Investigative 
Dermatology 

First human fibroblast 

therapy 

[16] 

2009 Balzar Mouse Wild type 

bone marrow 
transplantation 

Blood First study with bone 

marrow WT 

[35] 

2009 Chen, Uitto, 

Woodley 

C7 null mice C7 protein 

injection 

Molecular Therapy - [36] 

2009 Bruckner-

Tuderman 

Collagen VII 

hypomprph 

mouse model 

Intradermal 

injection of 

RDEB 
fibroblast 

(WT) 

Molecular Therapy - [37] 

2009 Shimizu C7 knockout 

mouse 

Rescue by 

cross breeding 

American Journal 

of Pathology 

C7 knockout mouse 

rescued by cross 

breeding with 

heterozygous mouse 
expressing human C7 

[38] 

2010 Hovnanian SEs SIN 

Retrovirus 

Molecular Therapy RDEBKs and 

RDEBFs corrected 
with SIN retrovirus 

[13] 

2010 Khavari SEs grafted on 

SCID mice 

Retrovirus Human Gene 

Therapy 

- [39] 

2010 Meneguzzi, 

Buer 

SEs Retroviral 

transduction of 

tran-spliced 
C7 DNA 

Journal of 

Investigative 

Dermatology 

Selected populations 

were used to develop 

SEs 

[40] 

2010 Tolar Human 

patients with 

RDEB 

Bone marrow 

transplantation 

New England 

Journal of Medicine 

5 out of seven patients 

survived with some 

progression 

[41] 

2011 Blazar SEs Corrected 

RDEB iPS 
cells 

Journal of 

Investigative 
Dermatology 

RDEB reverted to iPS 

developed normal 
human SEs 

[42] 

2011 Meneguzzi RDEB Dog Corrected 

RDEB 
keratinocytes 

Journal of 

Investigative 
Dermatology 

Corrected RDEB cells 

used to generate SEs 
grafted onto back of 

SCID mice 

[43] 

2013 Chen  SEs on SCID 
mice 

Topical 
application of 

recombinant 

type VII 
collagen VII 

onto wounds 

Molecular Therapy applying rC7 onto 
RDEB grafts with 

wounds restored C7 

and anchoring fibrils 
(AFs) at the DEJ 

[44] 
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1.2. Gene therapy  

Gene therapy has been hailed as the new breakthrough in molecular 

medicine as it allows the treatment of diseases at the genetic level. It 

involves‎the‎insertion‎of‎therapeutic‎genes‎in‎individual’s‎cells‎or‎tissues‎to‎

treat genetic diseases in which deleterious genetic mutations have occurred. 

The first gene therapy trial was carried out in 1990 at the National Institutes 

of Health clinical center using a retrovirus to genetically correct white blood 

cells into producing adenosine deaminase in vitro. Gene therapy has the 

potential to treat many other diseases including cystic fibrosis, low density 

lipoprotein (LDL)-receptor deficiency, haemophilia A and B, alpha-1-

antitrypsin‎deficiency,‎and‎Gaucher’s‎disease,‎many‎malignancies‎and‎viral‎

infections such as Acquired Immunodeficiency Syndrome [45]. Although 

viral vectors are the most efficient nanoparticles for gene delivery, there is 

still a big concern over safety to patients, as viral vectors tend to replicate 

and invade other tissues and organs leading to immunogenicity and toxicity. 

The death of an arthritis patient after gene therapy clinical trial has 

prompted the United States Food and Drug Administration (FDA) to halt 

any further clinical trials using viral vectors. This was a major drawback for 

the gene therapy field, which shifted the focus to non-viral approaches. 

Since then, a variety of non-viral approaches have been developed, 

including (but not limited to): naked DNA, gene gun, liposomes, 

polycations and electroporation [46].  
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1.3. Viral gene delivery 

Since the discovery of the role of chromosomal DNA as a main storage 

information unit that codes for most life forms, it was hypothesized that by 

replacing protein coding regions of the chromosome in inherent or acquired 

diseases, it is possible to reprogram the cell into producing normal 

functional proteins that can reverse the disease [47]. Effective delivery to 

the cells and nucleus has been the sole challenge for achieving successful 

gene therapy in many diseases. At the forefront of methods used for 

delivery, are modified viruses (viral vectors). 

Viruses are capable of infecting their host with high efficiency because of 

their unique structure and composition. A virus is mainly made of two or 

three components depending on its origin. Firstly, all viruses carry a DNA 

or RNA sequence known as the viral genome. This can be regarded as the 

most important viral component. Secondly, a protein cover, known as 

capsid, encapsulates the viral genome to protect it from enzymatic 

degradation. In some viruses, such as the retrovirus, a third component, 

made from host cell lipid bilayer, coats the capsid and can have 

glycoproteins which helps the virus to identify specific cells by binding to 

the cellular membrane receptors [48]. Naturally occurring strains will infect 

their‎host‎by‎depositing‎their‎viral‎genome‎into‎the‎host’s‎cells‎and‎change‎

the genomic configuration of the cell making it a temporary virus factory. 

It’s‎not‎the‎fact‎that‎viruses‎can‎replicate‎in cells that drew the attention of 

scientists, but the way these viruses are capable of effectively overcoming 

the cellular barriers, infect a wide range of cells, and force the cells into 

producing new proteins. This concept is the basis of gene therapy and has 

been for more than 20 years [49]. The first successful viral transduction 

based gene therapy trial took place in 1990 to cure a four year old patient 

from ADA-SCID, a severe immunodeficiency disease [50]. Since then, over 

600 clinical trials involving viral vectors have been carried out with the 

majority of them being successful.  
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1.3.1. From virus to viral vector 

To harness the transduction efficiency of viruses without inducing 

widespread infection and immunogenicity, all sequences that give the virus 

its replication capability after transduction have to be removed [51, 52]. The 

transgenic expression cassette is then cloned into the genome to create the 

first construct known as the viral genome. This is flanked by inverted 

terminal repeats and cis acting sequences required for genome 

encapsulation. The second construct contains the sequences that code for 

viral structural proteins and proteins that are required for replication of the 

vector DNA. All of which are produced and expressed by the packaging cell 

[53]. 

1.3.2. Types of viruses 

Retroviral vectors 

Retroviruses belong to the viral family retroviridae and carry genetic 

material in the form of RNA. Structurally, these viruses are encapsidated 

and enveloped with a loading capacity between 8-11kb of genetic material 

depending on the type of virus. The RNA carried by this virus is transcribed 

into DNA upon cellular infection which is then integrated into the host 

genome allowing for persistent and lasting protein expression which is one 

of the major advantages of retroviral vectors [54]. However, the risk of 

oncogenesis is substantial in some cases due to their DNA integrating 

potential that can result in insertional mutagenesis [55]. In addition, they are 

only capable of transducing dividing cells, which limits their application in 

clinical settings. Murine Leukemia Virus (MLV) based‎γ-retroviral vectors 

were used successfully to treat immunodeficiency disorders [56]. However, 

complications from adverse oncogenesis caused by retroviral vector 

integration into target genome [57]  led to a decline in their applications 

especially after the development in other types of viral vectors such as 

lentiviral vectors. 

Lentiviral vectors 

Like retroviral vectors, lentiviral vectors are enveloped and carry genetic 

material in the form of RNA, in fact, they carry two RNA molecules in 
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addition to enzymes including protease, RNase, integrase and reverse 

transcriptase. The first lentiviral vectors were developed based on the HIV-1 

virus but other viruses soon emerged from various strains including simian 

immunodeficiency virus and non-primate viruses such as the visna virus. 

Their popularity stems from their capability of transducing non-dividing 

cells with high efficiency, but like retroviral vectors, they can only carry 

small RNA molecules (~8kb). 

Herpes simplex viral vectors (HSV) 

HSV belongs to the family herpeviridae of which HSV-1 is the most used 

for gene therapy and is characterized by its high transduction efficiency in 

sensory‎ neurons.‎ Although‎ the‎ transduction‎ is‎ episomal‎ (because‎ HSV’s‎

carry genetic material in the form of dsDNA), gene expression is persistent 

in neuronal cells. Another advantage of vectors from HSV is the gene 

packaging capacity which can range from 40kb-150kb, substantially greater 

than other viral vectors. HSV-1 replication-defective vectors have been 

successfully tested for the treatment of epilepsy, [58] chronic pain (in phase 

I clinical trial), [59] and many other neuropathological disorders. 

Exploration of immune response, however, yielded induction of innate and 

adaptive immune responses in HSV infected hosts [60]. 

Adenoviral vectors 

Adenoviruses were first isolated from adenoid tissue in 1953 with more than 

50 serotypes being identified since. Their genome is composed of double-

stranded DNA like HSV-1 viruses but can only carry between 30-40 kb. 

They can transduce a broad range of cell types by episomal transduction 

with very high efficiency. The major problem with adenoviruses is that they 

induce potent toxicity and immune response caused by both, their capsids 

and gene products; this is especially true in early generation vectors. High 

efficiency adenoviral vectors have been extensively used in the treatment of 

many cancers in humans through targeted suicide gene therapy. Among the 

clinical targets being investigated on human patients are prostate cancer [61] 

head and neck cancer renal cell carcinoma, and chronic lymphocytic 

leukemia [62]. 
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Recombinant adeno-associated viral vectors (rAAV) 

Adeno-associated viral vectors carry genetic material in the form of single 

stranded DNA which is less than 5kb in length. They can transfect a broad 

range of cell types including non-dividing cells and achieve integrated 

transduction (<10%) at a specific site on chromosome 19 with near 100% 

certainty. Because these vectors completely lack viral genomes they are 

considered non-inflammatory and non-pathogenic but very difficult to 

produce. rAAV is defective which means co-transfection with a helper virus 

is required (e.g. adenovirus). Delivery of these vectors to mouse muscle 

showed no cytotoxic T lymphocyte (CTL) response or CD4+ T helper 

activation [63]. However, intraperitoneal, intravenous and subcutaneous 

administration all lead to significant CTL response. Despite these findings, 

rAAVs have been successfully used to correct the behavior of rodent models 

with‎Parkinson’s‎disease‎for‎up‎to‎12‎months [64].  
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Table ‎1.2: The five most common types of viral vectors used in gene therapy and their 

characteristics. 

Viral vector Genetic 

material 

Integration Capacity Toxicity dividing/non-dividing 

cells 

Lentivirus RNA Yes 8kb - Both 

Retrovirus RNA Yes 8kb - Dividing cells only 

Adeno-

associated virus 

ssDNA No 5kb - Both 

Adenovirus dsDNA No 30kb + Both 

Herpes-simplex 

virus 

dsDNA No 40kb ++ High efficiency in 

neuronal cells 
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1.4. Polymer based gene delivery 

The immunogenic and cytotoxic fallout of viral vectors led to the emergence 

of cationic polymers specifically synthesized for gene delivery, of which, 

Polyethylinimine (PEI) showed the greatest promise [65]. However, it was 

quickly realized that PEI had major drawbacks, including high toxicity [66-

68] attributed to its high cationic charge and limited transfection efficiency 

in non-dividing cells. Many alternatives have since been synthesized that 

outperform PEI in transfection efficacy and maintaining cell viability [69-

71] most of which are cationic in nature so that they can be taken up by the 

cells when they interact with the negatively charged plasma membrane 

(Figure ‎1.2). This excess positive charge also helps DNA escape the 

endosomal compartment during endocytosis through the “proton‎ sponge”‎

effect (Refer to section 1.4.5. of this chapter) [72, 73]. However, this 

property tends to kill cells as an excess of positive charges can interact with 

biological membranes and lead to the inhibition of crucial cellular processes 

[70]. Additionally, interactions with anionic molecules in the blood or 

surrounding tissue are inevitable in systematic administration.  To overcome 

these obstacles, scientists are working towards constructing multifunctional 

polymeric gene vectors that can carry out a multitude of tasks in a single 

application, from overcoming the cellular membrane to the safe release of 

the cargo inside the cell.  
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Figure ‎1.2: The known stages in intracellular gene delivery: 

1. Polyplex interaction with cell membrane results in the internalisation of the polyplex by, 

Macropinocytosis, Phagocytosis and Receptor mediated endocytosis (Caveolae or clathrin). 2. 

Formation of early endosome (2a). Polyplexes trapped in the endosome are digested in the late 

endosome/lysosome (2b) and removed from the cell by exocytosis (2c). 3. Alternatively, if the 

polyplex induces endosomal escape (3a) via the proton sponge method it travels through the 

cytoplasm where the polymer is gradually degraded by cytoplasmic or intracellular enzymes (3b). 

4. The polyplexes can also be internalized directly into the nucleus via nuclear localization 

peptides (NLS). 5. Disintegration of the polyplex and DNA release into the nucleus. 6. Finally, 

the DNA is inserted into the host genome. 
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1.4.1. Polymer structure 

The molecular weight and chain length have a significant effect on cellular 

uptake, endosomal escape, DNA un-packing and nuclear internalization. 

High molecular weight polymers show better DNA binding, cellular uptake 

and transfection efficiency, while low molecular weight (LMW) polymers 

show less cytotoxicty and better DNA un-packing [74, 75].  

Artursson et al. studied the effect of low molecular weight chitosan (<5 

kDa) related to physical shape and stability for gene delivery in vitro and in 

vivo.  Globular structures increased with increasing chain length of the 

chitosan oligomer. Gene transfection efficiencies in vitro and in vivo were 

related to the physical shape and stability of the complexes (Figure ‎1.3). An 

optimal MW has to be used depending on the polymer structure and charge 

density. Several approaches have been utilized to increase cellular uptake 

and stability of low molecular weight polymers or decrease cytotoxity and 

increase DNA un-packing of high molecular weight (HMW) polymers. Both 

approaches are feasible and have demonstrated improved cellular uptake 

and reduced cytotoxicity [76]. Reduction of the polymer size upon 

internalization by degradation [77] or modification with a hydrophilic 

moieties [78, 79]  has been shown to reduce cytotoxicity of HMW polymers. 

Based on the theory that low molecular weight polymers form less stable 

complexes with DNA than higher molecular weight polymer, it seems that 

incorporation of degradable functionality into LMW polymers is 

theoretically incorrect. However, a recent publication by Wu et al. [80]  

emphasized on the high transfection efficiency of LMW (7 kDa) disulfide-

PEI compared with HMW (400 kDa) disulfide-PEI, 25k-PEI and 

Lipofectamine®2000. The optimization of the molecular weight is 

important and unique for each type of polymer. Slight modifications to the 

polymer structure affect the optimal molecular weight for transfection. An 

example of this is the self-branched trisaccharide-substituted chitosans, 

which show superior colloidal stability, efficient internalization, low 

cytotoxicity and high transfection efficiency compared to their linear 

counterparts [81]. 
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A more thorough investigation was carried out by Anderson et al. The group 

developed‎a‎polymer‎library‎of‎over‎2000‎poly(β-aminoesters) in which the 

MW varied from 2000 to 50000 Da [82]. Because these polymers contain 

ester groups, they degrade via hydrolysis within hours under physiological 

conditions. The study showed that diacrylate monomer terminated polymers 

were unable to promote cellular uptake and the optimal formulations were 

composed of polymers greater than 10,000 Da. The most interesting, 

however, was the effect of minor polymer composition changes had on the 

overall efficacy of the polymer. The diacrylate and amine alcohol 

formulations were the best in terms of cell viability and transfection 

efficiency [83]. Further modification of these polymers by end-capping with 

diamines increased transfection efficiency to levels comparable to 

adenovirus [84]. Interestingly, minor changes to the diamine end-capping 

monomers also had a large influence on transfection efficiency. There is 

currently a surge of interest in poly (β-aminesters) as gene delivery agents 

with new structures emerging in literature regularly. Saltzman et al. have 

recently reported on a new class of degradable amine-co-ester terpolymers 

which show great promise in tumor targeting and suppression [85]. The 

optimization of polymer molecular weight is thus vital for improving 

polymer/DNA complex stability, reducing cytotoxicity and increasing 

transfection in mammalian cells. 
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Figure ‎1.3: Structure of single cyclized polymer knot synthesized from free radical 

polymerization. This newly developed polymer shows better transfection efficiency and 

cytotoxicity over its linear, branched and dendritic polymers [86]. 
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1.4.2. DNA Packaging 

The efficient packaging of DNA prior to delivery into cells is a major step 

for successful transfection using polymer based delivery vectors. The 

polymers have to have DNA binding properties in order to bind to DNA and 

prevent it from enzymatic degradation and promote cellular uptake [87, 88] . 

It is well known that binding usually occurs by hydrophobic and 

electrostatic interactions between the phosphate groups (anionic) along the 

DNA backbone and cationic groups (usually amine groups) of the polymer 

agent [89]. However, a number of studies have shown that there are 

significant interactions between electronegative sites in the major and minor 

grooves of DNA and interactions via RNA bases in tRNA [90-92]. These 

findings further support the original perspective on the importance of charge 

density of cationic polymers in packaging DNA. Protonation is a common 

method of increasing the net positive charge of cationic polymers. It 

involves the addition of a proton to the amine functional groups of the 

polymers by lowering the pH of the polymer solution [93]. Cationic 

polymers seem to exhibit a pH-dependent interaction with DNA, 

considering an optimal nitrogen/phosphate ratio and polymer weight 

average molecular weight is reached [94]. Stolnik et al. demonstrated an 

increase in the binding constant of a dimethylaminoethyl methacrylate 

(DMAEMA) based polymer from 7.8×10
5
 to 20.4×10

5
 M

-1
 after decreasing 

the pH from 8 to 6.6 respectively [93]. The electrostatic interaction between 

the polymer and DNA forces the DNA to collapse into nanoparticles termed 

polyplexes whose size is largely influenced by the charge density of the 

polymer [95]. It is important to note that strong binding does not mean 

better transfection, in fact, it may hinder the transfection by preventing the 

un-packaging and release of DNA into the cytoplasm [96]. It is also 

important that the B-form of the natural cellular DNA structure is 

maintained after binding, as some lipid formulations have induced partial B 

to A and B to C conformational changes in the DNA structure [97]. These 

conformational changes refer to either the distance between the bonded base 

pairs or the orientation of the helical structure, right handed for B-form and 

left handed for Z-form.  
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1.4.3. Serum stability of polyplexes 

Polymer gene delivery vectors have the important role of protecting the 

DNA from degradation by serum enzymes. This role is maintained as long 

as the DNA is tightly attached to the polymer and can travel freely to its 

target cell. Disassembly and release of the DNA from the polyplexes can 

occur after interaction of the latter with negatively charged serum proteins. 

Rapid blood elimination of polycation/DNA complexes results from binding 

to serum albumin and other proteins due to aggregation and accumulation of 

the complexes in fine capillary beds [98, 99]. Polyplex aggregation and 

clearance by phagocytic cells upon serum protein interaction is more 

prevalent especially in the case of cationic complexes. Modifications to the 

cationic polymers or polyplexes by addition of hydrophilic polymers such as 

Poly (ethylene glycol) can reduce aggregate formation or polyplex 

destabilization by hydrophilic shielding [99-104]. In vivo behavior of 

siRNA complexes, through pharmcokintetics and biodistribution, have been 

analyzed using non-invasive fluorescence fluctuation spectroscopy [103]. 

Superior stability of PEG/PEI complexed siRNA over free siRNA had been 

demonstrated as predicted, but disassembly of polyplexes upon liver 

passage hindered systematic administration. Although the binding strength 

of‎‘PEGylated’‎polymers‎is‎less‎than‎un-PEGylated polymers, the size of the 

complexes they form are the same. However, PEGylated polymers form 

neutral polyplexes while un-PEGylated polymers form highly charged 

polyplexes, relatively. Additionally, PEGylated polymers improve cell 

viability at the cost of reduction in cellular transfection efficiency both in 

vitro and in vivo (Figure ‎1.4). Other alternatives to PEGylation have been 

investigated including deoxycholate [105], HPMA [106-110], 

galactosylation [111], and various oligosaccharides [105, 112-117]. Proteins 

have also been used to improve polyplex stability in vivo. Human serum 

albumin has been electro-statically bound to polymer/DNA complexes to 

increase their tolerance against other serum proteins and bypass barriers 

such as cystic fibrosis airway secretions [118-120]. Nearly all of these 

compounds form neutral polyplexes that have increased tolerance against 

ionic strength. However, as stated earlier, neutral complexes have reduced 
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cellular membrane interaction ability thus lower uptake and transfection 

efficiency. To alleviate this problem, additional modifications, in terms of 

modification to the hydrophilic polymer structure or addition of cell-

penetrating peptide moieties have been carried out [121-124]. Replacement 

of PEG with faster degrading P(EPE)-SS- maintained high colloidal stability 

with 2 orders of magnitude increase in transfection efficiency [100]. 

Avoiding serum proteins can be achieved through direct injection into target 

tissue bypassing the circulation system [125]. The extent of stabilization 

achieved by hydrophilic group addition to polyplexes depends on a number 

of factors which include but are not limited to: hydrophilic moiety chain 

length, ionic strength of the polymer, charge density and hydrophilic to 

polycation ratio used to assemble the polyplex. 
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Figure ‎1.4: Polyplex stability in blood is largely influenced by the structure and charge 

density of the polymer. Cationic polymers with no hydrophilic functional groups interact with 

proteins reducing their gene delivery efficiency after intravenous injection. On the other 

hand, polymers functionalized with hydrophilic functional groups such as PEG, have higher 

stability in the blood because they do not interact with serum proteins making them more 

efficient gene carriers in vivo.  
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1.4.4. Cell internalization 

Endocytosis is a process by which cells engulf extracellular molecules by 

forming invagination in the cell membrane. This process is energy 

dependent and is the main process by which most polyplexes are taken up 

by the cell. Endocytosis is an umbrella term, which comprises of 

macropinocytosis, phagocytosis and receptor mediated endocytosis [126, 

127]. Phagocytosis is generally carried out by specialized cells like 

monocytes, macrophages and neutrophils [128]. Phagocytosis is not an ideal 

endocytic pathway of polyplex internalization as it is a process used by 

specialized cells to eliminate foreign particles. It can also be an obstacle for 

efficient delivery to target cells [129, 130]. Recent publications have 

highlighted the involvement of PAK1 dependent phagocytosis-like 

mechanism in uptake of cationic polymers [131, 132]. A more prevalent 

form of endocytosis is macropinocytosis, which involves the formation of 

large uncoated vesicles (200nm-5m) by the cell membrane much like 

phagocytosis. The similarity comes from the actin-rich pseudopod that 

makes a phagosome which is structurally similar to the ruffle that becomes a 

macropinosome. However, pseudopods are guided by targeting molecules 

on the surface in the case of phagocytosis and both vesicles are processed 

differently [133, 134]. Even though this is present in most spreading cells, 

this mechanism has not been fully characterized for its involvement in 

polycation uptake. Some characterization carried out by Jones et al. showed 

inhibition of cationic peptide uptake in A431 cells depleted of PAK-1 [135]. 

Moreover, the mechanism of macropinocytosis has been identified in the 

uptake of polyplexes and polymer based nanoparticles [136, 137]. 

Additionally, d-octaarginine-linked polymers showed a 25-fold increase in 

uptake over unmodified polymers, mainly through macropinocytosis. 

Although macropinocytosis has played a role in the uptake of several types 

of polyplexes, the predominant process of polyplex uptake is receptor 

mediated or dependent. Internalization of PEI carrying a splice-shifting 

oligonucleotide was inhibited partially by chlorpromazine (inhibitor of 

clathrin pathway) and almost completely by methyl--CD (inhibitor of lipid 

rafts or caveolae) suggesting that most polyplexes are taken up by lipid raft 
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mediated endocytosis [138]. Caveolae endocytosis of polyplexes has been 

the most studied of all the endocytic pathways as it bypasses the lysosome 

[139]. Histone H3 tail peptide conjugated PEI polyplexes were endocytosed 

by caveolin and transported through the golgi and endocytic reticulum 

before nuclear entry [140]. This mechanism seems to yield better 

transfection efficiency as a recent report suggests [141]. In this study, mouse 

myoblast cells were transfected with lipoplexes or histidine modified linear 

PEI (His-lPEI). Cells treated with polyplexes showed less transfection 

efficiency than cells treated with lipoplexes. The reason for this is explained 

in the different mechanisms of uptake. His-lPEI particles are internalized via 

the clathrin mediated endocytosis while lipoplexes are internalized through 

the caveolea as well as clathrin mediated endocytosis indicating that 

transfection efficiency is better correlated with the nature of the endocytic 

pathway than with uptake efficiency. The structure and composition of the 

polymer carrier also plays a role in determining the route of internalization 

[142]. Different cell lines utilize uptake pathways differently [143]. 

Although there is some indication that cationic polyplexes bypass the 

endosome, there still remains evidence to suggest otherwise [144]. Other 

key factors that influence the pathway of internalization are the polyplex 

size and charge. Large particles are internalized via micropinocytosis, 

smaller polyplexes (<200nm) are generally taken up through the clathrin 

pathway [145], although a recent report showed peptide modified polymer 

based nanoparticles, of the same size, internalized via the clathrin and 

caveolae pathways [146]. Positively charged or neutral polyplexes are 

internalized by electrostatic interactions or fluid phase transport while 

anionic polyplexes are up taken via the caveolea mediated endocytosis 

[147]. Interestingly, PEI was found to be taken up by ligand specific 

proteoglycans that facilitate its uptake via flotlin and dynamin [148].  

Anionic polyplexes are usually composed of negatively charged polymers 

such as PEG. Anionic complexes made from such polymers do not bind to 

the cell membrane via electrostatic interactions and thus must internalize by 

other means. Coatings of targeting peptides or molecules such as the folate 

receptor allows for caveolae mediated uptake [149]. Different modifications 

can be used with PEG to optimized uptake [150]. It is clear that there is no 
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superior uptake mechanism of polyplexes and that many factors combined 

to improve uptake have to be utilized. It is also clear that the uptake 

mechanisms seem to work in conjunction with one another to facilitate the 

internalization of polyplexes [142]. 

1.4.5. Endosomal escape 

Buffering capacity and the proton sponge effect 

Cationic polymers can induce endosomal escape because of their net 

positive charge [151]. Endosomes maintain a certain pH which can be 

destabilized by protonable polymers such as PEI. As the polyplexes enter 

the cell and become trapped in endosomal vesicles, each of these endosomes 

have membrane bound ATPase ion channels that pump protons into the 

endosome. The polymers become protonated and prevent the acidification 

of the endosome. This resistance leads to continuous influx of protons and 

passive entry of chloride ions. As a result, water accumulates into the 

endosome which eventually leads to the rupture of the endosomal 

membrane (Figure ‎1.5). Polymers with higher buffering capacity showed 

better transfection efficiency with PEI being the best. It has also been shown 

that dextran conjugated PEI reduced transfection efficiency due to reduction 

in buffering capacity [152].‎ Although‎ the‎ theory‎ of‎ the‎ ‘proton‎ sponge’‎

effect has been previously challenged [153], it has now become widely 

accepted as the primary route of escape of cationic vectors and has been 

proven practically [154] and theoretically [155].  
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Figure ‎1.5: Endosomal‎ escape‎ of‎ cationic‎ polyplexes‎ through‎ the‎ ‘proton‎ sponge’‎ effect.‎

Polyplexes, containing the protonable amine groups, distort the endosomal pH by preventing 

the acidification of the vesicle. Protons are actively pumped in to counter this resistance 

while chloride ions passively defuse in contributing to the increase in ionic concentration. As 

a result water also purges into the vesicle causing swelling and rupture of the endosomal 

membrane.   
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Peptides for endosomal escape 

Endosomal escape can also be facilitated by vesicle disturbing peptides that 

are conjugated to the polyplex to enhance cytosol delivery. Diphtheria toxin 

T domain was conjugated to dual functionalized PEI, which enhanced gene 

expression [156]. This has also been shown with Polyethylene glycol-

tetraacrylate functionalized with INF7 and H5WYG endosomal escape 

peptides (EEPs) [157, 158]. Additionally, PEI modified with melittin 

analogs showed enhanced gene expression over unmodified PEI but also 

increased toxicity possibly due to the capability of the polyplexes to disrupt 

other vesicles and the cell membrane [159].  Perhaps the most studied are 

the cell penetrating peptides (CCPs) used to promote endosomal escape of 

siRNA. Because siRNA delivery does not require entry to the nucleus, 

endosomal escape is a prerequisite for efficient knock down of genes, a 

process that mainly occurs in the cytosol. An effective method of peptide 

based membrane disruption involves hydrophobic peptides such as the 

endodomain of the HIV gp41 envelope glycoprotein which form pores in 

the cell membrane by adopting an amphipathic -helical structure allowing 

the flow of biological material through the membrane [160]. A lot of the 

proposed peptides are obtained from viral components demonstrating the 

efficiency of viral vectors over polymer carrier systems. When the peptide 

fragment of the influenza virus haemagglutinin (IFN7-SGSC) is coupled 

with Poly (L-Lysine)/DNA polyplexes, transfection efficiency increased by 

100-fold [161] demonstrating the effect of endosomal escape on transgene 

expression. Endosmal escape and nuclear entry were two main intracellular 

barriers which were crossed with endosomal escape and NLS peptides 

showing 2-3 fold increase in transfection efficiency over PEI [162].  

Chemical agents  

Certain chemical agents such as ammonium chloride, methylamine, 

spermine and monensin, which are weak bases, are known to induce pH 

buffering in the endosomal vesicles but do not seem to improve transgene 

expression. However, chloroquine, another weak base, has been shown to 

increase transgene expression when applied with Poly (L-Lysine)/DNA 

polyplexes [163]. It has been hypothesized that chloroquine has the 
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additional benefit of polyplex disassociation which leads to improved cell 

transfection [161]. Treating cells with chloroquine before and during 

transfection with Poly (L-Glutamic Acid)/PEI polyplexes enhanced gene 

expression but had a synergistic effect when coupled with the NLS histone 

[164]. Additionally, chloroquine effectiveness is dictated by the presence of 

endosomal vesicles and their acidity, for example, normal cells treated with 

chloroquine showed 2-fold higher gene expression than chloroquine treated 

cancer cells because the latter has less acidic endosomal vesicles [165]. The 

results further support the theory behind the method of endosomal escape by 

chloroquine and other weak bases. 

Photochemical Endosomal escape 

Another emerging method of inducing endosmal escape is photochemical 

vesicle escape, which is based on the chemical modification of 

photosensitizers, compounds that undergo molecular deformation when 

absorbing light at specific wavelengths.  Some of these photosensitizers 

include aluminium phthalocyanine (AlPcS2a) and meso-tetraphenylporphine 

[166, 167]. When absorbing light, the photosensitizer is converted to an 

excited singlet state that transfers its energy to molecular oxygen to what is 

named as singlet oxygen. This promotes the rupture of the endosomal 

vesicle releasing its contents into the cytosol [168]. Several groups have 

demonstrated that incorporation of photosensitizers with polymeric gene 

carriers significantly improved gene expression [166, 167, 169-171]. 

Polymer dissociation 

Polyplexes are required to have high stability outside the cell to ensure the 

DNA is protected from degradation by enzymes, but are also required to 

disassemble upon entry into the cell to allow release and efficient 

integration of DNA into the host genome [172, 173]. A balance between 

polyplex stability and DNA release has to be achieved for efficient 

transfection. Shorter polycations have a higher probability of dissociating 

from DNA allowing for higher gene expression over a short period of time. 

The compromise is reduced stability in serum and salt solutions with higher 

molar ratio of polymer to DNA being required to maintain stability [174]. 



Introduction 

 29 

Chain length and polymer molecular weight play a significant role in 

dictating the efficiency of DNA release [175, 176]. Characterization of 

polymer/DNA binding is prerequisite for obtaining an optimal molecular 

weight and polymer to DNA ratio. Chen et al. showed correlation between 

polyplex unpacking kinetics and transfection efficiencies of 

polyethylenimine, polyphosphoramidate and chitosan when compared using 

quantitative image–based analysis [177]. Chitosan has been used 

extensively in gene therapy as it releases the DNA when glycosaminglycans 

are applied to the polyplex solution [174]. The efficiency of release depends 

on chitosan chain length and GAG properties. It is well known that longer 

polymer chains tend to form more stable polyplexes that do not dissociate 

efficiently in the cell. To overcome this, polymers with additional properties 

that allow easier DNA release have been synthesized. Reduction of the force 

of attraction between the polycation and DNA can be controlled using 

stimulus such as temperature [178, 179]. Temperature responsive 

polycations can change their properties depending on the physiological 

environment to reduce interaction with DNA. For example, poly (N-

isopropylacrylamide)/poly (L-arginine)bioconjugate (PNIPArg), prepared 

by radical polymerization and EDC-activated coupling, dissociated from 

DNA above its lower critical solution temperature (LSCT) which increased 

its transfection efficiency [180]. Another group of stimuli responsive 

polymers are bioreducible polymers, which have attracted a significant 

amount of attention in recent years as they disassemble in physiological 

environments allowing efficient and quick release of DNA into the cytosol 

[181]. Bioreducible polymers, such as those that contain characteristic 

disulfide linkages, can be degraded through thiol-disulfide exchange 

reaction [182].‎ Disulfide‎ bonds‎ present‎ in‎ the‎ structure‎ of‎ polyplexes‎ are‎

preserved in the predominantly oxidizing extracellular space while readily 

reduced in the glutathione and thioredoxin containing intracellular space. 

Incorporation of disulfide linkages in polycations increases their 

degradation rate in physiological environment allowing faster release of 

DNA. The hydrolytically degradable ester groups in polyaminoesters have 

also been thoroughly investigated displaying elevated transfection efficiency 

and reduced cytotoxicity due to their degradation and DNA un-packaging 
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capabilities [176, 183-185]. The fast degradation of the polymer is also 

beneficial to the cell due to the lowered risk of cationic charge induced 

cytotoxicity [186]. 

1.4.6. Nuclear internalization 

The nucleus is the control center of the cell and contains the genomic 

information required for protein synthesis. It is enclosed by two membranes 

that allow the passage of small particles (<10nm) freely into and out of the 

cytoplasm [187]. Larger particles are transported by nuclear localization 

signals (NLS) [144]. Those membranes are important barriers to gene 

therapy and have to be taken into consideration for in vitro and in vivo gene 

delivery [188]. It has been established that proliferating cells are easier to 

transfect because they undergo mitosis regularly [189]. During this process, 

the nuclear membrane breaks down for a short period of time [187] 

exposing the genomic material and allowing foreign DNA to be integrated 

into host genome. However, primary mammalian cells proliferate at a much 

slower rate, triggering the need for alternative methods of nuclear 

internalization. NLS have been extensively used to improve nuclear 

localization of which the most widely used are the classical NLS from SV40 

Large T-antigen (PKKKRKV) and the bipartite NLS in which the classical 

NLS is split into two halves (typically KKKX5-20RK) [190]. Additionally, 

Conjugation of nuclear localization signal peptides has been shown to 

improve nuclear entry and transfection in both, dividing and non-dividing 

cells [144, 191-193]. Direct microinjection of PEI polyplexes into the 

nucleus showed high levels of transgene expression as opposed to 

lipoplexes indicating the rapid disassembly of polyplexes inside the nucleus 

[194], but due to the differing roles of mammalian cells, gene expression 

efficiency is cell type dependent [195]. However, encouraging signs of 

progress are emerging. Modification of polymers with multifunctional 

peptides that drive the DNA from the lysosome to the nucleus has proven to 

be successful in a range of cell types [196]. Polymers seem to transfect 

better upon transport from outside the cell into the cytoplasm as a number of 

groups have demonstrated injection of PEI based polyplexes into the 

cytoplasm yielded lower protein expression than simple topical application 
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on a monolayer of cells. However, recent studies showed conjugation of 

lactose to PEI and subsequent microinjection into the cytoplasm increased 

transfection, independent of import-β‎ nuclear‎ import.‎ This implies the 

presence of a connecting network between the cell membrane, cytoplasm 

and nucleus. The protein complex nuclear factor kappa-light-chain-enhancer 

of activated B cells (NFkB), which controls the transcription of DNA, has 

been utilized to enhance nuclear import by using pluronic based non-ionic 

co-polymer. Other studies suggest that pluronics rapidly activate NFkB, 

which bind cytosolic plasmid DNA that possesses promoters containing 

NFkB binding sites, and consequently increase nuclear import of plasmid 

DNA through NFkB nuclear translocation [197]. More recent studies 

suggest possible direct involvement of polymers in nuclear localization of 

DNA through its membrane disruptive properties which may also be the 

reason behind the cytotoxic side effects [198]. Contrary to the accepted 

theory that NLS peptides improve nuclear import of DNA, several groups 

have shown that direct conjugation of NLS-peptides to linear DNA did not 

improve transfection efficiency, regardless of whether it was free DNA 

[199]  or bound to a polymer [200, 201]. Co-localization of polymers and 

DNA-bearing optimized kB motif to favor NFiB-driven nuclear import in 

the nucleus indicates the involvement of polymers in nuclear entry [202]. 

Additionally, poly (L-Lysine)-DNA complexes of diameters less than 25nm 

were successfully co-localized in the nucleus after nucleolin binding at the 

cell surface [203].  

1.4.7. Future of polymer gene delivery 

Firstly, polymer composition has been shown to play a vital role in 

regulating transfection, uptake, and cell viability [204]. Parameters 

including amount of amine groups, type of amine groups, charge density, 

hydrophilic and hydrophobic content have direct influence on gene delivery 

efficacy. So it is important to design polymeric gene delivery vectors with 

optimized parameters. 

Secondly, dependence on single cationic monomers for polymeric gene 

delivery vector synthesis,  such as DMAEMA (which has been extensively 

used for polymer synthesis using RAFT and ATRP), limits our 
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understanding of the effects of minor chemical structure changes have on 

transfection efficiency [69]. For future development of polycations, it is 

important to examine the best combination of elements that make an ideal 

gene vector carrier. An interesting and practical approach is to use 

combinatorial chemistry to analyze thousands of monomer combinations 

with different compositions like the method utilized by Anderson [205]. 

Polymer structure, which includes distances between different molecules in 

the polymer chains, overall chain length and branching density, contribute 

more to transfection efficiency than previously thought [206, 207]. 

Moreover, recent publications in the area of gene and drug delivery have 

pointed at the importance of combining several synthetic and natural 

polymers (namely proteins and peptides) for maximum transfection. A 

combination of cell and nuclear penetrating peptides, cationic endosomal 

buffering polymer, and hydrophilic functionality (for improved serum 

stability) in one delivery vector seem to overcome the significant barriers 

associated with conventional cationic polymer-based gene delivery vectors 

[208-210]. However, many of these delivery vectors fail to cross all the 

barriers and seem to only work in well studied and characterized cell lines. 

In addition, there still remain unanswered questions surrounding the fate of 

DNA in the cytoplasm and the nucleus. Progress in analytical methods of 

polyplex internalization and intercellular pathway is still ongoing and the 

requirement for unmasking further barriers is still there. The additional 

barriers of in vivo gene delivery that include 3-dimensional arrangement of 

cells in dense connective tissue [211], presence of serum proteins, and the 

acute immune response make it difficult to translate results to the in vivo 

environment. The future of polymer-based gene therapy should rely mostly 

on in vivo experiments to overcome the physical barriers that are slowing 

down the progress towards clinical studies and the development of an 

efficient gene therapy vector. This is evident from recent in vivo transfection 

and toxicity studies that expose the differences between the polymers 

attributes required for in vivo or in vitro transfection. Polymers containing 

hydrophilic groups [212, 213], low-molecular weight [214] or linear 

polymers [215-217] are superior to large-molecular weight, branched, and 
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highly charged polymers in vivo, completely‎opposite‎of‎what’s‎observed in 

vitro. 
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Table ‎1.3: Commonly used gene delivery polymers and their modifications. 

Name Modifications Basic structure In vitro targets In vivo targets Ref. 

Poly-L-Lysine 

(PLL) 

Poly(ethylene glycol), 

Disulifde linkage, 
PAMAM Dendrimer 

 

Various cell 

lines 

Rabbit injured 

vessel 

[218, 

219] 

Polyethylenimine 

(PEI) 

Cyclodextrin, 

Targeting peptides, 
Succinylation, 

Dislufide linkage, 

Deacylation, Jeffamin 

Linear :  

Branched:  

Rat brain 

endothelium, 
embryonic 

neurons,  

mesenchymal 
stem cells, 

macrophages, 

and various 
cell lines 

Newborn 

mouse brain, 
local/IP 

injection in 

tumor-bearing 
mice and 

reporter gene 

expression in 
vital organs 

[220, 

221] 

Poly(β-
aminoesters) 

PEG, 
Branched/crosslinked, 

Thiol-reactive 

sidechains, spermine 

 

Embryonic and 
adult stem 

cells, Adipose 

derived stromal 
cells, neuronal 

cells, and 

various cell 
lines 

Reporter gene 
expression in 

mouse muscle, 

excisional 
wound and 

gene therapy in 

tumor bearing 
mice 

[70, 
183] 

 

Poly(DMAEMA) Cyclodextrin , 

PEG/HEMA, Redox- 
cleavable groups, 

IFN-7 peptides, TGN 

peptides, Additional 
ester groups  

 

Mouse  C3H 

myoblasts 

Various cell 

lines 

Intravenous 

injection into 
mouse brain 

and tumor 

bearing mice 

[87, 

222] 

Pluronic Poly (ethylene 
glycol), PDMAEMA, 

Poly(propylene 

glycol), PEI, Solid 
lipid nanoparticles, 

Adeno-associated 

viral vector 

Pluronic F-68 

 

Sea urchin 
eggs, 

myoblasts, 

mouse 
macrophages 

and various 

cell lines 

dystrophic mdx 
mice, gene 

therapy in 

muscle adipose 
tissue and 

tumor bearing 

mice 

[223] 

 

PEG P(DMAEMA), 

Arginine, 

Cyclodextrin, PEI, 
Chitosan, Targeting 

peptides and proteins, 

Lipid carriers, 
PAMAM Dendrimers, 

Adnovirus, Folic acid 

 

Brain capillary 

endothelial 

cells, Kupffer 
cells, Primary 

smooth muscle 

cells, 
macrophages 

and various 

cell lines 

Gene therapy 

in tumor 

bearing mice 
and Wistar 

rats, 

Intramuscular 
gene silencing 

in mouse and 

reporter gene 
expression in 

vital organs 

[102, 

224] 
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Dendrimers 

(PAMAM) 

PEG, Lactose, 

Targeting peptides 
and antibodies, Folic 

acid, Mannose, 

Arginine , 
Cholesterol, Targeting 

peptides and proteins 

G1  

Mesenchymal 

stem cells, 
cytokine-

activated 

primary human 
saphenous 

vein, 

endothelial 
cells and 

various cell 

lines 

Intramuscular 

gene silencing 
in mouse, gene 

therapy in 

tumors 

[225] 

 

 

 

 

Chitosan Poly-L-Lysine, 

Arginine, 
Guanidylated, PEG, 

Histindine, Cysteine, 
Glutathione, Glutamic 

acid, Galactose, 

Targeting peptides 

and proteins, 

Biotinylted, 

chondroitin sulphate, 
chitosan nanobubbles, 

PEI, Lipid shell, 

spermine 

 

Macrophages, 

adipose derived 
mesenchymal 

stem cells and 
various cell 

lines 

Antiapoptotic 

Bcl-2 gene 
knockdown in 

mice, 
autoimmune 

diabetes, 

aerosol 

delivery to 

mouse lung, 

reporter gene 
topical delivery 

to rat, reporter 

gene 
expression in 

endovascular 

rabbit organs 

[226] 

Cyclodextrin 

(CD) 

Lipid, PEG, Arginine, 

PEI, Galactose , 

Targeting peptides 
and proteins, 

Histidine, Chitosan 

 

α-CD  

Mesenchymal 

stem cells and 

various cell 
lines 

EGFP 

transfected 

MSCs injected 
into rat tail 

vein and nude 

mice bearing 
SKOV-3 

ovarian tumors 

[227] 

      

 



 

 

1.5. Project rationale  

Justification for choosing polymer based gene delivery over other methods: 

Alternatives to polymer based gene delivery include: viral vectors, 

liposomes and physical delivery methods, all of which have their own 

unique attributes and have shown great success in the gene delivery field. In 

terms of flexibility, efficiency and clinical application, all of these methods 

have equally significant limitations, some of which can be exploited by the 

newly emerging polymer nanotechnology. 

Advantages over viral vectors: 

Polymeric based transfection agents have a critical selling point (like other 

non-viral vectors) over viral vectors that comes in the form of lowered risk 

of toxicity and immunogenesis [56], a highly influential risk factor in 

clinical settings. Additionally, viral vectors have limited packaging 

capability, especially for large genes like the COL7A1. 

Advantages over liposomes: 

Liposomal vectors greatly resemble polymer vectors in their transfection 

efficiency and ease of production, but lack of limited modification 

capability has given the lead to polymer agents. Where polymers can be 

synthesized with a wide scope of monomers producing an infinite range of 

chemical structures, liposomes are limited by their basic structure which is 

composed of hydrophilic and hydrophobic layers.   

Advantages over physical methods:   

Physical means of gene delivery are not restricted to polymers and 

liposomes, but can include; naked DNA injection [228], electroporation, 

gene gun [229], sonoporation [230] and magnetofection [231]. Naked DNA 

injection is impractical since it requires direct injection of DNA into one 

cell at a time, while electroporation and sonoporation induce mass cell 

shock in which most affected cells die. In addition, particles of these 

systems, including gene gun and magnetofection, have shallow penetration 

in vivo, a major drawback that limited their application to skin and 

superficial tissue [232]. 
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Justification for using DE-ATRP, the multi-knot structure and the 

monomers, DMAEMA and PEEDEPE: 

The DMAEMA monomer provides the positive charge required for DNA 

binding while the multi-knot structure increases the charge density of the 

individual polymer molecules. Having high charge density boosts 

transfection efficiency, because it improves binding strength to DNA and 

generates compact nanoparticles [233].  

To encourage intracellular DNA release, a thiol degradable linker, in the 

form of PEEDEPE, is added to the structure. Disulfide bridges are reduced 

rapidly by intracellular glutathione [234].  

The 3D multi-knot form is synthesized from controlled polymerization of 

DMAEMA and PEEDEPE, achievable only through the mechanism of DE-

ATRP [235].  

Justification for using hyperbranched poly (β-amino esters) for gene 

delivery in RDEB mice: 

Poly‎ (β-amino esters) (PAEs) are a group of cationic polymers with 

biodegradable polyester backbone with a capability of binding to DNA in 

acidic states. Herein, a hyperbranched version of the PAEs was used 

because hyperbranched structures are more efficient at gene delivery than 

their linear counterparts. In addition in vitro studies (carried out by Dr. 

Dezhong Zhao in our research lab) suggest the superiority of these polymers 

over the best of commercial agents in terms of viability and transfection 

efficiency (manuscript in preparation). Thus, the hyperbranched PAEs were 

used to complement the multi-knot polymer in vivo and because of the 

efficiency of PAE that has been reported previously by several groups. 

1.6. Project objectives and hypotheses 

The ultimate goal of the project is to develop a safe and efficient polymer 

based gene delivery method to encourage the production of functional 

collagen type VII protein and restore the mechanical stability at the BMZ in 

RDEB mouse skin.  

Phase I- Optimizing polymer properties (Chapter 2)   
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Hypothesis:  

1. A multi-knot polymer with high charge density and disulfide 

reducible bonds can be synthesized from DE-ATRP. 

2. A‎ hyperbranched‎ poly‎ (β-amino ester) can be synthesized by 

Michael‎addition‎type‎reaction‎and‎by‎delaying‎the‎‘gelation‎point’. 

The polymer is degradable by ester hydrolysis. 

3. The polymers will be able to bind to DNA efficiently forming 

nanoscale polyplexes for comprehensive cellular uptake. 

4. The potential of the polymer to degrade will reduce cytotoxicity and 

encourage intracellular therapeutic DNA release.   

Objectives: 

1. Synthesize a multi-knot polymer from DMAEMA and PEEDEPE 

using the DE-ATRP method. 

2. Synthesize a second polymer, (hyperbranched PAE) in the event that 

the multi-knot polymer does not meet the challenge of high efficacy 

in vivo. 

3. Characterize the polymers in terms of molecular weight and atomic 

structure. 

4. Characterize‎the‎polymers’ DNA binding efficiency through polypex 

zeta size and zeta charge analysis. 

Phase II- Polymer transfection efficiency analysis in vitro (Chapter 3) 

Hypothesis:  

The multi-knot and HPAE polymers can achieve high transfection 

efficiency and low cytotoxicity in a range of cell types and will outperform 

the gold standard and commercial transfection agents (e.g. Polyethylenimine 

and Lipofectamine®2000). 

Objectives: 

1. Optimize the transfection environment and compare protein 

expression and cytotoxicity levels to the commercial agents.  
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2. Test a range of polymer to DNA weight ratios on various cell types. 

3. Find the range of DNA and polymer concentrations that complement 

high protein expression with minimal cytotoxicity. 

Phase III- Ex vivo and in vivo analysis of gene delivery efficacy (RDEB 

model, Chapter 4) 

Hypothesis: Polymer delivery of the therapeutic plasmid to ex vivo cultured 

skin equivalents or RDEB mice (Col7α1-/-) in vivo will promote expression 

of functional collagen VII protein and formation of anchoring fibrils 

allowing the skin to regain its structural integrity.      

Objectives: 

1. Examine the C7 plasmid delivery efficiency and 

protein expression capability of the multi-knot polymer 

in ex vivo 3D co-cultures (skin equivalents) of 

fibroblasts and keratinocytes.  

2. Examine the C7 plasmid delivery efficiency and 

protein‎ expression‎ capability‎ of‎ the‎ poly‎ (β-amino 

esters) in an in vivo RDEB mouse model (Col7α1-/-).  

3. Analyze C7 protein expression in vivo (RDEB mouse, 

Col7α1-/-) after intradermal injection of polyplexes 

into the blister region. 

4. Investigate the inflammatory response and toxicity of 

the vector in terms of tissue necrosis, macrophage 

infiltration and swelling of the injected area. 
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2.1. Introduction 

Polymers used in gene delivery have a different structural and atomic 

composition from those used in detection of biological components. 

Important characteristics that a polymeric gene delivery vector must have 

include: charge, usually provided by amine groups, optimal molecular 

weight and the ability to protect DNA if delivered in vivo. One of the most 

critical traits is high electric charge, required for binding the polymer to the 

negatively charged DNA backbone and collapsing it into nano-sized 

particles [1]. Additionally, this high electric potential helps gene delivery by 

interacting with the negatively charged cellular membrane. The charge 

density of polycations is dictated by the number of primary, secondary or 

tertiary amines in the polymer chain. In designing a polymer for gene 

delivery, we hypothesised that having high charge density will increase 

DNA packaging quality, encourage particle uptake and disrupt the 

endosome to promote DNA release (proton sponge effect [2]). This will lead 

to elevated transfection and increase the levels of protein expression (Figure 

 2.1). To achieve this goal, amine content will be increased in the polymer 

backbone and additional primary amines will be conjugated to the polymer 

terminals by post modification reactions.  

It has been reported that increasing the charge density will increase toxicity 

and may prevent DNA unpacking inside the cell (Figure  2.2). To 

compensate for this, a disulfide reduction mechanism was introduced into 

the polymer. Disulfide bridges are reduced intracellularly by glutathione, 

which reduces the polymer size and aid in the unpacking of DNA from the 

polymer [3]. We thus hypothesised that increased charge density and fast 

intracellular reduction capability will improve transfection properties of 

cationic polymers while maintaining high cell viability. 

Charge density is not the sole contributor to determining the transfection 

efficiency. Better studies have shown a general trend of branching resulting 

in better transfection capability when analysing the structure-function 

relationship of polymer transfection vectors, which were previously limited 

to linear, branched and dendritic architectures. For example, star shaped 2-
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dimethylaminoethyl methacrylate (DMAEMA) based polymers, with 

cationic tertiary amines showed better transfection capability than the linear 

control [4]. However, the transfection capability was overshadowed by the 

fact branched PEI which contains primary, secondary and tertiary amines 

through its structure. It is also worth noting that end-capping of polymers 

with additional amines can vastly alter the transfection performance. For 

example, tertiary amine containing poly (β-amino esters) show highly 

improved transfection traits, comparable to that of an adenovirus, when end-

capped with primary amines [5].  

Previous reports have shown that there is an optimal molecular weight for 

transfection and higher molecular weight does not mean better transfection 

[6, 7]. High molecular weight polymers show better DNA binding, cellular 

uptake and transfection efficiency, while low molecular weight polymers 

show less cytotoxicity and better DNA un-packaging [8, 9]. To this end, 

high molecular weight PEI polymers have been synthesized for a 

transfection capability, but which cleave upon cell entry, to yield low 

molecular weight degradation products and reduce the overall toxicity of the 

vector [10]. In addition Artursson et al. studied the effect of low molecular 

weight chitosan (<5 kDa) related to physical shape and stability for gene 

delivery in vitro and in vivo. The study showed globular structures increased 

with increasing chain length of the chitosan oligomer and gene transfection 

efficiencies in vitro and in vivo were related to the physical shape and 

stability of the complexes.  

Until recently, the majority of polymerizations involving multi-vinyl 

monomers (MVMs) were carried out by using the co-polymerization system 

containing only a low percentage of MVMs. To overcome this bottle-neck, 

we have developed a deactivation enhanced strategy for ATRP that 

efficiently delayed the point of gelation in the homopolymerization of 

ethylene glycol dimethacrylate (EGDMA) to over 60% monomer 

conversion in a concentrated polymerization system [11-13]. With this 

method, termed in situ deactivation enhanced ATRP (in situ DE-ATRP, 

Figure  2.3), we produced a new 3D ‘Single knot’ molecule architecture that 

consisted of a single polymer chain cyclized within itself at the early stage 
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of reaction [11, 13]. Furthermore, we reported the use of ‘Single knot’ 

polymer for gene delivery applications through the preparation of a series of 

cationic transfection agents. We observed that the single knot gene vector 

interacts differently with plasmid DNA compared to conventional vectors 

and has a superior transfection profile in terms of both transfection 

capability and preservation of cell viability [11]. This ground breaking work 

has driven us to continue designing and exploring this new gene vector, as 

we believe that it can, in principle, be improved by higher cationic density 

and lowering the cytotoxicity. As the non-degradable single knot vector 

demonstrates that a high transfection performance can be achieved, it can be 

reasonably hypothesized that the advanced degradable ‘multi-knot’ polymer 

chain will out-perform currently available polymer structures in terms of 

efficacy, cell viability, and scalability. 

For complex 3-dimentional environments, a hyperbranched poly (β-amino 

ester) (HPAE) was synthesized and tested (designed and tested by Dr. 

Dezhong Zhou) in parallel to the multi-knot polymer. PAEs have been 

previously tested in vivo and demonstrated excellent transfection efficiency 

on a number of occasions [6, 14] which is why it was selected as the 

transfection agent specifically for in vivo experiments. 

2.2. Materials 

All reagents have been purchased from Sigma Aldrich unless otherwise 

stated. A comprehensive list of materials has been supplied in Appendix Y. 

2.3. Methods 

2.3.1. PEEDEPE monomer synthesis 

All containers used in the reaction were washed with Tetrahydrofuran 

(THF) before the experiment. One hundred millilitres of THF was first 

added to the reaction flask with of acroylyl chloride added immediately 

after. The mixture was cooled down on ice and argon gas bubbled through 

the stirring solution. While bubbling on ice, triethylamine (TEA) was added 

slowly. Argon gas was bubbled through the solution for another 10 minutes 

before the hydroxy ethyl disulfide was added drop wise and stirred for 2 
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hours in the fume hood. The flask was closed and the reaction was allowed 

to progress for another 24 hours.  

2.3.2. PEEDEPE monomer purification 

A white solution was obtained after the reaction time is over. This white 

solution was then passed through filter paper (Whatman® cellulose filter 

paper) a number of times until the solution turn colourless. One hundred and 

fifty millilitres of dichloromethane and sodium carbonate were then added 

drop wise and the mixture was shaken vigorously to remove toxins and CO2 

gas. This was repeated 6 times to ensure all toxins have been removed. To 

remove sodium carbonate, 150ml of distilled water and 1-3 grams of sodium 

chloride were added and mixed vigorously for a couple of minutes. The 

solution was allowed to settle, a layer of dichloromethane and PEEDEPE 

monomer should form once the mixture is settled. This layer was poured out 

carefully. This step was repeated 3 times to insure all the sodium carbonate 

is removed. Adding anhydrous magnesium sulfate at 50% mass of the total 

monomer solution absorbs the water out. This compound was then passed 

through aluminum oxide and cotton wool with excess dichloromethane, 

which is later, removed by rotary evaporator. 

2.3.3. Disulfide polymer synthesis (Multi-knot polymer) 

The polymer was prepared in acetonitrile (the volume ratios of total 

monomers to solvent = 1:1) at 60˚C with Schlenk line system, where argon 

was bubbled through the solutions to remove oxygen. Liquids were 

transferred by means of septa and syringes while under argon. A typical 

reaction procedure is described: 2-(Dimethylamino)ethyl methacrylate 

(DMAEMA) (5.4g), PEEDEPE (1g), Ethyl-α-bromoisobutyrate (Initiator) 

(0.186 g), N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (Ligand) (0.016 g), 

CuCl2 (0.013 g) and acetonitrile (7ml) were transferred to a two necked 

round-bottom flask fitted with stopcocks. Argon was bubbled through the 

solution for 15 minutes to purge the oxygen. L-ascorbic acid was added into 

the flask to start the reaction, which was kept in an oil bath at 60˚C and 

stirring at 600rpm. Samples were taken at different time points for 

chromatography analysis to monitor the monomer conversions by 
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comparing the peak areas for monomers and polymers. The reaction was 

stopped when the desired monomer to polymer ratio was obtained.  

2.3.4. Polymer purification 

After polymerization, the polymer was precipitated by adding the solution 

drop-wise into a large excess of hexane and diethyl ether (1:1) to remove 

excess DMAEMA and PEEDEPE monomers. The precipitated polymer was 

dissolved in acetone and passed through an aluminum oxide glass column to 

remove the copper. Acetone was removed by rotary evaporation and the 

polymer was dissolved in water for the next procedure. 

2.3.5. Conjugate addition of diamine monomers and protonation 

Unreacted vinyl groups of polymer were end-capped by adding 200mg 

(2mmol, dissolved in water) of the polymer to 40mg (50mmol, dissolved in 

water) of either 1,3-diaminopropane or ethylenediamine under argon at 

ambient temperature for 48 hours in the dark. The end-capped polymer 

solution was protonated to pH 5.5 by adding 1M HCL drop wise under 

stirring while constantly monitoring the pH using a pH meter (FiveEasy
TM

, 

Mettler Toledo). Finally, the solution was freeze-dried and a white soft 

sponge was obtained.  

2.3.6. Characterization of the polymer 

The resultant polymer was characterized by gel permeation chromatography 

(GPC) and proton nuclear magnetic resonance (
1
H NMR). Number average 

molecular weight (Mn), weight average molecular weight (Mw), and 

polydispersity (Mw/Mn) were obtained by GPC (920-LC Liquid 

Chromatograph, Varian) with a refractive index detector, column heater and 

evaporative light scattering (ELS) detector supplied by Varian. The columns 

(300×7.5 mm PolarGel-M Column, two in series) were eluted using DMF 

and calibrated with poly (methyl methacrylate) standards. All calibrations 

and analyses were performed at 60 °C and a flow rate of 1 mL/min. 
1
H 

NMR was carried out on a 400 MHz JEOL NMR with DELTA processing 

software. The chemical shifts were referenced to the lock (CD3)2CO. (GPC 

and NMR sample preparation in Appendix). 
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2.3.7. Polymer degradation analysis 

The polymer was dissolved in water and combined with a glutathione 

solution in water. The final concentrations of the multi-knot polymer and 

glutathione were 1mg/ml and 5mM, respectively. The mixture was stirred 

and incubated at 37˚C from 10 minutes to 60 minutes. Excess iodoacetic 

acid (10mM) was added to prevent further degradation during subsequent 

steps. The sample was then freeze dried and resuspended in 100µl of water 

topped up to 3ml with dimethylformamide (DMF). GPC measurements 

were then taken as described previously. 

2.3.8. Polyplex preparation and characterisation 

Polyplexes can be prepared from various polymers to DNA ratios, namely 

nitrogen to phosphate (N/P) or weight to weight (w/w) ratios. For the 

polymer used throughout this study, an N/P ratio of 20:1 (or w/w of 10:1) 

showed the best performance in terms of transfection efficiency. To prepare 

polyplexes with 1µg of plasmid DNA, 10µl of 0.1mg/ml plasmid DNA is 

added to a vial containing 100µl of 0.1mg/ml polymer solution. Table 3 

shows the list of ratios tested. 

NanoDrop®, Gel Electrophoresis and PicoGreen® assay: The DNA 

packaging efficiency of the polymer was analysed using the nanodrop, gel 

electrophoresis PicoGreen® assay.  

(Detailed protocols of these experiments are available in Appendices F, E 

and G, respectively). 

Size and Zeta potential: The hydrodynamic diameters and zeta (ζ) potentials 

of the multi-knot/plasmid DNA complexes were determined by light 

scattering and zeta potential analyser (Malvern instruments, Zetasizer Nano-

ZS90). Polyplex solutions (1ml) containing 10g of gaussia luciferase 

pcDNA were prepared at different weight ratios ranging from 0.5 to 100 

after incubation at 25C for 1 hour. Measured sizes and potentials were 

presented in the results as the average values of 5 runs. Optimal weight 

ratios were used for PEI and Superfect® as described by the manufacturer.  
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Transmission Electron Microscopy: Confirmation of polyplex size was 

obtained by examining the polyplexes under a transmission electron 

microscope (Hitachi H-7500 Transmission Electron Microscope) that 

utilises 80kV accelerating voltage, Gatan Inc. US1000 high resolution 

digital camera and Gatan Inc. Digital micrograph acquisition software 

v1.82.366. Ten microliters of polyplex solution at weight ratios of 5 and 10 

containing 0.5g of gaussia luciferase pcDNA were pipetted on to 

Graphene grids (Agar scientific, UK) and visualised after drying. 

2.3.9. Synthesis of the ‘hyperbranched poly (β-amino ester) (HPAE) 

According to conventional statistical theory defined by Flory and 

Stockmayer (F-S theory), “A2+B3” type reaction would lead to the 

formation of insoluble cross-linked gel. We employed low monomer 

concentration (10%) and mild reaction temperature (90°C) to delay the 

“gelation point”, at the same time end-capped the base polymers (acrylate 

terminated polymers) timely to overcome the limitation defined in the F-S 

theory and obtained a series of well-defined HPAEs. By varying the feed 

ratio of trimethylolpropane triacrylate (TMPTA) to bisphenol a ethoxylate 

diacrylate (BE), PAE structure was modulated from “A2+B2” type linear 

structure to “A2+B3/B2” type hybrid hyperbranched structure step by step 

(Figure  2.16). 

2.4. Results and Discussion 

2.4.1. PEEDEPE monomer synthesis and characterization 

2-{[2-(prop-2-enoyloxy)ethyl]disulfanyl-4-ethyl prop-2-enoate or 

PEEDEPE was synthesized by nucleophilic addition/elimination of acrylate 

chloride and hydroxy ethyl with hydrochloric acid being the side product of 

the reaction (Figure  2.5). After purification, a light yellow and slightly 

viscous solution was obtained. Being highly reactive because of its divinyl 

groups, the monomer was always protected from light and stored at 4C. 

The 
1
H NMR spectrum confirmed the monomer structure and showed the 

presence of divinyl functional groups. 
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2.4.2. Disulfide polymer synthesis and amine conjugation 

The multi-knot vectors were synthesized via in situ deactivation-enhanced 

atom transfer radical copolymerization of DMAEMA and PEEDEPE [15, 

16], and post-functionalized by 1, 3-diaminopropane. The feed ratio of these 

two monomers was 90:10. The disulfide monomer, PEEDEPE, was 

synthesized by chlorine substitution of acroylyl chloride and hydroxy ethyle 

disulfide in the presence of triethylamine (TEA) as reported previously [17]. 

Gel permeation chromatography (GPC) and proton nuclear magnetic 

resonance (
1
H NMR) were used to determine the polymer molecular weight 

and composition, respectively (Figure  2.7 and Figure  2.8 respectively). 

Firstly, the polymer chains display a linear-like growth, which is the 

increase of molecular weight, is linear with monomer conversion and PDI 

remaining low with unimodal molecular distribution (Figure  2.4). However, 

when the reaction reaches high monomer conversion, the single knot 

molecules start to combine into multi-knot molecules, along with a 

significant molecular weight increase. After 7 hours of reaction time at 

60˚C, the DE-ATRP reaction was stopped resulting in a polymer with 40 

kDa Mw (Table  2.4). The remaining vinyl groups were end-functionalized 

with 1, 3-diaminopropane by Michael Addition (Figure  2.9). It could 

reasonably be assumed that in addition, these vinyl groups could be subject 

to other post modifications for precise cell targeting or crossing in vivo or 

intracellular gene delivery barriers.  

2.4.3. Polymer degradation  

To investigate the degradation of the multi-knot polymer, the polymer was 

dissolved in 5mM glutathione solution, a disulfide reducing compound 

found at roughly that concentration in the intracellular space [18]. As a 

result, the polymer molecular weight reduced by 10 times within 20 minutes 

(Figure  2.10). This degradable property could be the sole factor for the 

reduced cytotoxicity of the polymer (discussed in the next chapter).  

2.4.4. Polyplex characterization 

Two of the most significant factors that affect polyplex uptake by cells are 

their cationic charge and hydrodynamic size [8, 9]. The binding efficiency 
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of the multi-knot polymer to nucleic acids was initially examined using the 

gel electrophoresis (Figure  2.11). All ratios (from 1:1-100:1) showed 

efficient binding of polymer to DNA. The polymer prevents DNA migration 

completely at 1:1. At higher ratios, the polyplexes seem to migrate in the 

opposite direction due to the positive charge of the polymer, but it is 

hindered by its size and thus does not migrate far through the tiny pores of 

the gel. 

The charge and size of various polyplex ratios were evaluated using 

multimode measuring equipment that utilizes the DLS and charge properties 

of colloidal particles. Polyplexes formed monodisperse nanoparticles 

(<200nm) with high positive charge (~50mV) (Figure  2.13). The charge 

increased and the polyplex size decreased when the amount of polymer 

exceeded the amount of DNA as expected. However, this plateaued 

immediately after the ratio reached 5:1 indicating the presence of an optimal 

ratio at which the polyplexes reach maximum charge and minimum size. 

This is discussed further in the next chapter. At weight ratio of 1 (N/P 2:1) 

of the polymer, the polyplex size is higher and charge is lower than at 

higher ratios and also comparable to those of PEI (N/P 10:1).  

Transmission electron microscopy (TEM) was used to obtain visual 

confirmation of particle sizes (Figure  2.12). The sizes and shapes of these 

particles are irregular but consistent with the zeta-size measurements that 

range from 100nm-300nm. 

PicoGreen® Assay 

PicoGreen® (PG) was chosen because it selectively binds double stranded 

DNA and remains relatively non-fluorescent when unbound [19]. Studies on 

PicoGreen® intercalation with DNA reveal that intramolecular dynamic 

fluctuation is the reason for quenching of PG in its free state [20]. PG has an 

excitation maximum at 480 nm and an emission peak at 520 nm. When 

bound to double stranded DNA, fluorescence enhancement of PG is 

exceptionally high; little background occurs since the unbound dye has 

virtually no fluorescence. PG is very stable to photo-bleaching, allowing 

longer exposure times and assay flexibility [21, 22]. 
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PicoGreen® can detect the DNA bound to the polymer, although the signal 

is significantly reduced in comparison to naked DNA (Figure  2.14). 

Interestingly, PG fluorescence is more quenched at lower weight ratios 

(namely 2:1) than higher ratios possibly due to the repulsion of the positive 

charges which is enhanced at higher ratios. PEI polyplexes completely 

quenched the fluorescence of PG at all ratios. This could be due to the 

hyperbranched structure of PEI that prevents the PG from accessing the 

DNA [23].  

Figure  2.15 shows the polyplexes formed by the polymer at three different 

ratios. These polyplexes were incubated with PG for 5 minutes. They can be 

clearly seen under FITC channel. These images show aggregation behaviour 

of polyplexes at high ratio (e.g. 30:1), an event that might hinder 

transfection [24]. In the same figure, polyplexes can be seen taken up by the 

cells with some residual green dots around the cellular membrane indicating 

positive interaction of the polyplexes with cell membrane. 

2.4.5. Synthesis of the hyperbranched poly (β-amino ester) (HPAE) 

Synthesis of PAEs is carried out using a Michael addition type reaction 

which is quite different from the synthesis procedure used in the making of 

the multi-knot polymer. Additionally, delaying of the gelation point in the 

predecessor yields a hyperbranched PAE, a unique polymer in its own right. 

There is no great difference in the number molecular weight (Mn) between 

the LPAE and HPAEs (around 3000 Da). Because of the difference in 

structure (linear versus hyperbranched) but similarity of the Mn, LPAE 

shows much lower molecular weight (Mw) than HPAEs. It is well-known 

that PDI generally correlates with polymer structure; compared to the 

LPAE, the much higher PDI of HPAEs indicates the formation of 

hyperbranched structure. 
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Figure  2.1: Schematic showing the properties of the multi-knot polymer that 

drive uptake and DNA release without inducing cytotoxicity. The ionic 

bond that forms between the cationic polyplexes and anionic cell wall is the 

predominant form of cell-particle interaction. Glutathione cleavage of the 

polymer’s disulphide bonds breaks the polymer into low molecular weight 

polymer resulting in better DNA release.  
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Figure  2.2: Relationship of charge density to cell viability and transfection 

efficiency. This image demonstrates that an increase in charge density 

results in increase transfection but reduces cell viability. 
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Figure  2.3: Mechanism of in situ DE-ATRP where X= Cl or Br. The 

reducing agent is usually ascorbic acid. 
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Figure  2.4: Polymer growth towards multi-knot structure. Excess vinyl 

groups are terminated with diamine monomer. Knotting occurs within the 

polymer chains due to close proximity of the reactive groups to each other 

to form a single-knot polymer. When single-knot molecules come in contact 

with each other towards the final stages of the reaction they form a multi-

knot polymer. The initiator and free radical are represented by I and 

asterisk, respectively. 
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Table  2.1: Components required for the synthesis of the PEEDEPE 

monomer.  

Monomer Molar (mmol) Mw (g/mol) Density Volume (ml) 

Acroylyl chloride 320 90.51 1.114 25.8 

Hydroxy ethyle disulfide 80 154.25 1.26 9.79 

Tetrahydrofuran  72.11  200 

Triethylamine 160 101 0.726 22.25 
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Table  2.2: Multi-knot polymer synthesis reactants and their ratios in the 

reaction pot. Molar ratio equates to feed ratio. 

Monomer Molar Ratio Mw (g/mol) Density Mass(g) Mass(mg) Volume 

DMAEMA 90 157.22 0.932 5  5.3ml 

PEEDEPE 10 262  1   

Initiator 2.5 195 1.315 0.186 186 142ul 

Ligand 0.25 173.3 0.83 0.016 16 19.3 

CuCl2 0.25 134.45  0.013 13  

AA 0.05 176.12  0.0034 3.4  

Solvent 

(Acetonitrile)  
50% of total 72.11 0.805   7ml 
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Table  2.3: Making up polyplexes with different ratios 

Polymer 

(ratio) 

Concentration 

(mg/ml) 

Polymer 

Mass 

(µg) 

Polymer 

Volume 

(µl) 

DNA 

Concentration 

(mg/ml) 

DNA 

Mass 

(µg) 

DNA 

Volume 

(µl) 

Water 

(µl) 

Polymer 

(1:1) 

1 1 10 0.1 1  10 90 

Polymer 

(2:1) 

1 2 20 0.1 1 10 80 

Polymer 

(5:1) 

1 5 50 0.1 1  10 100 

Polymer 

(10:1) 

1 10 100 0.1 1 10 50 

Polymer 

(15:1) 

1 15 150 0.1 1 10 0 

Naked 

DNA 
- - - 0.1 1 10 150 
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Figure  2.5: H
1
 NMR spectrum of the disulfide monomer showing the peaks 

that represent the hydrogen atoms and their positions within the monomer. 
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Figure  2.6: Synthesis and characterization of propenoyloxy ethyl disulfanyl 

ethyl propenoate (PEEDEPE) monomer and ‘multi-knot’ polymer. The 

structural components of the polymer include the initiator 

ethylbromoisobutyrate (EBIB), PEEDEPE and dimethyl amino ethyl 

methacrylate (DMAEMA). Initiation progresses towards linear propagation 

then branching both of which can be deactivated/activated during synthesis. 

Knotting occurs during linear propagation and branching. Unreacted vinyl 

groups were terminated with diaminopropane by Michael addition reaction. 
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Figure  2.7: GPC trace of polymer synthesis. Each peak represents a sample 

taken at different time point of the reaction. The formation of the multi-knot 

polymer occurs when a number of knotted polymer molecules combine 

during a reaction lasting 8 hours. A GPC plot is given to show the 

difference between the polymer sizes at three different time points of the 

reaction.  
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Table  2.4: Increase in number average molecular weight (Mn), weight 

average molecular weight (Mw), polydispersity index and percentage 

monomer to polymer conversion over the reaction lifetime of the polymer. 

The reaction was stopped after 7 hours to obtain a polymer with final Mw of 

42kDa. 

Entry Time (hrs) Mn (g/mol) Mw (g/mol) PDI 
Conversion 

(%) 

H1 1 9.3 12.9 1.4 76.3 

H2 2 10.6 15.0 1.4 78.0 

H5 5 17.1 30.3 1.8 91.0 

H7 7 19.9 42.1 2.1 92.2 
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Figure  2.8: Final structure of the multi-knot polymer after diamine 

termination of the vinyl groups (-NH2) as determined by H
1
 NMR.  
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Figure  2.9: H
1
 NMR spectra of the multi-knot polymer before (top) and 

after (bottom) Michael addition of diaminopropane. 

 

 

 

 



Chapter 2: Optimizing polymer properties  

88 

 

 

 

 

 

 

 

 

 

 

 

Figure  2.10: Disulfide reduction of the polymer in 5mM glutathione 

showing complete degradation (Mw=3400 Da) after 20 minutes of 

incubation at 37˚C.  
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Figure  2.11: Polyplexes at different polymer: DNA ratios were run through 

agarose gel to determine binding efficiency. 

 

 

Figure  2.12: TEM of the polyplexes formed at polymer to DNA ratio of 

10:1. 
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Figure  2.13: Average charge and average size of nanoparticles formed by 

the polymer with luciferase plasmid at different polymer to plasmid ratios. 

Error bars represent upper and lower values of standard deviation as mean ± 

S.D. (n=3). One way ANOVA was used for statistical analysis. 
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Figure  2.14: PicoGreen® can selectively identify pure DNA. When the 

DNA is complexed with the polymer, the signal is significantly reduced. 

Addition of glutathione to the polyplexes reduces the disulfide bonds of the 

polymer, allowing the DNA to be detected by the PG. Error bars represent 

upper and lower values of standard deviation expressed as mean ± S.D. 

(n=3). The one way ANOVA was used for statistical analysis. 
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Figure  2.15: Multi-knot polyplexes after incubation with PG for 5 minutes 

at weight ratio a. 10 (20x), b. 15 (20x), and c. 30 (20x). d. Multi-knot 

polyplexes at weight ratio 10 incubated with HeLa Cells and labelled with 

PG (40x). 

a b 

c d 
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Figure  2.16: Schematic of the synthesis and chemical structures of 

“A2+B3/B2” type HPAE (above) and the 1H NMR spectrum of the same 

polymer (below). “X” refers to signals assigned to solvents of dimethyl 

sulfoxide (DMSO) and diethyl ether. 
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Figure  2.17: Polyplex sizes (bars), size distribution and zeta potentials 

(circles) measured by dynamic light scattering (DLS) in pH 5.2, 0.025 M 

sodium acetate buffer. At different w/w ratios, LPAE, “A2+B3/B2” type 

hybrid HPAE condense DNA into polyplexes with diameter in 50~130 nm 

and zeta potential of +14~25 mv. 
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2.5. Conclusion 

In conclusion, we proceeded beyond the single cyclized knot polymer to a 

unique higher and more complex multi-knot structure. This was achieved by 

delaying the onset of gelation in a one-pot in situ DE-ATRP reaction. This 

polymer displayed high charge density but fast biodegradation which is 

driven by biological reducing agents that cleave the disulfide bridge of the 

MVM. Its unique structure combines these two properties in one vector for 

efficient DNA packaging and swift DNA release, both of which raise the 

transfection traits of the current polymer above the ‘gold’ standard PEI and 

Lipofectamine®2000. In addition, a second polymer, synthesized by 

Michael addition, was characterized and placed as a ‘backup-up’ polymer in 

ex vivo and in vivo transfection studies described in the final chapter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2: Optimizing polymer properties  

96 

 

 

2.6. References 

1. Ren, Y., X.A. Jiang, D. Pan, and H.Q. Mao, Charge Density and 

Molecular Weight of Polyphosphoramidate Gene Carrier Are Key 

Parameters Influencing Its DNA Compaction Ability and 

Transfection Efficiency. Biomacromolecules, 2010. 11: p. 3432. 

2. Kim, T., T. Rothmund, T. Kissel, and S.W. Kim, Bioreducible 

polymers with cell penetrating and endosome buffering functionality 

for gene delivery systems. J Control Release, 2011. 152: p. 110. 

3. Ouyang, D., N. Shah, H. Zhang, S.C. Smith, and H.S. Parekh, 

Reducible Disulfide-Based Non-Viral Gene Delivery Systems. Mini-

Rev Med Chem, 2009. 9: p. 1242. 

4. Schallon, A., V. Jerome, A. Walther, C.V. Synatschke, A.H.E. 

Muller, and R. Freitag, Performance of three PDMAEMA-based 

polycation architectures as gene delivery agents in comparison to 

linear and branched PEI. React Funct Polym, 2010. 70: p. 1. 

5. Green, J.J., G.T. Zugates, N.C. Tedford, Y.H. Huang, L.G. Griffith, 

D.A. Lauffenburger, J.A. Sawicki, R. Langer, and D.G. Anderson, 

Combinatorial modification of degradable polymers enables 

transfection of human cells comparable to adenovirus. Adv. Mater., 

2007. 19: p. 2836. 

6. Anderson, D.G., A. Akinc, N. Hossain, and R. Langer, 

Structure/property studies of polymeric gene delivery using a library 

of poly(beta-amino esters). Mol Ther, 2005. 11: p. 426. 

7. Godbey, W.T., K.K. Wu, and A.G. Mikos, Size matters: Molecular 

weight affects the efficiency of poly(ethylenimine) as a gene 

delivery vehicle. J Biomed Mater Res, 1999. 45: p. 268. 

8. Cai, J.G., Y.A. Yue, D. Rui, Y.F. Zhang, S.Y. Liu, and C. Wu, 

Effect of Chain Length on Cytotoxicity and Endocytosis of Cationic 

Polymers. Macromolecules, 2011. 44: p. 2050. 

9. Kunath, K., A. von Harpe, D. Fischer, H. Peterson, U. Bickel, K. 

Voigt, and T. Kissel, Low-molecular-weight polyethylenimine as a 

non-viral vector for DNA delivery: comparison of physicochemical 



Chapter 2: Optimizing polymer properties  

97 

 

properties, transfection efficiency and in vivo distribution with high-

molecular-weight polyethylenimine. J Control Release, 2003. 89: p. 

113. 

10. Breunig, M., U. Lungwitz, R. Liebl, and A. Goepferich, Breaking up 

the correlation between efficacy and toxicity for nonviral gene 

delivery. P. Natl. Acad. Sci. USA, 2007. 104: p. 14454. 

11. Newland, B., Y. Zheng, Y. Jin, M. Abu-Rub, H. Cao, W. Wang, and 

A. Pandit, Single cyclized molecule versus single branched 

molecule: a simple and efficient 3D "knot" polymer structure for 

nonviral gene delivery. J Am Chem Soc, 2012. 134: p. 4782. 

12. Wang, W.X., Y. Zheng, E. Roberts, C.J. Duxbury, L.F. Ding, D.J. 

Irvine, and S.M. Howdle, Controlling chain growth: A new strategy 

to hyperbranched materials. Macromolecules, 2007. 40: p. 7184. 

13. Zheng, Y., H. Cao, B. Newland, Y. Dong, A. Pandit, and W. Wang, 

3D Single Cyclized Polymer Chain Structure from Controlled 

Polymerization of Multi-Vinyl Monomers: Beyond Flory-

Stockmayer Theory. J Am Chem Soc, 2011. 

14. Sunshine, J.C., S.B. Sunshine, I. Bhutto, J.T. Handa, and J.J. Green, 

Poly(beta-amino ester)-nanoparticle mediated transfection of retinal 

pigment epithelial cells in vitro and in vivo. PLoS One, 2012. 7: p. 

e37543. 

15. Min, K., H.F. Gao, and K. Matyjaszewski, Preparation of 

homopolymers and block copolymers in miniemulsion by ATRP 

using activators generated by electron transfer (AGET). J Am Chem 

Soc, 2005. 127: p. 3825. 

16. Wang, W., H. Liang, R.C. Al Ghanami, L. Hamilton, M. Fraylich, 

K.M. Shakesheff, B. Saunders, and C. Alexander, Biodegradable 

Thermoresponsive Microparticle Dispersions for Injectable Cell 

Delivery Prepared Using a Single-Step Process. Adv. Mater., 2009. 

21: p. 1809. 

17. Li, Y.T. and S.P. Armes, Synthesis and chemical degradation of 

branched vinyl polymers prepared via ATRP: Use of a cleavable 



Chapter 2: Optimizing polymer properties  

98 

 

disulfide-based branching agent. Macromolecules, 2005. 38: p. 

8155. 

18. Iwata, S., A. Takabayashi, and Y. Yamaoka, Modulation of 

intracellular glutathione concentration alters dehydropyrimidine 

dehydrogenase activity in peripheral blood mononuclear cells. Clin 

Exp Med, 2002. 2: p. 99. 

19. Beach, L., C. Schweitzer, and J.C. Scaiano, Direct determination of 

single-to-double stranded DNA ratio in solution using steady-state 

fluorescence measurements. Org Biomol Chem, 2003. 1: p. 450. 

20. Dragan, A.I., J.R. Casas-Finet, E.S. Bishop, R.J. Strouse, M.A. 

Schenerman, and C.D. Geddes, Characterization of PicoGreen 

interaction with dsDNA and the origin of its fluorescence 

enhancement upon binding. Biophys J, 2010. 99: p. 3010. 

21. Batchelor, R., D. Hagen, I. Johnson, and J. Beechem, A fluorescent 

high-throughput assay for double-stranded DNA: the RediPlate 

PicoGreen assay. Comb Chem High Throughput Screen, 2003. 6: p. 

287. 

22. Ahn, S.J., J. Costa, and J.R. Emanuel, PicoGreen quantitation of 

DNA: effective evaluation of samples pre- or post-PCR. Nucleic 

Acids Res, 1996. 24: p. 2623. 

23. Chen, H.H., Y.P. Ho, X. Jiang, H.Q. Mao, T.H. Wang, and K.W. 

Leong, Quantitative comparison of intracellular unpacking kinetics 

of polyplexes by a model constructed from quantum Dot-FRET. Mol 

Ther, 2008. 16: p. 324. 

24. Debus, H., P. Baumhof, J. Probst, and T. Kissel, Delivery of 

messenger RNA using poly(ethylene imine)-poly(ethylene glycol)-

copolymer blends for polyplex formation: Biophysical 

characterization and in vitro transfection properties. J Control 

Release, 2010. 148: p. 334. 

 

 

 



CHAPTER 3  

 

 

 

 

 

Polymer transfection efficiency analysis in vitro 

 

 

 

 

 

 

 

 

 

 

 

Parts of this chapter have been submitted for publication. 

Aied, A., Zheng, Y., Newland, B., and Wang, W. (2013) ‘Combining ‘Celtic’ 

Knots: Multi-knot structured polymer for gene delivery’. Journal of 

Investigative Dermatology, 2014. (Submitted)  



Chapter 3: Polymer transfection efficiency analysis in vitro 

100 

 

3.1. Introduction 

Transfection is the process of delivering nucleic acids to cells for the purposes 

of gene knockdown (gene silencing) [1] or alternatively, synthesis of new 

proteins [2]. Both approaches involve genetic manipulation of the cells protein 

production line in many cases creating genetically modified cells. For gene 

silencing, interfering RNAs are used to increase or decrease the expression of 

certain or a group of proteins [3]. Interfering RNAs are a class of small RNA 

sequences that bind to messenger RNAs to alter their function. Interest in the 

small interfering RNA (siRNA) and micro-RNA (miRNA), the two main 

subgroups investigated, has grown rapidly in recent years thanks to their great 

therapeutic potential in many diseases [4, 5] including solid tumors [6], thanks 

to their knock-down ability of cancer-related genetic transcripts. Delivery of 

interfering RNAs has been achieved in many ways with liposome, polymer or 

viral vectors being the most successful [7, 8].  

Protein expression motivated transfection can be considered the opposite of 

gene slicing as the final outcome always leads to new or increased production 

of a protein. Long term genetic change can be achieved through integration of 

the delivered nucleic acid to the host genome creating what is known as stable 

transfection [9]. Once integrated, the information can be passed down to the 

cells progeny for lasting expression. Although this has been the ultimate goal 

for many gene therapy based trails, drawbacks such as insertional mutagenesis 

[10] and difficulty to replicate with non-viral gene delivery vectors has made 

transient expression the more dominant mechanism of transfection. 

Short term (transient) expression can be regularly achieved by direct application 

of the genetic sequence in the form of a plasmid DNA on its own or coupled in 

or with a biological/chemical carrier. Biological carriers mainly encompass 

viral vectors. However their success has been limited by major drawbacks such 

as toxicity and production difficulties which deterred a lot of investigators from 

using them in therapeutic applications. This provided a new opportunity for 
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non-viral vectors, especially polymer and liposome based agents, to be further 

advanced for gene therapy.  

Advances in non-viral gene therapy have been slow because of the lack of 

efficient analytical techniques of the intracellular mechanisms leading to 

protein expression. Contemporary methods that strive to predict cellular 

response to nanoparticles such as mathematical models [11] and three 

dimensional particle tracking [12] to predict endocytosis could hold the key to 

understanding the mechanisms of internalisation and transfection in different 

cell types. Additionally, complex fluorescence based detectors in flow 

cytometry offer a variety of parameters to be tested in one experiment such as 

determination of transfection efficiency, cell health and morphology [13]. At 

the same time, using fluorescence-activated cell sorting (FACS), transfected 

cells can be isolated from the entire cell population and cultured separately to 

create stably transfected cells. 

It is well documented that different cell types respond to transfection vectors 

differently, in fact, even the passage number has been reported to have notable 

influences on protein expression with lower passage number cells showing 

significantly higher protein expression than higher passage cells. The greatest 

variation is seen with dividing versus non-dividing cells. The source of the 

variation is the breakdown of the nuclear membrane during mitosis that permits 

the entry of genetic material into the nucleus, a process nonexistent in non-

dividing cells such as neurons. To cross the nuclear membrane is one of the 

greatest hurdles facing current non-viral gene delivery. Recent investigations on 

the transfection efficiency of non-viral gene carriers have identified 

internalizations pathways as the main contributors to variations in efficiency 

seen between different cell lines [14]. 

Other notable influences on transfection efficacy are easier to control. Cell 

culture conditions such as cell number, presence of serum in the media and 

amount of DNA delivered to the cells can be optimized to increase transfection 

efficiency. In many cases, the presence of serum during DNA delivery can 
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hinder transfection as serum proteins tend to bind to the positively charged 

DNA carriers such as liposomes or polymers in their complexed form. This can 

be overcome by using more neutral gene carriers [15] or simply removing 

serum from the culture medium provided the cells can survive in such 

conditions for the time it is required to achieve transfection. The transfection 

procedure varies for viral, chemical and physical methods with the most basic 

being direct application of naked DNA to cells. In the less conventional 

polycation based transfection, the DNA is mixed with the synthetic vector and 

applied to the cells for a period of time to achieve maximum transfection 

(Figure  3.1).  

In the past decade, a large number of non-viral transfection products have 

emerged to address the growing demand for genetic cell modulation and drug 

discovery. The global transfection market has grown tremendously and has 

been valued at US $385 million in 2012 and is expected to reach US $601 

million by 2017 growing at a compound annual growth rate (CAGR) of 9.32% 

[16]. Originally used for gene therapy, the majority of the newly developed 

transfection agents have expanded their range of applications to include 

modulation of gene and protein expression, drug discovery and generation of 

induced pluripotent stem cells [17]. 

Because they are easy to generate and modify, synthetic polymers have 

attracted a lot of attention in the area of gene therapy [18]. In response to the 

increasing demand, a wide range of transfection reagents have emerged on the 

market to suit the needs of many areas of study. Altogen Biosystems have a 

range of in vivo reagents for siRNA and plasmid DNA delivery. They are lipid 

based, polymer based, nanoparticle based and PEGliposome based: all of which 

have been functionally tested on mice, have efficient delivery to pancreas, liver, 

kidney, spleen and certain tumor types and displaying minimal toxicity. 

Thermo Scientific carry two in vivo transfection reagents: ExGen 500 and 

TurboFect™ which provide gene delivery via multiple routes of administration 

and reproducible results. Thermo Scientific also provide in vitro transfection 

reagents with minimal cytotoxicity, ready-to-use reagents with high transfection 
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efficiency on a wide variety of cell types. Polyplus provide JetPEI® agents 

which are compatible with serum and antibiotics, has a broad cell-line spectrum 

and a straightforward protocol. InvivoGen claims to have the first lyophilized-

based cationic lipid-based transfection reagent, LyoVec™. It is rapid and easy 

to use with an optimized procedure and a long shelf-life. Pierce Protein 

provides optimum delivery in 3 to 4 hours after incubation. SignaGen 

Laboratories have PepJet™ DNA and GenJet™ DNA which claim to have high 

in vivo transfection efficiency and give good renilla luciferase expression in 

lung, liver, spleen and kidney. T-Pro Biotechnology provides the T-Pro G-Fect 

Transfection Reagent which is suitable for DNA administration via various 

routes.  

SuperFect and FuGENE® are now hugely important tools for R&D scientists. 

Some other companies and their products include INVITROGEN: Lipofectin, 

CLONTECH: Clonefectin; STRATAGENE: GeneJammer, LipoTAXI; GENE 

THERAPY SYSTEMS: GenePORTER. Indeed, Lipofectamine® reagents, 

owned by Life Technologies, have become the most referenced transfection 

reagents with over 42,000 citations to date. Despite market saturation, 

limitations in terms of transfection efficiency, cellular toxicity and clinical 

application mean the improvement drive is ongoing. The advantages of non-

viral polymer/liposome reagents are; they consist of simple components, many 

are commercially available and they exhibit fewer biosafety problems. 

Although the current commercial non-viral transfections have shown great 

potential in gene delivery, their relatively low transfection capabilities in 

combination with high toxicity have significantly hampered and limited their 

applications. Moreover, the above mentioned transfection vectors have failed to 

achieve good transfection efficacy in non-dividing cells. Additionally, a major 

drawback of all current non-viral agents is their cytotoxicity, which has limited 

their application in vivo and halted progress to clinical trials [19]. 

In the previous chapter, we show the synthesis and characterization of 

degradable multi-knot polymeric gene vectors. The unique polymer vectors 

were synthesized from an adjusted deactivation enhanced strategy for ATRP 



Chapter 3: Polymer transfection efficiency analysis in vitro 

104 

 

that efficiently delayed the point of gelation in the homopolymerization of 

PEEDEPE to over 60% monomer conversion in a concentrated polymerization 

system [20, 21] and post-functionalized by 1,3-diaminopropane. Our research 

suggests that marked improvements can stem from the dense multi-knot 

architecture and degradable property, which facilitates strong binding and better 

DNA release of the plasmid, respectively. In this chapter we analyze the 

transfection properties of various multi-knot polymers designed to overcome 

the problems associated with current polymer and lipid based vectors. In 

parallel, we will also demonstrate the transfection efficiency of the 

hyperbranched poly (β-amino esters) from experiments carried out by my 

colleague, Dr. Dezhong Zhou. We will examine protein expression efficiency 

and cell viability after treatment with the multi-knot and HPAE vectors on 

common cell types such as HeLa and 3T3 Fibroblasts, and RDEB keratinocyte 

cell lines generated from RDEB patients.  

3.2. Methods 

3.2.1. Plasmid amplification 

Transformation: 

Gaussia princeps luciferase (Newengland Biolabs, UK), green fluorescent 

protein (eGFP-pcDNA3, BD Biosceinces, UK) and COL7A1 (Division of 

cancer research, University of Dundee) expression plasmids were amplified to 

cover the large number of transfection studies. One microgram of the plasmid 

(either g-luc or GFP) was mixed with 50µl of XL1 Blue bacteria on ice then 

warmed up to 42°C to induce transformation. The bacteria was then mixed with 

LB Broth free of antibiotics for 35-45 minutes at 37°C before it was spread on 

sterile ampicillin or kanamycin (10-20µg/ml) containing agar plates and 

incubated overnight at 37°C. 

Propagation:  

A fresh colony was picked from the plate and inoculated into a starter culture of 

2.5-5ml LB broth which was incubated at 37°C for ~8 hours under vigorous 
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shaking. This was then added to 2.5 LB with antibiotics and incubated for 12-

16 hours. Centrifugation was then used to collect pellets of the bacteria 

containing the DNA. The bacteria were then resuspended in Giga prep kit 

buffer (Qiagen). Subsequent steps of the DNA isolation are described. 

Isolation:  

The bacteria were lysed using the standard buffers provided with the kit. A 

foamy solution is obtained that was allowed to settle before it was passed 

through a filter to remove the precipitates. Additional buffers are added to lyse 

the bacteria. To elute the DNA, 70ml isopropanol was added to the solution and 

then centrifuged. The pellet is washed with endotoxin free 70% ethanol, 

centrifuged then resuspended in the appropriate buffer.  

3.2.2. Transfection of cell lines 

This protocol applies for HeLa, 3T3, and hADSCs (also applies for fibroblasts 

and keratinocytes in the next chapter) using the GFP or the gaussia luciferase 

plasmids. The cells were seeded on the relevant well plate. For 96-well plate, 

the number of cells seeded range from 5,000-20,000 depending on the 

proliferation capacity of cells. For example, HeLa cells typically have a high 

proliferation capacity, so they would be at the lower range of the seeding 

number. One microgram of luciferase or GFP plasmids were mixed with the 

appropriate amount of polymer solution, in water, depending on the weight 

ratios used (3:1-15:1 ratios generally preform best depending on the cell type). 

The polymer/DNA mix was incubated at room temperature for 45-60 minutes, 

the time required for the multi-knot polymer and DNA to form polyplexes. For 

commercial transfection agents such as Lipofectamine®2000, the transfection 

procedure was carried out according to the manufacturer’s guidelines. The 

polyplexes were diluted in serum-free media and applied directly to the cells. A 

minimum incubation period of 4 hours is required to achieve maximum 

transfection [22]. The polyplexes were pipetted out and serum containing media 

is added to the cells. Forty eight hours post-transfection, protein expression was 

analyzed with one of the procedures outlined below.  
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DMSO and Glycerol treatments:  

One hundred microliters (or enough to cover the well) of 10% DMSO or 

glycerol was added to the well of 96-well plate of cells after the four hour 

incubation with polyplexes. The DMSO or glycerol solutions were incubated 

with the cells at room temperature for no more than 2 minutes, after which, the 

cells were washed with HANKs buffer solution (Sigma) and incubated with 

growth media for 48 hours or more (for longer time point studies). 

For full detailed procedure of transfection see Appendix J. 

3.2.3. Measurement of transfection efficiency 

Gaussia luciferase assay: 

After the cell incubation period, 20µl of the media was collected and pipetted 

into a black 96-well plate. Fifty microliters of the diluted luminescent Biolux 

gaussia luciferase agent (New England Biolabs, UK) was added to the cell 

media sample. The luminescence intensity was then measured (within less than 

10 seconds after applying the agent) using a microplate reader at 1 second 

measurement time. 

3.2.4. Analysis of GFP expression 

Flow cytometry: 

Forty eight hours post transfection; cells were washed with PBS, trypsinized 

and incubated with 4% paraformaldehyde (PFA) at 37˚C for 30 minutes. Cells 

were then resuspended in 3% BSA and stored on ice prior to FACS analysis. 

Flourescent measurements were taken using the Becton Dickinson 

FACSCanto
TM

 flow cytometer equipped with blue 488nm laser and utilizing the 

FITC flourochrome filter settings (530/30nm). Data was recorded linearly from 

10,000 events and gated using cell count and side scatter parameters to exclude 

debris and dead cells. 
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Microscopy: 

Again, 48 hours post transfection, flasks containing the GFP transfected cells 

were visualized directly under a fluorescent microscope using the Fluorescein 

Isothiocyanate (FITC) channel. Alternatively, if the cells were seeded on glass 

chamber slides, they were fixed with 4% PFA, washed with phosphate buffer 

saline and counterstained with -diamidino-2-phenylindole (DAPI) (Life 

Technologies, Ireland) at 1:200 dilution. Images were taken with 20x 

magnification using an Olympus IX81 inverted microscope.  

3.2.5. Measurement of cell viability 

The cytotoxicity of the polymer and cell metabolic activity of the cells after 

transfection was analyzed by alamarBlue® assay (Invitrogen). Fifteen 

microliters/well (96-well plate) of alamarBlue® was added to transfected and 

untreated (control) cells in 150l/well of media and incubated at 37C for 4 

hours. Microplate (Thermo Scientific, Varioskanflash multimode reader) 

fluorescence measurements were then taken at 560EX nm/590EM nm filter 

settings. Results were obtained as the mean and standard deviation from 

triplicate values and displayed as percentage relative to untreated control cells. 
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3.3. Results and discussion 

3.3.1. Transfection properties of the multi-knot polymers in cell lines 

The ability of this polymer to efficiently induce transfection was examined in 

two popular cell lines (HeLa cells and 3T3 mouse fibroblasts) and human 

adipose derived stem cells (hADSCs). In the mouse fibroblasts, the polymer 

was able to induce protein expression levels comparable to 

Lipofectamine®2000, but it maintained 2-fold higher cell viability (Figure  3.2). 

In hADSCs, the expression levels were much lower than Lipofectamine®2000 

but comparable to PEI. Interestingly, the multi-knot polymer induced minimal 

cytotoxicity in this cell type (Figure  3.3). 

The HeLa cell line, derived from the epidermoid carcinoma of the cervix [23], 

is a well-established and studied cell line characterized by its infinite 

proliferation potential and high tolerance to genetic modifications for gene 

expression and drug discovery [24]. This cell line was used to test the newly 

developed multi-knot polymers for their efficiency as gene delivery vectors. We 

found that these cells were not very difficult to transfect using these polymers 

as they were able to induce high levels of gaussia luciferase expression using 1 

µg DNA and 3, 4, 5, and 6 µg of the polymer without inducing cytotoxicity 

(Figure  3.4; Figure  3.5). The protein expression level was significantly lower 

than that of Xfect
TM

 at their optimal dose. However, the cytotoxicity of both 

commercial agents, Xfect
TM

 and Lipofectamine®2000 (LP2), was evident and 

may be a limiting factor for clinical application.  

Increasing the molecular weight from 15kDa to 40kDa seems to have a positive 

effect on gene expression (Figure  3.6; Figure  3.7). We saw a significant 

increase in luciferase expression using the higher molecular polymer which 

proves the effect of molecular weight has on transfection efficiency. 

Interestingly, however, there was no difference in terms of cell viability as both 

of the polymers showed little to no cytotoxicity at the optimal transfection 

doses. 
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3.3.2. Effect of DNA dose on transfection properties 

The optimal DNA per 20,000 cells was found to be higher than predicted and 

showed gene expression higher than that of the commercial agents. At the 

optimal DNA dose of 1.5µg, maximum luciferase expression was seen with 

little cytotoxicity, relative to Xfect
TM

 and LP2 (Figure  3.8; Figure  3.9). Higher 

DNA dose did not show an increase but rather a decrease in expression as cell 

viability seems to drop below 80% especially with higher weight ratios. 

Interestingly, however, we found that the same results could not be repeated 

using the green fluorescent protein (GFP). Figure 5 shows the contradicting 

results that imply huge influence of DNA vector on transfection. The optimal 

ratio for the multi-knot polymer was more difficult to pinpoint in this case, 

however, it was clear that the low dose of 0.1µg was the best for Xfect
TM

.  

Cytotoxicity issues become evident with higher ratios. 

3.3.3. Effect of DMSO treatment on transfection properties  

Dimethyl sulfoxide (DMSO) is an organic, sulfur containing compound used as 

a solvent of polar and non-polar compounds. More importantly, it has been 

previously reported to increase transfection efficiency by improving uptake of 

the complexed DNA [25]. Taking this into consideration, we shocked the 

polyplex treated HeLa cells with 10% DMSO for 2 minutes and we found that 

the treatment increased luciferase expression of the lower DNA doses but not 

the higher doses (Figure  3.10-Figure  3.12). The higher doses might not be 

influenced by the DMSO shock because the chances of uptake increase, but 

other barriers, such as nuclear membrane, prevent further increase in protein 

expression. The treatment had a devastating effect on HeLa cells with a 5-fold 

decrease in cell viability. The higher molecular weight polymer showed the 

same effect (Figure  3.13).  

3.3.4. Transfection efficiency of the hyperbranched poly (β-amino esters)   

The transfection efficiency of the HPAE polymers was tested on HeLa cells and 

RDEB keratinocytes. Gaussia luciferase expression levels in both cells show 
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HPAE efficiency to be similar to or better than other commercial transfection 

vectors (Figure  3.15). Figure  3.16 shows the GFP expressing cells after 

transfection with various agents. It is clear from this image that the best 

transfection agent is the HPAE. This is contrary to the gaussia luciferase 

expression but is a better representative of the number of cells transfected rather 

than the amount of protein produced after transfection. These results 

encouraged us to use the HPAE in the in vivo experiment as demonstrated later 

on in Chapter 4.  
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Figure  3.1: A flowchart diagram that outlines the workflow of polycation based transfection on a 

96 well plate. Three methods can be used to quantify protein expression and two methods can be 

used to determine or quantify gene expression. 
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Figure  3.2: Luciferase expression levels and cell metabolic activity graphs comparing the 

transfection properties of the multi-knot polymer to other commercial agents in 3T3 fibroblasts. 

Error bars represent upper and lower values of standard deviation as mean ±S.D. Asterisk 

represents significant difference (n=3, p<0.05). One way ANOVA (Fisher) was used for 

statistical analysis.    
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Figure  3.3: Luciferase expression levels and cell metabolic activity graphs comparing the 

transfection properties of the multi-knot polymer to other commercial agents in hADSCs. Error 

bars represent upper and lower values of standard deviation as mean ±S.D. Asterisk represents 

significant difference (n =3, p<0.05). One way ANOVA (Fisher) was used for statistical analysis.    
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Figure  3.4: Luciferase expression levels in HeLa cells transfected with luciferase plasmid 

delivered using a 15kDa multi-knot polymer. Error bars represent upper and lower values of 

standard deviation as mean ±S.D. (n =3, p<0.05). One way ANOVA (Fisher) was used for 

statistical analysis. 
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Figure  3.5: Cell metabolic activity (measured using alamarBlue®) of HeLa cells transfected with 

different amounts of luciferase plasmid and delivered using a 15kDa multi-knot polymer. Error 

bars represent upper and lower values of standard deviation as mean ±S.D. (n=3, p<0.05). One 

way ANOVA (Fisher) was used for statistical analysis. 
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Figure  3.6: Luciferase expression levels in HeLa cells transfected with different amounts of 

luciferase plasmid and delivered using a 40kDa multi-knot polymer. Error bars represent upper 

and lower values of standard deviation as mean ±S.D. (n=3, p<0.05). One way ANOVA (Fisher) 

was used for statistical analysis. 
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Figure  3.7: Cell metabolic activity (measured using alamarBlue®) of HeLa cells transfected with 

different amounts of luciferase plasmid and delivered using a 40kDa multi-knot polymer. Error 

bars represent upper and lower values of standard deviation as mean ±S.D. (n=3, p<0.05). One 

way ANOVA (Fisher) was used for statistical analysis. 
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Figure  3.8: Effect of doubling polyplex dose on luciferase expression levels in HeLa cells. Error 

bars represent upper and lower values of standard deviation as mean ±S.D. (n=3, p<0.05). One 

way ANOVA (Fisher) was used for statistical analysis. 
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Figure  3.9: Effect of doubling polyplex dose on HeLa cells metabolic activity. Error bars 

represent upper and lower values of standard deviation as mean ±S.D. (n=3, p<0.05). One way 

ANOVA (Fisher) was used for statistical analysis. 
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Multi-knot polymer (40kDa) 

 

Figure  3.10: GFP expression in HeLa cells transfected with the 40 kDa multi-knot polymer with 

increasing amount of plasmid Images were taken 48 hours post transfection and at 20x 

magnification. Scale bar represents 100µm.  
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Xfect
TM 

 

Figure  3.11: GFP expression in HeLa cells transfected with the Xfect® with increasing amount of 

plasmid DNA. Higher amounts of DNA resulted in complete cell death.  
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Figure  3.12: Effect of DMSO on luciferase protein expression after treatment with different 

complex ratios of 15 kDa multi-knot compared to commercial agents Xfect® and 

Lipofectamine®2000 (LP2). Error bars represent upper and lower values of standard deviation as 

mean ±S.D. (n=3, p<0.05). One way ANOVA (Fisher) was used for statistical analysis. 
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Figure  3.13: Effect of DMSO on luciferase protein expression after treatment with different 

complex ratios of 40 kDa multi-knot compared to commercial agents Xfect™ and 

Lipofectamine®2000 (LP2). Error bars represent upper and lower values of standard deviation as 

mean ±S.D. (n=3, p<0.05). One way ANOVA (Fisher) was used for statistical analysis. 

 

 

 

 



Chapter 3: Polymer transfection efficiency analysis in vitro 

124 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3.14: Effect of DMSO on cell metabolic activity after treatment with different complex 

ratios of 40 kDa multi-knot (not different from 15kDa) compared to commercial agents Xfect™ 

and Lipofectamine®2000 (LP2). Error bars represent upper and lower values of standard 

deviation as mean ±S.D. (n=3, p<0.05). One way ANOVA (Fisher) was used for statistical 

analysis.  
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Figure  3.15: Cytotoxicity (a) and in vitro transfection capability (b) of LPAE, “A2+B3/B2” type 

hybrid HPAE at different weight w/w ratios (10:1, 20:1 and 30:1) over Hela (top panels), 

RDEBK (bottom panels) cell lines are evaluated and compared with that of the commercial 

Superfect, PEI, Xfect and Lipofectamine®2000 by alamarBlue assays and G-luciferase activity 

analysis respectively. 
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Figure  3.16: Representative fluorescent images of Hela (left panels) and RDEBK (right panels) 

cells transfected with LPAE at w/w ratio of 30:1, HPAE-1 at w/w ratio of 30:1 and commercial 

transfection vectors Superfect, PEI, Xfect and Lipofectamine®2000 at their optimized w/w ratios 

at 48 h post transfection. Images were taken at 10x magnification. 
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3.4. Conclusion 

The transfection properties of the newly synthesized multi-knot polymer have 

been clearly demonstrated in this chapter. High transfection capability, 

specifically in 3T3 mouse fibroblasts, HeLa cells and RDEB keratinocytes, 

proves the first part of this chapter’s hypothesis, in its simplified form: high 

charge density of the multi-knot polymer can provide sufficient transfection 

efficiency. The observed low cytotoxicity in all tested cell lines in agreement 

with the second hypothesis; incorporation of disulfide bonds will introduce 

faster degradation property for efficient DNA release and reduce cytotoxic. 

Unfortunately, low transfection efficiency in hADSCs demonstrates lack of 

nucleus penetration of the reporter plasmid in slow dividing cells. This can pose 

significant challenges in vivo since proliferating cells can take up to 14 hours to 

complete a single mitotic cycle [26]. Further in vitro imaging analysis is 

required to understand the mechanism of nuclear import and how the polymer 

agents can be modified to overcome such barrier. However, the HPAE 

polymers demonstrated very high transfection efficiency in the GFP 

transfection experiments indicating that it is a viable ‘fail-safe’ agent for the in 

vivo experiments.  
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Ex vivo and in vivo analysis of gene delivery efficacy 
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4.1. Introduction 

Epidermolysis Bullosa is a group of heritable skin diseases, defined by chronic 

fragility and blistering of the skin and mucous membranes. One of the most 

severe variants, RDEB, is characterized by a lack of adhesion of the epidermis 

to the dermis [1]. This condition has a high personal, medical and socio-

economic impact as people with RDEB require a broad spectrum of 

medications and specialized care. The scope of this project is focused on the 

severe form of RDEB, severe generalized (RDEB-sv), which is distinguishable 

from other forms of EB by the presence of severe erosions and blisters on the 

mucosal membrane and the skin of newborns. These erosions and blisters are a 

result of loss-of-function mutations in the collagen type VII (COL7A1) gene [2, 

3]. These mutations lead to severely reduced expression of C7, a major 

anchoring component of the basement membrane zone (BMZ), as mentioned in 

the introductory chapter. The mutations in C7 lead to formation of 

nonfunctional anchoring fibrils which contributes to the loss of adherence 

between the epidermis and the dermis.  

Intensive efforts are being made to restore the anchoring protein at the BMZ as 

means of providing a lasting cure for the disease. One of the methods examined 

as potential therapy utilizes viral vectors for genetic correction of the C7 

expressing cells [4]. However, toxicity and immunogenicity concerns have 

slowed any progress using viral vectors [5]. As a result, non-viral methods of 

delivery have attracted great interest as a replacement. In this project, we report 

on one of the more versatile methods of non-viral based delivery that utilizes a 

dense polycation synthesized from DE-ATRP (Chapter 2). The polymer was 

created to deliver the functional but large C7 plasmid DNA sequence that 

includes the CMV promoter to RDEB keratinocytes and fibroblasts. Skin 

fibroblasts, keratinocytes and endothelial cells have been reported to express C7 

in the epidermal-dermal membrane [6, 7]. However, our focus was mainly on 

keratinocytes and fibroblasts since they are the predominant cells found in the 

upper dermis and epidermis, and possibly contribute more to C7 expression 
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than any other group of cells. These cells were used for transfection studies in 

vitro and ex vivo. The cells were isolated from RDEB patients with or without 

squamous carcinoma (Appendix L).  

RDEB keratinocytes and fibroblasts are morphologically different from normal 

keratinocytes and fibroblasts [8]. They are polymorphic, elongated and enlarged 

compared to normal keratinocytes and fibroblasts. In addition, RDEB cells have 

higher motility, lower attachment to fibronectin, collagen type I, IV and VII, 

and abnormal proliferation rate compared with normal cells [9].  

We successfully used these cells to build 3D skin equivalents (SE) for ex vivo 

transfection analysis. Tissue engineering of these substitutes involves seeding 

cells in a biodegradable matrix or scaffold providing an adequate three 

dimensional structure of the wanted tissue (Figure ‎4.1). The proliferating cells 

produce extracellular matrix to replace the degrading scaffold, eventually 

creating a functional or partly functional tissue [10]. The tissue is formed under 

regulated environment of growth factors and chemical compounds. In the case 

of RDEB SEs, epithelial growth factor, insulin and sodium pyruvate are 

required for adequate proliferation and ECM deposition (see Appendix M for 

full list of materials). 

Skin equivalents (SEs) are being used to test for toxicity and effectiveness of 

many drugs, reducing the need for pre-clinical trials. They also provide more 

controlled environment for drug testing and screening than in vivo models 

eliminating variations such as age, gender and health. Unfortunately, SEs do not 

fully replicate natural tissues, as mentioned previously, as the latter lack the 

complexity and array of cells and proteins found in natural tissue. In addition, 

the presence of immune response capability and blood circulation in pre-clinical 

models will give‎a‎more‎accurate‎account‎of‎the‎drug’s‎safety. This encouraged 

us to test the effectiveness of polymer vectors for COL7A1 delivery in an in 

vivo pre-clinical model of RDEB. Collagen VII alpha one null RDEB (Col7α1-

/-) knockout mice have been previously developed from immunocompetent 

mice by targeted inactivation of Col7α1 [11]. Clinically, these mice showed 
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severe blistering and detachment of the epidermis from the dermis after birth 

because they have extremely reduced C7 protein at the BMZ of their skin and 

complete absence of functional anchoring fibrils. The mouse phenotype is not 

different from the human phenotype especially in the paws, where trauma 

induced blisters are more likely to occur. The mothers of the RDEB mice are 

fed high calorie and protein diet in the form of a gel (ClearH2O dietGel® 76A) 

since the RDEB pups die early after birth due to slow growth attributed to 

malnutrition.   

The recapitulating clinical, genetic and ultrastructural features in knockout mice 

encouraged us to use this model for testing the gene therapy efficiency of the 

multi-knot and the HPAE polymers. 

It is hypothesized that three major milestones can be achieved using the 

polymer technology platform developed‎ at‎Dr.‎Wang’s‎ group. Firstly, using a 

polymer vector (multi-knot or poly β‎amino ester, HPAE) carrying the COL7A1 

gene, it is possible to transfect RDEB keratinocytes and fibroblasts and restore 

C7 expression in those cells. Secondly, this can be achieved ex vivo in SEs 

created from RDEB keratinocytes and fibroblasts seeded in and on top of a 

fibrin gel, respectively. Finally, intradermal injection of the therapeutic 

COL7A1 carried by the multi-knot polymer or HPAE in a Col7α1-/- knockout 

mouse (RDEB) model can restore C7 expression in the cells near the injection 

region.               
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Figure ‎4.1: Construction of skin equivalents from RDEB or normal or RDEB keratinocytes and 

fibroblasts. The dermal fibroblasts are seeded in a fibrin gel and epidermal keratinocytes are 

cultured on the surface of the same gel. The keratinocytes are lifted and exposed to air for 28 

days. 
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4.2. Materials and reagents 

Hyperbranched poly-β-aminoester (HPAE) was kindly provided by Dr. 

Dezhong Zhou (The Charles Institute of Dermatology School of Medicine and 

Medical Science University College of Dublin, Dublin, Ireland). RDEB mice 

and normal mice were kindly provided by Dr. Olga Igoucheva and Prof. Jouni 

Uitto (Department of Dermatology and Cutaneous Biology, Thomas Jefferson 

University Hospital). 

4.3. Methods 

4.3.1. Polyplex preparation 

The multi-knot polyplexes were prepared in water. 10mg was dissolved in 10ml 

of‎water,‎of‎which‎30μl‎was‎mixed‎with‎10μ‎of‎1μg/μl‎COL7A1 plasmid DNA 

and incubated for 45 minutes before injection. To prepare HPAE polyplexes, 

7.5mg is dissolved in 1ml of 25mM sodium acetate and mixed with equal 

volume‎of‎0.25μg/μl‎COL7A1 plasmid DNA also diluted in sodium acetate.  

4.3.2. In vitro transfection of keratinocytes and fibroblasts 

For in vitro transfection methods, measurement of cell viability and culture 

conditions of RDEB keratinocytes and fibroblasts refer to the methods section 

of Chapter 3 and Appendix J, respectively. 

4.3.3. Generation of skin equivalents 

Briefly, the dermal part of the fibrin gel matrix is created by mixing fibrinogen 

with 38,000 skin fibroblasts in DMEM with trasylol and thrombine. To create 

the epidermis and stratum corneum, 60,000 RDEB or normal epidermal 

keratinocytes are seeded on top of the fibrin gel. The keratinocytes are exposed 

to air using special air-liquid interface inserts. (See Appendix M).    

4.3.4. Generation of knockout mice 

To generate RDEB mice, a targeting vector was used to replace the exons 46-69 

of the COL7A1 with the neomycin-resistance gene resulting in elimination of 

most of domain 1 of the collagen. This created Col7α1‎heterozygous (+/-) mice. 
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It is only after mating the heterozygous mice that the complete Col7α1-/- mice 

are born [11].  

4.3.5. Experimental groups 

Three RDEB mice were injected in the paws with Multi-knot/COL7A1 plasmid 

DNA, HPAE/COL7A1 plasmid DNA, PBS, while the fourth paw remained 

untreated. An additional injection of HPAE/COL7A1 plasmid DNA was made 

in the dorsal skin to investigate the transfection efficiency and immune 

response in that region. 

4.3.6. Genotyping of the mice 

To provide evidence of missing Col7α1‎gene‎in‎knockout‎mice,‎we‎analyzed‎the‎

genetic make-up of the RDEB mice and wild-type mice using the platinum® 

Taq DNA polymerase kit. Primers, 1:‎5′‎AGG‎TAT‎CAT‎ACT‎TCC‎TGG‎CAG‎

A‎3′; 2:‎5′‎AAG‎GCT‎ATC‎AAT‎ACT‎AGA‎ACC‎AG‎3′;‎3:‎5′‎CCT‎TCT‎TGA‎

CCA GTT CTT‎CTG‎A‎3′. 

4.3.7. Injection procedure  

The knockout mice were treated one day or eight days after birth. Five 

micrograms‎of‎complexed‎col7α1‎pcDNA delivered by the hyperbranched poly-

β-aminoester (synthesized in house) using a 30:1 ratio, was intradermally 

injected into the paws and up to 20µg into the dorsal or ventral regions. A 

tracing dye (Vybrant®) was used to locate the area of injection.  

4.3.8. Sacrifice 

Six mice were sacrificed 24 hours post last treatment, 3 wild type and 3 RDEB 

mice. Mice were put to sleep using isoflurane gas before cervical dislocation. 

Using an in vivo fluorescence microscope, images were taken of the area of 

dorsal injection where a dye was used to trace the polyplexes before it was 

excised and cryosectioned. For detailed protocol refer to Appendix X. 

4.3.9. Indirect immunofluorescence staining 

Cells and sections from skin equivalents were fixed with 4% paraformaldehyde 
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and permeabilized with 0.1% triton-x 100 before blocking (see Appendix S). 

Animal tissue sections are blocked without fixation or permeabilization. LH7.2 

monoclonal antibody (Sigma Aldrich, Ireland) (see appendix Y: materials and 

reagents) was used to detect the human C7 and a rabbit polyclonal (Merick 

Millipore, UK) was used to detect mouse C7. Mouse collagen IV (C4) was 

detected using the rabbit polyclonal anti-C4.   

4.3.10. Western blot 

Forty-eight hours post transfection; the cell media is collected, filtered and 

stored at -20°C in the presence of protease inhibitors. The samples were 

concentrated and total protein was measured using a Bio-Rad protein assay. The 

sample was then run on 4 -12% SDS gel. This was then transferred to a protein 

membrane (400mA for 2 hours) before it was blocked with 3% BSA. The 

membrane was then incubated with primary antibody (LH7.2 at 1:1000 

dilutions) for 3 hours, washed with TBS-Tween® 20 and incubated with 

secondary HRP for 2 hours at RT. Finally, the membrane was incubated with 

SuperSignal® substrate for 5 minutes before visualization.       

For detailed protocol refer to Appendix U. 

4.3.11. RNA extraction  

Total RNA was extracted from cells and tissue using the Qiagen RNeasy® mini 

kit. The RNA template was then run using Verso one-step RT-PCR 

(ThermoScientific)‎ according‎ to‎ manufacturer’s‎ guidelines.‎ Refer to 

Appendices P and Q for full protocol. 

4.4. Results and discussion 

4.4.1. Transfection properties of the multi-knot polymer in skin cells 

The high charge density and fast degradability are important characteristics in 

gene delivery to cells especially in the case of polymer based gene carriers [12, 

13]. The structure of the multi-knot polymer of dense cyclized chains creates a 

high concentration of amine groups providing the elevated charge density 
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required upon protonation. The degradability is through disulfide reduction. We 

found this polymer capable of transfecting a range of cell types with high 

efficiency including skin keratinocytes and fibroblasts. As a result, we 

examined its efficiency for gene therapy in the skin disease RDEB. 

The majority of terminally differentiated cells that reside in the epidermal and 

dermal regions are fibroblasts and keratinocytes. Of the two, keratinocytes are 

the main producers of type VII collagen [14]. Although, genetically corrected 

fibroblasts on their own have been shown to produce sufficient type VII 

collagen and restore structural integrity in skin of RDEB patients after 

intradermal injection [15].  

Collagen type VII-null fibroblasts extracted from squamous cell carcinoma of 

RDEB patients were transfected with the Gaussia luciferase plasmid using the 

multi-knot polymer or PEI (Figure ‎4.2). Under normal transfection conditions, 

multi-knot treated cells did not show any protein expression but this changed 

once uptake was improved by using glycerol and DMSO. We found that 

glycerol treatment significantly enhanced protein expression of the multi-knot 

treated cells but not the PEI treated cells. Likewise, DMSO had little influence 

on cells treated with PEI polyplexes, but gene expression of the multi-knot 

treated cells increased by more than 20-fold compared to the glycerol treated 

cells (Figure ‎4.3). Moreover, only glycerol was found to have a significant 

influence on cell viability, but only with higher weight ratios of polyplexes. The 

findings were consistent over different cell types including keratinocytes 

(Figure ‎4.4). We then focused on keratinocytes because they produce more than 

90%‎of‎skin’s‎collagen‎VII‎[7]. Keratinocytes treated with multi-knot polymer 

carrying the COL7A1 therapeutic plasmid showed high expression of the 

protein 48 hours post transfection (Figure ‎4.5 a). Additionally, cell extracted 

protein analysis with immunoblotting showed bands for collagen VII just above 

the 250 kDa marker in multi-knot transfected cells. Lower levels were seen in 

normal human keratinocytes with no trace of the protein band being detected in 

the untreated RDEB keratinocytes (Figure ‎4.5 b).   
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4.4.2. Transfection efficiency of the multi-knot polymer in skin 

equivalents (SEs) 

Gene therapy offers a great potential for the treatment of RDEB which is why 

we used this non-immunogenic approach to test the feasibility of this 

hypothesis. Three-dimensional skin cultures were generated using fibrin as a 

scaffold. Type VII collagen-deficient fibroblasts were embedded into the matrix 

and immersed in growth media. On the surface of the scaffold, type VII 

collagen-null keratinocytes were seeded. The keratinocytes were in air-liquid 

interphase where they form a crest representing the upper layer of the epidermis 

after 28 days. These cultures were then transfected by topical application of the 

polyplex solution containing the multi-knot‎ polymer‎ and‎ col7α1 plasmid. 

Figure ‎4.7 shows a cross section of the 3D skin cultures. Expression of collagen 

VII in transfected cells was visualized using an affinity-purified antibody to the 

NC2 domain of the type VII collagen. Normal keratinocytes show a green stain 

for collagen VII at the dermal-epidermal junction (DEJ) where it normally 

resides [16]. Signs of early protein homing to the DEJ in multi-knot polymer 

treated cultures is evident in the presence of collagen VII at the same region 

where the protein generally forms triple helical trimmers and anchoring fibrils 

[1]. Although the amount of protein released is low, these results are still very 

encouraging and prove the feasibility of using non-viral gene therapy for 

treating RDEB patients. Furthermore, the levels‎ of‎ col7α1 mRNA extracted 

from 3D skin equivalents, were significantly higher in the multi-knot treated 

cultures than in the untreated RDEB and , surprisingly, in the normal human 

skin cultures (Figure ‎4.6). These results critically demonstrate the effectiveness 

of the multi-knot as a gene delivery vector ex vivo. 

4.4.3. Identification of the col7α1-/- mouse using phenotype and genotype 

analysis  
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Three primers were used to screen for the wild type (WT) (+/+), Heterozygote 

(HD) (+/-) and knockout (RDEB) (-/-) mice. Primer 1 and 2 amplify a 650 bp 

region of the normal type VII collagen, while primers 1 and 3 amplified a 490 

bp region between the type VII collagen and the mutant genes. Using specific 

primers (section 4.3.6) [11], it is easy to distinguish between the normal and 

mutant genes (Figure  4.8, a). The heterozygote sample from the mouse carrying 

the mutation (HD +/-) is detected by both primer sets.    

Phenotypically, RDEB mice are significantly smaller in size. Blistering in 

epithelial tissue of mucosal surfaces often leads to scarring within the mouth 

and gastrointestinal tract. This creates difficulties with digestion and limits 

nutrient absorption often leading to chronic malnutrition [17], the main cause of 

growth retardation. Even at 11 days old (Figure  4.9), the RDEB mouse was less 

than half of the weight of the wild type mouse of the same age. Blistering of the 

skin was noted at birth or shortly after in the RDEB mice with striking 

resemblance to human RDEB phenotype [18]. A hematoxylin and eosin stained 

cross section of a one day old mouse pup revealed prominent blistering in areas 

of high mobility such as the limbs, mouth and neck (Figure  4.10). Stained 

sections of the dorsal region showed little to no blistering in comparison to a 

section of the paws (Figure  4.11) confirming the impact of mobility and 

external trauma on the formation of the blisters. Immunofluorescence staining 

of an RDEB paw cross section revealed complete lack of mouse C7 in the 

basement membrane zone and clear presence of collagen type IV (C4) in the 

same region. Normal paw showed presence of both the mouse C7 and C4 at the 

BMZ (Figure  4.12). The lack of the structural C7 protein resulted in the 

detachment of the epidermis from the dermis leading to the formation of 

trauma-induced-blisters in the RDEB mouse paw [19].   
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4.4.4. Restoration of C7 expression in Col7α1-/- mouse using HPAE  

The regions of injection were selected based on the size of the area and 

presence of blisters (Figure  4.10). The polyplexes were intradermally injected 

into the paws as well as the dorsal and ventral regions. They were then 

sacrificed 24 hours post last injection, as repetitive injections over three days 

were used in some experiments. A fluorescent DNA stain (Vybrant®) was used 

to trace the polyplexes post injection to make it easier to identify the region of 

injection (Figure  4.16 a). Areas of injection were then cryosectioned and 

examined for C7 production using indirect immunofluorescence staining. No 

human C7 was detected in the mouse dorsal region at any time post injection. 

This could be attributed to gravity acting on the polyplexes and preventing 

them from reaching dermal and epidermal cells. Additionally, the multi-knot 

polymer did not transfect any of the in vivo cells (results not shown) and thus 

was made redundant for the rest of the experiments. On the other hand, 

hyperbranched poly(β-amin ester) (HPAE) polymer (synthesized in house) was 

successfully used to transfect primary mouse cells in vitro and in vivo. 

Furthermore, two different time-points of sacrifice were studied in two separate 

experiments; the first experiment involved injecting the polyplexes on the first 

day (typically two or three days after birth) and sacrificing the animal on the 

second day. This allowed sufficient time for the cells in the injected region to be 

transfected and to express the protein. Human C7 was detected in and around 

the injected area of the paw (Figure  4.13). Understandably, the protein did not 

accumulate in the BMZ in such a short time and no human C7 was detected in 

and around the ventral injected site.  

In the second experiment, the animals were sacrificed 96 hours post first 

injection and three injections were done in the paws and ventral area over a 

period of three days. Significant amount of C7 was immobilized in the BMZ 

near the injection sites in both cases (Figure  4.14 and Figure  4.15). Although 

there was significant presence of human C7 in the treated sections, there still 

remain large sections of the BMZ that did not have the protein and the figures 
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represent the small segments of the BMZ where the protein was restored after 

treatment.  

4.4.5. Polyplexes ignite inflammatory response in injected skin of Col7α1-

/- mouse 

Although there was human C7 expression post treatment, toxicity and 

immunogenicity induced inflammatory response quickly became apparent in 

the injected tissue. Inflammatory response is well documented and 

characterized event being labelled as acute or chronic. In this study, the 

inflammation type can be described as acute since the majority of external 

triggers, such as the nanomaterials used for gene delivery [20],  do not induce 

sustained immune cell mediated inflammatory response. We used image 

analysis of H&E stained sections or indirect immunofluorescence staining of 

inflammatory markers to detect early (24 hours post injection) and acute 

inflammation. Visual examination revealed inflammation 48 hours post 

polyplex injection (Figure  4.16 a). Epidermal inflammation was confirmed in 

H&E stained sections of the area (Figure  4.16 b). Primary antibodies for mouse 

CD45, CD44, CD11b and Ly6G were used to estimate the expression levels in 

wild type mouse and in RDEB mouse injected with the polyplexes.  

Protein tyrosine phosphatase, receptor type, C (CD45) is a leukocyte common 

antigen involved in B and T-cell antigen receptor signaling and negative 

regulation of cytokine production [21]. High levels of this protein were detected 

in the area of treatment in RDEB mouse indicating early cellular response to the 

injected material (Figure  4.17). This is in parallel with exaggerated expression 

levels of CD11b [22] (expressed on the surface of the innate immune system 

cells such as monocytes, granulocytes, macrophages and natural killer cells) 

and Ly6g [23] (predominantly expressed in neutrophils) in the same region. The 

inflammatory response can be attributed to immediate toxicity associated with 

free polymer and delayed toxicity from cell processing of the polyplexes [24]. 

In addition, the transgene product (human C7) can induce immunogenicity in 

the host tissue as revealed in studies on protein replacement gene therapy in 
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some genetic diseases where neutralizing antibodies to the therapeutic products 

can be formed [25].    
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Figure ‎4.2: Luciferase expression levels in RDEB fibroblasts. Cells were either untreated or 

transfected with luciferase carried by the multi-knot polymer at different polymer to DNA weight 

ratios. Branched PEI (Mw=25 kDa) was used as control. Cells were incubated with 10% DMSO, 

10% glycerol or left untreated. Asterisk represents statistical significance. Results are expressed 

as mean ± S.D. (n=3, p<0.05)). One way ANOVA (Fisher) was used for statistical analysis. 
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Figure ‎4.3: Cell metabolic activity of RDEB fibroblasts. Cells were either untreated or transfected 

with luciferase carried by the multi-knot polymer at different polymer to DNA weight ratios. 

Branched PEI (Mw=25 kDa) was used as control. Cells were incubated with 10% DMSO, 10% 

glycerol or left untreated. Asterisk represents statistical significance. Results are expressed as 

mean ±S.D. (n=3, p<0.05). One way ANOVA (Fisher) was used for statistical analysis. 
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Figure ‎4.4: Luciferase expression levels in RDEB keratinocytes. Cells were transfected with 

luciferase carried by the multi-knot polymer at different polymer to DNA weight ratios. 

Lipofectamine2000® (LP2) was used as control. Cells were incubated with 10% DMSO or left 

untreated.  The cell metabolic activity was unchanged for both treatments (results no shown). 

Asterisk represents statistical significance. Results are expressed as mean ±S.D. (n=3, p<0.05). 

One way ANOVA (Fisher) was used for statistical analysis.  
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Figure ‎4.5: a. Immunofluorescence images of normal human keratinocytes (NHK) (1), RDEB 

keratinocytes (2) and RDEB keratinocytes corrected with multi-knot polymer carrying the 

COL7A1 gene (3). C7: green, actin filaments: red and DAPI: blue. Scale bar represent 50µm. b. 

Western blot showing bands for C7 in normal human keratinocytes (lane 1) and RDEB 

keratinocytes transfected with multi-knot polymer carrying the COL7A1 gene‎(lane‎3).‎Only‎β-

actin was detected in RDEB keratinocytes, (lane 2). 

 

 

 

 

 

 

 

 

1 2 3 

a 

b 



Chapter 4: Ex vivo and in vivo analysis of gene delivery efficacy 

150 

 

 

 

 

 

 

 

 

 

Figure ‎4.6: Real time quantitative PCR graph showing relative COL7A1 and GAPDH mRNA 

copy number extracted from normal human keratinocyte skin equivalents (1) RDEB keratinocyte 

SEs (2) and RDEB keratinocyte SEs transfected with Multi-knot polymer carrying the COL7A1 

gene (3). Results are expressed as mean ±S.D. (n =3, p<0.05). The one way ANOVA (Fisher) 

was used for statistical analysis. 
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Figure ‎4.7: Immunofluorescence images of SE sections taken from normal human keratinocyte 

(NHK) cultures, RDEB keratinocyte cultures and RDEB keratinocyte cultures transfected with 

multi-knot polymer carrying the COL7A1 gene. Top: stains for collagen VII (green) and DAPI 

(blue). Bottom: stains for involucrin (amber) and DAPI (blue). Mouse anti-human was used to 

detect C7. Images were taken at 20x magnification. Scale bar represents 100µm. 
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Figure ‎4.8: Gel electrophoresis of RT-PCR products of genomic DNA from wild type (WT +/+), 

Heterozygote HD +/-) and RDEB (-/-) mouse tissue. Using primers that amplify the normal or 

mutant gene, it is possible to distinguish between the three types of mice.  
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Figure ‎4.9: Side by side comparison of wild type mouse and RDEB mouse. a. Both mice at 2 

days old, of which the RDEB mouse shows a large blister in the abdominal viscera (arrow). b. 

Different mice at 11 days old showing size difference between the wild type and RDEB mouse. 

The wild type is more than twice the weight of its counterpart.        
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Figure ‎4.10: A hematoxylin and eosin stained cross section of a one day old RDEB (-/-) mouse. 

The mouse shows typical RDEB features of microblisters (arrows) and blisters (asterisk) in the 

regions of high mobility such as the front and hind limbs. Images were taken at 4x and 20x 

magnification. 
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Figure ‎4.11: Hematoxylin and eosin stained cross sections of wild type and RDEB mouse skin 

taken from either the underside of the paw or from the dorsal area. Trauma induced blistering in 

the paw is attributed to structural instability due to the lack of C7 in RDEB mice. Images were 

taken at 20x magnification.    
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Figure ‎4.12: Immunofluorescence stained sections of wild type (WT) and RDEB mouse paw 

tissue. Lack of C7 in the BMZ is evident while there is abundance of the protein in the wild type 

which overlaps well with the C4 protein. Goat anti-mouse C7 and rabbit anti-mouse C4 were 

used. Images were taken at 20x magnification.   
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Figure ‎4.13: Immunofluorescence staining for human C7 in RDEB (-/-) mouse paws 24 hours 

post single injection. The paws were intradermally injected with PBS, polymer alone or 

polypexes (30:1). Sections were stained with LH7.2 mouse anti-human C7 and DAPI and images 

were taken at 20x magnification.  
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Figure ‎4.14: Immunofluorescence staining of RDEB (-/-) mouse paw injected with 

HPAE/COL7A1 plasmid DNA polyplexes compared to wild type paw. The animals were 

sacrificed 96 hours post first injection. Sections were stained with mouse anti-human C7 or rabbit 

anti-mouse C4. Arrows indicate human C7 in the BMZ of mouse. Images were taken at 20x 

magnification.   
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Figure ‎4.15: Immunofluorescence stained sections of RDEB (-/-) mouse ventral area injected 

with HPAE/COL7A1 plasmid DNA polyplexes and untreated wild type. The animals were 

sacrificed 96 hours post first injection. Sections were stained with goat anti-human C7, rabbit 

anti-mouse C4 and DAPI. Images were taken at 40x magnification.   
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Figure ‎4.16: Polyplexes injected in the intradermal region induced epidermal inflammation and 

tissue necrosis. a. images of RDEB mouse dorsum taken using standard Nikon camera. The 

Vybrant® DNA dye can be seen through the skin under bright-field along with the inflamed area 

where the polyplex solution dispersed. b. Hematoxylin and eosin stained tissue sections of the 

paws and dorsum showing inflammation of the skin especially in the dorsum. Images were taken 

at 20x magnification.  
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Figure ‎4.17: Immunofluorescence stained sections from mouse paws reveal elevated expression 

of cytokines and chemokines of the inflammatory response in the RDEB (-/-) treated area of the 

skin. Sections were stained with antibodies against four inflammatory cytokines all of which 

were up regulated in the area of injection. Images were taken at 20x magnification.  
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4.5. Conclusion 

In conclusion, we went beyond the single cyclized knot polymer to a unique 

higher and more complex multi-knot structure. This was achieved by delaying 

the onset of gelation in a one-pot in situ DE-ATRP reaction as outlined in 

chapter one. As a proof of concept, RDEB was selected for a number of in vitro 

and ex vivo studies. Successful transfection of RDEB keratinocytes with 

COL7A1 lead to the expression of recombinant protein faithful to the native 

showing signs of a possible treatment of the disease. Although the multi-knot 

polymers showed minor success ex vivo, only the HPAEs showed transfection 

capability in vivo. Human C7 expression was achieved 24 hours post injection 

of HPAE/COL7A1 polyplexes in the skin of RDEB (Col7α1-/-) knockout mice. 

The protein co-localized with C4 in the BMZ of the RDEB mice after 96 hours. 

However, elevated expressions of inflammatory markers such as CD45, CD44, 

Ly6G‎ and‎ CD11β‎ point‎ to‎ acute‎ inflammation‎ and‎ a‎ natural‎ response of the 

tissue to foreign materials such as the HPAE/COL7A1 complexes. The benign 

nature of this potential gene therapy make it a valid option, allowing the 

reparative gene to be repeatedly applied. The C7 protein (known to have a long 

half-life) would hopefully build up in the tissue and over time provide structural 

integrity to reverse the RDEB phenotype. 
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5.1. Introduction 

The progress towards finding a long term solution to the genetic skin condition, 

recessive dystrophic epidermolysis bullosa, is slow with little to no evidence of 

effective long term treatment being proposed aside from the highly invasive 

bone marrow transplantation. The reason behind this is the low prevalence of 

the disease which has been categorized as a rare genetic disease by the National 

Institutes of Health. The condition, attributed to mutations in the COL7A1 gene 

[1], affects the skin and internal mucosa covering a wide surface area making it 

difficult to treat. One of the more promising methods of treatment is bone 

marrow transplantation [2]. In this major study, scientists proposed the idea of 

using allogeneic bone marrow stem cells to revert the RDEB phenotype. They 

found that transplantation of these cells into the RDEB patients restore C7 

deposition with noticeable improvements in wound healing and reduced 

blistering. Unfortunately, two of the seven patients enrolled in the trials died 

sometime after the procedure. The high risk, cost and ethical issues retracted 

many RDEB patients from the procedure.  

Other proposed treatments include; injection of allogeneic fibroblasts [3], 

injection of recombinant C7 protein [4] and ex vivo cell correction of patient’s 

cells [5-7]. All these publications reported encouraging signs of C7 restoration 

post treatment. However, many of them have not been fully tested and those 

that have only restored structural and mechanical stability partially while 

having a limited time of restoration. These methods have also been tested in 

other diseases, of which viral vector based therapy showed the greatest 

potential because of their high gene delivery efficiency.  

Viral vectors have been at the forefront in terms of transfection efficiency since 

their inception as gene delivery vectors. Their major drawback is that they carry 

the risk of inducing severe toxicity and immunogenicity. Non-viral gene 

delivery has emerged as a more risk free method. However, despite the recent 

expansion of non-viral gene delivery vectors, they are still limited in terms of 

efficiency. Polymeric vectors are among the more versatile of non-viral gene 
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delivery vectors offering great composition versatility and more controllable 

synthesis [8] in addition to have low production costs. The overall aim of this 

study was to design a cationic polymer vector with biodegradable property for 

efficient gene delivery of COL7A1 to RDEB skin cells.   

5.2. Summary 

The objective of phase I (Chapter 2) was to synthesis a cationic polymer with 

high charge density and fast degradation capability. These two properties were 

found to be highly influential in determining the transfection efficiency and 

cytotoxicity [9, 10]. To increase the charge density of the polymer, we went 

beyond the single knot polymer [11] to the denser and more complex multi-knot 

polymer structure. This was achieved by delaying the onset of gelation in a one-

pot in situ DE-ATRP reaction. At the same time, we introduced a disulfide 

based cross-linker in the reaction as opposed to the conventional EGDMA 

monomer. The disulfide link is commonly broken in the presence of thiol 

reducing agents such as glutathione [12, 13], a chemical present in high 

concentrations in cellular vesicles [14]. This disulfide containing crosslinker 

was synthesized in house by mixing acroylyl chloride with triethyleamine and 

hydroxy ethyl disulfide under argon. The monomer was then purified before 

being used in the multi-knot synthesis reaction. By using in situ DE-ATRP [15] 

under a high polymer concentration system and delaying the onset of gelation 

(beyond the single knot structure), a high molecular weight, and multi-knot 

structured polymer was obtained. Characterization of the polymer post DNA 

interaction revealed the formation of polyplexes with sizes ranging from 100-

200 nm and a positive charge reaching 50mV after protonation. In the presence 

of 5mM glutathione, the polymer degraded within minutes allowing for 

efficient DNA escape (80% efficiency) as determined by the PicoGreen® assay. 

In the second phase of the study, the polymer was optimized for reporter gene 

delivery and tested for cytotoxicity in common cell lines (Chapter 3). In 

primary cells, the multi-knot polymer and commercial vector treated cells 

expressed similar levels of the luciferase protein expression. The polymer was 
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less efficient in transfection human ADSCs. In HeLa cells, expression levels of 

the protein were dramatically increased (100-fold) after increasing the DNA 

amount to 1µg. This was achieved at a polymer/DNA ratio of 3, much lower 

than what was predicted to be an optimal ratio. Increasing the polymer DNA 

further reduced the cell viability. The results were reproduced using GFP 

reporter gene. Although the number of transfected cells using the multi-knot 

polymer was significantly lower than of those transfected with the commercial 

agent, Xfect®. Interestingly, the fluorescence intensity in the multi-knot 

transfected cells was significantly higher. When the same experiments were 

repeated in the presence of 10% DMSO (2 minute incubation with cells), 

luciferase levels were again higher than the untreated cells. This indicates 

involvement of the uptake levels in determining the transfection efficiency [16]. 

The treatment, however, had a catastrophic effect on cell viability where more 

than 90% of the cells died at high polymer/DNA ratios.     

Phase III involved the in vitro, ex vivo and in vivo testing of the polymer 

platform in RDEB skin cells and an RDEB mouse model (Chapter 4). Efficient 

transfection of the RDEB fibroblasts using the multi-knot polymer was only 

achieved after DMSO treatment. We focused on the transfection of RDEB 

keratinocytes since they are the main source of collagen type VII [17]. We 

discovered that, although DMSO treatment increased luciferase expression in 

multi-knot treated keratinocytes, it did not influence expression levels of C7. 

Using a polymer/col7α1 ratio of 3, the transfected cells expressed a significant 

amount of C7 as determined by immunohistochemistry and western blotting. 

Transfection of 3D skin equivalents (composed of fibroblasts and keratinocytes) 

was also possible, even though the amount of C7 produced was much lower 

than what is seen in normal skin. Additionally, lack of hair follicles, stem cells 

and inflammatory cells in the skin equivalents prompted us to test this polymer 

in vivo by intradermal injection of the polyplexes in an RDEB mouse model. 

This model was developed at the Thomas Jefferson University with a similar 

phenotype to human [18]. The mice develop blisters immediately after birth 
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with noticeable scarring thereafter. Genotyping of the mouse revealed absence 

of the correct COL7A1 coding sequence. Staining of the mouse skin tissue 

revealed wide spread blistering in the paws, ventral side and mouth, areas 

where friction is more prevalent. Immunostaining revealed complete lack of the 

C7 protein in the BMZ of these mice. Upon intradermal injection of various 

gene delivery vectors carrying the COL7A1 gene into the skin of these mice, 

we found that out of the polymers tested; only the hyperbranched poly (β-amino 

ester) (HPAE) induced minute human C7 production in the injected region. We 

found the human C7 in the dermal tissue below the basement membrane zone 

(BMZ) 24 hours post injection and the protein was only detected in the BMZ 96 

hours post first injection. The results pointed towards slow migration of the C7 

from its source to the BMZ.  

Examination of the tissue (H&E) revealed epidermal inflammation in the 

injected site with elevated expression of CD11b, CD45 and Ly6g which 

indicates to a major inflammatory response in the area. The levels of these 

markers were higher than in PBS injected control (results not shown). It is 

assumed that the inflammation is caused by polymer toxicity and not the 

transgene product.    
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Figure  5.1: Summary of the main outcomes of each phase of this thesis. 
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5.3. Limitations 

Transfection efficiency in primary cells was significantly lower than in cell 

lines because of the slow proliferation rate of primary cells. This is the case for 

all the tested transfection vectors including the commercial agents and for many 

of the cell types that we tested including human adipose derived stem cells 

(hADSCs), human keratinocyte and fibroblasts (NHKs and RDEBFs) (Figure 

 5.2 and Figure  5.3). This poses a universal problem for all transfection agents. 

Primary cells pose more of a challenge because they divide less often, making it 

difficult for the reporter or therapeutic plasmids to enter the nucleus. 

Overcoming this limitation requires further understanding of the nuclear import 

mechanism and what molecules or agents are required to enhance nuclear entry 

of the polyplexes. Once these molecules are identified they can be easily 

mounted to the multi-knot polymer, since this polymer has unique post-

synthesis modifiable reactive species in the form of vinyl groups. 

Another limitation concerns the cells used in the construction of the skin 

equivalents (SEs). The nature of the method required to construct the SEs made 

it difficult to prevent contamination since the SEs are suspended in the liquid-

air interface. Eventually, contamination was controlled by using a higher 

antibiotic concentration.  On several occasions the density of the cells (high 

density of cells is required to construct the SEs) also resulted in cell death but 

that did not affect the experiment because the growth medium was changed on 

regular basis.   

Regarding the animal studies, there was a limited amount of polyplexes 

delivered to the paws (15µl) because of the small surface area. The new born 

pups have very small paws and injecting any kind of solution into them proved 

to be a huge task. Additionally, the injections caused bruises (Figure  5.4) and 

bleeding in the paws which might have influenced the transfection efficiency. It 

was easier to inject the polyplexes into the ventral and dorsal regions where 

there is more surface area. 
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Despite finding the transgene product, human C7, in the BMZ near the injected 

site, there was not sufficient amount of the structural protein to restore 

adherence of the epidermis to the dermis. This was seen in almost all 

HPAE/col7α1 injected sites. This indicates to a limited number of transfected 

cells which reflect the number of transfected primary cells in vitro (Figure  5.3). 

Finally, we predicted that the time from injection to sacrifice is not long enough 

for the C7 to form anchoring fibrils and restore the structural stability of the 

skin. This remains to be tested. 

5.4. Future directions  

Based on the outcomes and limitations of the project, the following section is 

devoted to outlining the potential alternatives to the pitfalls encountered and the 

possible future directions the project may follow. Four different but related 

approaches are described in this section.  

5.4.1. Poly(β-amino esters) for RDEB gene therapy 

Linear poly (β-amino esters) (PAEs) have been previously reported by Langer 

et al. in which a library of PAEs was synthesized and end modified with 

amines. They have discovered a robotic method of synthesizing thousands of 

different PAEs in a single reaction. This method helped define the polymer 

composition and molecular weight ideal for transfection. Some of these 

polymers have comparable transfection levels to lentiviruses and adenoviruses 

in HUVECs [19]. The polymers were also used successfully in vivo [20] thus 

giving a glimpse of hope for the future of polymers in gene therapy. In Chapter 

4, a hyperbranched poly (β-amino esters) (HPAE) was used to correct the skin 

cells of an RDEB (Col7α1-/-) mouse. This polymer was in fact synthesized in 

house as we discovered that it had higher transfection levels than the 

commercially available PAE, Xfect® in RDEB keratinocyte cell lines (Figure 

 5.5). For future polymer gene delivery projects, it is recommended that HPAE is 

tested more thoroughly in terms of polyplex forming capability, transfection 

efficiency in RDEB primary and stem cells with GFP and COL7A1, and 

toxicity levels in vivo. 
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5.4.2. Optimizing polymer vectors for primary and stem cell transfection  

Primary cells are more representative of the main functional component of the 

tissue from which they are derived in comparison to immortalized or tumor 

derived cell lines which have undergone multiple population doublings [21]. As 

demonstrated in the limitations section of this chapter, they are much harder to 

transfect than immortalized cells due to their slow proliferation rate [22], and 

higher extracellular matrix (ECM) deposition significantly reducing 

transfection efficiency. The ECM traps the polyplexes in a web like structure 

preventing them from accessing the cellular membrane. While slow 

proliferation is a problem for non-viral gene delivery because mitosis occurs 

less frequently in primary cells meaning that the nuclear membrane remains 

intact for longer periods of time. This limits the access of the therapeutic gene 

to the host genome. Stem cells are just as hard to transfect but hold potential for 

differentiation and proliferation. Stem cells, such as embryonic and induced 

pluripotent stem cells hold great promise for disease treatment because they can 

differentiate into any cell type [23]. This is in addition to having potentially 

infinite proliferative capacity which means it is possible to induce long lasting 

transgene expression in progeny cells after stable transfection of the parent 

cells. Thus, it is important to focus the vector design and optimization around 

the cellular uptake and nuclear import mechanisms of primary and stem cells. 

This will inevitably uplift the transfection of non-viral vectors in vivo and in the 

clinic.  

Here are a number of important considerations to take into account when 

designing and optimizing a non-viral gene vector for primary and stem cell 

transfection: 

Small and homogenous polyplexes 

A key aspect we have discussed in Chapter 2 is the characterization of the 

polypelxes in terms of size and charge. Uneven distribution or aggregation of 

polyplexes significantly lowers transfection efficiency. This can be caused by 

unbalanced polymer/DNA ratio or by the buffer solution the polyplexes made in 
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[24]. To identify the best polyplex formulation, polyplex sizes ranging from 

10nm to 200 nm should be tested in addition to examining the influence of 

excess polymer on the transfection efficiency. The sizes of the polyplexes can 

be determined using Dynamic Light Scattering (DLS) or Gel Permeation 

Chromatography (GPC). The excess polymer can be eliminated from the 

polyplexes by filtration or by drop-wise addition of the polymer to DNA 

solution such that all the polymer molecules are bound to a DNA molecule.          

Determining the optimal polyplex weight ratio and DNA dose  

Establishing a clear basic requirement for maximum transfection efficiency 

such as the polyplex weight ratio and DNA dose per a certain number of cells is 

important and has to be carried out for each cell type as both parameters change 

accordingly [25]. Other controllable influences on the outcome of transfection 

should be taken into account and they include; polyplex incubation period with 

cells, pH of the media, condition of the cells and level of confluency. 

Understanding and overcoming the physiological environment of the cells 

Different cell types require different culture conditions. Primary human 

keratinocytes, for example require specific supplements such as epidermal 

growth factor (EGF), insulin and cholera toxin for optimal growth and 

proliferation. On the other hand, primary fibroblasts can be grown in bovine 

serum which contains proteins that might interfere with the polyplexes [26]. 

Thus, a gene delivery system should have a strategy that prevents unfavorable 

protein interaction.  

5.4.3. Genetically modified stem cell therapy for RDEB  

A hugely attractive feature of stem cells is their capability to seemingly divide 

indefinitely and enabling to generate a wide range of cell types from the 

originating organ or even regenerate the entire organ [27-29]. Correcting stem 

cells means that the entire cell’s progeny will carry the correct genetic 

sequence. Both keratinocytes and fibroblasts have the capability of secreting 

collagen type VII (C7) and both cell types can be used to restore the mechanical 
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stability of the skin in RDEB patients. However, considering the rapid turnover 

of the skin, genetically modified fibroblasts and keratinocytes are quickly lost. 

The ideal therapy would be to target the epidermal stem cells to have a long 

lasting and sustained therapeutic effect. Although allogeneic bone marrow stem 

cells have been used to ameliorate the manifestations of RDEB in mice and 

humans [2, 30], other more convenient stem cells sources are currently being 

examined. The known stem cells that have the potential to be used in 

autologous cell therapy for RDEB are listed in Table  5.1. Epidermal stem cells 

localized to the basal layer of the epidermis or the ones residing in the bulge 

area of the hair follicle are some of the more ideal cells that can be used for 

such application.       

5.4.4. A thorough approach for analyzing C7 expression in vivo    

Cell and tissue laboratory analysis techniques are constantly being used in 

clinical and pre-clinical settings to understand diseases and find the effect of 

new therapies on the micro and cellular biology of the mammalian tissues and 

organs. It is vital that these techniques are used in the appropriate setting to 

reach a conclusive result about the test. In testing the appropriate therapy 

method for RDEB, one must examine the expression patterns of the therapeutic 

gene (COL7A1) using comprehensive methods such as immunofluorescence 

staining; quantitative real-time PCR, transmission electron microscopy and 

mechanical testing of the skin after treatment. Combining all the mentioned 

methods will provide a clear insight into C7 expression levels, migration of C7 

into the basement membrane zone (BMZ), formation of anchoring fibrils and 

structural stability of the skin.  

In Chapter 4 of this thesis, we discussed the C7 expression patterns in the 

treated mouse tissue after immunofluorescence staining with antibodies specific 

for mouse or human C7 (Figure  5.6). The stained tissues showed clear presence 

of C7 in the injected area and BMZ.  However, it was not possible to learn 

whether the protein subsequently formed functional anchoring fibrils and if it 

had restored the mechanical stability of the treated section of the skin. These 
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questions can only be answered after thorough analysis of the tissue using TEM 

and mechanical stress testing. These answers will provide a comprehensive 

conclusion about the feasibility of using polymer gene therapy for RDEB.     
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Figure  5.2: Luciferase expression levels and cell viability in human adipose derived stem cells 

(hADSCs) transfected with various ratios of multi-knot polymer compared to PEI, JetPEI® and 

Lipofectamine®2000. Results are expressed as mean ± S.D. (n=3, p<0.05). One way ANOVA 

(Fisher) was used for statistical analysis. 
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Figure  5.3: GFP expression in normal human keratinocytes (NHKs) and RDEB human 

fibroblasts (RDEBFs) transfected with either Xfect® or hyperbranched poly (β-amino esters). 
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Figure  5.4: Images of RDEB mouse paws after intradermal injections.  The bruises formed by the 

hypodermic needle injection were damaging to the immunostaining and immunohistochemistry 

analysis.   
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Figure  5.5: Transfection efficiency of the hyperbranched PAE compared to commercial vectors 

SuperFect (SF), Lipofectamine®2000 (LP), PEI and the linear PAE (Xfect®) in RDEB 

keratinocyte cell lines. Results are expressed as mean ± S.D. (n=3). One way ANOVA was used 

for statistical analysis. Images were taken at 20x magnification.  
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Figure  5.6: Hematoxylin and Eosin stained sections from wild type mouse tissue (left) and 

immunofluorescence staining of the same with an additional human breast skin tissue stained 

with an antibody specific for human C7 (LH7.2, Sigma) (right). This method segregates between 

the human transgene product and the wild type mouse protein. Images were taken at 10x and 20x 

magnification. 
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Table  5.1: Possible sources of stem cells that can be genetically modified and used for autologous 

cell therapy. 

Stem cell sub-class Name or Source Classification Reference 

Epidermal stem cells 

Interfollicular Somatic adult stem cell [31] 

Bulge area Somatic adult stem cell [32] 

Isthmus  Somatic adult stem cell [33] 

Dermal stem cells 

Hair follicle dermal sheath Somatic adult stem cell [34] 

Skin-derived precursors: hair follicle 

dermal papillae  
Somatic adult stem cell [35] 

Dermal mesenchymal  Somatic adult stem cell [36] 

Mesenchymal stem cells 

Bone marrow-derived Somatic adult stem cell [37] 

Adipose tissue-derived Somatic adult stem cell [38] 

Umbilical cord-derived Somatic adult stem cell [39] 

Hematopoietic stem cells  

Bone marrow-derived Somatic adult stem cell [40] 

Umbilical cord blood-derived Somatic adult stem cell [41] 

Pluripotent stem cells 

Human embryo Human embryonic stem cells [42] 

Induced pluripotent 
Terminally differentiated 

human cells 
[43] 
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5.5. Conclusions  

The ultimate goal of the project is to develop a safe and efficient polymer based 

gene delivery method to encourage the production of functional collagen type 

VII protein in RDEB skin using a polymer gene delivery vector.  

The conclusions of this project can be summarized to the following: 

Phase I: Synthesis and optimization of a cationic polymer for the purpose 

of gene delivery (Chapter 2)   

1. A multi-knot polymer with high charge density composed of amine and 

disulfide monomers was successfully synthesized from DE-ATRP.  

2. The polymer was able to bind to DNA efficiently forming nanoscale 

polyplexes. 

3. The polymer degrades within minutes under physiological environment. 

This is a result of the incorporation of the bio-reducible disulfide links 

into the polymer’s structure.   

Phase II: Polymer transfection efficiency analysis in vitro (Chapter 3) 

1. The optimal polymer/DNA ratio was found to be between 3 and 5 at 

which no cytotoxicity was observed.  

2. Protein expression levels increased well above the levels observed using 

commercial agents when 4-fold DNA dose is used. 

3. Protein expression levels rose significantly when the cells were 

permeablized with Dimethyl Sulfoxide. 

Phase III: Ex vivo and in vivo analysis of the polymer gene delivery efficacy 

in RDEB skin (Chapter 4) 

1. Collagen type VII expression in RDEB keratinocyte cell lines was 

restored using the multi-knot polymer 

2. Partial restoration of C7 expression was achieved in skin equivalents 

made of human RDEB keratinocytes and fibroblasts.    
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3. Only the hyperbranched poly (β-amino ester) was used successfully to 

restore C7 expression in the BMZ of RDEB (Col7α1-/-) mouse after 

intradermal injection into the paws and ventral region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5: Summary and Future Directions 

186 

 

5.6. References 

1. Sakai, L.Y., D.R. Keene, N.P. Morris, and R.E. Burgeson, Type-Vii 

Collagen Is a Major Structural Component of Anchoring Fibrils. J Cell 

Biol, 1986. 103: p. 1577. 

2. Wagner, J.E., A. Ishida-Yamamoto, J.A. McGrath, M. Hordinsky, D.R. 

Keene, D.T. Woodley, M. Chen, M.J. Riddle, M.J. Osborn, T. Lund, M. 

Dolan, B.R. Blazar, and J. Tolar, Bone marrow transplantation for 

recessive dystrophic epidermolysis bullosa. N Engl J Med, 2010. 363: p. 

629. 

3. Venugopal, S.S., W. Yan, J.W. Frew, H.I. Cohn, L.M. Rhodes, K. Tran, 

W. Melbourne, J.A. Nelson, M. Sturm, J. Fogarty, M.P. Marinkovich, S. 

Igawa, A. Ishida-Yamamoto, and D.F. Murrell, A phase II randomized 

vehicle-controlled trial of intradermal allogeneic fibroblasts for 

recessive dystrophic epidermolysis bullosa. J Am Acad Dermatol, 2013. 

69: p. 898. 

4. Remington, J., X. Wang, Y. Hou, H. Zhou, J. Burnett, T. Muirhead, J. 

Uitto, D.R. Keene, D.T. Woodley, and M. Chen, Injection of 

recombinant human type VII collagen corrects the disease phenotype in 

a murine model of dystrophic epidermolysis bullosa. Mol Ther, 2009. 

17: p. 26. 

5. Titeux, M., V. Pendaries, M.A. Zanta-Boussif, A. Decha, N. Pironon, L. 

Tonasso, J.E. Mejia, A. Brice, O. Danos, and A. Hovnanian, SIN 

retroviral vectors expressing COL7A1 under human promoters for ex 

vivo gene therapy of recessive dystrophic epidermolysis bullosa. Mol 

Ther, 2010. 18: p. 1509. 

6. Mecklenbeck, S., S.H. Compton, J.E. Mejia, R. Cervini, A. Hovnanian, 

L. Bruckner-Tuderman, and Y. Barrandon, A microinjected COL7A1-

PAC vector restores synthesis of intact procollagen VII in a dystrophic 

epidermolysis bullosa keratinocyte cell line. Hum Gene Ther, 2002. 13: 

p. 1655. 



Chapter 5: Summary and Future Directions 

187 

 

7. Ortiz-Urda, S., B. Thyagarajan, D.R. Keene, Q. Lin, M. Fang, M.P. 

Calos, and P.A. Khavari, Stable nonviral genetic correction of inherited 

human skin disease. Nat Med, 2002. 8: p. 1166. 

8. Putnam, D., Polymers for gene delivery across length scales. Nat Mater, 

2006. 5: p. 439. 

9. Rezvani Amin, Z., M. Rahimizadeh, H. Eshghi, A. Dehshahri, and M. 

Ramezani, The effect of cationic charge density change on transfection 

efficiency of polyethylenimine. Iran J Basic Med Sci, 2013. 16: p. 150. 

10. Yan, Y., A.P. Johnston, S.J. Dodds, M.M. Kamphuis, C. Ferguson, R.G. 

Parton, E.C. Nice, J.K. Heath, and F. Caruso, Uptake and intracellular 

fate of disulfide-bonded polymer hydrogel capsules for Doxorubicin 

delivery to colorectal cancer cells. ACS Nano, 2010. 4: p. 2928. 

11. Zheng, Y., H. Cao, B. Newland, Y. Dong, A. Pandit, and W. Wang, 3D 

single cyclized polymer chain structure from controlled polymerization 

of multi-vinyl monomers: beyond Flory-Stockmayer theory. J Am Chem 

Soc, 2011. 133: p. 13130. 

12. Kim, T.I. and S.W. Kim, Bioreducible polymers for gene delivery. React 

Funct Polym, 2011. 71: p. 344. 

13. Ryu, K. and T.I. Kim, Therapeutic gene delivery using bioreducible 

polymers. Arch Pharm Res, 2014. 37: p. 31. 

14. Wen, H.Y., H.Q. Dong, W.J. Xie, Y.Y. Li, K. Wang, G.M. Pauletti, and 

D.L. Shi, Rapidly disassembling nanomicelles with disulfide-linked 

PEG shells for glutathione-mediated intracellular drug delivery. Chem 

Commun (Camb), 2011. 47: p. 3550. 

15. Tai, H., W. Wang, T. Vermonden, F. Heath, W.E. Hennink, C. Alexander, 

K.M. Shakesheff, and S.M. Howdle, Thermoresponsive and 

photocrosslinkable PEGMEMA-PPGMA-EGDMA copolymers from a 

one-step ATRP synthesis. Biomacromolecules, 2009. 10: p. 822. 

16. Melkonyan, H., C. Sorg, and M. Klempt, Electroporation efficiency in 

mammalian cells is increased by dimethyl sulfoxide (DMSO). Nucleic 

Acids Res, 1996. 24: p. 4356. 



Chapter 5: Summary and Future Directions 

188 

 

17. Ryynanen, J., S. Sollberg, M.G. Parente, L.C. Chung, A.M. Christiano, 

and J. Uitto, Type VII collagen gene expression by cultured human cells 

and in fetal skin. Abundant mRNA and protein levels in epidermal 

keratinocytes. J Clin Invest, 1992. 89: p. 163. 

18. Heinonen, S., M. Mannikko, J.F. Klement, D. Whitaker-Menezes, G.F. 

Murphy, and J. Uitto, Targeted inactivation of the type VII collagen 

gene (Col7a1) in mice results in severe blistering phenotype: a model 

for recessive dystrophic epidermolysis bullosa. J Cell Sci, 1999. 112 ( Pt 

21): p. 3641. 

19. Green, J.J., R. Langer, and D.G. Anderson, A combinatorial polymer 

library approach yields insight into nonviral gene delivery. Acc Chem 

Res, 2008. 41: p. 749. 

20. Anderson, D.G., W. Peng, A. Akinc, N. Hossain, A. Kohn, R. Padera, R. 

Langer, and J.A. Sawicki, A polymer library approach to suicide gene 

therapy for cancer. Proc Natl Acad Sci U S A, 2004. 101: p. 16028. 

21. Pan, C., C. Kumar, S. Bohl, U. Klingmueller, and M. Mann, 

Comparative proteomic phenotyping of cell lines and primary cells to 

assess preservation of cell type-specific functions. Mol Cell Proteomics, 

2009. 8: p. 443. 

22. Gniadecki, R., Regulation of keratinocyte proliferation. Gen Pharmacol, 

1998. 30: p. 619. 

23. Massumi, M., E. Hoveizi, P. Baktash, A. Hooti, L. Ghazizadeh, S. 

Nadri, F. Pourasgari, A. Hajarizadeh, M. Soleimani, M. Nabiuni, and 

M.R. Khorramizadeh, Efficient programming of human eye 

conjunctiva-derived induced pluripotent stem (ECiPS) cells into 

definitive endoderm-like cells. Exp Cell Res, 2014. 

24. Kwoh, D.Y., C.C. Coffin, C.P. Lollo, J. Jovenal, M.G. Banaszczyk, P. 

Mullen, A. Phillips, A. Amini, J. Fabrycki, R.M. Bartholomew, S.W. 

Brostoff, and D.J. Carlo, Stabilization of poly-L-lysine/DNA polyplexes 

for in vivo gene delivery to the liver. Biochim Biophys Acta, 1999. 

1444: p. 171. 



Chapter 5: Summary and Future Directions 

189 

 

25. Kim, T.K. and J.H. Eberwine, Mammalian cell transfection: the present 

and the future. Anal Bioanal Chem, 2010. 397: p. 3173. 

26. Cherng, J.Y., P. van de Wetering, H. Talsma, D.J. Crommelin, and W.E. 

Hennink, Effect of size and serum proteins on transfection efficiency of 

poly ((2-dimethylamino)ethyl methacrylate)-plasmid nanoparticles. 

Pharm Res, 1996. 13: p. 1038. 

27. Leong, K.G., B.E. Wang, L. Johnson, and W.Q. Gao, Generation of a 

prostate from a single adult stem cell. Nature, 2008. 456: p. 804. 

28. Takebe, T., N. Koike, K. Sekine, M. Enomura, Y. Chiba, Y. Ueno, Y.W. 

Zheng, and H. Taniguchi, Generation of functional human vascular 

network. Transplant Proc, 2012. 44: p. 1130. 

29. Badylak, S.F., D. Taylor, and K. Uygun, Whole-organ tissue 

engineering: decellularization and recellularization of three-dimensional 

matrix scaffolds. Annu Rev Biomed Eng, 2011. 13: p. 27. 

30. Tolar, J., A. Ishida-Yamamoto, M. Riddle, R.T. McElmurry, M. Osborn, 

L. Xia, T. Lund, C. Slattery, J. Uitto, A.M. Christiano, J.E. Wagner, and 

B.R. Blazar, Amelioration of epidermolysis bullosa by transfer of wild-

type bone marrow cells. Blood, 2009. 113: p. 1167. 

31. Li, A., P.J. Simmons, and P. Kaur, Identification and isolation of 

candidate human keratinocyte stem cells based on cell surface 

phenotype. Proc Natl Acad Sci U S A, 1998. 95: p. 3902. 

32. Cotsarelis, G., Epithelial stem cells: a folliculocentric view. J Invest 

Dermatol, 2006. 126: p. 1459. 

33. Jensen, U.B., X. Yan, C. Triel, S.H. Woo, R. Christensen, and D.M. 

Owens, A distinct population of clonogenic and multipotent murine 

follicular keratinocytes residing in the upper isthmus. J Cell Sci, 2008. 

121: p. 609. 

34. Gharzi, A., A.J. Reynolds, and C.A. Jahoda, Plasticity of hair follicle 

dermal cells in wound healing and induction. Exp Dermatol, 2003. 12: 

p. 126. 

35. Biernaskie, J., M. Paris, O. Morozova, B.M. Fagan, M. Marra, L. Pevny, 



Chapter 5: Summary and Future Directions 

190 

 

and F.D. Miller, SKPs derive from hair follicle precursors and exhibit 

properties of adult dermal stem cells. Cell Stem Cell, 2009. 5: p. 610. 

36. Soma, T., J. Kishimoto, and D. Fisher, Isolation of mesenchymal stem 

cells from human dermis. Methods Mol Biol, 2013. 989: p. 265. 

37. Wu, Y., L. Chen, P.G. Scott, and E.E. Tredget, Mesenchymal stem cells 

enhance wound healing through differentiation and angiogenesis. Stem 

Cells, 2007. 25: p. 2648. 

38. Brzoska, M., H. Geiger, S. Gauer, and P. Baer, Epithelial differentiation 

of human adipose tissue-derived adult stem cells. Biochem Biophys Res 

Commun, 2005. 330: p. 142. 

39. Lee, O.K., T.K. Kuo, W.M. Chen, K.D. Lee, S.L. Hsieh, and T.H. Chen, 

Isolation of multipotent mesenchymal stem cells from umbilical cord 

blood. Blood, 2004. 103: p. 1669. 

40. Wilson, A. and A. Trumpp, Bone-marrow haematopoietic-stem-cell 

niches. Nat Rev Immunol, 2006. 6: p. 93. 

41. Liu, S.S., C. Zhang, X. Zhang, and X.H. Chen, Human umbilical cord 

blood-derived stromal cells: A new source of stromal cells in 

hematopoietic stem cell transplantation. Crit Rev Oncol Hematol, 2013. 

42. Park, S.J., S.H. Moon, H.J. Lee, J.J. Lim, J.M. Kim, J. Seo, J.W. Yoo, 

O.J. Kim, S.W. Kang, and H.M. Chung, A comparison of human cord 

blood- and embryonic stem cell-derived endothelial progenitor cells in 

the treatment of chronic wounds. Biomaterials, 2013. 34: p. 995. 

43. Tolar, J., L. Xia, M.J. Riddle, C.J. Lees, C.R. Eide, R.T. McElmurry, M. 

Titeux, M.J. Osborn, T.C. Lund, A. Hovnanian, J.E. Wagner, and B.R. 

Blazar, Induced pluripotent stem cells from individuals with recessive 

dystrophic epidermolysis bullosa. J Invest Dermatol, 2011. 131: p. 848. 

 

 

 

 

 



191 

 

APPENDICES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendices 

192 

 

 

A. Gel permeation chromatography 

1. While bubbling under argon, draw out 100l from polymer solution during or 

after polymer reaction using a glass syringe.  

2. Dilute the sample in 2 ml dimethylformamide (DMF) 

3. Pass the diluted sample through aluminum oxide and cotton wool to remove 

the copper 

4. Filter the solution through 0.2m filter to remove aluminum oxide  

5. Run GPC for 25 minutes using DMF with 0.1% Lithium Bromide of final 

volume. 

 

B. Proton nuclear magnetic resonance 

1. Polymer is resuspended in Deuterium Oxide (or other hydrogen free solvent) 

to a final concentration of 5mg/ml 

2. This solution is then pipetted into special 
1
H NMR tubes 

3. The 
1
H NMR spectrum is analysed using the DELTA processing software  

 

C. Zetasizer 

1. Weigh out 2mg of the polymer and resuspend in distilled water to make 

2mg/ml stock solution 

2. Make up 0.1mg/ml of DNA (GFP or G-luciferase) stock solution  

3. Make up the following polymer to DNA ratios: 

1:1, 2:1, 5:1, 10:1, 15:1, 20:1, 40:1, 100:1 

4. Mix 0.1mg of gaussia luciferase in water with 0.1mg of polymer in water to 

get a ratio of 1:1 

5. A minimum of 1ml is required to fill a standard potential or size measurement 

tube  

6. Measure using Zetasizer Nano-ZS90 

 

D. Transmission electron microscopy 

1. From the polymer and DNA stock solutions mix 0.5g of DNA with 0.5g 

polymer in distill water to get 1:1 ratio. 

2. Make up different ratios (refer to zetasizer protocol) 
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3. Pipette 10l of polyplexes onto graphene grids and let it dry 

4. Visualize the polyplexes using Hitachi H-7500 TEM and 80kV accelerating 

voltage 

 

E. PicoGreen® assay 

Preparation: 

1. On the day of the experiment, prepare an aqueous working solution of the 

Quant-iTTM PicoGreen® reagent by making a 200-fold dilution of the 

concentrated DMSO solution in TE. For example, to prepare enough working 

solution to assay 20 samples in a 2 mL final volume, add 100 μL Quant-iTTM 

PicoGreen® dsDNA reagent to 19.9 mL TE. Protect the working solution 

from light by covering it with foil or placing it in the dark, as the Quant-iTTM 

PicoGreen® reagent is susceptible to photodegradation. 

DNA Standard Curve: 

 For the high-range standard curve, dilute the 2 μg/mL DNA stock solution into 

disposable cuvettes (or plastic test tubes for transfer to quartz cuvettes) as 

shown in Table 1. Then add 1.0 mL of the aqueous working solution of Quant-

iTTM PicoGreen® reagent to each cuvette. Mix well and incubate for 2 to 5 

minutes at room temperature, protected from light. 
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Table 1: Preparing standard curve with DNA 

Volume (µl) of TE Volume (µl) of 2 

µg/ml DNA stock 

Volume (µl) of 

diluted 

PicoGreen® 

Reagent 

Final DNA 

concentration 

in PicoGreen ® 

Assay 

0 1000 1000 1 µg/ml 

900 100 1000 100 ng/ml 

990 10 1000 10 ng/ml 

999 1 1000 1 ng/ml 

1000 0 1000 blank 
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Polyplex measurement: 

1. Prepare polyplex samples using 0.5g DNA and 1, 5, 7.5, or 15 g of polymer  

2. Optimal ratios are used for lipofectamine
TM

2000 (3:1), and PEI (2:1). 

3. Dilute the polyplexes in TE buffer (provided with kit) to obtain a DNA final 

concentration of 0.001g/l. 

4. Add equal-volume of the aqueous working solution of Quant-iTTM 

PicoGreen® reagent. 

5. Mix well and incubate for 2 to 5 minutes at room temperature, protected from 

light. 

6. After incubation, measure the sample fluorescence using a spectrofluorometer 

or fluores- cence microplate reader and standard fluorescein wavelengths 

(excitation ~480 nm, emission ~520 nm). 

 

F. NanoDrop® 

1. Weigh out 0.5mg of the polymer and resuspend in 0.5ml of DNAse/RNAse 

free water 

2. Mix 0.5g DNA and polymer at different ratios in DNAse/RNAse free water 

3. Vortex and pipette 10l of the polyplex solution onto the NanoDrop detector 

and measure absorbance.  

 

G. Agarose Gel Electrophoresis 

Materials needed: Agarose 

   TAE Buffer 

   6X Sample Loading Buffer 

   DNA ladder standard 

   Electrophoresis chamber 

   Power supply 

   Gel casting tray and combs 

   DNA stain    

TAE Buffer:  4.84 g Tris Base 

   1.14 ml Glacial Acetic Acid 

   2 ml 0.5M EDTA (pH 8.0) 

   Bring the total volume up to 1L with water 
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Add Tris base to ~900 ml H2O. Add acetic acid and EDTA to solution and 

mix. Pour mixture into 1 L graduated cylinder and add H2O to a total volume 

of 1 L. 

6X Sample Loading Buffer: 

1 ml sterile H2O 

1 ml Glycerol 

enough bromophenol blue to make the buffer deep blue (~ 0.05 mg) 

SYBR®Safe DNA gel stain 

Preparing the agarose gel: 

1. Measure 0.7 g Agarose powder and add it to a 100 ml TAE Buffer 

2. Melt the agarose in a microwave or hot water bath until the solution becomes 

clear. Usually 2 minutes in microwave. 

3. Let the solution cool to about 50-55°C, swirling the flask occasionally to cool 

evenly.   

4. Add 10l of SYBR®Safe DNA stain when solution has cooled to ~ 40C 

5. Place the combs in the gel casting tray. 

6. Pour the melted agarose solution into the casting tray and let cool until it is 

solid (appear as milky white solution). 

7. Place the gel in the electrophoresis chamber. 

8. Add TAE Buffer so that there is about 2-3 mm of buffer over the gel. 

Loading and running the gel 

1. Add 6 l of 6X Sample Loading Buffer to each 25 l sample  

2. Record the order each sample will be loaded on the gel, controls and ladder. 

3. Carefully pipette 20 l of each sample/Sample Loading Buffer mixture into 

separate wells in the gel. 

4. Pipette 10 l of the DNA ladder standard into at least one well 

5. Connect the positive electrode to the positive inlet (red) and negative electrode 

to the negative inlet (black). 

6. Run the gel at 80V for 30-45 minutes depending the size of the DNA  

7. Bubbles should be seen rising from both sides of the chamber indicating that 

the setup is working. 

8. The bands should be visible and checked every 10 minutes. 

9. Visualize the bands under short wave bypass on G-Box. 
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H. Cell splitting 

1. Pre-warm trypsin to 37C in water bath 

2. Sterilize all equipment, flasks, pipettes and falcon tubes before placing them in 

the culture hood 

3. Remove culture media and wash cells once with Hanks buffer 

4. Add 6 ml of pre-warmed trypsin to the flask and incubate for 2 minutes 

Note: incubation time is cell type dependent. 

 

I. Cell freezing and thawing 

1. Pre-warm growth media in 37C water bath 

2. Thaw frozen cells in water bath until only 3/4
th

 of the cells are in solution 

3. Quickly spry with 70% IMS and place in culture hood 

4. After the solution is completely thawed, pipette the complete cell suspension 

into a 15ml tube  

5. Slowly add the pre-warmed media into the 15ml tube and centrifuge at 

1200rpm for 5 minutes. 

6. Discard 

 

J. Transfection of cultured cells: (6-well plate) 

Cells should be transfected when they are 60-80% confluent  

1. Prepare 1 g/l of polymer stock solution in distilled water 

Note: When using commercial transfection agents follow protocol provided by 

manufacturer 

2. Prepare 0.1 g/l of DNA in DNAse/RNAse free water. 

3. Mix 40 l of DNA with 40 l of Polymer to obtain 10:1 ratio polymer:DNA 

For higher ratios use more polymers. 

4. Vortex the solution and incubate at RT for 45-60 minutes. 

5. Dilute the mixture by adding 420 l DMEM containing 1% antibiotics 

(penicillin/streptomycin). 

6. Remove cell media from wells and wash once with Hanks buffer  

7. Add the diluted polyplex solution to the cells and incubate at 37C, 5% CO2 

for 4 hours. 
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8. After the incubation period. Remove the polyplex solution from the cells and 

wash cells and add pre-warmed serum/growth medium. 

For DMSO shock, add 10% filtered DMSO to cells for 2-3 minutes and wash 

with Hanks before adding growth medium. 

9. Incubate the cells for 48 hours and measure protein expression 

 

K. AlamarBlue® protocol for cell viability: (6-well plate) 

1. Prepare alamarBlue® working solution by adding 800 l of the alamarBlue® 

to 10 ml of Hanks buffer.  

2. Remove growth media from the cells and wash once with Hanks buffer 

3. Add 1 ml of alamarBlue® working solution to each well and incubate at 

culture conditions for 1-4 hours. 

4. Pipette out 100 l of the solution into a clear 96-well plate after the time has 

elapsed. 

5. Measure absorbance at ex: 550nm and em: 595nm 

6. Subtract the absorbance values of Hank’s balanced salt solution only from the 

absorbance values of the alamarBlue® in Hank's balanced salt solution (ratio 

1:9).  

Refer to Alamar Blue® guidelines for instructions on calculating reduction 

values. 

 

L. RDEB Keratinocytes (RDEBK) source and culture 

1. Skin punch-biopsies from patients with RDEB 

2. SV40 immortalized passage 4 (called LCT on frozen vial, 3 frozen vials left 

labeled: RDEBK Ahmed, one A and two C, Rack 4 Box 5) 

3. Mutation: homozygous 6527ins, TAA stop 337bp downstream (2176) in axon 

80 

 

M. Green media preparation for NHKs, RDEB keratinocytes and skin 

equivalents    

Different amounts used depending on requirement 
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Table 2: Solutions required for Green media 

DMEM (ml) 60 120 180 240 300  

Ham F-12 30 60 90 120 150  

FCII 10 20 30 40 50 

L-Glutamine 

4mM final 

2  4 6 8 10 

Na Pyruvate 

1mM final 

1 2 3 4 5 

Vol. final 100 200 300 400 500 
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Add the following:  

Adenine: Solution 500X (70.8 mM) 

1. Resuspend 191 mg of Adenine in 20 ml of sterile H2O (pre-warmed to 60°) 

2. Add drop by drop 14 µl of 32% HCl 

3. Filter sterilize through 0.22µm 

4. Aliquote 1ml in cryovials (white) 

5. Write 500X onto the cap 

6. Store at –20°C (3 month) 

Insulin: Solution 1000X (5 mg/ml) same for RM Medium 

1. Prepare 0.05N HCl in 1X sterile PBS 

2. Resuspend the lyophilized powder in 20ml of 0.05N HCl (c= 5mg/ml) 

3. Filter sterilize through 0.22µm 

4. Aliquote 1ml in cryovials (green) 

5. Store at –20°C (1 month maximum) 

Hydrocortisone: Solution 500X (0.2 mg/ml) for RM: 4 mg/ml 

1. Prepare stock solution 

2. Add 10ml 95% ethanol to the tube (5mg/ml) 

3. Write the date onto the tube 

4. Aliquote 1ml in cryovials (blue) 

5. Store at 4°C for 1 year  

Prepare aliquots ready to use (500X) 

6. Add 24ml of DMEM to 1ml stock solution (0.2mg/ml) 

7. Filter sterilize through 0.22µm 

8. Write 500X onto the cap 

9. Aliquote 1ml in cryovials (blue) 

10. Store at –20°C (3 month) 

Cholera Toxine: Solution 1000X (47 µg/ml) 

1. Prepare stock solution 

2. Resuspend the lyophilized powder in 11.8ml of sterile ddH2O 

(Dilute the powder first in 5ml and transfer into a 15ml tube, then rinse the 

tube with 6,8 ml H2O) 

3. Filter sterilize through 0.22µm 

4. Aliquote 2ml in cryovials (pink) 

5. Store at 4°C for 1 year  
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Prepare aliquots ready to use (1000X) 

6. Add 18ml of DMEM to 2ml stock solution 

7. Filter sterilize through 0.22µm 

8. Aliquote 1ml in cryovials (pink) 

9. Store at –20°C (1 year) 

Triodothyronine: Solution 1000X (1.37 ng/ml) 

1. Prepare stock solution (20µg/ml) 

2. Resuspend 1mg T3 with DMEM basic (1ml 0.001N NaOH+49ml DMEM) 

3. Aliquot 2.5ml stocks (yellow)  

4. Store at –20°C (1 year) 

Prepare aliquots ready to use (1000X) 

5. Dilute 2.5ml stock solution in 34ml DMEM (total volume: 36.5ml) 

6. Filter sterilize through 0.22µm 

7. Aliquote 1ml in cryovials (yellow) 

EGF: Solution 1000X (10µg/ml) same for RM Medium 

1. Prepare a stock solution of 1mg/ml by adding 100 µl of 10 mM HCl to the vial 

a. (Stock solution can be stored for at least 3 month at –20°C or –70°C  

b. Avoid repeated freeze-thaw cycles.) 

2. Resuspend 100 µl of EGF stock solution in 10 ml 10mM HCl 

a. (Final concentration of stock is 10µg/ml = 1000X) 

3. Filter sterilize through 0.22µm 

4. Aliquote 1ml in cryovials 

5. Store at –20°C 

 

N. PromoCell media for high passage cell lines 

Keratinocyte growth medium 2: Add the following into pre-warmed kerationcyte 

basal medium 

 

 

 

 

 

 

 



Appendices 

202 

 

 

 

 

 

 

 

 

 

 

 

Table 3: PromoCell supplement mix 

Bovine Pituitary Extract  0.004 ml / ml 

Epidermal Growth Factor (recombinant human) 0.125 ng / ml 

Insulin (recombinant human)  5 μg / ml 

Hydrocortisone  0.33 μg / ml 

Epinephrine  0.39 μg / ml 

Transferrin, holo (human)  10 μg / ml 

CaCl2 0.06 mM 
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O. Skin equivalents perpetration and culture 

Material: 

 Fibrinogen  

 Thrombine  

 CaCl2 25 mM, sterile 

 NaCl 0.9 %, sterile 

 Trasylol (Aprotinin)  

 12-well plates 

 BioCoat 6 well deep well plate (BD Cat.No: 355467) 

 Cell Culture Inserts, 3 µm pore size, PET-track-etched membrane, 6 well 

formats. 

Preparation: 

Fibrinogen 

1. Thaw the vial at RT  

2. Put 20 ml NaCl 0.9 % into the vial (15 ml + 5 ml): final concentration: 25 

mg/ml 

3. Incubate at 37°C for 1h without agitation 

4. Filter through 0.22 µm 

5. Aliquote 0.5 ml (15 ml Greiner) 

6. Store at –20°C 

Thrombine 

1. Put 1ml CaCl2 25 mM 

2. Filter through 0.22 µl 

3. Aliquote in 1.5 ml tubes 120 µl 

4. Store at –20°C 
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Table 4: Special media components 

DMEM (HyClone) 130 ml 

Ham F-12 (HyClone) 60 ml 

FCII (HyClone) 1 ml 

10% BSA in PBS 3.2 ml 

Glutamine stock: 200mM 4 ml 

NaPyruvate stock: 100mM 1.3 ml 

Hydrocortisone stock 500x 400 µl 

Insulin stock 1000x 200 µl 

Vitamin C stock 1000x 200 µl 
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Preparation of Dermis: 

In a 15 ml tube, add: 

1. 500 µl Fibrinogen 

2. 1 ml Fibroblasts in DMEM (38,000 c/ml) 

3. 100 µl trasylol 

4. 100 µl thrombine 

5. Mix gently by pipetting up and down, avoiding bubble formation 

6. Put it to the bottom of the well without bubble formation 

7. Let it polymerize for 1h at 37°C (incubator) 

8. If the keratinocytes are not seeded 1h later, cover the matrix with Green- 

medium 

Seeding of keratinocytes: 

1. Seed 60,000 cells onto the dermal matrix (in 1 ml Green - EGF) 

2. Change medium 48 h later into Green + EGF and let the cells grow to 

confluence (~6-7 days) (all green+EGF was used all the time or with only 

DMEM 1%PS). 

Lifting to the air-liquid interface: 

At confluence lift the SE to the air-liquid interface. Detach the skin 

equivalents using forceps and place it onto an insert in a deep-well plate with 

keratinocytes on the top. Put Green+ medium incl. P/S into the bottom of the 

well covering the filter but not the skin (~8-10 ml). Change the medium every 

other day. 

After one week use special medium and change it every other day. Add 1x 

Vitamin C separately every day. 

 

P. RNA extraction and preparation for PCR 

Extraction of total RNA from skin equivalents 

1. Cut skin equivalents into 30mg sections by weighing them in RNase/DNase 

free conditions and store in RNAlater® stabilisation reagent. 

2. Wash tissue by the medium Hanks’ balanced salt solution before the next step. 

3. Homogenization of tissue by 1 mL Trizol onto the scaffold by a TissueLyser 

LT (Qiagen).  

4. Store homogenate for 5 minutes at RT (complete dissociation of nucleoprotein 

complexes). 
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Phase separation 

1. Add 0.2 ml of Chloroform per 1 ml of Trizol 

2. Shake vigorously for 15 seconds by inversion 

3. Incubate for 15 minutes at RT 

4. Centrifuge at 12 000 g max (tr/min) for 15 minutes at 4°C 

5. Following the centrifugation, 3 phases:  

- a lower red phenol-chloroform phase  

- an interphase 

- an aqueous phase (translucent) 

6. Remove clear upper aqueous phase (~ 650µl) and add in a fresh tube 

7. Slowly add 1 volume (Equal vol) of 70% ethanol (in 3 equal aliquots) mixing 

by inversion. 

8. Apply 700µl sample from 3. to RNeasy column, centrifuge for 15s at 8 000g 

and discard flow-through. Repeat for remaining sample. 

9. Add 350 µl of RW1 buffer to centre of column, centrifuge for 15s at 8 000g, 

discard flow-through. 

10. Add 10µl DNase stock solution to 70 µl Buffer RDD and add the DNase 

incubation mix directly onto the RNeasy column. Incubate at RT for 15 min 

(for genomic) 

11. Add 350 µl of RW1 buffer to centre of column, centrifuge for 15s at 8 000g, 

discard flow-through. 

12. Transfer column to new 2ml collection tube. Add 500 µl RPE to centre of 

column, centrifuge for 15s at 8 000 g, discard flow-through. 

13. Add 500 µl of RPE buffer to centre of column, centrifuge for 15s at 8 000g, 

discard flow-through, centrifuge for a further 2 minutes at 8 000g. 

14. Transfer column to new 1.5 ml tube , add 30 µl RNase-free water onto the 

column, incubate at RT for 1 min, centrifuge for 1 minute at 8 000g. 

15. Add a further 30 µl RNase-free water onto the column, incubate at RT for 1 

min, centrifuge for 1 minute at 8 000g. 

16. Take back the 30 µl of eluate and add again onto the column, incubate at RT 

for 1 min, centrifuge for 1 minute at 8 000g. 

17. Split up in 3 the eluate  

18. Determine the concentration at the nanodrop and freeze at -80°C. 
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RNA quantification and purity determination: 

Quantification: Dilution of RNA 1/50 or 1/100 in water RNase Free. Measure 

the absorbance at 260 nm. (Calibration of the spectrometer with water) 

1 unit of A260 = 40 µg/ml of RNA 

Concentration of RNA sample = 40 * A260 * dilution factor = x µg/ml 

Quantity of RNA = concentration * volume of sample in ml = x µg 

Purity: Ratio between A260 and A280. 

If the ratio A260/A280 is superior at 1, 8-1, 9 obtaining of a pure RNA (max 

of the ratio 2, 2).  

The ratio of reading at A260/A280 provides an estimate of the purity of RNA 

with the respect to contaminants that absorb in the UV, such as protein. It’s 

influenced by the pH. Since water is not buffered, the pH and the resulting 

A260/A280 ratio can vary greatly. But the extinction coefficient is calculated 

in water, so for the concentration it’s better to calculate in water. 

Agilent RNA 6000 Nano Assay Protocol – RNA purity measurement: 

Preparing the Gel 

1. Pipette 550 μl of RNA 6000 Nano gel matrix (red) into a spin filter. 

2. Centrifuge at 1500 g ± 20 % for 10 minutes at room temperature. 

3. Aliquot 65 μl filtered gel into 0.5 ml RNase-free microfuge tubes. Use filtered 

gel within 4 weeks. 

Preparing the Gel-Dye Mix 

1. Allow the RNA 6000 Nano dye concentrate (blue) to equilibrate to room 

temperature for 30 min. 

2. Vortex RNA 6000 Nano dye concentrate (blue) for 10 seconds, spin down and 

add 1 μl of dye into a 65 μl aliquot of filtered gel. 

3. Vortex solution well. Spin tube at 13000 g for 10 min at room temperature. 

Use prepared gel-dye mix within one day. 

Loading the Gel-Dye Mix 

1. Put a new RNA 6000 Nano chip on the chip priming station. 

2. Pipette 9.0 μl of gel-dye mix in the well-marked G. 

3. Make sure that the plunger is positioned at 1 ml and then close the chip 

priming station. 

4. Press plunger until it is held by the clip. 

5. Wait for exactly 30 seconds then release clip. 
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6. Wait for 5 s. slowly pull back plunger to 1ml position. 

7. Open chip priming station and pipette 9.0 μl of gel-dye mix in the wells 

marked G. 

8. Discard the remaining gel-dye mix. 

Loading the Agilent RNA 6000 Nano Marker 

1. Pipette 5 μl of RNA 6000 Nano marker (green) in all 12 sample wells and in 

the well-marked ladder. 

Loading the Ladder and Samples 

1. Pipette 1 μl of prepared ladder in well-marked. 

2. Pipette 1 μl of sample in each of the 12 sample wells. Pipette 1 μl of RNA 

6000 Nano Marker (green) in each unused sample well. 

3. Put the chip horizontally in the adapter of the IKA vortexer and vortex for 1 

min at 2400 rpm. 

4. Run the chip in the Agilent 2100 bioanalyzer within 5 minutes. 

Note: after total RNA extraction, samples can be directly used in a PCR reaction 

using the Verso one-step RT-PCR kit from thermo scientific  

 

Q. Reverse transcription of extracted RNA sample 

Note: Manipulation still in RNase free conditions 

Gloves, Nuclease Free Water 

Note: contaminations 

Prepare RNA Target and Primers: 

Use sterile, nuclease-free, tubes, pre-chilled on ice 

1. For 20µl reverse transcription reaction: 

- RNA Template up to 1µg 

- Primers Oligo (dT)15 Primer and Random primer 0.5µg (see the 

concentration) 

- Nuclease free water to a final volume of 5µl 

2. Incubate at 70°C for 5 minutes (denature the target and the primers) 

3. Quick-chill at 4°C for 5 minutes and hold on ice (or direct in the bath of ice) 

(Let on ice during the preparation of reverse transcription mix) 
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Table 5: Reverse transcription components 

Component Volume per 1 

RT (µl) 

Final 

Concentration 

Nuclease-free water 5,6  

ImProm-IITM 5X Reaction Buffer 4 1X 

MgCl2, 25mM 2,4 3mM 

dNTP mix (10mM each dNTP) 1 0.5mM 

Recombinant RNasin Ribonuclease Inhibitor 

(20/40u per µl) 

1 1u/µl 

ImProm-IITM Reverse Transcriptase 1  

Final Volume RT Mix per 20µl reaction 15  
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Prepare Reverse transcription Mix: 

1. Begin with the biggest volume 

2. Add the reverse transcriptase last 

3. Keep mix and products and all manipulation products on ice before incubation 

4. Vortex gently to mix 

5. Dispense 15µl aliquots into reaction tubes 

Add Template + primers to the reaction mix: 

1. Add for each individual reaction 5 µl of the appropriate template + primers in 

the 15µl of reverse transcription mix. 

2. Add the RNA template + primers mix immediately prior to incubation  

Reverse transcription: Table below 
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Table 6: Reverse transcription program 

Step Temperature Time 

Annealing 25°C 5 minutes 

Extension 42°C 60 minutes 

Heat-inactivation Reverse transcriptase 70°C 15 minutes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendices 

212 

 

 

After, analyse cDNA, proceed with PCR or store frozen. 

 

R. Polymerase Chain Reaction 

Reverse transcription was carried out using the GoTaq® qPCR Master Mix 

(Promega, UK)  using the COL7A1 forward primer (5’-gagcctgtggccttgatgga-3’) 

and the reverse primer (5’-gcacagcatggagctgggag-3’) with GAPDH being the 

endogenous housekeeping control (forward: 5’-tgcaccaccaactgcttagc-3’; reverse: 

5’-ggcatggactgtggtcatgag). 

1. Thaw the PCR Master Mix at room temperature. 

2. Vortex the Master Mix and then spin it briefly in a micro centrifuge to collect 

the material in the bottom of the tube. 

3. Prepare one of the following reaction mixes on ice 
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Table 7: Component and amount required for 25μl reaction 

Component Volume Final Conc. 

PCR Master Mix, 2X 12.5μl  1X 

upstream primer, 10μM 0.25–2.5μl  0.1–1.0μM 

downstream primer, 10μM 0.25–2.5μl  0.1–1.0μM 

DNA template (or standards) 1–5μl <250ng 

Nuclease-Free Water to 25μl N.A. 
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S. Immunofluorescence staining of cells 

Cells were cultured at 20000 cells/well in 4 well- chamber slides with 500µl of media 

per well: 

DMEM 500ml  

10% FBS 50ml (filtered, 0.20µm filter)  

1% penicillin/Streptomycin (P/S) 5ml 

Keratinocyte growth medium supplement (promoCell)  

For transfection, the following were used: (in 200µl water and 400µl media) 

COL7A1 (Plasmid)      8µg 

Polymer      80µg 

PEI       16µg 

Superfect      80µg 

Lipofectamine®2000     80µg 

Normal Human keratinocytes (same growth media) 

Untreated RDEB keratinocytes 

Staining protocol: 

1. Fix cells in 4% paraformaldhyde for 30 minutes at 25
o
C 

2. Wash three times with PBS for 5min each 

3. Permeablise cells with PBS 0.1% Triton-x 100 for 5 minutes at 25
o
C 

4. Wash three times with PBS for 5 minutes each 

5. Incubate with 50 mM NH4Cl for 15 minutes at 25
o
C 

6. Wash three times with PBS for 5min each 

7. Block with 3% BSA PBS for 30 minutes at 25
o
C 

8. Incubate with primary (monoclonal antibody LH7.2 mouse anti-human 

collagen VII) diluted in 3% BSA PBS (1:1000) overnight at 4˚C. 

9. Wash 3 times with PBS for 5 minutes each 

10. Incubate with: 

Secondary AlexaFlour 488 Donkey anti-mouse   1.25µl 

DAPI         5µl 

Rhodamine-Philliodin/cellMask
TM

     5µl 

PBS         990µl 

For 1-2 hrs at 25˚C 

11. Wash 3 times with PBS for 5 minutes each 

12. Add mounting medium to cover slide and visualise 
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T. Immunofluorescence staining of tissue sections 

1. Leave slides to dry 

2. Block in 1% BSA for 10 minutes at 42°C 

3. Incubate with primary at RT for 1 hour (1:1000 in PBS) 

4. Wash three times for 5 minutes with PBS 

5. Incubate with secondary (1:200 in PBS) and add DAPI (1:1000 in PBS) or the 

last 2 minutes 

6. Wash 2 times for 5 minutes with dH2O 

7. Air dry and add flouroSafe® mounting medium.  

Primaries: C7: Sigma Lh7.2 anti-human produced in mouse 

     C4: Millipore GT x anti-mouse produced in goat  

Secondary: C7: Invitrogen molecular probes Alexafluor 488 goat anti-mouse 

       C4:  Invitrogen molecular probes alexafluor 594 donkey anti-goat 

 

U. Western blot 

Keratinocyte culture and transfection 

Because Collagen VII is an extracellular protein, we used the serum free media of 

the cultured and transfected cells to test for the presence of the protein. 

1. RDEB keratinocytes and normal human keratinocytes are cultured in T-25 

flasks 

2. Use a cell density of 800,000 cells per flask 

3. Cells are transfected when they reach 60-80% confluency 

4. Use polyplexes containing 20µg col7a1 DNA  

Weight ratios: 

DMD    10:1 

PEI    2:1 

Superfect   5:1 

Lipofectamine®2000 3:1 

5. Make a 1mg/ml stock solution of ascorbic acid (AA) in water and filter the 

solution using a 0.2µm filter. 

6. After transfection, add 500µl of the AA to 10ml of the free serum PromoCell 

media in the T-25 cell flask 

7. Change the media with new AA every day. 
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8. After 48 hours of incubation, aspirate the media into new 15 ml tubes by 

passing it through 40µm cell sorters. 

9. To each sample add 1:100 protease inhibitor cocktail and store at -20°C for 

short term storage and -80°C for long term storage. 

10. If extracting proteins from cells then use celLytic M lysis buffer, pass through 

40µm cell sorters and add 1:100 protease Inhibitor Cocktail and store same as 

above. 

Total protein quantification using Biorad protein assay: 

1. Dilute 1 part Dye reagent in 4 parts distilled water. 2.5ml dye and 7.5ml water 

2. Prepare bovine serum albumin standards: 0.1mg/ml, 0.25mg/ml, 0.5mg/ml, 

1mg/ml and 2mg/ml. 

3. Use n=3 and 10µl of each sample 

4. Add 200µl of dye reagent to each sample and incubate at RT for 5 minutes 

5. Measure absorbance at 595nm  
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Figure i: Standard protein curve using bovine serum albumin 
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Concentrating media samples using the Amicon® Ultra-15 Centrifugal filters: 

The samples have to be concentrated prior to western blot as the protein 

concentration is too dilute to be detected in this condition. This is not required 

for cell lysates. 

1. Add samples to center of  the tubes and spin at 4000g for 15 minutes 

2. Repeat if required to concentrate more 

3. 500µl should be obtained from the first run 

4. Multiple the concentration by the dilution factor to obtain new concentration 

SDS-page: 

Running buffer (10x): 

1. 25mM Tris Base                                  30g 

2. 192mM Glycin    144g 

3. SDS      10g 

4. dH2O      1L 

Transferring from gel to cellulose membrane (1x transfer buffer) 

1. 25 mM Tris base, pH 8.9   3g   

2. 192 mM Glycin    14.4g 

3. 0.05% SDS     0.5g 

4. Methanol     100ml 

5. dH2O      1L 

6. Run at 75mV for 30 min and 120mV for 1hour 

TBS-Tween 20 (1x, 1L) 

1. Trizma base      2.43g   

2. Tween20     1ml (0.1%) 

3. dH2O      1L 

Blocking buffer (500ml) 

1. TBS-Tween20    500ml 

2. 3% BSA     15g 

3. Filter and incubated at 4˚C overnight or RT 

Immunoblotting: 

1. Prepare Primary antibody solution 

TBS-Tween® 20    10ml 

3% Bovine Serum Albumin   1.5g 

1:1000 primary    10µl  
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2. Prepare goat anti-rabbit IgG (H+L) Secondary Antibody, HRP conjugate 

(1:10000, Thermo scientific, RT for 1hr) diluted in TBS-Tween® 20 

3. SuperSignal® West Dura Extended Duration Substrate (Thermo Scientific, 

UK, for 5 min) 

4. Chemiluminescence measured using Synegene G: Box for 1min-1hr. 

For immunoblotting of housekeeping gene β-actin 

1. Wash membrane with TBS-Tween® 20 three times for 10 minutes 

2. Incubate with primary monoclonal anti-β-Actin antibody produced in mouse 

3. SuperSignal® West Dura Extended Duration Substrate (Thermo Scientific, 

UK, for 5 min) 
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Table 8: Standards and samples concentrations measured from Bio-Rad protein assay. 

 

 

 

 

 BSA 

1mg/ml 

BSA 

0.5mg/ml 

BSA 

0.25mg/ml 

BSA 

0.1mg/ml 

BSA 

0.05mg/ml 

Untreated 

RDEB 

keratinocytes 

DMD PEI Lipofectamine
TM

2000 

Absorbance 

units 

0.96 0.55 0.26 0.13 0.053 1.59 1.57 1.61 1.56 

mg/ml 1  0.5   0.25 0.1 0.05 0.38 0.41 0.46 0.45 
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V. Histochemical Staining using Hematoxylin and Eosin 

1. For slides that have been frozen, remove from -20°C and bring to RT. 

2. Fix slides in 2 parts ETOH and 1 part acetic acid for 15 minutes at -20°C. For 

fication use glass container for slides. Make sure slides are not touching each 

other 

3. After fixation, transfer slides from the glass container to a plastic slide holder 

4. Rinse slides 2-3 times in water. (can use tab water stream) 

5. Stain slides in hematoxylin for 5 minutes. After staining, let excess of 

hematoxylin to drip down to the paper towel. 

6. Wash 2-3 times in water. Let slides sit for 3-5 minutes for each wash. 

7. If adequate nuclear staining is required, dip slides in Bluing solution for 30 

secs after washes.  

8. Dip slides in 75% ETOH for 30 sec-1 min. 

9.  Dip slides in 95% ETOH for 30 sec-1 min. 

10. Stain slides in Eosin for 3 minutes. Let excess of Eosin drip down to paper 

towel. 

11. Dip in 75% ETOH for 30 sec-1 min. 

12. Dip in 100% ETOH for 1 min. 

13. Dip in 75% ETOH for 1 min. 

14. Dip in 95% ETOH for 1 min. 

15. Repeat step 14 in fresh container of 95% ETOH. 

16. Dip slides in 100% ETOH for 1 min. 

17. Dip slides in fresh container of 95% ETOH. 

18. Dip in Xylene for 5 minutes. Repeat in fresh container of Xylene (In fume 

hood). 

19. Let the slides air dry. 

20. Add permount mounting media to slides and cover with coverslips. 

 

W. In vivo injection of polyplexes 

Mouse: RDEB col7a1-/- (knockout)  

DOB: 25/11/2013 

Days of injection: eight, nine and ten days after-birth 

Material injected: HPAE polymer/col7α1 pcDNA (30:1 polymer: DNA weight ratio) 

or multi-knot polymer (3:1). 
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Areas injected: Intradermal injections. Front paws, 5µg of DNA per paw (10µl 

solution) 

Dorsal region (below the neck), 20µg of DNA (40µl solution) 

 

 

 

 

 

 

 
 
Figure ii: Areas of intradermal injection in RDEB (col7α1-/-) mice. 
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X. Sacrifice and excision 

Mice sacrificed at day 11 after birth and one day post third treatment 

Three mice were sacrificed per group 

Group #1: RDEB (col7a1-/-) mouse   

Group #2: wild type mouse  

1. Mouse were put to sleep using isoflurane gas before cervical dislocation  

2. Using an in vivo fluorescence microscope, images were taken of the area of 

dorsal injection where a dye was used to trace the polyplexes 

3. The fingers were cut and the both paws were placed under OCT compound 

4. The mice were shaved and the hair was removed using hair removing lotion 

5. The dorsal area of injection was then excised out and placed in OCT 

compound for cryosectioning 
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Y. Materials and Reagents  

Material  Supplier  

Acryloyl Chloride Sigma-Aldrich 

2-Hydroxyethyl disulfide  

Triethylamine 

Magnesium sulphate 

Ethyl-α-bromoisobutyrate (Initiator) 

2-(Dimthylamino)ethyl methacrylate 

(DMAEMA) 

N,N,N′,N′′,N′′-

Pentamethyldiethylenetriamine (Ligand) 

Copper (II) Chloride 

[1,2-dihydroxyethyl]-3,4-dihydroxyfuran-

2-one (L-Ascorbic acid) 

1, 3-Diaminopropane (Mw=74.13, 99%) 

Ethylenediamine (Mw=60.10, 

ReagentPlus® 99%) 

Deuterium oxide 

Deuterated acetone 

Deuterated chloroform 

Deuterated Dimethyl sulfoxide 

Sodium carbonate 

Dichloromethane 

ethylenediamine 

Polyethylenimine 

DMEM: Hyclone  

Ham F-12: Hylcone 

Fibrinogen 

Thrombine 

Trasylol  

L-Glutamine 

NaPyruvate 



Appendices 

225 

 

Adenine 

Insulin  

Hydrocortisone 

Cholera Toxin 

Triodothyronine 

CelLytic M cell lysis buffer 

Protease Inhibitor Cocktail  

Monoclonal Anti-Collagen, Type VII 

antibody produced in mouse clone LH7.2 

in ascites fluid 

TBS-Tween® 20 

Monoclonal anti-β-actin antibody 

produced in mouse 

CellMask
TM

 membrane stain 

Secondary AlexaFlour 594 Donkey anti-

rabbit 

Invitrogen, Life technologies 

 

 

 

 

 

Serum FCII: Hyclone  

Epidermal Growth Factor 

TRIzol® 

Secondary alexaFlour 488 donkey anti-

mouse IgG (H+L) 

Alamar Blue® 

Anti-CD103 (hamster) 

Vybrant® dye cycle 

Lipofectamine®2000  

Anti-CD 44 (Rat) Abcam® 

Anti-CD11B (Rat) 

Anti-CD45 (Goat) 

Anti-Ly6g (Rat) 

GoTaq® qPCR Mastr Mix Promega 

goat anti-mouse horseradish peroxidase 

(HRP) secondary 

SuperSignal® West Dura Extended Thermo scientific 
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Duration Substrate  

Verso one-step RT-PCR kit 

Precast gels Bio-Rad 

Hybond-C extra cellulose membrane 

Bio-Rad protein assay kit 

Keratinocyte Growth Medium 2 

SupplementPack and basal medium 

PromoCell 

BioLux® Gaussia luciferase kit New England BioLabs® Inc. 

BioCoat 6 well deep well plate  

 

Bd biosciences 

Cell Culture Inserts, 3 µm pore size, 

PET-track-etched membrane, 6 well 

format 

Amicon® Ultra-15 Centrifugal Filters 

10,000 NMWL 

MILLIPORE 

Rabbit anti-collagen IV polyclonal 

Rabbit anti-collagen VII polyclonal 

Xfect® Clontech 

RNeasy® mini kit Qiagen 
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Z. Conference Proceedings, Journal Publications and Patents 

Conference proceedings  

 Aied A., Zao T., Mauerer E., South A., Carroll O., Greiser U., Pandit A., and 

Wang W. ‘Knotted polymer structure: Efficient nucleic acid delivery agents’. 

Podium presentation at the annual conference of the European Society for 

Biomaterials, 2013, Madrid, Spain. 

 Aied A., Mauerer E., South A., Carroll O., Greiser U., Pandit A., and Wang W. 

‘Knotted Polymer Structures: Efficient Nucleic Acid Delivery Agents’. Podium 

presentation at the annual conference of the Tissue Engineering and Regenerative 

Medicine International Society-EU, 2013, Istanbul, Turkey. 

 Aied A., Murauer E., Carroll O., Cutlar L., Zheng Y., South A., Pandit A., and 

Wang W. ‘Restoration of Collagen Type VII Expression in Recessive Dystrophic 

Epidermolysis Bullosa using a Cationic Polymer’. Poster presentation at the 

Epidermolysis Bullosa 2012 conference, Marbella, Spain. 

 Aied A., Murauer E., Carroll O., Cutlar L., Zheng Y., South A., Pandit A., and 

Wang W. ‘Restoration of Collagen Type VII Expression in Recessive Dystrophic 

Epidermolysis Bullosa using a Cationic Polymer’. Poster presentation at the 

annual meeting of European Society for Dermatological Research, 2012, Venice, 

Italy.  

 Aied A., Cao H., Dong Y., Zheng Y., Pandit A., and Wang W. ‘Biodegradable 

Disulfide-Cationic Polymer for the Gene Therapy of Recessive Dystrophic 

Epidermolysis Bullosa’. Podium presentation at the annual conference of the 

European Society for Biomaterials, 2011, Dublin, Ireland. 

 Aied A., Cao H., Dong Y., Zheng Y., Pandit A., and Wang W. ‘Biodegradable 

Disulfide-Cationic Polymer for the Gene Therapy of Recessive Dystrophic 

Epidermolysis Bullosa’. Podium presentation at the annual conference of the 

Tissue Engineering and Regenerative Medicine International Society-EU, 2011, 

Granada, Spain. 

 Aied A., Glynn B., Tai H., Newland B., Saeed A., and Wang W. ‘Direct 

Detection of Model Target MicroRNA Using a DMAEMA-EGDMA Dendritic 

Polymer DNA Probe Complex for Clinical Applications’. Poster presentation at 

23
rd

 annual conference of the European Society for Biomaterials, 2010, Finland. 

 Aied A., Glynn B., Tai H., Newland B., Saeed A., and Wang W. ‘Detection of 

Model Target MicroRNA Using a DMAEMA-EGDMA Dendritic Polymer 

Complexes DNA Probe for Clinical Application’. Poster presentation annual 

Meeting & Exposition of the Controlled Release Society (CRS), 2010, Portland, 

USA.  
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Peer-reviewed articles 

 Ahmed Aied, Udo Greiser, Abhay Pandit and Wenxin Wang. ‘Polymer gene 

delivery: Overcoming obstacles’. Drug Discovery Today. 2013, in press. DOI: 

10.1016/j.drudis.2013.06.014. (IF: 6.5) 

 Yixiao Dong, Ahmed Aied, Junming Li, Qi Wang, Xuejun Hu, Wenxin Wang. 

‘An in vitro approach for production of non-scar minicircle DNA vectors’. 

Journal of Biotechnology. 2013, 166, 84-87. (IF: 3.18) 

 Sandra Ganly, Sean O. Hynes, Faisal Sharif, Ahmed Aied, Valerie Barron, Karl 

McCullagh, Jill McMahon, Peter McHugh, Jim Crowley, Wenxin Wang, Timothy 

O'Brien, Udo Greiser. ‘Liposomal surface coatings of metal stents for efficient 

non-viral gene delivery to the injured vasculature’. Journal of Controlled Release. 

2012, 167, 109-119. (IF: 7.6) 

 Ahmed Aied, Yu Zhneg, Abhay Pandit
 

and Wenxin Wang. ‘DNA 

‘Immobilization on cellulose paper using a grown cationic polymer via ATRP’. 

ACS applied materials and interfaces 2012, 4, 826-831. (IF: 5.008) 

 Ahmed Aied, Barry Glynn, Ben Newland, Hongliang Cao, Hongyun Tai, Abhay 

Pandit and Wenxin Wang. ‘A fluorescently labelled hyperbranched polymer 

synthesized from DE-ATRP for the detection of DNA hybridization’ Polymer 

chemistry 2012, 3, 332-334. (IF: 5.2) 

Patents 

 Ahmed Aied, Wenxin Wang and Abhay Pandit. ‘Disulfide based cationic 

polymer synthesised from controlled living polymerisation and synthesis of 

disulfide monomer’. Patent No. 12187515.7-1217. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


