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SUMMARY

The aims o f this thesis were to examine the use o f  differentiated cell culture systems in the 

in vitro assessm ent o f non-viral gene delivery systems and to investigate the use o f  commercial and 

novel cyclodextrins as vectors for gene delivery.

The transfection efficiency o f  a range o f  the most commonly used non-viral gene delivery 

vectors was tested using the pCMVluc reporter plasmid in the non-differentiated COS-7 cell line 

and in fully differentiated CaCo-2, Ht29GlucH and co-culture CaCo-2:Ht29GlucH monolayers. 

The cationic lipids, DOTAP and Lipofectin™, and the cationic polymers, PEI HMW and 

Superfect'^^, when complexed with pCMV/wc, produced high levels o f  transgene expression in all 

the models. W hile the most efficient individual GDVs were the same in all models, the rank order 

o f their efficiency did change. While microgram quantities o f  luciferase per well were produced by 

the best vector systems in the COS-7 model, only nanograms were produced per filter in the 

differentiated systems. From confocal studies it was clear that this was due to decreased levels o f 

transgene expression in each cell rather than a decreased number o f cells being transfected. The 

binding and internalisation o f pDNA by differentiated cells appeared to be less dependent on the 

presence o f  sulphated proteoglycans on the cell surface and either less dependent on active uptake 

processes or slower than in non-differentiated cells. Investigations into the effect o f  serum on 

transfection efficiency showed that its presence has less o f an attenuating effect on the transfection 

o f differentiated cells, than non-differentiated cells. The presence o f  mucus in the co-culture model, 

rather than acting as a barrier, was surprisingly found to enhance transfection efficiency, in order to 

determine the predictive ability o f  these differentiated cell culture models, an in vivo gut model for 

gene delivery was established and the best o f  the non-viral GDVs tested. PEI HMW proved 

superior to DOTAP complexes in transfecting in vivo but transfection levels achieved by PEI 

HM W / pCMV/wc were low and erratic. From these results the CaCo-2 model appeared to better 

predict in vivo gene delivery to the gut lumen but both differentiated models, given their increased 

resistance to transfection, appeared to have potential as models for in vivo gene delivery to other 

organs o f the body, e.g. the lung.

Extensive characterisation o f  CD/plasmid DNA interactions was carried out and their 

transfection ability was tested in COS-7 cells. The CDs tested included neutral, commercially 

available CDs; (3-CD, HP-CD, DM-CD and novel oligomeric cationic CDs, which included CDs 

with pyridylamino (AP), alkylimidazole (IM), methoxyethylamino (M E) and amine (AM) 

headgroups in the primary -O H  position. Novel neutral and cationic CDs with C6 and C l6 

lipophilic chains, which could be formulated as vesicles, were also synthesised. Only those CDs 

with a cationic charge associated with the molecule successfully bound and neutralised pDNA 

forming small complexes. The neutral CDs (both com mercially available and vesicle-forming) 

failed to complex pDNA. The neutral, com m ercially available CDs (p-CD, HP-CD, DM-CD) did
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display a small mount o f  transfection ability, probably due to the ability o f  CD to solubilise 

cholesterol from cell membranes, thereby com prom ising  the integrity o f  the cell mem brane. The 

cationic oligomeric CDs, when complexed with pDNA to form small, stable complexes, were far 

more successful, with the best, A P I-C D , producing up to a 4,000-fold increase in transfection 

above control o f  naked pDNA. These oligomeric carriers were exceptional pD N A  uptake 

enhancers, with the  most efficient surpassing DOTA P. The best DNA-uptake mediators, A P I-C D  

and AM  I-CD, appeared to be highly dependent on proteoglycan-mediated binding and active 

uptake processes. The affinity o f  these po lyam ino C D /pD N A  com plexes for G A G s appeared to be 

greater than the affinity o f  any o f  the commercial vector/pDNA complexes. The rank order o f  

efficiency within this group o f  oligomeric CD s was dependent on the substituents present with the 

most efficient having either an amine (A M I-C D ) ,  pyridylamino (A P I-C D ) and butylimidazole 

(IM 2-CD) group on the primary hydroxyl and unsubstituted secondary hydroxyls. The transfection 

efficiency o f  the best o f  these systems was equal to that o f  DOTAP^^ in serum. The complexes 

formed by the cationic vesicles, SC 6N H 2-C D  and SC16N H 2-C D  with pD N A  surpassed the 

oligomeric C D  carriers, with S C I6 N H 2 -C D  producing a 20,000-fold increase in transfection 

efficiency above control. These vesicular system s had natural endosomolytic ability, as evidenced 

by the lack o f  effect o f  the presence o f  chloroquine on transfection levels mediated. This contrasted 

with the highly significant increase in transgene expression produced when chloroquine was used 

concomitantly  with the cationic oligomeric CDs.
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Chapter 1 

Origin and Scope

Gene therapy at its core is based on the progress made in scientific and clinical 

understanding o f disease and involves a m ultidisciplinary approach to disease diagnosis and 

treatment. As such, pharmacists and pharmaceutical scientists can offer an all-important bridge 

between the scientific and medical disciplines with their knowledge o f drug therapy, development 

and formulation. With the recent advances in the Human Genome Project and the increased 

knowledge about the genetic basis o f disease, DNA-based therapies are being developed 

constantly. One o f  the major hurdles to be overcome is the effective delivery o f  the DNA, i.e. the 

packaging o f  the DNA and delivery into blood, tissue or cell. Viral vectors are highly efficient but 

their associated dangers have led to the increased use o f non-viral gene delivery vectors (GDVs) 

(Tomlinson and Rolland, 1996).

Many gene delivery systems have been shown to promote transgene expression in vitro but 

not in vivo (Grubb et al., 1994), indicating that the current cell culture models do not accurately 

represent physiological conditions. Some o f the major differences between the cell culture systems 

used to test GDVs and in vivo conditions are the fact that the cells are proliferating and non- 

differentiated (W ilke et al., 1996) and that transfection is carried out in the absence o f  many o f  the 

extracellular barriers present in vivo, such as serum (Zelphati et al., 1998) and mucus (Kitson et al., 

1999; Fasbender et al., 1997). One o f  the main aims o f this thesis was to compare a wide range o f 

the most successful and widely used non-viral gene delivery systems in both non-differentiated 

monkey fibroblast cells, COS-7, versus the fully differentiated human adenocarcinoma cell line, 

CaCo-2, and the mucus secreting goblet cell clone, Ht29GlucH, as well as co-cultures comprising 

CaCo-2 and Ht29GlucH cells. Studies were carried out to determine the effects o f  differentiation, 

as well as the presence o f serum and mucus, on the mechanism and degree o f  transgene expression 

mediated by the vectors. The objective being to assess the suitability o f  these differentiated cell 

culture models to predict in vivo gene delivery.

A number o f  studies have shown that the intestine can be transfected using viral vectors 

(Soriano-Brucher et al., 1991; Lau et al., 1992; Croyle et al., 1998a). Limited success has also been 

had using non-viral vectors in the gut (M acLaughlin et al., 1998; W estbrook and Arenas, 1995). 

The intestinal CaCo-2 and CaCo-2:Ht29GlucH co-culture models provided models for the study o f 

non-viral gene transfer to the gut. In addition, an in vivo intestinal loop model, based on that used 

by Croyle et al., (1998a), was developed to examine the ability o f  the most efficient non-viral 

vectors to transfect the rat jejunum .
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The limited success o f many o f the gene therapy trials has been attributed in some part to 

the limited efficiency o f GDVs. Because o f the safety concerns associated with viral vector 

systems, there has been huge interest throughout the past decade in developing efficient, 

biocompatible non-viral gene delivery systems (Tomlinson and Rolland, 1996). These non-viral 

methods o f delivering plasmid DNA have included mechanical, physical and particulate systems. 

The range o f  chemical substances investigated for use as GDVs have included lipids (Lasic, 1997), 

peptides (Wu and Wu, 1988), polyamidoamine dendrimers (Haensler and Szoka, 1993), 

poiyethylenim ines (Behr, 1993), methacrylates (Cherng et al., 1996), polyvinylpyridinium-based 

polymers (Kabanov et al., 1993), hydroxylated nylons (Goldman et al., 1997) and chitosans 

(Erbacher et al., 1998) as well as sustained release systems. Many o f these carriers are now being 

used in multi-component systems with targeting ligands (Zauner et al., 1998; Godbey et al., 1999a), 

fusogenic m oieties (Gottschalk et al., 1996) and nuclear localising signals (Aronsohn and Hughes, 

1998). However in spite o f the variety o f non-viral vectors tested to date, there is still a need to 

develop safer and more efficient carrier systems, which can be easily manipulated (e.g. targeting 

ligands attached), formulated and delivered in vivo.

Cyclodextrins (CDs) have well researched pharmaceutical and toxicological profiles as 

drug delivery agents (Szente and Szejtli, 1999). These oligosaccharide molecules have low 

immunogenicity, have multi-functional characteristics (i.e. have multiple sites for attachment o f 

functions such as cations) and can be modified to produce am phiphilic and supramolecular 

chemistries (W enz, 1994; Kawabata et al., 1986). Some o f the properties o f CDs as excipients in 

conventional drug delivery including their ability to protect drugs from physical, chemical and 

enzymatic degradation and their ability to enhance membrane permeability (Irie et al., 1982; 

Kilsdonk et al., 1995), make them interesting candidates as GDVs. Limited studies based on neutral 

CDs have shown an ability to interact with macromolecules and nucleotides (Hoffman and Bock, 

1970) and to enhance transfection efficiency (Freeman and Niven, 1996). Cationic CD derivatives 

have shown an even greater ability to bind nucleotides (Schwinte et al., 1998; Ghosh et al., 2000) 

and enhance transfection efficiency, both in conjunction with viral vectors (Croyle et al., 1998b) 

and alone (Gonzalez et al., 1999).

This work aimed to examine the potential for improved DNA delivery using cyclodextrins 

(CDs). This included both neutral, commercially available CDs; p-CD, hydroxypropyl (HP-CD) 

and dimethyl (DM -CD) p-CD derivatives and a series o f novel cationic and amphiphilic P-CDs, 

synthesised in collaboration with Dr. R. Darcy’s group (University College Dublin). These novel 

CDs include both cationic oligomeric CDs, as well as neutral and cationic vesicle-forming CDs. 

The polyamino (oligomeric) CDs examined are substituted on the primary hydroxyl with 

pyridylamino (A PI-CD , AP2-CD), alkyl imidazolyl (IM l-C D , 1M2-CD, IM3-CD), 

methoxyethylamino (M E l-C D ) or primary amino (A M I-C D ) groups. Some o f the amine
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headgroups used have been shown to allow DNA-binding and DNA-induced fusion in acidic 

conditions, when incorporated into lipid backbones (Budker et al., 1996). AM I-CD has previously 

been shown to act as a peptidomimetic agent (Borrajo et al., 1997), with an ability to bind to 

glycosaminoglycans (GAGs) moieties that as part o f  proteoglycans are thought to be responsible 

for the binding and internalisation o f  a large number o f  cationic GDVs (Mislick and 

Baldeschwieler, 1996). This was a property that the parent CD and free amines did not possess. 

Many o f  the most successful gene delivery systems are liposomal so a range o f  amphiphilic CDs, 

which could be formulated as vesicles, were also synthesised in collaboration with Dr. R. Darcy’s 

group (University College Dublin) by substituting the core CD with SC6/SC16 lipophilic side- 

chains on the primary hydroxyl o f  (3-CD and with oligoethylene glycol chains on the secondary 

hydroxyl side. Both neutral (SC6-CD/SCI6-CD) and cationic (SC6NH2-CD/SC16NH2-CD) 

C6/C16 CDs were synthesised. The oligo(ethylene) glycol groups on the secondary hydroxyls were 

aminated in order to produce the cationic CDs.

The degree o f  interaction o f  all these systems with plasmid DNA was assessed and the 

complexes formed were characterised for condensing ability, size, surface charge, stability and 

toxicity. The ability o f  the systems to enhance transgene expression was then determined in COS-7 

cells using the pCM VIuc plasmid and studies looking at the mechanisms o f  this transfection were 

carried out.
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Chapter 2 

Gene Therapy

2.1 The Ethics of Gene Therapy

It is impossible to overiooi< the ethical implications involved in gene therapy. The most 

contentious issue in the field o f  gene therapy is the manipulation  o f  germ line cells; changes which 

would directly affect the progeny o f  such a recipient. G erm  line gene therapy aims to correct 

genetic anom alies e ither before or during conception o r  at the zygote stage. The arguments for this 

form o f  therapy claim that while the initial cost and com plexity  o f  the procedures may be high it 

will lead to  a decrease not only in the suffering o f  the individual but also the cost o f  long-term care 

(Z im m erm an, 1991). On the other hand, many view th is  form o f  treatment as interference with 

natural law and the denial o f  human rights to genetic patrimony (M auron and Thevos, 1991). 

H ow ever it is v iewed, it is clear that germ line gene therapy  must be controlled tightly and only 

used in cases where severe disability, pain or early death are likely to result. This form o f  treatment 

cannot be performed in an ethical vacuum and the abuse o f  such techniques to enhance 

physical/mental attributes in individuals is a w orrying reality.

Somatic gene therapy is now widely accepted as a promising new approach to the 

treatment o f  disease but as with the testing o f  all novel therapies, precautions must be taken to 

protect the patient. The  basic principles o f  health care ethics include a respect for patient autonomy 

and informed consent, respect for persons as individuals and the principles o f  nonmaleficience 

(doing nothing that will cause unnecessary harm to the patient), beneficence (acting to enhance the 

medical interests o f  the patient) and justice  (that like cases be treated alike). These principles aim to 

balance the risks associated with the new treatment with the  benefits and emphasise the patients’ 

rights as individuals being o f  primary import. From a pharm aceutical point o f  view, the M edicines 

Control Agency and the Food and Drug Administration in the U K  and U SA  respectively cover the 

most important regulations governing gene therapy. Equally, the Irish M edicines Board (IM B) will 

be required to control these practises in Ireland. These  bodies control the characterisation, 

production and certification o f  the biological materials used for gene transfer.

O ther issues related to the broader technology associated with gene therapy include issues 

o f  genetic screening and human cloning, all o f  which m ay have a huge impact on future 

generations.
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2.2 The Background to Gene Therapy

The transfer o f  genetic materials into eukaryotic cells is as old as evolution itself. The most 

fundamental example o f  this is the fertilisation o f  the female ovum by the male sperm, which 

transfers its haploid chromosome. Another example o f  transfer o f  genetic material in nature is the 

process o f infectivity o f viral particles. Virus particles infect cells by being taken up into a healthy 

cell in which they can replicate. This is accomplished by using the host’s enzymes and synthesis 

pathways to replicate their DNA/RNA, which is encapsulated within a capsid coat.

Gene therapy is a part o f  the broader practice o f m olecular medicine, which involves the 

elucidation o f  the genetic basis o f  disease, diagnosis o f  the disease, the design o f  an appropriate 

approach to disease management or therapy, the application o f  approved protocols and the 

m onitoring o f clinical responses (Kresina and Branch, 2001). At a scientific level gene transfer was 

first utilized to investigate gene function. However, recent advances in genetics, m olecular biology 

and biotechnology have enabled the aetiology and pathogenesis o f  many diseases to be understood 

at the genetic level, thereby opening up the opportunity to develop treatments. Some o f the 

attractions o f  gene therapy include the potential for amplification o f  a gene and target selectivity 

(Kabanov et al., 1998).

The first human gene replacement therapy trial took place in September 1990, which 

involved the transfer o f  the adenosine deaminase (ADA) gene to lymphocytes o f  a patient with a 

defect in this enzyme, which, if untreated, results in severe combined immunodeficiency disease 

(SCID). Early trial results were very encouraging and showed that although the recombinant ADA 

enzyme substitute had undisputed efficacy, a better correction o f the disease phenotype could be 

achieved if  the enzyme was produced from within the T-lymphocyte cells (M iller, 1992). Since that 

time more than 310 clinical trial protocols have been submitted to the NIH Office (National 

Institutes o f Health) in the U.S. and more than 600 people have undergone gene therapy protocols 

to treat more than a dozen diseases (Kresina and Branch, 2001).

2.3 Applications of Gene Therapy

At present the concept o f  gene therapy encompasses the treatment o f  any disorder or 

pathophysiological state based on the transfer o f  genetic information (genes, portions o f  genes, 

DNA or RNA). The applications o f  gene therapy have been extensively reviewed (M iller, 1992; 

Mulligan, 1993). It was originally thought that the main clinical target for human gene therapy 

would be single gene defects associated with well-characterised inborn errors o f metabolism or 

other genetic disorders (M iller, 1992). This definition has been expanded now to include many 

multifactorial diseases such as cancer, heart disease and AIDS.
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2.3.1 Single Gene Defects

Single-gene defects lead to what are known as monogenetic disorders. They account for a 

relatively small proportion o f human disease but do contribute significantly to the level o f chronic 

disease in the population. These disorders include sickle cell anaemia, haemophilia, adenosine 

deaminase deficiency, hypercholesterolemia, severe combined immune deficiency syndrome, 

cystic fibrosis, Duchenne’s muscular dystrophy and fragile X syndrome. Some o f  the single gene 

defects proposed for gene therapy are shown in Table 2.1.

In certain o f  these disorders there is a protein deficiency or loss o f  function o f  a given 

protein and the aim o f  gene therapy in this case would be to replace the defective gene, thus 

allow ing expression o f the active protein. On the other hand, in other conditions the pathology o f  

the disorder is caused by the production o f an abnormal protein, which interferes with the function 

or developm ent o f tissues/organs. In this case selective deletion o f  the mutant gene is required or 

use o f antisense therapies.

Table 2.1 Genetic disorders and the defective genes responsible

DISEASE DEFECTIVE GENE

Im m unodeficiency Adenosine deaminase

Purine nucleoside phosphorylase

H ypercholesterolaem ia LDL receptor

Gauchers disease G lucoceribrosidase

Emphysema a  Anti-Trypsin

Cystic fibrosis Cystic fibrosis transm em brane

conductance regulator

Phenylketonuria Phenylalanine hydroxylase

M uscular dystrophy Dystrophin

Thalassaem ia P-globin

Sickle-cell anaemia P'globin

Cystic fibrosis (CF) is a prime example o f  how a gene therapy protocol is developed for 

treatm ent o f  monogenetic disorders. The disorder is caused by a dysfunctional cAMP-regulated 

chloride channel located on the apical membrane o f airway and other epithelial cells, which results 

in chronic infection and inflammation followed by damage to the lung tissue. The defective gene 

was isolated and cloned, transgenic animals demonstrating the CF phenotype were created and the 

potential o f  gene replacement therapy was demonstrated as a therapeutic option. Hence, gene
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replacement therapy focuses on correcting the respiratory defect. Research has since extended to 

animal studies in transgenic mice and to clinical trial (Porteous et al., 1997; Caplen et al., 1994). It 

has also led to a huge interest in the area o f gene delivery to the lung.

2.3.2 M ulti-factorial Gene Defects

M ulti-factorial or polygenic disorders are more widespread and include coronary heart 

disease, diabetes mellitus, hypertension and cancer. In general these disorders are caused by not 

one, but several genes and are often influenced by environmental factors. Because o f  their more 

complex origin, development o f  gene therapies to treat them is more difficult.

O f the trials currently being undertaken in gene therapy a vast proportion, 50%, are in the 

area o f cancer treatment. Some 70.7% o f  patients participating in gene therapy trials are being 

treated for cancer (Schatzlein and Uchegbu, 2001). W hile cancer has a multi-factorial aetiology at 

its core the disorder is due to a defective genetic makeup in cells, which leads to unrestricted 

proliferation o f cells, i.e. loss o f growth control. Many advances have been made in the area o f 

cancer treatment including radiation and chemotherapeutic treatments, but the overall cure rate 

remains stagnant, while the toxicity o f the treatments is severe. Thus, a more selective and less 

toxic treatment is desirable. Some o f  the gene therapy strategies for treatment o f cancer include 

transducing cells with tumour suppressor genes, preventing translation o f proteins using antisense 

sequences or ribozymes to specifically destroy targeted RNA sequences, transferring genes 

encoding bacterial and viral enzymes to tumour cells which then activate a non-toxic prodrug to a 

toxic metabolite or activating the body’s own natural defence systems against the tumour (Hall et 

al., 2001).

2.4 Gene Transfer M ethods 

2.4.1 Aims and Requirem ents

The aim o f gene therapy is to deliver therapeutic genes to an appropriate target cell 

population, where expression occurs at sufficient levels to achieve the desired biological response. 

Pharmaceutically, the greatest challenge associated with gene therapy is the production o f an 

efficient gene transfer vehicle. The aim is to maximise the therapeutic potential o f genes, while 

creating a product that resembles a conventional pharmaceutical formulation in term s o f 

composition, characterisation, safety and clinical application (Ledley, 1995).

Inherent in gene therapy product development, are the problems associated with the in vivo 

delivery o f macromolecules and the many biological barriers that have to be overcome. The GDV 

must first reach the microenvironment o f the targeted cell and then overcome the cell and/or
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endocytic membrane for delivery into tiie cytoplasm. Following cytoplasmic delivery, the gene 

must traverse the cytoplasm and reach the perinuclear area and subsequently negotiate the nuclear 

membrane, with its size exclusion limit o f  = 40kDa for the passive diffusion o f  molecules (Lang et 

al., 1986). During the delivery process, the genetic material must be protected from physical and 

enzymatic degradation. In addition, immunogenicity and reticuloendothelial clearance must be 

considered during product development. An ideal gene therapy delivery vector would require the 

inclusion o f  several intrinsic characteristics, combining the attributes o f  a marketable 

pharmaceutical product with the desired biological activity (Michael and Curiel, 1994; Smith et al., 

1996).

Gene transfer is currently achieved either by direct introduction o f  genetic material in vivo 

or an ex vivo technique involving the isolation o f  target cells from the patient, the transfer o f  the 

genetic material into the cells in vitro followed by re-implantation. The ex vivo approach is ver>' 

efficient, but its clinical usefulness is limited because it is laborious, time consuming and expensive 

(Tomlinson and Rolland, 1996). The direct in vivo approach is more attractive and versatile, but 

requires highly efficient gene transfer technology to produce a clinical effect.

All current vectors for gene therapy are based on either viral transduction or transfection 

using particulate or physical methods. Much research has focused on gene delivery using 

recombinant viruses, capitalising on their natural capacity to transport their genetic material into 

target cells. The attractiveness o f  non-viral systems compared with viral delivery, centres around 

their ease o f  manipulation, their safety in vivo and stability on storage, which has led to the 

development o f  several non-viral approaches (Ledley, 1996).

Methods o f  gene transfer can broadly be classified as viral and non-viral as shown in Table

2 .2 .
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Table 2.2 Some o f the M ethods o f  Gene Transfer

M ethod Reference

Viral Retrovirus Lau et al., 1995

Adenovirus Yei et al., 1994

Adeno-associated virus Flotte and Carter, 1995

Baculovirus Boyce and Bucher, 1996

Non-viral

Vaccinia virus Sutter and M oss, 1992

Physical M icro-injection Capecchi, 1980

Electroporation Chu et al., 1987

Particle bombardment Yang et al., 1990

Non- particulate

Naked pDNA W olff et al., 1992

Particulate Calcium phosphate 

precipitation

Graham and Van der Eb, 1973

Cationic lipids Feigner et al., 1987, Gao and Huang, 1995

Cationic polypeptides W adhwa et al., 1997

Starburst dendrimers Haensler and Szoka, 1993

PINC (Protective, interactive 

Non-condensing polymers)

M um per et al., 1998

Polyethylenimines B oussif et al., 1995

Chitosan Erbacher et al., 1998

2.4.2 Viral Vectors

Early work demonstrated the capacity o f  polyoma viruses to transfer viral DNA to the 

nuclei o f  transformed cells. Since then, many studies have involved the manipulation o f  this 

inherent property o f viruses for the delivery o f  foreign DNA to eukaryotic cells. Successful gene 

delivery has been achieved with recombinant viral vectors developed using both RNA and DNA 

viruses, including retroviruses, adenoviruses and herpes simplex virus-1. The majority o f  viral 

vectors for use in in vivo gene therapy are either retroviruses (Lau et al., 1995) or adenoviruses 

(Yei et al., 1994), although vectors using recombinant adeno-associated virus (Flotte et al., 1995) 

are also widespread.

In order to produce viral vectors that are safe and efficient to administer, replication 

incompetent viruses encoding for the desired therapeutic protein must be produced. This involves
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viral constructs into wiiicli the therapeutic gene has been inserted and some sequences deleted and 

reconstituted in order to render the virus non-infective. The various viruses that are used differ in 

their safety, plasmid-loading capacity, immunogenicity, and the nature o f  their interactions with 

cells and chromosomes.

Retroviruses (RV)

Retroviruses (RV) carry their genetic material as RNA. Retroviral infection involves 

internalisation by the host cells, effected by the viral envelope protein subsequent to infection; the 

RNA genome is reverse-transcribed into DNA, which integrates at a random position into the 

host’s genomic DNA (Miller, 1990). Retroviral vectors are composed o f  an RNA copy o f  the 

exogenous gene contained within the envelope o f  a replication deficient RV. This kind o f  delivery 

vector has several safety concerns associated with it (Rolland, 1998). The intrinsic problems 

include;

1. High rate o f  mutations during viral replication capable o f  inactivating the therapeutic gene

2. Recombination to produce replication-competent virus

3. Expression o f  viral genes with the potential to activate proto-oncogenes in the infected cells 

Retroviral infection is dependent on the target cells being actively replicating at the time o f  

infection. This may have profound effects on transfer in situ, where the rate o f  cell division is far 

lower than in culture. Additionally there is a size constraint with a maximum o f  6-7Kb that can be 

packaged within the virion, which restricts the applications for which this system is suitable. 

Despite the safety concerns, RVs currently remain the most widespread delivery system utilised in 

gene therapy clinical trials, though many o f  the transduction events are carried out ex vivo 

(Rolland, 1998).

Adenoviruses (AV)

Adenoviruses (AV) are non-enveloped DNA viruses which are approximately 80-90 nm in 

diameter, and have a double-stranded DNA genome o f  36Kb in length. Only replication-defective 

AVs are deemed suitable for gene therapy and can accommodate 7.4Kb foreign DNA. In contrast 

to RV, AV can transfect non-dividing cells (Trapnell, 1993). These viruses do not normally 

integrate into the genome o f  the host cell and therefore act by producing transient expression. 

Therapeutically this necessitates repeated administration, increasing the risk o f  stimulating an 

immune response against the delivery vehicle (Yei et al., 1994). Thus, the major limitation of 

adenoviral vectors is their demonstrated ability to cause inflammation and stimulate other cellular 

immune responses rendering the patient refractory to subsequent administration o f  the vector. 

Strategies for reducing inflammatory responses are now being addressed and involve deletion o f
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certain viral genes or per-treatment with the anti-inflammatory drugs such as cyclosporin A or 

dexamethasone.

Adeno-associated virus (AAV)

The AAV is a naturally defective parvovirus with a single strand o f DNA o f  4.7 kb and is 

not associated with any known human diseases. It requires co-infection with a helper virus (adeno-, 

herpes-, vaccinia-virus) in order to replicate itself in a productive cycle. The main advantage o f  the 

AAV for gene therapy is its ability to infect both dividing and non-dividing cells, although 

chromosomal integration may not occur in quiescent cells (Flotte et al., 1994). The usefulness o f 

the AAV is limited by the small size o f foreign DNA, which can be incorporated.

There is a range o f harmful effects that can be associated with viral vectors including 

potential carcinogenicity, infectivity, immunogenicity and inflammation, as well as the scale-up 

problems involved in large-scale production. Some o f these problems were highlighted recently 

when a patient taking part in an adenoviral-based gene therapy clinical trial died after suffering 

acute liver failure (Boyce, 1999). This has led to a great surge o f interest in developing non-viral 

based gene delivery systems.

2.4.3 Non-viral gene transfer vectors

Non-viral gene medicines have emerged as a promising technology for effecting in vivo 

gene transfer and control o f  gene function. Their lack o f  efficiency is compensated for by their ease 

o f manufacture and improved safety profile. Gene medicines are comprised o f both a gene 

expression system that contains a therapeutic gene and a synthetic gene delivery system 

(Tomlinson and Rolland, 1997). These systems are often termed plasmid-based gene delivery 

systems. The fundamental challenge o f any plasmid-based gene expression system is to control the 

surface and colloidal properties o f plasmids in a biological environment, since these properties 

influence their biological distribution, cellular uptake, intracellular trafficking and translocation 

(M ahata et al., 1997). These vector systems are dealt with in more detail in Chapter 3 and 4.
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P lasm id  D N A  and the B arriers to its D eliverj'
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3.1 DNA

The growing interest in plasmid-based, non-virai gene delivery systems has led to a great 

deal o f research on plasmid DNA constructs. In order to deliver a drug successfully a full 

knowledge o f its chemical and physical properties is required. In gene therapy the active ingredient 

is DNA. Deoxyribonucleic acids are linear polymers o f the four nucleotides adenine (A), guanine 

(G), thymidine (T) and cytosine (C). Each nucleotide comprises a deoxyribose sugar, a phosphate 

group and either a purine or pyrimidine base. The base composition o f DNA is governed by 

C harg raf s rules, that there are equal numbers o f  adenine and thymidine and equal numbers o f 

guanine and cytosine. The phosphate groups form a bridge between the 3 ’ and 5 ’ positions o f  the 

successive sugar residues. The phosphates o f these polynucleotides are acidic so that at 

physiological pH nucleic acids are polyanions. These polymers adopt a double helix conformation 

in which two polynucleotide strands run anti-parallel. The helix (Figure 3.1) is stabilised by 

complementary base pairing, which is based on hydrogen bonding interactions between the bases 

on opposite strands (W atson and Crick, 1953).
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Figure 3.1 Watson and Crick’s double helix o f  DNA (http://academ yd20.co.edu)

A further level o f  structure is added to the DNA molecules with supercoiling, in which 

closed circular DNA helices, such as plasmids, become twisted (Bauer et al., 1980). Normal 

biological processes such as DNA replication and RNA transcription require the proper topological
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state, i.e. the proper superhelical tension. Thus, supercoiled DNA is termed the active form of 

DNA. This tension results in a torsional strain that promotes the unwinding o f the duplex to reveal 

the genetic code. DNA molecules are generally very large in size and some DNA molecules in 

humans can have up to 3 million kilobase pairs (Voet and Voet, 1990). The DNA duplex is only 

20A in diam eter but can be up to a kilometre in length when measured end-to-end stretched out. A 

base pair has an average molecular mass o f 660D and a length o f 3.4A (Voet and Voet, 1990). The 

m olar charge o f DNA, i.e. the mass associated with a single negative charge is 330, based on the 

assumption that the average weight o f a nucleotide is 330 (Feigner, 1994). Thus, the drug to be 

delivered is large, negatively charged and hydrophilic and must be formulated in its supercoiled 

form to be active.

3.2 Plasm ids (pDNA)

Plasmids are circular DNA duplexes o f I to 200 kb that contain genetic sequences that 

permit their autonomous propagation in a bacterial host or in yeast. By incorporating different gene 

sequences into plasmid DNA, a specific phenotypic trait can be conferred on the host cell 

(Sambrook et al., 1989). A useful plasmid vector will contain a number o f restriction sites, at which 

restriction endonucleases can cleave the duplex DNA so as to yield single-stranded ends that are 

com plim entaiy to each other. The restriction fragment is then annealed and ligated into the plasmid 

vector using DNA ligase. Given that plasmid DNA can therefore express a gene sequence 

extrachromosomally in a host mammalian cell, it offers a mechanism for transient gene expression. 

Piasmid-based gene delivery systems overcome many o f the disadvantages associated with viral 

systems; their potential infectivity, insertional mutagenesis or oncogenesis and immune responses, 

the m anufacturing scale-up problems and the limited length o f  DNA which can be inserted into a 

viral genome. The safety profile for plasmid-based systems is dependent on the use o f appropriate 

gene carrier systems and to date, no serious safety issues have arisen in animal studies or human 

clinical trials. The nonintegrating nature o f plasmid DNA also means that the likelihood o f 

insertional mutagenesis and oncogenesis is lessened, though not eliminated. Plasmid propagation in 

bacterial fermentations, and its subsequent isolation and purification have been optimised to such 

an extent that large scale production o f highly purified, supercoiled DNA is achievable in a cost- 

effective manner (Sambrook et al., 1989). The size o f the inserted therapeutic gene is not limited, 

but the efficiency o f delivery and expression achieved with plasmid-based systems is less than that 

achieved by viral vectors. The expression plasmids currently in use are highly efficient in vitro but 

produce only low levels o f transient transgene expression in vivo. The spatial and temporal control 

o f  transgene expression is o f  huge importance in gene therapy. Thus, it is important not only to 

increase the rate o f therapeutic product expressed but also to target and to control the duration o f  

that expression.

13
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3.3 Structure o f plasmids

Plasmids act as mammalian expression vectors by allowing expression o f proteins from 

cloned genes. Expression vectors contain both prokaryotic and eukaryotic elements. The 

prokaryotic elem ents o f  the vector facilitate propagation o f  the vector and include a replicon that 

functions in Escherichia coli, a gene encoding antibiotic resistance and a limited number o f unique 

restriction sites to allow insertion o f  eukaryotic sequences. The eukaryotic elements contain 

transcription units that are expressed only in eukaryotic cells, and consist o f  the therapeutic gene, a 

prom oter element, to mediate transcription and a Poly(A) signal. Additional elements may include 

enhancers and introns. The general structure o f a gene therapy plasmid is shown in Figure 3.2.

The key bacterial elements are the origin o f replication and the selectable marker, which 

are required for plasmid amplification and for selection o f plasm id-containing bacteria respectively. 

The origin o f replication and its associated cis-acting control elements encode for a small protein, 

Rop, and two untranslated RNAs (RNA 1 and II). RNA II generates the primers for initiation of 

plasmid replication and Rop and RNA I negatively regulate replication by forming hybrids with 

RNA II. By inhibiting these negative regulators high copy plasmids can be produced, which can 

yield several grams o f purified plasmid from a 10 litre fermentation (Vieira and Messing, 1982; 

Freeman and Niven, 1996). These high copy plasmids are generally used for gene therapy 

purposes, for both reporter gene and therapeutic gene vector systems.
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Figure 3.2 Structural features o f a Gene Therapy Expression Plasmid (Nordstrom, 1999)

The most commonly used selectable marker is that o f  antibiotic resistance. Resistance to 

kanamycin, an aminoglycoside antibiotic, is now the preferred selectable marker over ampicillin in 

vivo. This is due to the widespread sensitivity o f individuals to p-lactam  antibiotics. Ampicillin is
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still used commonly in reporter gene expression plasmids. The current thinking is that alternative 

selectable markers should be developed, given the danger o f conferring resident bacteria in humans 

with antibiotic resistance.

The basic mammalian transcription unit consists o f a cloned DNA sequence placed 

downstream o f  an enhancer/promoter and upstream o f  a poly (A) signal (Nordstrom, 1999). The 

coding sequence may code for either a therapeutic protein or a reporter protein. Many o f  the 

therapeutic proteins utilised in gene therapy must be secreted once expressed and therefore require 

N-terminal signal sequences. The codon used, especially if  rare, and the termination codon context 

can influence expression levels (Nordstrom, 1999). The level o f expression o f protein is primarily 

influenced, however, by the promoter/enhancer. The most efficient prom oter/enhancer is the human 

cytomegalovirus (CM V) an immediate early promoter/enhancer, which produces high levels o f 

transcriptional activity in a wide range o f  cell types and most tissues (Cheng et al., 1993). High 

levels o f  expression are only achieved for a short period o f time, generally weeks or less in animal 

tissues, but there are examples, in certain tissues such as skin (Cheng et al., 1993) and muscle 

(W olff et al., 1992), o f  more persistent protein expression. The CMV promoter contains a number 

o f constitutive and inducible transcriptional regulatory elements. These regulatory elements are in 

turn under the influence o f  cellular transcription factors and chemical and biological inducers 

contained in the cell milieu. W hile cytokines and cellular stress induce transcription, interferons 

and tumour necrosis factor attenuate promoter activity, thus the cytokine milieu o f the target tissues 

has a major impact on expression. Once eukaryotic mRNA has been transcribed in the nucleus it 

must undergo post-transcriptional modification. The poly(A) signal is required for modification of 

the 3 ’ end o f  the mRNA and directs site specific endonucleolytic cleavage o f the RNA transcript 

and stepwise addition o f adenylates to the 3 ’ end to form the poly(A) tail. The poly(A) tail has a 

protective function and prevents degradation o f the mRNA, as well as having a function in the 

process o f  translation. M ammalian poly(A) signals, such as bovine growth factor and SV40 late, 

are most commonly used in expression systems (Goodwin and Rottman, 1992; Zarkower and 

Wickens, 1988).

As well as these features, many plasmid-based expression systems also include intron 

sequences, since removal o f introns from a gene that normally has introns can cause a decrease in 

expression (Nordstrom, 1999). This decrease is thought to be due to the stabilising interaction o f 

pre-mRNA with the spliceosomes, which splice out intron sequences. This may facilitate transport 

o f the mRNA to the cytoplasm for translation. Inclusion o f introns has been shown to improve 

expression levels by up to 100-fold (Huang and Gorman, 1990). Another region that can greatly 

influence the efficiency o f expression is the 5’ untranslated region (5 ’UTR). This is the region 

between the cap site and the initiation codon and it primarily influences mRNA translation, but also 

RNA stability, RNA processing and transcription. Similarly, the 3 ’ untranslated region (3 ’UTR),
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the sequence in the mRNA that extends from the stop codon to the poly(A ) addition site, has an 

impact on mRNA stability, translation and localisation.

The plasmid can also be modified to improve the persistence o f  expression o f  the transgene 

which is reduced in vivo  by promoter shut-down, D N A  degradation and immune system destruction 

o f  cells. Strategies for overcom ing these attenuating factors include use o f  tissue-specific  

promoters, inclusion o f  replication elem ents or integration into genom ic DNA (Nordstrom, 1999). 

Gene sw itches have also been developed in which specific genes are cloned into the plasmid, which 

enable the function o f  the therapeutic gene to be turned on and o ff  using low  molecular weight 

drugs (G ossen and Bujard, 1992).

3.4 Reporter Gene

These are genes which code for a protein that either possesses a unique enzymatic activity 

or is easily distinguished in the cell milieu (Alain and Cook, 1990). The enzym e should not be 

endogenous to mammalian cells and must be easily distinguishable from the activity o f  enzyme 

system s already in the cell. There should be no interference by the metabolic activity o f  the cells  

and the assay should be convenient, sensitive, reproducible and cheap (Gorman et al., 1982). These 

tools were originally used to study mammalian gene transcription, particularly the function o f  

promoter and enhancer elem ents. The transcriptional activity, and in the case o f  gene delivery the 

transgene expression, can be estimated quantitatively from the in vitro  activity o f  the reporter gene 

product in cellular or tissue extracts or in som e cases the enzym e can be stained using 

histochem ical staining o f  intact cells. The reporter gene activity is generally proportional to 

transcriptional activity and can be monitored as early as 12 hours after transfection. Activity from 

transient expression generally continues for up to 72 hours after which time the genes are gradually 

lost (W ynshaw-Boris et al., 1986). A number o f  different reporter genes are available, including 

chloramphenicol acetyltransferase (CAT) (Nordeen et al., 1987), which catalyses the transfer o f  

acetyl groups from acetyl-coenzym e A to chloramphenicol, human growth hormone (Selden et al., 

1986), which is secreted into the media and assayed for by radioimmunoassay procedures, alkaline 

phosphatase, which hydrolyses p-nitrophenyl phosphate, (3-Galactosidase (Hall et al., 1983), which 

hydrolyses ONPG (o-nitrophenyl-P-D-galactopyranoside) or can be viewed using histochemical 

staining, and green fluorescent protein, which can be detected directly by fluorescence. One o f  the 

most sensitive reporter gene system s is luciferase. Produced by cloning the firefly {Photinus 

pyra lis) luciferase it provides a rapid and sensitive assay system (de Wet et al., 1985). Luciferase 

catalyses the reaction shown below:

Mg

Luciferin + ATP + O? ->  Oxyluciferin + AM P + PPj +CO2 + Light
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When a ceil extract containing luciferase is added to the substrate solution, the reaction occurs and 

a flash o f light is emitted. The light peaks after 0.3s but decays over a period o f  a few minutes, 

allowing sufficient time for analysis using a luminometer or scintillation counter (Promega, 

E4531). The integrated light output values are proportional to the concentration o f luciferase in the 

reaction. The limits o f detection are equivalent to the activity o f  1-3 x iO*' m olecules o f  luciferase, 

which are 2/3 orders o f magnitude lower than the CAT assay (Alam and Cook, 1990). This 

sensitivity allows the use o f small quantities o f DNA in transfection studies (W ood, 1990). The in 

vivo luciferase assay is less sensitive than the in vitro assay, with a limit o f  detection equivalent to 

2 x 1 0 *  molecules/cell. Variability in transfection studies is a problem due to the varying amounts 

o f DNA taken up by different cell populations and the variability inherent in extract collection, 

making comparative studies a problem. By standardising each sample for protein content, the 

variability due to extract collection can be accounted for. The variability due to transfection 

efficiency is more difficult to standardise but use o f multiple reporter systems in the same 

transfection can be used to decrease this problem.

3.5 Properties of Plasmid DNA

The plasmids used for gene delivery have some general properties in common. They are 

basically colloidal systems, which have a mean diameter o f <200nm, if they contain less than 

10,000 base pairs. Like all DNA molecules they are hydrophilic and have a highly negative surface 

charge. The surface charge varies depending on the conformation o f the plasmid, with supercoiled 

plasmid having the most negatively charged surface at -50m V  (in low ionic strength NaCI 

solution).

Nucleic acids are generally easier to handle than proteins due to their lack o f a tertiary 

structure. DNA is relatively stable at extreme conditions but must be protected from degradation by 

nucleases. During formulation nucleases can be heat denatured by autoclaving and gloves must be 

worn at all times to prevent human contamination o f  a sample. Hydrodynamic shearing forces 

created by pipetting, shaking or stirring must be minimised to prevent DNA breakage. DNases 

cleave phosphodiester bonds within a polynucleotide strand. A single nick is enough to relax 

supercoiled DNA, converting it to the less active relaxed circular form. Different forms o f  plasmid 

DNA can easily be identified using gel electrophoresis, as the rate o f migration o f a circular DNA 

duplex increases with its degree o f superhelicity. Therefore supercoiled plasmid will travel further 

on the gel than a relaxed circular plasmid. Endogenous DNases in vivo can act to destroy the 

plasmid before it reaches its target site.

DNA traverses biological membranes with difficulty due to its hydrophilic, negatively 

charged nature. The ideal gene delivery system thus should improve the colloidal and surface
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properties, as well as the chemical and biological stability o f the plasmid, in order to improve 

delivery. Gene delivery systems aim then to distribute the gene expression system and target it to a 

specific organ or tissue. The expression system must then be internalised by the cell, undergo 

intracellular trafficking and nuclear translocation.

Studies have shown that DNA administered intravenously, interstitially or by inhalation is 

rapidly eliminated from the body. This elimination is due to both degradation and clearance 

processes. Degradation caused by exonucleases and endonucleases occurs within the blood or 

tissue com partments. The clearance o f DNA is primarily by the liver Kupffer cells and is a 

receptor-mediated process. DNA binding to scavenger receptors on Kupffer cells leads to rapid 

clearance, the rate o f  which closely matches hepatic blood flow (M ahato et al., 1997).

3.6 Biological barriers

As with any drug the method o f delivery o f plasmid DNA will depend on the tissue or 

organ to be treated and the level and duration o f  protein expression required to produce a 

therapeutic effect. Thus, the temporal and spatial control o f  plasmid DNA activity is vital to obtain 

the desired effect in vivo. A  given dose o f DNA encounters a number o f biological barriers, which 

decrease the amount o f plasmid DNA that ultimately reaches the nucleus o f the target cells 

(Pouton, 1999). The number and type o f barriers will depend on the route o f administration and 

how a given GDV can overcome these barriers will be discussed in the next chapter. In this section 

the barriers presented to plasmid DNA, both naked and complexed with GDVs, will be outlined. 

Only by understanding the barriers that must be overcome can effective delivery routes and 

formulations be developed.

The barriers to delivery are present both intracellularly and extracellularly. Interactions 

with serum components in the blood circulation or extracellular nucleases in the tissue interstitium 

can prevent DNA ever reaching the cell. Once it has arrived at the plasma membrane the plasmid 

DNA must overcome a range o f membranous barriers and degradative processes to reach the 

nucleus.

3.6.1 Routes o f Adm inistration

3.6.1.1 Intravenous (IV)

Intravenous (IV) administration o f plasmid DNA is probably the most challenging route o f 

administration. The biodistribution o f the naked or complexed pDNA will be dependent on the size, 

charge and hydrophobicity o f  the colloidal system. There are two m ajor barriers for plasmid DNA 

to overcome before reaching its target tissue/organ. The first is the interaction between the colloidal 

DNA system and blood components. Nucleases present in the blood can digest DNA unless it is
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protected. V arious com ponents o f  the blood have also  been show n to aggregate and/or destab ilise  

DNA com plexes (Z elphati et al., 1998a), thereby altering the colloidal stability . O psonization  o f  

the com plexes by p lasm a proteins can lead to  an increase in the rate o f  elim ination  o f  DNA, as does 

the propensity  o f  cationic vectors, especially  polym ers, to  activate the  com plem ent system  (P lank 

et al., 1996). H ydrophilic surfaces are less prone to coating  with p lasm a proteins and m ay elongate 

p lasm a half-life.

A num ber o f  studies have recently  been carried  out on the pharm acokinetics o f  p lasm id 

DNA and cationic-lip id  DNA com plexes (M ahato  et al., 1995, 1997). The half-life  o f  plasm id 

DNA is relatively  short, w ith naked pD N A  being cleared to  a large extent by first-pass m etabolism  

in the liver. C om plexes o f  DNA w ith e ither cationic lipids or polym ers also show  rapid clearance 

and thus short circulation  tim es in plasm a. Houk et al., (2001) recently  found that w hile liposom e 

com plexation can protect supercoiled DNA, the com plexes are m ore rapidly cleared than naked 

pD N A . Short circulation tim es m ean that there is only a sm all chance o f  the active com plex 

reaching its intended site o f  action. Large charged particles are rapidly  cleared by uptake into the 

reticuloendothelial system  (R ES) and by lodging in sm all cap illary  beds. A study by M cLean et al., 

(1997) determ ined that the  p lasm a clearance o f  lipid/D N A  com plexes injected IV was due to 

uptake in the lung endothelia  and the fixed m acrophages in the  liver and spleen. T hese tissues m ay 

be used as “ b ioreactors” allow ing expression o f  the gene and secretion o f  the protein into the 

circulation or may be targeted  for a local effect (K eogh et al., 1997). This w ould indicate that 

targeting  com plexes to organs o ther than the lung, liver or spleen after IV adm inistration  w ould be 

difficult.

The second m ajor barrier after IV adm inistration o f  a gene delivery  system  is 

extravasation. The size, shape, charge and hydrophilic/lipophilic  balance (H L B ) o f  the colloidal 

particles and the perm eabilities o f  the vasculature will have a m ajor im pact on the d istribution  o f  

the com plexes from the vasculature to  the given tissues/organs (T akakura et al., 1998). Particles 

greater than 7^m  will cause cap illary  blockade. M uch sm aller partic les are required  to  allow  

prolonged circulation and an opportunity  for extravasation. There are three types o f  endothelium  

throughout the body and the barriers posed to  gene delivery by these endothelia , vary considerably. 

T hese structural d ifferences along w ith the rate o f  blood and lymph flow  w ill influence the 

extravasation rate (T akakura et al., 1998). C ontinuous endothelia , found in m uscle, lung and skin, 

block the passive extravasation o f  m ost particles. Extravasation  m ay occur to  a lim ited degree 

through the fenestrated  endothelia  found in the kidney, the intestinal m esentery  and the exocrine 

and endocrine glands. Fenestrated  endothelia  have pores, w hich are often gated w ith negatively  

charged glycoproteins, and can thus allow  selective passage o f  positively  charged m acrom olecules 

(Pouton, 1999). The discontinuous cap illaries o f  the RES, including the liver, sp leen, bone m arrow  

etc., allow  passage o f  partic les up to  50nm in d iam eter. T his is due to  the presence o f  large pores in
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the capillaries and the absence of a basement membrane, which is present in both the other types of 

capillary (Pouton, 1999). Thus, the endothelia of the body are a major barrier to gene delivery, but 

it is interesting to note that some conditions have more permeable vasculature associated with 

them. Tumours and inflamed tissue often allow greater extravasation of blood-borne 

macromolecules than does healthy tissue (Pouton, 1999).

Overall then the size, surface charge and chemical nature of the complex will determine 

how it interacts with blood components, the rate at which it is cleared from the bloodstream, the 

pattern of biodistribution and the degree of extravasation possible.

3.6.1.2 Intram uscular injection (IM)

It has been shown by several groups that direct injection of naked pDNA into muscle can 

lead to significant transgene expression in vivo (W olff et al., 1992; Dowty et al., 1995). The reason 

for this anomalous expression, which seems to contradict the very low activity o f naked pDNA in 

cell culture systems, has not yet been fully elucidated. Only a small percentage of the cells are 

transfected. ~1%, with naked DNA and it is thought that passive processes may be responsible for 

the activity. The slow turnover of myofiber nuclei and the unusual DNA uptake by the nuclei of 

myocytes (Dowty et al., 1995) may explain the level and persistence o f expression. Dispersion of 

the DNA within this solid tissue mass appears critical for uniform and widespread expression. 

Different carrier systems seem to mediate different levels of dispersion with hydrophilic polymers 

mediating more efficient dispersion and transfection than particulate systems (Mumper et al., 

1996).

3.6.1.3 Intratumoural injection

Like muscle tissue, tumour tissue can be transfected efficiently with naked pDNA, which 

has proved as efficient as lipid formulations (Yang and Huang, 1996). Poor dispersion within the 

tumour tissue is a major barrier to effective transfection. Tumours lack effective lymphatic 

drainage and the associated high hydrostatic pressure means that while DNA systems may be 

retained in the tissue, they are also forced away from the central region of the tumour and 

immobilised at the peripheries.

3.6.1.4 Subcutaneous and Topical administration

Subcutaneous administration of DNA systems would tend to lead to retention o f the 

material at or near the site o f injection. This is based on the finding of Seymour and Duncan, 

(1987) that hydrophilic polymers with molecular weights greater than 500,000, similar to the
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characteristics o f  D N A , w ere retained subcutaneously  for w eeks. This would indicate that these 

system s w ere not rem oved by the lym phatic drainage system  o f  the  skin.

The topical route is also being investigated for delivery  o f  genes. It is a natural barrier 

system  o f  the body but m any conventional drugs have now  been delivered successfully  through this 

route and som e o f  these technologies could well be applied  to  gene delivery. It is thought that 

penetration  enhancers will be required to allow  prolonged localisation o f  the DNA in the skin 

(A lexander and A khurst, 1995). L ipid com plexes o f  DNA have been found to  penetrate  and express 

in the ep iderm is, derm is and hair follicles, as cationic lipids can act as penetration enhancers.

3.6.1.5 Pulm onary delivery

Pulm onary delivery  is one o f  the m ost studied  routes o f  adm inistra tion  for gene delivery 

system s. This is due  to the d ifferent delivery m ethods availab le such as aerosilisation , inhalation 

and instillation , the easy access to  the site o f  treatm en t and the m any conditions, w hich could be 

treated including  cystic  fibrosis (A lton, 1995; A lton and G eddes, 1995). The lung epithelia  pose a 

significant barrier to gene delivery. It is com posed o f  polarised  epithelial cells w ith tight junc tio n s 

betw een the cells. The apical surfaces o f  these cells contain  a high level o fa c tin  w hich strengthen 

them  and inhibits endocytic activity, m aking uptake o f  DNA m ore d ifficult. The m ucociliary 

system , w hich acts to  protect the lungs from foreign bodies, m ay also  rem ove the DNA system s 

from the cell surfaces. If  the particles reach the alveoli they are likely to  be scavenged by alveolar 

m acrophages. V arious approaches such as use o f  hypotonic system s (Saw a et al., 1996), inclusion 

o f  penetration enhancers (Freem an and N iven, 1996) and surfactan t (Jobe et al., 1996) have been 

used to  overcom e these barriers.

3.6.1.6 Intestinal delivery

T he barriers to  transfection presented by the gut are sim ilar in som e w ays to  those o f  the 

lung. This route is read ily  accessib le  to  non-invasive procedures and m ay be used to  treat a range o f  

m etabolic, exocrine, au tocrine and nutritional d isorders (Ledley, 1992). It is also  thought that the 

intestine m ight be an alternative site for the trea tm en t o f  liver d isorders, given that the intestine 

shares m any o f  the sam e m etabolic pathw ays as the liver, and could also  be used for system ic 

delivery o f  proteins as it has been show n to be capable  o f  secreting  proteins into the bloodstream  

(L ozier et al., 1997).

Like the pulm onary  epithelium , the gastro intestinal ep ithelia l cells are polarised  w ith tight 

junc tions betw een the epithelial cells m eaning that access to  the  m ore perm eable basolateral 

m em brane is lim ited (Fox, 1993). The G astro intestinal tract (G IT ) is m ade up o f  a num ber o f  cell 

types including absorptive, secretory, goblet and im m une cells but the m ost easily  transfectable
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cells and the best targets for longterm  expression would be the progenitor intestinal stem cells. The 

surface area o f the GIT is increased by the folds o f Kerckring, villi and microvilli on the absorptive 

cells (Fox, 1993). The undifferentiated cells are located in the crypts o f the GIT, which decreases 

the likelihood o f DNA systems reaching the cells (Sandberg et al., 1994), The phagocytic epithelial 

ceils found in Payer’s patches would be expected to phagocytose the particles.

The presence o f mucus, secreted by the goblet cells o f  the G.I.T., will also affect DNA 

accessibility to cells, though the nature o f this effect has yet to be fully elucidated. The apical cell 

membrane is a major barrier for passive diffusion o f hydrophilic molecules such as DNA, as are the 

tight junctions, which have a tiny pore diam eter and limit paracellular passage o f  DNA systems. 

However, before these systems can ever reach the epithelial cells they must first survive the harsh 

conditions o f  the digestive tract. The low pH, digestive enzymes and bile salts o f  the digestive tract 

pose some o f the greatest barriers to transfection (Lasic, 1997). These conditions can lead to 

disintegration and dissolution o f  lipids, peptides, proteins and nucleic acids alike, meaning that not 

only naked pDNA but also most commonly used forms o f non-viral particulate systems are going 

to be degraded within the gut to a lesser or greater extent, prior to reaching the epithelial cells. 

While these barriers would seem almost insurmountable, Zhang et al., (1995) successfully induced 

antigen-specific spleenocyte T-helper cell proliferation using a DNA/cochleate formulation orally.

Other mucosal sites such as the nose, the mouth or the genital organs may also prove to be 

suitable sites for local gene delivery and perhaps systemic delivery.

3.6.1.7 Other routes

Direct injection into virtually any organ or tissue o f the body is now a possibility with the 

advances in surgical procedures, including endoscopic and keyhole techniques. Direct delivery to 

the site o f action would elim inate some o f the barriers to transfection associated with systemic 

delivery and simultaneously concentrate the system in the target tissue. While direct injection may 

target DNA to the right site, it does not necessarily induce transfection o f the correct cell 

population and this process will depend on tissue specific promoters and targeting o f delivery 

systems.

Once the gene delivery system has reached that target cell a number o f  cellular barriers 

must be overcome as shown in Figure 3.3.
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1 . Transport in blood circulation from 
the site of injection to tissues/ceils 
targeted

2 . Uptal<e/entry into cells
3 . Release from endosom e
4 . Dissociation from the synthetic vector
5 . Transit from cytoplasm  to nucleus
6 . U ptake/Entry Into nucleus 
7 .  Transgene transcription

F ig u re  3.3 C ellu lar barriers to  gene delivery (Thierry  and M ahan, 1999)

3.6.2 Binding and Internalisation

O nce the DNA has reached the cell it m ust interact w ith the cell surface in order to  be 

internalised. Thus, b ind ing  and in ternalisation  o f  DNA system s are barriers, w hich pD N A , naked or 

com plexed, m ust over com e to  be expressed. Plasm a m em branes are com posed o f  proteins 

associated w ith a lipid biiayer m atrix. The lipophilic nature o f  the m em brane m eans that the passive 

diffusion o f  m ost m acrom olecules is extrem ely  lim ited. The negative charge associated  with 

plasm a m em branes due to  the presence o f  sialylated and proteoglycan m oieties leads to  repulsion 

betw een the m em brane and negatively charged m acrom olecules. U ptake o f  m ost m acrom olecules 

occurs via m em brane-bound com partm ents (G ruenberg  and M axfield , 1995). T hese m echanism s 

include pinocytosis, phagocytosis, adsorptive endocytosis, receptor-m ediated  endocytosis and 

potocytosis. Endocytosis is a general term  based on the in ternalisation o f  ex tracellu lar fluid or 

particles by invagination and pinch ing  o ff  o f  the p lasm a m em brane. Phagocytosis is particle- 

activated endocytosis (generally  large particles) and is especially  prevalen t in phagocytic cells. 

Pinocytosis, on the o ther hand, is endocytosis o f  sm all particles, solu tes and fluids and is a 

continuous process in m ost cell types (M ellm an et al., 1986), Potocytosis is based on invagination 

o f  caveolin-rich regions o f  the plasm a m em brane to  form  caveolae. M em brane fusion, particularly  

in the case o f  lipid carrier system s, is also  thought to  play a part in uptake processes. The degree to 

w hich each o f  these m echanism s o f  uptake is available to a DNA system  depends on the cell type, 

confluence and age as w ell as the carrier system  in question.

Since naked pD N A  is a polyanion it will not bind to  the negatively  charged plasm a 

m em brane and w ould therefore be taken up by fluid phase endocytosis (p inocytosis), a relatively  

inefficient process. The rate at w hich naked DNA is taken up into liver cells for c learance indicates 

that o ther m echanism s are  obviously involved, perhaps due to  b ind ing  o f  naked pD N A  to
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scavenger receptors or serum components, leading to adsorptive endocytosis (W attiaux et al., 

2000). Similarly when plasmid DNA is complexed with cationic polymers or lipids the tendency 

for adsorptive endocytosis to take place is increased. Adsorptive endocytosis involves non-specific 

binding o f a particle to the plasma membrane. It is based on an electrostatic interaction between the 

negatively charged plasma membrane and a cationic DNA carrier system and would be expected to 

occur for cationic lipid, polymer and polypeptide systems alike (Pouton et al., 1998). Many 

successful GDVs have a degree o f cytotoxicity associated with them. A low level o f membrane 

damage may well be required to internalise DNA but this must be balanced with cell viability.

Internalisation o f pDNA/polymer systems would appear to primarily use this adsorptive 

uptake mechanism, with anionic cell surface moieties such as proteoglycans acting as non-specific 

binding sites for the GDV (M islick and Baldeschwieler, 1996). While endocytosis appears to be the 

m ajor path for internalisation o f lipid and liposome carriers (W robel and Collins, 1995; Zabner et 

al., 1995), these systems appear to have additional mechanisms o f  binding and internalisation. Due 

to their lipidic nature they can fuse with plasma membranes directly (Feigner et al., 1987) and have 

also been shown to form pores in the plasma membrane (van der Woude et al., 1995). 

Macropinocytosis is thought to be responsible for internalisation o f large lipid or polymer/DNA 

complexes by dividing cells in culture and may be one o f  the reasons for the higher transfection 

abilities o f these systems in vitro versus those found in vivo.

The mechanisms o f uptake can also vary between different cell types. For example, 

muscle cells have been found to internalise DNA via potocytosis, an invagination process that 

internalises macromolecules into caveolae (vesicles) (W olff et al., 1992), while thyroid cells were 

found to internalise DNA into endosomal/lysosomai com partments after interstitial injection. By 

using targeting ligands as part o f a DNA carrier system receptor-mediated endocytosis, which may 

be clathrin-mediated or non-coated, can be stimulated. Other receptor-mediated events depend on 

caveolae (i.e. lipid-rich regions o f  the membrane which contain the marker protein caveolin) for 

uptake into the cytoplasm. Ligands, including protein/peptide, antibody or saccharide moieties, can 

be used for two purposes, for targeting specific cell types and for increasing cellular internalisation 

o f complexes. An example o f a ligand used for increased uptake but not targeting is transferrin. 

Transferrin receptors are expressed by a num ber o f different cell types and association o f 

transferrin with liposome/DNA (Simoes et al., 1998) and polycation/DNA complexes (W agner et 

al., 1990) has led to increased internalisation and transfection. A commonly used targeting ligand is 

galactose, which when coupled with a GDV has been found to target DNA to hepatocytes. One o f 

the most interesting aspects o f  utilising receptor-mediated endocytosis is the decreased dependence 

on non-specific adsorptive endocytosis, which requires a net cationic charge on the carrier system. 

It has been found that complexes with a net negative charge, which are covalently coupled to a 

ligand for a cell surface receptor, can successfully transfect cells (Pedroso de Lima et al., 2001).
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This would decrease the hkelihood o f these complexes becoming plasma protein coated and rapidly 

cleared, as well as decreasing non-specific binding to non-target cells and reducing their 

cytotoxicity.

3,6.3 Escape from the Endosome

While efficient binding and uptake processes are essential for transfection, improved levels 

o f cell-associated pDNA don’t always guarantee improved transfection, indicating that other 

intracellular processes are affecting transgene expression. Upon entry into the cell by endocytosis 

DNA complexes, like other endocytosed molecules, enter an endosomal compartment. These are a 

group o f membranous cellular compartments located in the peripheral and perinuclear cytoplasm. 

They constitute the main site for sorting o f endocytosed material and membrane recycling in the 

cell (M ellman et al,, 1986). The internalised material is exposed to decreasing pH within the 

endosome very shortly after uptake. If particles don’t escape from the endocytic pathway they will 

be exposed to enzymatic degradation within the lysosomal compartment. It is essential therefore to 

deliver some o f  the internalised pDNA intact from this endosomal/lysosomal system into the 

cytoplasm in order to allow passage to the nucleus and expression.

Studies have shown that naked pDNA quickly reaches the lysosomal compartment and is 

degraded (W attiaux et al., 2000). No nuclease activity has ever been found in the endosomal 

compartment, so pDNA is only degraded in the lysosome by the exonuclease, DNAse II. Naked 

DNA is hydrolysed very rapidly by nucleases but it should also be noted that cell content o f  

lysosomal nucleases depends very much on cell type. There are a num ber o f membranous and 

degradative barriers to transfection with pDNA presented by this intracellular membranous system. 

Viruses and peptide toxins have developed fusogenic peptides, which can destabilise the 

endosomal membrane and use has been made o f defective viruses (Gotten et al., 1992) and 

fusogenic peptides (W agner et al., 1992) in carrier systems to enhance their endosomolytic 

properties.

In order to avoid degradation, pDNA must be protected from nucleases and/or be delayed 

from reaching the lysosome and escape from the endosomal and/or lysosmal com partments intact. 

Cationic vectors have been shown to reduce the speed o f  transfer o f  endocytosed pDNA to 

lysosomes (W attiaux et al., 2000), thereby increasing the residing tim e o f DNA in the endosome 

and its chances o f escape into the cytoplasm. Many o f the commonly used vector systems also 

serve to protect pDNA from nucleases but this may vary from vector to vector and between cell 

types. While DNA may be protected from degradation by these properties, it must also be released 

into the cytoplasm. Most cationic lipid and polymer vectors are membranolytic and interact with 

the endosomal membrane to release DNA into the cytoplasm. Some vector systems, such as
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Polyetliylenimine (PEI) and polyamidoamine cascade (PAM AM ) polymers, utilise the lower pH o f 

the endosome by becoming protonated, swelling and rupturing the endosome (Boussif et al., 1995; 

Tang et al., 1996).

3.6.4 Intracellular trafficking

Once the PDNA, naked or complexed, enters the cytoplasm it must then reach the nucleus 

in order to be transcribed. Dowty et al., (1995), found that microinjection o f plasmids close to the 

nuclear boundary o f muscle cells produced higher transfection levels than m icroinjection o f the 

same concentration o f plasmids distal to the nucleus. This indicated that the cytoplasm does in fact 

act as a diffusional barrier to transfection.

The cytoplasm is a filamentous network embedded in an aqueous, gel-like matrix, which is 

made up o f a concentrated mix o f soluble proteins and RNA. Many o f the membrane bound 

organelles o f the cell, including endosomal and lysosomal compartments, are bound to cytoskeletal 

fibers, which are responsible for active transport o f vesicles, organelles and colloidal structures 

through the cytoplasm (Meyer et al., 1997). The transport o f  colloidal material in the cytoplasm is 

based on active transport processes, as diffusion o f m acrom olecular or particulate systems is 

extremely slow. Molecular motors associated with the microtubule network or actin microfilaments 

have been identified. Dyneins are the principal microtubule-based motors responsible for 

movement o f vesicles, including those associated with the endocytic pathway, inwards towards the 

cell nucleus. Kinesins mediate outward transport, while myosins mediate vesicle transport via the 

actin microfilaments. Accessory molecules, such as the dynactin complex for dynein-mediated 

transport, are required for these active transport processes (Pouton and Seymour, 2001). If  pDNA 

escapes from the endosome too early and cannot avail o f  the active transport processes to carry it to 

the nuclear envelope then it may never reach the nucleus (Pouton et al., 1998). Another barrier to 

nuclear delivery is the fact that naked pDNA delivered directly to the cytoplasm is rapidly 

degraded and therefore needs to be delivered rapidly to the nuclear envelope (Page et al., 1995). 

Appropriate knowledge and utilisation o f  this system may improve future DNA carrier systems.

3.6.5 Nuclear Uptake

By the time the DNA system has reached the nuclear membrane there has already been a 

huge loss o f DNA and the nuclear envelope then presents yet another substantial barrier to 

transfection. Many studies have indicated that poor nuclear uptake o f plasmid DNA is a major 

barrier to efficient non-viral transfection systems (Zabner et al., 1995). Many viral proteins contain 

nuclear localisation signals (NLS), enabling them to utilise the active transport system o f  the 

nuclear envelope.
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The nuclear membrane is a barrier that prevents transport o f  macromoiecules greater than 

70kDa except via the nuclear pore active transport system (Gorlich and Mattaj, 1996). This active 

transport system is very complex and involves not only nuclear membrane proteins but also soluble 

proteins in the cytoplasm. M acromoiecules that contain a NLS, a specific oligopeptide sequence, 

are recognised by cytoplasmic proteins (importins and karyopherins), which bind to them. These 

complexes then bind to the nuclear pore complex and are translocated, via an energy-dependent 

mechanism. The nuclear pores are essentially gateways for transport o f proteins and nucleic acids 

in and out o f  the nucleus (Pouton, 1998). Incorporation o f  NLS sequences in non-viral carrier 

systems (Kato et al., 1991) or coupled to the pDNA has been tried to improve nucleocytoplasmic 

trafficking o f  the pDNA (Sebestyen et al., 1998).

Since the nuclear envelope is not present when a cell undergoes cell division, it would be 

expected that nuclear uptake would increase with consequent improved transfection and it has been 

observed that dividing cells are in fact more easily transfectable than quiescent cells (Tseng et al., 

1999).

Studies using cationic lipid and cationic polymer carriers for DNA have shown differences 

in the importance o f complex uncoupling to transfection. Liposome/pDNA complexes injected into 

the nucleus inhibited gene expression (Zabner et al., 1995) versus that produced by injection of 

naked pDNA into the nucleus. Thus, it would appear that dissociation o f the lipid/pDNA complex 

before reaching the nuclear envelope is required. It is thought that this uncoupling o f  lipid carrier 

from plasmid DNA occurs during escape from the endosomal compartment (Xu and Szoka, 1996). 

This need to dissociate from its carrier must be balanced against the need to protect pDNA from 

nuclease digestion in the cytoplasm. A study by Pollard et al., (1998) found that the polymer 

carrier, PEI, promoted transgene delivery to the nucleus, while still complexed with the plasmid 

DNA, compared to lipid carrier systems. This indicates that dissociation o f plasmid DNA from 

polymeric carrier systems prior to nuclear entry may impair their mechanism o f action.

Overall, plasmid DNA because o f its size, charge and hydrophilic nature is a difficult drug 

to deliver in vivo in doses that will produce a therapeutic effect. Non-viral gene delivery systems 

must surmount both extracellular and intracellular barriers before they can successfully mediate 

transgene expression. Many o f these barriers have been overcome successfully by the natural 

infectivity processes o f  viruses. In vivo these barriers can be dependent on the chosen route of 

administration, while in vitro cell systems tend to examine only the ability o f  a given system to 

overcome the cellular barriers such as internalisation, endosomolysis and nuclear uptake.
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Chapter 4

Non-viral Gene Delivery Systems and M ethods for overcoming the Barriers to 

Transfection

4.1 Non-viral gene transfer vectors

Non-viral gene medicines have emerged as a promising technology for effecting in vivo 

gene transfer and control o f  gene function. W hile naked plasmid DNA can effectively express 

proteins in a limited number o f tissues, e.g. muscle, gene medicines are generally comprised o f 

both a gene expression system, which contains a therapeutic gene, and a synthetic gene delivery 

system (Tomlinson and Rolland, 1996). These systems are often termed plasmid-based gene 

delivery systems. The main aim o f these systems is to control the surface and colloidal properties 

o f plasmids in a biological environment, since these properties influence their biological 

distribution, cellular uptake, intracellular trafficking and translocation (M ahato et al., 1997b). Other 

non-viral based systems deliver plasmid DNA by physical or mechanical means, but many o f these 

methods are unsuitable for in vivo delivery. This chapter will give an overview o f  all these methods 

with an emphasis on the more popular particulate systems. There is a vast bank o f  research in this 

area and this is simply an overview o f the key elem ents o f  Gene Delivery Vectors (GDVs) 

including their structure and physicochemical properties, their ability to interact with pDNA and 

the nature o f the complex formed, in vitro and in vivo transfection studies, their mode o f action and 

their safety profile.

4.1.1 Design of GDVs

There are many factors to take into consideration when designing a plasmid-based gene 

delivery system some o f  which have been described previously (Chapter 3). An ideal gene therapy 

delivery vector would require the inclusion o f several intrinsic characteristics, combining the 

attributes o f  a marketable pharmaceutical product with the desired biological activity (Smith et al., 

1996). Ideal properties include:

•  Safety: the vector ( if  synthetic) should be non-toxic, non-immunological and biodegradable in 

vivo

•  Efficiency: gene delivery to targeted cells must be efficient and reproducible

• Selectivity: the vector must be stable in vivo  and show selective expression in the targeted cells

• Cost: it should be easy to produce at relatively low cost

•  Quality Control: it should be easy to characterise for quality control purposes

• Kinetics: the product should be convenient to adm inister by conventional routes o f  drug 

delivery and cleared from the body with reproducible kinetics

• Clinical: the product should be acceptable to patients, clinicians and regulatoty authorities
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4.2 Naked Plasmid DNA

Plasmid DNA may be viewed as a polymeric macromolecule with characteristics 

unfavourable to cellular uptake (high m olecular weight, high negative charge density and lability). 

Despite this fact, it is active after administration in vivo in some circumstances. It has been shown 

to be active in vivo after direct injection into muscle (W olff et al., 1992a, 1992b; Dowty et al., 

1995), tumours (Yang and Huang, 1996) and lung (M eyer et al., 1995). In a study looking at 

genetic vaccination, DNA encoding for influenza A nucleoprotein was injected into the hind leg 

muscle o f mice and this successfully stimulated an immune response, which was able to respond to 

different strains o f virus (Ulmer et al., 1993). Yang and Huang, (1996) found that after injection o f 

30|ig o f  pDNA into tumour tissue only 2ng o f  reporter protein was produced, while the presence o f 

cationic liposomes actually inhibited gene expression. These results are all the more intriguing 

given that cell culture models indicate that cationic liposomal complexes o f  plasmid DNA produce 

transgene expression several orders o f magnitude higher than naked plasmid DNA.

The expression o f  plasmid DNA often occurs only in a very small percentage o f  cells in the 

tissue and is often localised in regions close to the injection site. Mumper et al., (1996) found that 

hydrophilic polymers appeared to be more effective at promoting transfection in solid tissues, such 

as muscle and tum our tissue, than particulate systems and that expression was more uniform and 

widespread. This would suggest that plasmid in colloidal suspension is more widely dispersed than 

particulates. Dispersion within a tissue mass will depend on diffusion and convection processes. 

Particulate systems may be physically trapped within a tissue mass thereby limiting their dispersion 

and expression. The slow turnover o f myofiber nuclei and the unusual DNA uptake by the nuclei o f 

myocytes (Dowty et al., 1995) may explain the level and persistence o f expression. The anomaly 

between the activity o f  naked plasmid DNA in cell culture systems and in tissues such as muscle 

and tumours is an indication o f  the limitations o f  cell culture models as screens for gene delivery.

4.3 Physical and M echanical M ethods

Mechanical and physical methods are generally used to deliver naked plasmid DNA into 

cells. Mechanical methods include direct microinjection, ballistic and laser methods. 

Microinjection o f  pDNA involves direct injection o f  plasmid DNA into the nucleus o f  cells. It leads 

to expression and occasional integration o f recombinant genes into the chromosome o f the cultured 

cells (Cappechi, 1980). This method is often used in engineering transgenic animals but is o f 

limited use for human gene therapy. Ballistic methods are based on plasmid-coated gold or 

tungsten particles being shot into tissue (Ledley, 1996). Once the pDNA has been precipitated, it is 

projected into cells using explosive or gas-driven ballistic devices, commonly known as gene guns, 

e.g. Biolistic™, AccelP^, Agracetus. Once in the tissue, the pDNA is released slowly from the
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particle allowing gene expression. Reporter and therapeutic genes have been expressed in a range 

o f  cel! types in culture and in various tissues o f  different species using this method o f  delivery 

(Yang et al., 1990). Laser methods involve burning transient pores in the cells. In agriculture sharp 

needles are sometimes used to transfer DNA to seeds. Sharp crystalline (silicon carbide) needles 

are coated with DNA and mixed with seeds. A nother option for mechanical delivery o f pDNA is 

use o f  needle-free je t injection systems (hypospray), which have been used to adm inister reporter 

genes to the skin o f  mice (Ledley et al., 1994). A column o f liquid is projected into a target tissue 

under high pressure. This liquid penetrates the superficial layers o f the tissue and then disperses.

Physical methods o f  DNA delivery include electroporation, sonication, osmotic shock and 

freeze-thawing (Lasic, 1997). These methods are popular for in vitro work but have obvious 

drawbacks for gene therapy. Electroporation is widely used in in vitro gene transfer and involves 

cells being exposed to a high voltage (Chu et al., 1987). It can produce transient transfection in 

over 90% o f cells in many cell lines and tissues if  the conditions o f  electroporation are optimised, 

i.e. voltage, capacitance and pulse dynamics, for a given cell line. This optimisation procedure also 

ensures cell survival.

Other methods used for direct delivery o f  pDNA include the use o f  catheters or implantable 

materials. If these devices are coated with pDNA they can be put directly in contact with the target 

tissue and coated catheters have been use to transfer DNA to vascular endothelia (Nabel et al., 

1994).

4.4 Synthetic Gene Delivery Systems

In the classical view o f  drug delivery, naked plasmid DNA is the active to which excipients 

may be added to enable delivery o f the active form o f  the drug to the desired site o f  action. Many 

different types o f chemical moieties have been investigated as potential synthetic vectors for gene 

therapy and after analysis o f  their performance several features have been found to be key to 

successful plasmid transfection:

• Compaction o f the plasmid DNA

• Masking o f  the anionic charge associated with pDNA

• Ability to bind to the cell surface in such a way as to trigger membrane destabilization or 

endocytosis (Behr, 1993)

One o f the first methods for transfer o f  DNA involved precipitating DNA with calcium 

phosphate (Graham and Van der Eb, 1973). It is thought that the positively charged calcium binds 

to DNA causing it to precipitate onto the cultures cells, which internalise the complex by non

specific endocytosis. This is the forerunner o f many o f the systems currently in use as gene
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delivery vectors. Similar methods were developed using cationic polymers, including 

diethylaminoethyldextran (DEAE-dextran), polylysine and polybrene (Kawai and Nishizawa, 

1984). M ore recent advances have led to the use o f  a range o f  com plexing and condensing  agents, 

involving a w ide range o f  chemical moieties including polycations, peptides, proteins, lipids and 

liposomes, polysaccharides, as well as other condensing and non-condensing polymers.

4.S Lipids and Liposomes

Liposomes have been used in drug delivery for many years. Because they are generally 

biocompatible, biodegradable and have low immunogenicity they can be used as pharmaceutical 

excipients. They have a broad range o f  properties including reduction o f  the toxicity o f  free drugs, 

such as doxorubicin and Amphotericin B, sustained release o f  cancer drugs, enhancem ent o f  

intracellular accumulation o f  encapsulated molecules and penetration enhancem ent for topical 

vehicles (Lasic, 1997). A m B isom e® , a liposome formulation containing the antifungal agent 

amphoteric in  B, has been on the market since 1990. O ne o f  the m ajor drawbacks o f  conventional 

liposomes is their rapid uptake by the reticuloendothelial system (RES), which sequesters foreign 

colloidal particles in the body. Sterically stabilised “stealth” liposomes have been developed to 

evade this uptake (Lasic, 1997; Lasic and Templeton, 1996). They have a surface coating o f  an 

inert hydrophilic  polymer, such as polyethylene glycol (PEG). These stealth liposomes have a 

prolonged circulation time in the body and were found to  enhance accumulation in certain tumours 

leading to the developm ent o f  the commercially available D oxil®  product, which is a sterically 

stabilised liposomal preparation o f  the anticancer agent doxorubicin. Because o f  their ability to 

enhance cellular delivery o f  encapsulated molecules, conventional and pH-sensitive liposomes, 

which it was hoped would improve endosomal escape, were tested as gene delivery systems (Lasic 

and Tem pleton, 1996). The low encapsulation efficiency and poor transfection levels m eant that 

they were dismissed and it was only when Behr, (1986) dem onstrated that cationic liposomes could 

com plex  and condense pD N A  that interest was sparked. Feigner et al., (1987) proved that cationic 

liposomal preparations could efficiently transfect cells. The  ability to transfect w as attributed to 

several properties;

•  Condensation o f  DNA due to the spontaneous electrostatic interaction between pD N A  and the 

cationic liposomes

•  Improved interaction with negatively charged cell surfaces due to the positive overall charge o f  

the complexes

•  M em brane fusion and destabilisation promoted by cationic liposomes which enhances 

intracellular release o f  complexed pD N A

Based on these properties there has been a huge surge in interest in cationic lipids and liposomes as 

gene delivery vectors and some 20%  o f  gene therapy clinical trials are using cationic lipid systems 

as carriers.
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4.5.1 Composition

Liposomes are vesicular, colloidal particles made up o f  amphiphilic molecules, generally 

lipids, which self assemble. Conventional liposomes are composed o f neutral or anionic lipids. 

These lipids can be from natural sources such as egg yolks, soya beans and ox brain or chemically 

synthesised (Lasic, 1997). The most commonly used natural lipids are the lecithins 

(phosphatidylcholines), phosphatidylethanolamines (PE) and sphingomyelins. Some o f the 

naturally occurring anionic lipids are phosphatidylserines, phosphatidylglycerols (PG) and 

phosphatidylinositols (PI). These lipids form so-called conventional liposomes and react non- 

specifically with their environment (Lasic, 1997). in order to control this interaction different 

strategies have been employed, including the development o f targeted, stealth and reactive 

liposomes. Targeted liposomes have targeting ligands such as monoclonal antibodies or lectins 

attached to their surface and this allows them to interact with specific receptors and/or cell types. 

Stealth or sterically stabilised liposomes are coated with an inert hydrophilic polymer, which 

prolongs their circulation in vivo. Reactive or polymorphic liposomes include a wide range o f 

liposomes, the common property o f these liposomes being their tendency to change their phase and 

structure upon a particular interaction (Lasic, 1997). This interaction may be with an acidic 

environment in the case o f pH-sensitive liposomes or negatively charged polymers in the case o f 

cationic liposomes. As in conventional drug delivery, successful gene delivery may use one or 

many o f these types o f liposomes in a given vehicle (Lasic, 1997).

As stated previously, cationic liposomes were pioneered as GDVs by Feigner et al., (1987). 

They used the cationic lipid 2,3-bis(oleoyl)oxipropyltrimethylammonium chloride (DOTM A) and 

the neutral co-lipid dioleoylphosphatidylethanolam ine (DOPE) to form their liposomes and this 

eventually became the commercially available vector Lipofectin™ (Gibco BRL). Positively 

charged lipids practically don’t exist in nature so it was only with the increased interest in lipid 

synthesis that they became available for gene delivery (Lasic and Templeton, 1996). The majority 

contain four functional moieties; a positively charged head group (usually an amine), a spacer o f 

variable length, a linker bond and a hydrophobic anchor (sterol or dialkyl) (Gao and Huang, 1995). 

With the exception o f the spacer, all other features are necessary for functional activity. The first 

generation o f  cationic lipids was designed to contain polar head groups with a single protonable 

amine. These included 2,3-bis(oleoyl)oxipropyltrimethylammonium chloride (DOTM A) and 

dioleoyloxy-3-(trimethylammonio) propane (DOTAP) (available from Boehringer M annheim). 

Both o f  these lipids are two-chained amphiphiles linked to a propyl ammonium group. They differ 

in the linker bond that holds the two portions together. In DOTMA it is an ether linkage, while in 

DOTAP it’s an ester linkage. Further chemical modification o f  this structural family led to the 

discovery o f yet another efficient agent, dimyristooxypropyl dimethyl hydroxyethylammonium 

bromide (DM RIE) (Feigner et al., 1994). Other examples o f  widely used monovalent cationic
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amphiphiles include dioleoyloxy-3-(trimethyiammonio) propane DDAB, which in a mix with 

DOPE is marketed as TransfectAce™  (GibcoBRL).

Newer agents, such as 2,3 - dioleoyloxy- N - (2(sperminecarboxamido) - ethyl) - N,N -  

dimethy 1- 1 -propanaminium trifluoroacetate (DOSPA) and dioctacdecyldimethylammonium 

chloride (DOGS), which incorporate multiple amine groups derived from the natural cation 

spermine, have been developed (Barthel et al., 1993; Behr et al., 1989). These lipids form m icellar 

rather then bilayered vesicular structures. DOSPA combined with DOPE is available commercially 

as LipofectAMINE™ (GibcoBRL), while DOGS is available as Transfectam™  (Promega). 

Polyelectrolytes, such as poly-L-lysine, have also been attached to acyl chains to form 

lipopolylysines (Zhou et al., 1991).

Positive charge can also be attached to a cholesterol backbone and the best known example 

o f this type o f  cationic lipid is 3P(N-(N ’,N ’-dimethylaminoethane) carbamoyl)-cholesterol (DC- 

Chol), which is a tertiary amino derivative linked to the cholesterol anchor via a carbamoyl bond 

(Gao and Huang, 1991). Some o f the most commonly used lipids are shown in Figure 4.1.

Many cationic liposome formulations contain a neutral colipid or “helper” lipid; usually 

DOPE (Feigner et al., 1994), but also cholesterol (Bennett et al., 1995) or dioleoyl 

phosphatidylcholine (DOPC). DOPE is required for non-bilayer forming lipids in order that stable 

liposomes are formed. Its ability to enhance transfection has been ascribed to its tendency to 

undergo a transition from a bilayer to a hexagonal configuration under acidic pH. It is thought that 

this property facilitates fusion with or destabilisation o f  target membranes, especially endosomal 

membranes (Feigner et al., 1994; Zuidam and Barenholz, 1998). Evidence now also suggests that 

the presence o f DOPE facilitates disassembly o f the lipid-DNA complexes after internalisation 

(Sim5es et al., 1999). Use o f  cholesterol as a helper lipid tends to form more stable liposomes, 

which tend to be less active than the corresponding DOPE containing formulations in vitro, but 

interestingly are superior in vivo (Lasic et al., 1999).
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Figure 4.1 Structure o f some o f the most commonly used cationic lipids (Lasic et al., 1999)
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4.5.2 Structure and Properties

The structure o f  a liposome depends not only on its composition but also on the method o f  

preparation (Lasic, 1997). The same preparation methods are used for cationic liposomes as have 

been used for anionic and neutral liposomes. Thus, lipids are mixed in an organic phase, dried, 

hydrated with agitation to form large multilamellar vesicles (M LV s) and then generally reduced in 

size by homogenisation, sonication o r  extrusion to form unilamellar vesicles (Lasic, 1997). In 

general, liposomes are prepared from large unilamellar cationic liposomes (LUVs), with sizes o f  

approximately lOOnm, and from small unilamellar liposomes (SU V s), with sizes ranging from 20 

to lOOnm, but it as been shown that D N A-liposom e com plexes formed from multilamellar 

liposomes (M LV s), with a size between 300 and 700nm mediate higher levels o f  gene expression 

(Feigner et al., 1994; Liu and M ounkes, 1997). Ross and Hui, (1999) have found that the size o f  the 

final DNA-lipid complex is the m ajor determ inant o f  biological activity as opposed to the type o f  

liposome used. Because cationic lipids are so-called reactive lipids they undergo phase and 

structural changes when they complex with DMA and it has been shown that DNA can induce the 

generation o f  multilamellar liposomes from unilamellar liposomes, thereby altering the original 

liposome structure. Deviations from sphericity are often seen with cationic liposomes, which can 

form dumbbell or oval structures as well as spherical liposomes. This phenom enon is thought to be 

related to the high charge density o f  the lipids (Lasic, 1997).

Stability o f  liposomes can be broken down into three categories: physical, chemical and 

biological. The colloidal stability o f  cationic liposomes can be predicted using Derjaguin, Landau, 

V erwey and Overbeek Theory (D LV O ) Theory, which basically states that i f  electrostatic repulsion 

between tw o particles is greater than van der W aals attraction, the system is stable (M artin , 1993). 

This theory appears to accurately predict the stability o f  larger vesicles, but overestim ates the 

stability o f  smaller vesicles (Carmona-Ribeiro, 1989; 1992). It has also been noted that the nature 

o f  the counterion, e.g. chloride, bromide or hydroxide, can affect the structure o f  cationic 

liposomes. At high charge ratios cationic liposomes stored at 4°C can be stable for years, if  

properly sterilised.

The chemical stability o f  cationic lipids is similar to that o f  neutral o r  anionic lipids, i.e. 

oxidation and hydrolysis are the m ajor degradation reactions. Chemical instability can be 

minimised by careful handling at optimal pH to reduce hydrolysis, and in the presence o f  

antioxidants to minimise oxidation (Lasic, 1997).

Liposomes are intrinsically unstable in a biological milieu and tend to leak and aggregate 

in plasma (Lasic, 1997). The degree and type o f  interaction will o f  course  depend on the route o f  

administration used. L iposome stability in the digestive tract is very limited due to  the acidic
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conditions and the presence o f lipases and bile salts. Liposomes in the bloodstream become coated 

with plasma globulins and proteins of the complement cascade and are sequestered into the cells of 

the RES and accumulate in the liver, spleen, bone marrow and lymph nodes. Cationic liposomes 

are even more unstable than conventional liposomes in vivo due to the high proportion of 

negatively charged surfaces and particles present in biological systems, with which they can 

interact.

4.5.3 DNA/Lipid complexes (Lipoplexes)

Cationic lipids spontaneously interact with the anionic DNA. In order to encapsulate DNA 

in neutral or anionic lipids more elaborate encapsulation procedures are required e.g. freeze-drying. 

The physicochemical properties of the DNA/lipid complexes (lipoplexes) formed modulate their 

biological activity (Pedroso de Lima et al., 2001). These physicochemical parameters include the 

size, shape, charge density and stability of the complexes formed. These parameters not only affect 

the ability o f these complexes to transfect but are also important factors in the quality control of 

DNA delivery systems. These physicochemical parameters are determined by thermodynamic and 

kinetic factors. Factors such as the concentration of lipids and DNA, the ionic strength and 

temperature o f the suspending medium, the order o f addition and the method and rate of mixing all 

affect the final DNA complex formed (Lasic, 1997; Zelphati et al., 1998b; Caplen, 2000).

Use o f excess cationic liposome results in the formation of positively charged complexes, 

which can interact non-specifically with the negatively charged cell surface. The DNA structure 

has been shown to collapse into a condensed form at charge neutralisation (Gershon et al., 1993), 

and a further electron microscopy (EM) study of complexes (Zabner et al., 1995) revealed a very 

heterogenous population of complexes. It has been found that complexes composed of an excess of 

positive or negative charge exhibit a homogenous size distribution, while those which have a 

neutral zeta potential, when the cationic molecules are neutralised by the anionic DNA (Ledley, 

1996), are less stable and more heterogeneous in size. This instability has been attributed to a lack 

o f electrostatic repulsive forces between the complexes (Feigner et al., 1994; Zelphati et al., 1998b; 

Mahato et al., 1997a). As well as the ratio o f lipid to DNA, the concentration o f components also 

affects stability. As concentrations increase the colloidal stability of complexes tends to decrease, 

probably due to decreased separation between the particles (Tomlinson and Rolland, 1996). Low 

ionic strength suspending media allow greater interaction between DNA and the cationic 

liposomes, allowing more effective interaction and preventing aggregation and sedimentation. 

Similarly kinetic parameters affect the final complex. It has been found that rapid mixing o f the 

components results in small lipoplexes, while slow mixing leads to precipitation (Hirota et al., 

1999).
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Many models have been proposed for the type o f  structure formed between DNA and 

liposomes. Original theories based on charge neutralisation and light scattering data claimed that 

four intact cationic liposomes bound to the plasmid DNA by electrostatic interactions (Feigner and 

Ringold, 1989). Gershon et al., (1993) proposed a different model based on EM studies. They 

proposed that due to DNA-induced fusion a cationic lipid bilayer coats the entire plasmid. 

Sternberg et al., (1994), using freeze fracture EM, came up with the so-called “spaghetti-m eatballs” 

model in which there co-exist tubular structures o f DNA coated with a lipid bilayer and aggregates 

o f  cationic liposomes surrounding DNA molecules (beads on string). More recent studies using X- 

ray diffraction and in situ  optical microscopy have indicated that there is a topological transition 

from the liposomal structure to a liquid-crystalline, condensed and globular structure upon addition 

o f DNA. This structure consisted o f DNA monolayers sandwiched between cationic lipid bilayers 

(Radler et al., 1997). The presence o f  DOPE as a component was found to change the structure of 

the complex from liquid crystalline to a two-dimensional hexagonal lattice (Koltover et al., 1998). 

Templeton et al., (1997) described condensed DNA in the interior o f  invaginated liposomes 

between two lipid bilayers, the final structure being dependent on the liposome composition. It has 

been suggested that different structures may in fact co-exist in the same preparation because o f  the 

variability involved in preparation o f the complexes and the different techniques used to study their 

structure (Pedroso de Lima et al., 2001).

4.5.4 In vitro gene expression

Many studies have concentrated on the use o f  liposomes for gene therapy applications, as 

reviewed by Lasic and Templeton, (1996). Initial in vitro transfection results produced high levels 

o f  reporter gene expression, but these levels were highly dependent on the DNA-liposome complex 

formulation and the cell type transfected. In vitro gene delivery is used not only for testing gene 

therapy systems but is also a useful tool in genetic engineering and in determ ining the function o f 

genes, which is o f  huge import in light o f  the human genome project.

Conventional liposomes were originally tested in vitro and the best results were obtained 

with phosphatidylserine-cholesterol liposomes (Nicolau and Cudd, 1989), which have a highly 

negatively charged surface. The levels o f  transgene expression were still very much lower than 

those achieved using the established calcium or polycation systems. pH-sensitive liposomes have 

demonstrated enhanced cytoplasmic delivery o f macromolecules due to the destabilization o f the 

liposome bilayer at acidic pH within the endosome. Legendre and Szoka, (1992) showed that 

cationic liposomes were superior to pH-sensitive liposomes, indicating that the cationic liposomes 

used an alternative pathway into the cell.
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W hile Feigner et a!., (1987) successfully transfected several cell lines with 

DOTM A:DOPE, they also recognised the toxicity o f the liposomes and a search began for cationic 

lipids with reduced toxicity and improved efficiency. Lasic and Templeton, (1996) effectively 

review these lipids. It is almost impossible to directly compare in vitro transfection efficiency from 

different laboratories or even different experiments given the colloidal and biological variability o f 

experimental parameters including cell line used, degree o f  confluency, reporter gene used, 

quantities o f  transfection agents used, time o f incubation, time o f  expression and method o f 

expressing results (e.g. RLUs vs. ng o f luciferase), to name but a few. Once the conditions for 

transfection have been optimised, however, virtually any cell line can be transfected using 

liposomal formulations (Lasic, 1997). Many o f the most effective cationic lipid systems are now 

available commercially; Lipofectin™, DOTAP™, LipofectAMINE™, LipofectACE™, 

Transfectam™, Cellfectin'^^, TFX-50, DOSPER are well established agents and more recent 

products include FuGENE 6, Effectene, GenePORTER, GeneSHUTTLE-20,40. A recent study, 

which aimed to compare a wide range o f commercially available cationic lipid-based transfection 

kits, found that in NIH 3T3 cells all the kits tested produced roughly the same order o f  magnitude 

o f  transfection, with FuGENE and GeneSHUTTLE being somewhat better (Sim berg et al., 2000).

4.5.5 Mechanism of action

Liposomes can interact with cells in a number o f  different ways including lipid exchange, 

adsorption, fusion and endocytosis. It was initially believed that uptake o f liposome-DNA 

complexes was via fusion with the cell membrane (Feigner et al., 1987) but recent evidence has 

suggested that endocytosis is the major mechanism o f entry (Zabner et al., 1995; Friend et al., 

1996). Endocytosis appears to involve both clathrin and non-clathrin coated vesicles. The extent o f  

each o f the pathways appears to be dependent on the cell type and age, as well as the 

physicochemical parameters o f  the DNA/lipid complexes. O ther mechanisms o f  entry that have 

been proposed include pore formation in the plasma membrane (Van der W oude et al., 1995) and 

phagocytosis (Simoes et al., 1999). It must be noted that high levels oflDNA binding and cellular 

internalisation do not always correlate with high levels o f  transfection efficiency (Bally et al., 

1999). This indicates that other cellular barriers to lipid-based transfection exist.

Several groups have addressed the question o f  the fate o f  these complexes after 

internalisation. Friend et al., (1996) detailed extensive liposome-membrane interactions throughout 

the cytoplasm. When DNA is internalised via endocytosis it is imperative that it escapes the 

endosomal compartment prior to lysosomal degradation. It has been demonstrated that lipoplexes 

produce a membrane destabilizing effect. The anionic lipids present on the cytoplasmic edge o f 

cellular membranes undergo a flip-flop reaction with the cationic lipids and formation o f  neutral 

ion pairs is thought to lead to displacement o f  the pDNA from the liposome and into the cytoplasm
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(Xu and Szoka, 1996). The acidic environment o f  the late endosome activates the fusogenic 

properties o f the helper lipid DOPE and DOPE is also thought to be involved in dissociation o f  

pDNA from the cationic liposomes by competing with cationic lipid for DNA phosphate groups 

(Pedroso de Lima et al., 2001).

The method o f nuclear entry o f liposome-encapsulated pDNA has still not been fully 

elucidated. Studies using direct cytoplasmic and nuclear injection have shown that DNA coated 

with lipid cannot be expressed in the nucleus, i.e. DNA must be free to be effectively transcribed 

(Zabner et al., 1995). Free pDNA, however, has been shown to be degraded rapidly in the 

cytoplasm and must thus be protected from nuclease attack (Page et al., 1995). It has been 

suggested that DNA remains partially coated, thereby maintaining pDNA in its condensed state, 

protecting it from degradation and perhaps playing a role in membrane destabilisation (Pedroso de 

Lima et al., 2001). In the absence o f mitotic activity, when the nuclear membrane is compromised, 

DNA penetrates the nucleus through nuclear pores by passive diffusion or through active transport 

mechanisms.

It must also be noted that the in vitro activity o f cationic lipids has been reported to be 

influenced by the presence o f serum (Feigner et al., 1987; Legendre and Szoka, 1992).

4.5.6 In  vivo gene expression

Although liposomal systems have been shown to improve in vitro  gene transfection in cell 

culture systems this biological activity often does not translate in vivo. The reasons for this seem to 

be based on the biological, structural and functional differences that exist between cell culture 

systems and animal models, as well as the effect o f biological fluids, especially serum, on the 

colloidal properties o f  liposomal systems (Pedroso de Lima et al., 2001).

Lipoplexes can be administered via the same route as conventional liposomal formulations, 

i.e. systemic, local (intramuscular, intratumour, subcutaneous, intracerebral, intraarticular etc.) and 

intraperitoneal injection, as well as intratracheal instillation, aerosol inhalation or topical delivery 

to the skin. Naked plasmid DNA is rapidly degraded when administered systemically, with a half- 

life o f  approximately 10 to 15 seconds.

Conventional liposomes were tested in vivo. When an egg yolk lecithin;ox brain 

phosphatidylserinexholesterol (8:2:10) liposome was used to deliver a rat insulin gene, the gene 

was expressed and blood glucose lowered but with low efficiency (Nicolau and Cudd, 1989).
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The use o f  cationic liposomes as systemic vectors in vivo is restricted by their lack o f 

stability in serum. Interaction o f  cationic liposomes with serum com ponents leads to colloidal 

instability, which can manifest as aggregation and/or dissociation o f complexes. Binding o f  serum 

proteins or opsonisation can also increase the rate o f  elimination o f  the complexes from the blood 

circulation (Zelphati et al., 1998a). It has been shown that the most likely cells to be transfected 

after systemic administration o f liposomal gene delivery systems are vascular endothelial cells, in 

the lung, fixed macrophages in the liver (Kupffer cells) and spleen, and hepatocytes in the liver 

(Lasic, 1997) with the highest expression generally being in the lung. This high level o f  expression 

in the lung is thought to be due to a first pass phenomenon, as the lungs are the first organs 

encountered. A huge number o f  in vivo studies using parenteral adm inistration have been carried 

out. Formulations containing DOTM A.DOPE (Debs et al., 1990) and DDAB:Chol (Zhu et al., 

1993) administered by tail vein injection mediated significant levels o f reporter gene expression. 

Solodin et al., (1995) using a series o f  dialkyl derivatives o f  imidazolinium salts indicated that 

there was little correlation between in vitro transfection ability and in vivo efficiency after 

parenteral administration. Templeton et al., (1997) showed that DOTAP was more efficient than 

DDAB, and cholesterol more efficient as a helper lipid than DOPE in vivo. Complement activation 

by cationic lipoplexes and naked pDNA has been demonstrated (Lasic, 1997).

Pulmonary delivery using liposomal formulations has also been widely researched 

(Stribling et al., 1992; Hyde et al., 1993; Logan et al., 1995; Lee et al., 1996; W heeler et al., 1996). 

Many o f these studies looked at correction o f the cystic fibrosis (CF) defect and some o f the 

cationic lipids mediated gene expression some 1000-fold higher than naked pDNA. Interestingly, 

while slightly positively charged complexes are generally used for parenteral adm inistration o f 

liposomal:DNA complexes, anionic complexes are generally used for pulmonary delivery. DNA 

entrapped in cochleates has been delivered successfully via the oral route despite the instability o f 

many species including lipids and peptides in the digestive tract (Zhang et al., 1995) and 

DOTAP:DNA complexes have mediated gene expression in the dermis, epidermis and hair follicles 

after topical DNA delivery. Local administration o f  cationic liposome DNA complexes in vivo via 

catheters to arterial endothelial cells (Nabel et al., 1989), direct injection into the brain and direct 

intratumoural injection (Plautz et al., 1993) have proved successful.

Just as for in vitro transfection, formulations, especially lipid:DNA ratio, must be 

optimised for each target organ and route o f administration. It is interesting to note that the 

concentration o f  liposomes in many commercially available kits is rather low, meaning that they 

cannot suspend an adequate quantity o f  pDNA for in vivo applications (Lasic, 1997) in a practical 

volume for delivery.
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Liposomal vectors are by far and away the most commonly tested non-viral GDV in 

clinical trials. Nabel et al., (1993) determined that treatment o f melanoma with HLA B7 gene 

complexed with DC-Chol:DOPE liposomes was feasible, safe and had therapeutic potential. 

Clinical trials for the treatment o f cystic fibrosis have used DC-Chol;DOPE liposomes for 

delivering pDNA to the nasal epithelium (Caplen et al., 1994). Non-viral approaches make up 20% 

of current or proposed gene therapy clinical trials and the majority o f the systems are liposomal.

4.5.7 Toxicity

Toxicity is another feature observed with many cationic lipids (Feigner et al., 1987; Lee et 

al., 1996). Much o f these toxic effects are related to the cationic charge o f the lipids, which 

interacts with the negatively charged components o f the biological milieu. The toxicity o f  cationic 

liposomes seems to be related to colloidal and cellular effects. On a colloidal level, they can induce 

flocculation, thrombosis, or platelet aggregation in plasma. On a cellular level, lipids have surface- 

active properties, which can lead to membrane solubilisation, poration, hemolysis and alteration o f 

membrane and membrane protein properties. Protein kinase C is a membrane protein, which has 

been shown to be inhibited by cationic lipids (Bottega and Epand, 1992). A correlation has been 

found between the nature o f  a lipids linker group and toxicity. It was found that lipids containing 

labile ester linkages, e.g. DOTAP, are less toxic than lipids with stable ether linkages, e.g. 

DOTMA, DMRIE (Feigner et al., 1994; Scheule et al., 1997).

Naked pDNA is not toxic in vivo, although it is a powerful activator o f the complement 

system, especially if contaminated by endotoxins (Vukajlovgich et al., 1987). It is generally 

believed that lowering the positive charge o f  cationic liposomes by complexation with DNA 

reduces overall toxicity (Gao and Huang, 1991), i.e. that toxicity is proportional to the positive 

charge. The level o f  toxicity also depends on the type o f lipid and the cell line used. For example 

when DOTM A’.DOPE and DC-Chol;DOPE DNA complexes were tested on A431 cells the IC50 o f 

DOTM A.DOPE complexes was found to be 6fo.g/ml, while that for DC-Chol;DOPE complexes was 

25|ig/ml.

In vitro toxicity, however, cannot be used as the sole indicator o f  in vivo toxicity because 

the contact time o f  liposomes with cells in vivo would be considerably shorter than that used in in 

vitro experiments and also the presence o f body fluids and other natural clearance mechanism (e.g. 

cilia) are likely to keep contact time to a minimum. Most reports seem to indicate that liposomal 

gene delivery formulations are well tolerated in vivo. Studies involving delivery o f  pDNA by 

injection and inhalation using DOTM A/DOPE-DNA complexes (Canonico et al., 1994) and studies 

using DC-Chol:DOPE-DNA complexes intravenously and intratumourally (Stewart et al., 1992) 

indicated that the systems were safe.
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4.5.8 Structure-activity relationships

Several studies designed to elucidate structure-activity relationships o f  cationic lipids o f 

gene delivery have been reported (Feigner et al., 1994; Balasubramanian et al., 1996; Lee et al., 

1996; W heeler et al., 1996). Many o f these were inconclusive however. Structure-activity 

relationships may be viewed on two levels. The first is the chemical structure o f  the cationic lipids 

and neutral lipids used and the second is the colloidal structure o f  the lipoplexes formed.

From a structural point o f  view the most commonly used cationic lipids can be broken 

down into two major groups which appear to have different structure-activity properties; the 

cholesterol-anchored lipids and diacyl chain lipids.

Farhood et al., (1992), looking at a range o f  cholesterol derivatives, found that ternary 

amines were more active than quaternary amines and that the optimal linker group size was 3 to 8 

atoms. It was also found that the cationic lipid structure affected toxicity and stability. Quaternary 

ammonium headgroups were more toxic than ternary and ether and carbamoyl bonds more toxic 

than amide and ester bonds respectively. The neutral co-lipid DOPE proved more active than either 

DOPC or cholesterol and so overall then DC-Chol;DOPE liposomes were chosen as the most active 

and least toxic o f  the liposomes tested. Studies by Lee et a!., (1996) have provided greater insight 

into the structural features o f  cholesterol-anchored lipids required for activity, since both in vitro 

and in vivo data were presented. They demonstrated that spermidine or spermine derivatives of 

cholesterol were more efficient than those with a single protonable amine, that carbamate linker 

was better than either amide, urea or amine and that substitution o f  cholesterol with dialkyl chains 

generated less efficient analogues in vivo.

Similarly, certain trends have been found with dialkyl-based lipids. It was initially 

speculated that cationic lipids with multiple charged head groups were better transfection agents 

than the monovalent variety, however, direct comparative studies in several cell lines refuted this 

claim (Pouton et al., 1998). While the multivalent lipids condense pDNA more efficiently and seem 

to be more effective in the presence o f serum, this property also means that intracellular 

dissociation, necessary for effective lipofection would be expected to  be more difficult (Ferrari et 

al., 1998). The nature o f  the counterion also appears to influence transfection activity (Bennett et 

al., 1995). One trend, which has been identified, is that transfection activity decreases with 

increasing alkyl chain length and saturation. It is thought that this is due to the ability o f  shorter 

chain lipids to undergo lipid membrane mixing more readily than longer chain lipid (Feigner et al., 

1994; Lee et al., 1996). Again DOPE was found to mediate the most efficient in vitro  transfection 

(Feigner et al., 1994).
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On a colloidal level, small complexes, which effectively condense and protect pDNA and 

maintain stability in plasma, while still allowing effective interaction with cells, seem to be vital for 

effective in vivo gene delivery. Thus, not only the chemical nature o f  the lipids but also the method 

o f  complexation must be optimised for effective transfection. M icellar systems formed from for 

example DOGS and DOSPA, fail to transfect effectively in vivo. This is thought to be due to the 

lack o f  positive charge presented at the surface o f  the complexes. In contrast to in vitro 

experiments, it has been found that the most effective helper lipid in vivo is cholesterol (Solodin et 

al., 1995; Templeton et al., 1997).

Although the vast bulk o f  research so far has looked at cationic lipids, there is now a 

growing interest in the use o f  anionic or neutral liposomes as GDVs. Some o f  the advantages o f 

anionic liposomes are their decreased toxicity and decreased interaction with serum and 

extracellular components compared to cationic liposomes. Encapsulation efficiency o f pDNA is 

poor and studies are now looking at precondensing pDNA with polycations, such as poly-L-lysine, 

prior to encapsulation. Encapsulation efficiency o f  pDNA in neutral liposomes can be up to several 

tens o f  percent if precondensed, while only about 10% o f  supercoiled pDNA can be encapsulated 

otherwise. pH-sensitive liposomes or co-encapsulation o f endosomolytic agents may increase 

endosomal release o f pDNA, while sterically stabilised liposomes can improve biodistribution. 

Targeting ligands can easily be conjugated to liposomes to improve binding and uptake into 

specific cells (Lasic, 1997).

4.6 Cationic Polymers

The use o f cationic polymers as GDVs has developed in parallel with the use o f  cationic 

lipids and liposomes, though the latter are now at a more advanced stage o f developm ent and 

testing. Cationic polymers may prove useful, especially in situations where liposomes would be 

unsuitable in vivo e.g. the gut and lung epithelia, which both have endogenous surfactant systems 

associated with them, which would destabilise liposomes. When cationic polymers interact with 

DNA they form complexes, called polyplexes, the physicochemical and biological properties 

depend on the nature o f the polymer chosen.

4.6.1 Chemical structure and Properties

A huge range o f different polymers is currently under investigation for gene delivery. Most 

o f  those being investigated are cationic polymers, with the cationic charge conferred by the 

presence o f  protonable amines. The type, number, location and pKa o f  these amine m oieties differs 

depending on the polymer. Some o f  the polymers are linear, e.g. poly-L-lysine and others are 

highly branched, e.g. polyethylenimine (PEI). The structure o f  some o f  the most commonly used 

polymers are shown in Figure 4.2.
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pDM AEM A, g) pHPM A-pTM AEM  and h) Polyvinyl-based polymers (Mumper and Klakamp, 
1999)
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4.6.1.1 Cationic Polypeptides

Smull and Ludwig, (1962) showed that some basic proteins were capable o f  enhancing 

poliovirus RNA delivery to eukaryotic cells. Interest in the interactions between protamines and 

histones with DNA led to parallel studies with cationic polypeptides (polyornithine, polyarginine 

and polylysine). Poly-L-lysine (pLL) in particular has been widely used for gene delivery and 

many receptor-mediated systems have a pLL backbone (Wu and Wu, 1988). The amine functions 

o f  pLL are fully protonated at physiological pH, with pKas o f  between 9 and 10. Its heterogeneity 

led to polyplexes with highly variable sizes, it proved toxic in vitro (Gottschalk et a!., 1996) and 

produced poor levels o f transgene expression when used alone. All o f  these factors, along with the 

knowledge that the active sites o f proteins are generally defined by short peptide sequences, led to 

the development o f oligolysines and synthetic polypeptides. These synthetic peptides include DNA 

binding peptides, e.g. Kg (Gottschalk et al., 1996), AlkCWKig (W adhwa et al., 1997), pH-selective 

fusogenic peptides, e.g. GALA (Haensler and Szoka, 1993), JTS-1 (Gottschalk et al., 1996) and 

peptides with combined functions (binding and endosom olysis) e.g. Gramacidin-S (Legendre and 

Szoka, 1992). Several block copolymers based on pLL have been synthesised, including pLL-PEG 

and pLL-dextran, which aimed to iinprove the solubility and the in vivo stability o f polyplexes. 

Some novel amino acid based polymeric vesicles have also been developed for gene delivery 

(Brown et al., 2000)

4.6.1.2 Cationic synthetic polymers

Two o f the first synthetic cationic polym ers used for polynucleotide delivery were 

diethylaminoethyl-dextran (DEAE-dextran) (M cCutchan and Pagano, 1968) and polybrene (Kawai 

and Nishizaw a, 1984). Their discovery was associated with methods for increasing the infectivity 

o f  viral stocks. The use o f these agents, however, has been limited to in vitro studies due to low 

transfection efficiency, toxicity and non-biodegradability.

Polyamidoamine cascade polymers (PAM AM ), also known as Starburst dendrimers, are 

branched polycations with a well characterised molecular architecture o f  regular, dendric branching 

with a radial symmetry, i.e. spheroidal structure. They can be synthesised with a well-defmed 

diam eter and precise number o f terminal am ines by reiterative reaction sequences with 

m ethylacrylate and ethylenediamine around a core o f  ammonia or ethylenediamine (EDA). 

Dendrimer size is designated by generations. The generation and core o f the polymer influence the 

size, shape, density and surface charge (Tomalia et al., 1990) o f  the dendrimer. A range o f 

generations from 2-10 has been tested for gene delivery (Haensler and Szoka, 1993). W ithin this 

range molecular weight varies from 357Da to 700kDa and size from 11 to 124A. Often fractured 

dendrim ers are used and these are simply dendrim ers that have been partially degraded by
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solvolysis (Tang et al., 1996). Unlike the polypeptides, dendrimers are not fully protonated at 

physiological pH. Only primary amines at the surface o f  the dendrimers are protonated at 

physiological pH, with a pKa o f 6.9. The amines present in the interior o f  the m olecule only 

become protonated at acidic pH, with a pKa o f  3.9. These molecules then have a degree o f 

buffering capacity.

Polyethylenimines (PEI) have been available for many years but it was only on foot o f  the 

success o f agents such as polyamidoamine dendrimers and lipospermines, which like PEI have 

unprotonated amines at physiological pH, in gene delivery that they were looked at as DNA vector 

systems. PEI is synthesised by polymerisation o f  aziridine, may have a molecular weight o f 

anything between 0.7kDa and SOOkDa and can be branched or linear in structure. The branched 

form o f PEI contains primary (25%), secondary (50% ) and tertiary amines (25% ), each o f  which 

has the potential to be protonated. Much work has been carried out to determine the pK profile for 

PEI (Suh et a!., 1994) and this indicated that at pH 7 only 17% o f  amines are protonated but this 

percentage increases dramatically as the pH drops and becomes more acidic. Like the dendrimers 

then PEI acts as a proton sponge over a range o f pHs (Behr, 1993). Even at pH 7 PEI has a high 

charge density, as eveiy third atom is an amino nitrogen. PEI is cheap, safe, easily prepared and 

modified.

A number o f other polymeric systems are also being investigated for gene delivery but 

have not as yet been as well characterised as dendrimers and PEI. These include 

polyvinylpyridinium-based polymers, hydroxylated nylons and methacrylate-based polymers. 

Kabanov et al., (1993) investigated using polyvinylpyridinium-based polymers including poly(N- 

ethyl-4-vinylpyridinium)-co-vinyl(N-cetyl-4-pyridinium) bromide (PEVP) and poly(N-ethyl-4- 

vinylpyridinium)-co-vinyl(N-cetyl-4-pyridinium bromide) (PEVP-C). Hydroxylated nylon or 

poly(alkylene D-glucaramide) systems for gene delivery were first reported by Goldman et al., 

(1997). The glucaramide-based polymers may be synthesised by reaction o f D-glucaric acid and 

diamine and are safe and biodegradable. M ethacrylate-based polymers have recently been 

described for gene delivery because o f  their ease o f  synthesis and functionalisation. Poly(2- 

dimethylamino)ethylmethacrylate (pDM AEM A) (Chem g et al., 1996) alone and 

poly(trimethylammonioethyl methacrylate chloride (pTM AEM ) in the form o f  block co-polymers 

with PEG or poly-n-(2-hydroxpropyl)methacrylamide (pHPM A) (W olfert et al., 1996) have been 

used.

4.6.1.3 Non-condensing polymers

PINC™ systems have been described by M um per et al., (1996, 1998). These are protective, 

interactive, non-condensing (PINC) polymers, which as the name suggests can interact with DNA
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but d o irt condense it. These systems are based on polyvinyl pyrolidone (PVP) and 

polyvinylalcohoi (PVA) polymers. Both polymers can form hydrogen bonds, though PVP is a 

hydrogen bond donor and PVA is a hydrogen bond acceptor, allowing interaction with DNA. Co

polymers o f PVP-VA have also been synthesised and tested.

4.6.1.4 Polysaccharide systems

Chitosan is a linear polysaccharide, derived from chitin, composed o f  two 

m onosaccharides, N-acetyl-D-glucosamine and D-glucosamine. It is available cheaply in a pure 

form in a range o f molecular weights from 10-1000 kDa and degrees o f deacetylation. Chitosan 

also has the advantages o f being both biocompatible and biodegradable. It is structurally similar to 

endogenous glycosaminoglycans (GAGs), which are present in many tissues and may be a 

component o f  cell membranes, thus chitosan may act as a natural targeting moiety. Chitosan 

oligomers have protonable primary amines, with pKa o f  6.5, but no permanent charge and at 

physiological pH their charge density is low. Several groups have now investigated their use as 

GDVs (Erbacher et al., 1998; Lee et al., 1998).

Another group o f  polysaccharides receiving more attention as GDVs are the cyclodextrins 

(CD) and in particular p-cyclodextrin. CDs are cyclic oligosaccharides, which are torus in shape 

and consist o f  D-glucopyranose units. P-CD is composed o f 7 such units. The cavity o f  CDs is 

hydrophobic, while the outer surface is hydrophilic. P-CD itself (Freeman and Niven, 1996) has 

been used to deliver plasmid and it and its analogues; 2-hydroxypropyl P-cyclodextrin (HP CD), 

hydroxyethyl P-cyclodextrin (HE CD), have been tested for oligonucleotide delivery (Zhao et al., 

1995). P-CD and the analogues mentioned above are neutral not cationic polymers, so Gonzalez et 

al., (1999) synthesised a series o f  aminated, cationic polymers o f  p-CD and investigated their 

transfection efficiency.

4.6.1.5 Sustained Release systems

Many o f the traditional sustained release polymeric systems have been investigated for use 

in gene delivery. These systems include nano(micro)particulate systems based on gelatin, calcium 

alginate hydrogels, poly(D,L-lactic acid), polycyanoacrylate, polyanhydride co-polymers o f 

fumaric and sebaic acid as well ethylene vinyl co-acetate devices (reviewed in M umper and 

Klakamp, 1999). Thermo-gel ling systems, such as poloxamers, have also been used. As with all 

sustained release strategies, these viscous polymers and nanoparticulate systems aim to slowly 

release the pDNA and prolong expression.
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4.6.1.6 Multicomponent systems

Oligopeptide-based systems are self-assembly vectors involving the combination o f  several 

m oieties each serving a different function: DNA-binding, cell targeting, endosomal release, nuclear 

delivery. The peptides used in these systems are oligopeptides o f  minimum length (overcoming the 

potential for immunogenicity encountered with high m olecular weight polylysines). Gottschalk et 

al., (1996) described a system in which two peptides were synthesised to em ulate the functions o f 

viral proteins: a DNA-condensing agent (a central cluster o f  lysine residues for condensing the 

DNA with different amino acids at either end) and an amphipathic, pH-dependent endosomal 

releasing agent (based on influenza fusion sequences and other fusion peptides, and using 

m olecular modelling). Another system with good in vitro  activity has been described by Wilke et 

al., (1996) who utilised an alkylated derivative o f  a 12-mer DNA binding oligopeptide derived 

from histone and a fusogenic sequence from influenza haemaglutinnin.

While the systems described above are complex, simple multi-component systems are 

widely used in gene delivery, the most common o f  which is the targeted carrier. Targeting ligands 

can be easily conjugated to most polymeric systems and many researchers have made use o f  this 

fact and conjugated ligands to pLL (reviewed in Zauner et al., 1998), PEI (reviewed in Godbey et 

a!., 1999a) and chitosans among others. The types o f  ligands and their role in gene delivery are 

reviewed below.

4.6.2 DNA/Polymer complexes (Polyplexes)

With the exception o f the PINC™ systems and some o f  the polymeric nanoparticles used 

for sustained release, cationic polymers can condense naked pDNA, thereby decreasing its size and 

volume considerably. It has been estimated that condensed DNA occupies only lO'^-IO"* o f  the 

volume o f naked DNA (Bloomfield, 1996). When DNA is condensed by cationic polymers toroids 

are generally formed (Tang and Szoka, 1997; W olfert and Seymour, 1996) and have been observed 

by electron m icroscopy (EM ) and atomic force microscopy (AFM ). This holds true for a wide 

range o f sizes o f DNA except very short, <400bp, or giant chains, > 150,000bp. The ratio o f 

cationic polymer to DNA (or the charge ratio) has a huge effect on the properties o f  the complexes 

formed. When the charge ratio o f cationic polymer:DNA is low, i.e. DNA is in excess, water 

soluble complexes with a net negative charge are formed. At around the point o f  charge 

neutralisation, large polydisperse aggregates are formed, while a further increase in the polycation 

concentration reduces the size o f  the complexes by increasing electric repulsion (Kabanov and 

Kabanov, 1995; Tom linson and Rolland, 1996, Pouton et al., 1998). Cationic polymers allow 

formation o f com plexes with positive zeta potentials up to the +20-40mV, which favours solubility
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and stability (Tang and Szoka, 1997; Pouton et a)., 1998). These measurements tend be made in 

low ionic strength media which do not represent the ionic conditions in vivo.

The size o f the polyplexes formed when cationic polymers interact with pDNA seems to be 

largely independent o f  the molecular weight, sequence o f base pairs or conformation o f the pDNA 

(Adami et al., 1998; Bloomfield, 1996). Contradictory data exists for the effect o f the cationic 

polym er on the size o f  the complex formed. Tang and Szoka, (1997) using three different types o f 

cationic polymer; pLL, PEI and dendrimers found that each formed toroidal complexes with pDNA 

o f  approxim ately 40-60nm in diameter. Tang and Szoka, (1997) suggest that larger particles arise 

from clustering o f these small toroids, while W olfert and Seymour, (1996) suggest that larger 

particles are due to entrapment o f  more than one plasmid in a given complex. Varying the 

m olecular weight o f  a given polymer has been shown to affect the size o f the complex. W olfert and 

Seymour, (1996) found that increasing the m olecular weight o f  pLL used to condense DNA led to 

larger complexes. Other factors also affect the size and stability o f  the complex formed. These 

factors include the pDNA concentration, the ionic strength o f the diluting medium, the order o f 

addition and dilution o f  the complexes. Duguid et al., (1998) found that increasing DNA 

concentration led to larger less stable complexes with polypeptides, which caused aggregation. 

Dilution o f  polypeptide complexes in an electrolyte solution led to instability and increased particle 

size (Pouton et al., 1998), attributed to decreased zeta potential caused by a change in the electrical 

double layer. Tang and Szoka, (1997) found that the tendency to aggregate appears to be dependent 

on the type o f cationic polymer being used, with pLL complexes having a much greater tendency to 

cluster than PEI or dendrimer DNA complexes. Perales et al., (1997) showed how controlled 

mixing by stepwise addition o f pLL to pDNA followed by stepwise addition o f a NaCl could be 

used to form smaller complexes.

The association and dissociation o f polyplexes is predominantly controlled by electrostatic 

forces. As stated above, the ionic strength o f the medium has a great influence on the stability o f 

these complexes. The nature o f the electrostatic interaction between cationic polymers and pDNA 

was illustrated by the linear relationship that exists between the affinity o f  pLL, dendrimers and 

PEI for pDNA and the NaCl concentration (Tang and Szoka, 1997). Because o f  the multiple 

binding sites on both the polyanionic DNA and the polycationic polymers these moieties form tight 

bonds, which stabilise the system. The strength o f this affinity is often tested using polyionic 

displacement studies, in which polyions such as heparin or pAA are added to the complexes to 

compete for the affinity o f  the cationic polymer. Kabanov and Kabanov, (1995) determined that 

polyion exchange is dependent on the ionic strength o f the medium, the nature o f  the low m olecular 

weight counterion and the charge density and molecular parameters o f  the polyions. These studies 

also indicate how pDNA may be released from complexes in vivo.
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One of the most important roles of the polycation carrier is to prevent enzymatic 

degradation of the pDNA. Interaction of pDNA with cationic polymers has been found to decrease 

this degradation (Bielanska et al., 1997), probably due to the decreased accessibility o f the DNA.

4.6.3 In vitro transfection

There is a huge amount o f data available on the transfection efficiency of polycation/DNA 

systems in cell culture models but it is extremely difficult to compare these studies given the huge 

variations in the plasmid and reporter gene, cell type and confluency, preparation and transfection 

conditions used. Given the huge bank of cell culture systems now available a large number of 

different cell types have been transfected using polyplexes and cell-type dependence has been 

noted, i.e. the resistance to transfection by a given polyplex varies from cell line to cell line (Pouton 

et al., 1998). Some general trends can be gleaned from the data available however.

pLL is toxic to cells and produces very low levels o f expression in vitro when a targeting 

ligand or endosomolytic agent is not used (Smith et al., 1999). Ligand-targeted pLL systems have 

been shown to be highly effective in vitro (Zauner et al., 1998). The oligopeptide system created by 

Gottshalk et al., (1996) achieved high levels o f gene expression in several cell lines. Further, under 

optimal conditions, the transfection levels achieved in HegG2 cells approached that o f a 

recombinant adenoviral vector.

PEI and dendrimers tend to produce high levels of transfection compared to pLL without 

enhancement from ligands. Boussif et al., (1995) found that the optimal nitrogen/phosphate ratio 

for transfection of 3T3 murine fibroblasts with PEI was 9, which produces a complex with a net 

positive charge. As well as the ratio of PE1;DNA other factors, which were found to influence the 

efficiency o f transfection by PEI complexes, include the polymer molecular weight (Godbey et al., 

1999b) and the method o f mixing. Ligand-targeted PEI systems, including galactosylated-PEI 

(Zanta et al., 1997) and transferrin-PEI (Kircheis et al., 1999) conjugates, have proved highly 

efficient in vitro. Dendrimers have also been tested extensively in vitro. Haensler and Szoka, 

(1993) determined that maximal transfection was achieved using a generation 6 PAMAM 

dendrimer at a charge ratio of 1:6 (-/+) and the luciferase expression was 1000-fold more efficient 

than pLL and 100-fold more than DOTMA-based formulations in CV-1 cells. Kukowska-Latello et 

al., (1996) determined that generation 4 dendrimers were the smallest dendrimers capable of 

condensing plasmid DNA and only generation 5 and higher produced significant transfection in 

vitro. A  variety of other cell lines have successfully been transfected with plasmid DNA or 

antisense oligonucleotides complexed with dendrimers (Kukowska-Latallo et al., 1996; Bieslinska 

et al., 1997; Tomlinson and Rolland, 1996). Tang et al., (1996) found that in vitro transfection was 

greatly enhanced by partially degraded (fractured) dendrimers, which were produced by subjecting
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pristine dendrimers to reflux in water and solvents such as 1-butanol, 2-butanol, 2-ethoxyethanol, 

and m ixtures thereof.

O ther polymeric systems have also been shown to transfect in vitro. The methacrylate- 

based pDM AEM A transfected 1-2% o f COS-7 cells when complexed with plasmid DNA (3- 

4w/w), which was 8-fold greater than the transfection efficiency o f pLL/plasmid complexes 

(Cherng et a)., 1996). Net positively charged polypyridinium-based polymers were capable o f 

transfecting NIH 3T3 cells (Kabanov et al., 1993) and the glucaramide-based polymer, PolyCat57, 

was found to have equal or greater in vitro transfection efficiency than Lipofectamine^^/plasmid 

complexes in a variety o f  cell lines. Chitosans have also been shown to produce transgene 

expression in certain cell lines (Erbacher et al., 1998). DNA/Chitosan nanospheres have also been 

tested, generally for use as sustained release preparations. The in vitro transfections with these 

nanospheres indicated that they were less efficient than Lipofectamine'^^ and calcium phosphate 

controls (Leong et al., 1998).

]n vitro testing o f sustained release polymeric systems involves in vitro release studies and 

determination o f  the activity o f  released pDNA, as well as traditional transfection studies. Gelatin 

nanospheres containing plasmid DNA were found to release the plasmid at a rate o f 2.5% per day 

in 10% v/v serum, while polyethylene vinyl co-acetate (EVAc) matrices released plasmid DNA for 

1-6 months into 0.5ml Tris-EDTA, and release from calcium alginate hydrogel beads was found to 

increase as the pH o f  the dissolution media increased (M um per and Klakamp, 1999).

4.6.4 M echanism o f action

In general, in vitro transfection efficiency o f  polyplexes is maximised when there is a net 

positive charge on the complex (Haensler and Szoka, 1993; Pouton et al., 1998; Tang and Szoka, 

1997). Too large an excess o f cationic charge leads to toxicity but it is thought that the positive 

charge on polyplexes leads to enhanced interaction with the anionic cell surface. This interaction 

with the anionic proteoglycans present in the cell surface may well trigger the internalisation o f the 

complexes. O ther evidence for the involvement o f proteoglycans in polyplex-cell surface 

interactions was published by M islick and Baldeschwieler, (1996) in which the transfection 

efficiency o f pLL polyplexes was inhibited by the pre-treatment o f  cells with GAG lyases or 

addition o f anionic GAGs to the transfection medium. Ruponen et al., (1999) using similar 

experiments found that this same trend was seen for both PEI and fractured dendrimers. Duguid et 

al., ( 1998) showed that the zeta potential o f  polyplexes was a good indicator o f in vitro transfection 

efficiency. In order to produce adequate transfection without a net positive charge on the complex 

another mechanism o f  enhancing cell interaction must be used. Ligands are the obvious choice to 

both enhance interaction and target that interaction to a specific cell type. Another major factor
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affecting internalisation o f polyplexes is the size o f  the complexes. Most evidence points to 

endosomal uptake o f complexes but in order to be taken into the clathrin-coated pits in receptor- 

mediated endocytosis complexes would have to be less than lOOnm in diameter. Given that 

complexes larger than this have been shown to transfect, clathrin pits may not be important in 

uptake o f ligand-free polyplexes. Results o f  the effect o f  size on transfection are often 

contradictory. Tang et al., (1996) found no correlation between dendrimer/DNA complex size and 

transfection efficiency, while Ogris et al., (1998) found that larger aggregated PEI and transferrin- 

PEl DNA complexes transfected more efficiently than small non-aggregating complexes.

Once internalised the next step for the polyplexes is escape from the endosomal 

compartment. This is a m ajor barrier for pLL com plexes, as evidenced by the fact that the presence 

o f  the endosomolytic agent chloroquine significantly enhances their transfection efficiency. Some 

cationic polymers, however, do not require endosomolytic agents to enhance their activity. PEI, 

dendrimers and pDM AEM A show high levels o f  transgene expression when used alone and the 

addition o f chloroquine has little or no effect (Haensler and Szoka, 1993; Ogris et al., 1998). It is 

hypothesised that these polymers have their own mechanisms o f escape from the endosome. PEI 

and fractured dendrimers are only partially protonated at physiological pH and therefore have the 

ability to buffer the endosomal compartment during acidification accompanied by an accumulation 

o f protons in the endosome. There is also a coupled influx o f  chloride ions. This increase in ion 

concentration, with the consequent influx o f water, and the expansion o f the polymers leads to 

swelling and eventually disruption o f the endosome. Thus, these polymers act as proton sponges 

and lead to premature endosomal release, decreasing the likelihood o f pDNA coming into contact 

with lysosomal enzymes.

Once released into the cytoplasm, the polyplexes must diffuse to the nucleus. Given that 

particles greater than 54 nm appear to be completely nondiffusable through the cytoplasm it is 

thought that other mechanisms involving the cytoskeletal components may also be involved (M eyer 

et al., 1997). It has been shown that naked plasmid DNA microinjected into the cytoplasm o f  cells 

is poorly expressed, while plasmid DNA injected into the nucleus produces much higher levels o f  

expression. It has been shown that complexation o f plasmid DNA with PEI and to a lesser extent 

pLL can enhance delivery to the nucleus (Pollard et al., 1998). This study also found that cationic 

lipids but not cationic polymers prevented transgene expression when injected into the nucleus, 

thus it is not necessary for polyplexes to dissociate before entering the nucleus. The mechanism o f 

entry into the nucleus has only been speculated upon. One hypothesis suggests that the cationic 

complexes become coated with a lipophilic layer o f anionic phospholipids, perhaps derived from 

the burst endosome, which may enhance fusion with the nuclear envelope (Godbey et al., 1999a).
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4.6.5 In vivo expression

In vivo expression mediated by cationic polymers has only been moderately successful and 

there have been problems with reproducibility (De Smedt et al., 2000). Two o f  the most important 

factors affecting transfection efficiency in vivo, are the size and surface charge o f  the complexes 

used. Polyplexes given intravenously must be small to avoid uptake by the Kupffer cells and be 

extravasated across the vascular endothelia. Positive surface charge on complexes, which seem so 

effective in vitro, can increase the interaction between polyplexes and serum proteins in vivo, 

thereby increasing complex clearance and aggregation. Plank et al., (1996) found that successful 

pLL/pDNA complexes in vivo had a negative surface charge and showed that these complexes did 

not activate the complement system. Similarly, Ferrari et al., (1997) found that neutral complexes 

o f  plasmid DNA/PEl produced the best levels o f transfection after instillation into the lungs o f 

rabbits.

Many in vivo studies have utilised pLL/DNA complexes, generally targeted systems, to 

transfect. Intravenous administration o f targeted systems such as asialo-orosomucoid pLL and 

galactose-pLL complexes with pDNA produced expression in the liver, with the galactose systems 

producing the longest expression (Perales et al., 1994). Ferkol et al., (1993) successfully targeted a 

pLL-based system to the lung epithelia o f mice after intravenous administration by coupling a Fab 

fragment with specificity for a receptor in the lung to the pLL carrier.

Remy et al., (1998) have reviewed in vivo gene transfer by PEI complexes. In vivo success 

has also been demonstrated with PEI in rat brain (Abdallah et al., 1996). Similarly B oussif et al., 

(1995) had some success delivering PEl/pDNA complexes via intracranial injection, with the 

transfection efficiency in vivo being similar to that in vitro for the same amount o f  DNA applied to 

neuronal cells. Various forms (branched and linear) and different molecular weights (SOOkDa and 

25kDa) were used to transfect rat kidneys in vivo (Boletta et al., 1997) and despite their similar 

activities in vitro, branched 25kDa PEI proved the most efficient in vivo. PEI with conjugated 

ligands has also been used in vivo and Kircheis et al., (1999) found that transferrin-PEl complexes 

produced a 10-100 fold increase in expression above naked pDNA when administered 

subcutaneously into tumours in mice.

Other polymeric systems have also been used in vivo. Dendrimer complexes have been 

used to successfully transfer DNA into a murine cardiac transplantation model (Qin et al., 1998), 

while Baker et al., (1996) reported that dendrimer/plasmid complexes were able to transfect the 

synovial surfaces in a rabbit arthritis model. Chitosan/DNA com plexes have been used in vivo 

including via the gut (M acLaughlin et al., 1998), which is thought to be one o f the most resistant
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routes for gene delivery. Freeman and Niven, (1996) used P-cyclodextrin as an additive when 

delivering pDNA to the lung. It was found to increase the level o f  luciferase expression six-fold.

Formulation o f pDTMA with PVP, a non-condensing, interactive polymer, has been show to 

enhance reporter gene expression after direct intramuscular (IM) injection (Mumper et al., 1996). 

The number o f cells expressing the reporter gene and their distribution throughout the tissue 

increased above control o f  pDNA delivered in saline. A PVP-formulation o f a muscle-specific 

growth hormone expression plasmid given IM significantly increased the growth rate o f  rats over 

those does with the plasmid alone (Mumper and Klakamp, 1999), indicating that the muscle may 

be used as a “bioreactor’ for expression and secretion o f  therapeutic proteins.

Some o f  the sustained release polymeric systems have also been tested in vivo. For 

example, IM injection o f gelatin nanospheres containing plasmid DNA led to significantly higher 

levels o f  reporter gene expression 7 and 21 days after administration compared to naked pDNA and 

biodegradable microspheres o f  polyanhydride co-polymers o f fumaric and sebaic acid given orally 

have also produced promising results (Mathiowitz et al., 1997).

4.6.6 Toxicity

pLL was found to be toxic to cells and some o f the other early polymers used in gene 

delivery such as DEAE-Dextran and polybrene have also been shown to be toxic to cells. Toxicity 

and transfection ability have been linked and a certain level o f  toxicity is deemed to be necessary 

for transfection, i.e. by disrupting the integrity o f  the cell membrane. PEI has a low toxicity with a 

LD 50 o f  >4g/kg when administered orally or subcutaneously in rats and rabbits (B oussif et al., 

1995). The toxicity o f this cationic polymer increases, however, when complexed with DNA. 

Similarly the toxicity o f  dendrimers was found to increase when complexed with DNA. Cell 

viability studies indicated that at 150|ig/ml dendrimer alone caused a 35% decrease in viability, 

while the corresponding DNA complexes caused a 75% decrease. The lower charge density o f  

chitosans at physiological pH makes them less toxic, while pDMAEMA is quite toxic with an IC50 

o f  30fig/ml.

4.6.7 Structure-activity relationship

Structure-activity relationships for cationic, polymeric gene delivery systems are difficult 

to determine, given the diversity o f  polymer types in use as well as the different properties and uses 

o f those polymers. Some broad structure-transfection relationships may be gleaned from the 

relative efficacies o f the vector systems, e.g. the highly branched, buffering PAMAM dendrimers 

are more active than linear, fully protonated pLL when used alone to complex pDNA (Haensler and
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Szoka, 1993). As stated earlier this is a difficult task given the lack o f standardised transfection 

protocols between research groups. Certain properties o f the structure o f  different polymers, 

however, have been identified as important.

The development o f  synthetic peptides, for example, was based on determination the 

structure o f the active sites o f proteins, which were generally short peptide sequences. With PEI, 

the molecular weight o f  the polymer seems to affect the biological activity o f the complex (Godbey 

et al., 1999b). The lower molecular weight PEls appear to be less active and it has been suggested 

that these complexes would tend to dissociate during dilution due to the presence o f fewer bonds 

between polymer and DNA. Similarly with dendrimers, activity was related to the generation o f 

dendrim er used (Kukowska-Latallo et al., 1996) with the improved activity attributed to the greater 

overall surface charge o f  the higher generation dendrimers. The improved efficacy associated with 

fractured dendrimers was explained by the increased spatial room for swelling within the molecule 

when branches were cleaved during degradation, thus allowing improved endosomal disruption 

(Tang et al., 1996). Work with chitosans also indicated that the molecular weight o f  chitosan used 

strongly influenced the type o f  complex formed with pDNA (M acLaughlin et al., 1998). As 

described above, different polymers have different levels o f  toxicity and the structure o f  polymers 

will also affect their stability in vivo.

4.7 Strategies for Improving Gene Delivery 

4.7.1 Serum interactions

Serum components affect the stability and cellular interaction o f both cationic lipoplexes 

and cationic polyplexes. A number o f strategies have been devised to overcome these inhibitory 

effects. Cationic liposomes with a very high cationic:anionic ratio appear to have increased stability 

in serum, probably associated with increased electrostatic repulsion between complexes (Yang and 

Huang, 1997). Association o f  human serum albumin with optimised cationic lipid:DNA complexes 

to form negatively charged ternary complexes also seems to increase stability o f  lipoplexes to 

serum (Simoes et al., 2000) and would indicate that coating o f gene delivery complexes with 

neutral or negatively charged proteins may enhance serum resistance. Other work has found that 

conjugating transferrin to the liposomes allows them to mediate efficient transfection even in the 

presence o f  serum (Tros de Ilarduya and Diizgiines, 2000). The increased efficiency o f cholesterol- 

containing liposomes in vivo may well be linked to improved stability to serum and extracellular 

components.

One o f the most commonly used strategies for improving serum stability is use o f 

hydrophilic moieties, e.g. polethylene glycol (PEG), dextran (De Smedt et al., 2000). Cationic 

copolymers bearing hydrophilic segments have been synthesised with a view to improving
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solubility, thereby decreasing precipitation and improving stability. This aims to decrease 

aggregation in serum and entrapment in the extracellular matrix (which is composed o f intertwined 

polymers including GAGs).

4.7.2 Targeting

The aim o f targeted gene delivery is to limit the expression o f  a therapeutic gene to a 

specific cell or tissue type. This can be achieved at the cellular or transcriptional level or by 

localised delivery e.g. direct injection into muscle or tumour.

Receptor-mediated gene delivery is based on the ability o f receptors on the surface o f a 

variety o f  differentiated cells to efficiently bind and internalise specific ligands. The ligand binds to 

its cognate cell surface receptor and is internalised via coated pits or caveolae vesicles. Receptor- 

mediated DNA delivery was first studied by Wu and Wu, (J987). A polycation acted as a DNA 

carrier while the covalently coupled ligand served to target the system to the receptor. Similar 

studies utilising a range o f ligands have been carried out (W agner et al., 1990; 1991). Once bound 

to the receptor, the whole complex was internalised via receptor-mediated endocytosis. Receptor- 

mediated gene transfer o f  polycation-DNA complexes has been successfully performed using 

asialoorosomucoid (M cKee et al., 1994), galactose (Hashida et al., 1998), insulin (Rolland, 1998), 

an integrin-binding peptide (Harbottle et al., 1998) and most extensively with transferrin (W agner 

et al., 1990). Tissue specific promoters restrict expression to specific cell or tissue types. 

Transcriptional targeting is particularly important where expression o f  a therapeutic gene in non

targeted cells is likely to result in severe side effects or certain “specific” receptors are often 

present in more than one cell type. Another advantage o f  transcriptional targeting is that either viral 

or non-viral GDVs may be used.

4.7.3 Uptake

Uptake by ligand-free lipoplexes or polyplexes is based largely on non-specific adsorptive 

processes dependent on the cationic charge o f  the complex. Only a very small percentage o f 

complexed pDNA is actually taken into the cells, in what is thought to be a saturable process. The 

conjugation o f  ligands to non-viral systems can enhance uptake by binding to cell surface receptors 

and stimulating receptor-mediated endocytosis, as well as targeting the complexes to a specific cell 

type. A number o f techniques have been used in vivo to enhance the uptake o f naked plasmid DNA 

into muscle cells after IM injection, including preinjection o f muscle with hypertonic sucrose, 

bupivicaine or toxins such as myotoxins and snake venom cardiotoxins, which damage muscle at 

the site o f  injection and cause immature and thus easily transfectable cells to proliferate (Ledley, 

1995). The integrity o f  immature cellular membranes is more easily compromised than that o f  fully
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differentiated cell membranes, which tend to be more resistant to endocytosis but which express 

more receptors. This would indicate that targeted systems may be preferential for transfecting fully 

differentiated cells.

4.7.4 Endosomal release

Inefficient cytoplasmic delivery is a fundamental and well-recognised problem with 

cationic polypeptide-mediated gene delivery (W agner et al., 1990). It has been demonstrated that 

DNA/liposome conjugates were also retained within perinuclear vesicles for prolonged periods 

following transfection (Zabner et al., 1995).

Lysomotrophic agents include reagents such as ammonium chloride and chloroquine, 

whose effects are exerted by preventing endosomal acidification and hence routing o f  endocytosed 

complexes to the lysosome for degradation. Chloroquine is the most widely used agent for 

transfection studies, where its actions in addition to inhibiting endosomal acidification, are 

speculated to result from endosome-bursting (Pouton, 1999). Chloroquine has been found to 

enhance the in vitro transfection activity o f cationic polypeptides in various cell lines although its 

effects on cationic liposome-mediated gene delivery are somewhat unpredictable (Feigner et al., 

1994; Balasubramaniam et al., 1996). The use o f  chloroquine is restricted to /« vitro studies since 

the concentrations required for a response in vivo are likely to result in unacceptable toxicity.

Adenoviruses (AV) possess efficient endosomal escape mechanisms following 

internalisation. This ability to escape the endosomal-lysosomal pathway is thought to be due to 

penton base proteins, which undergo a conformational change at low pH. Inactivated adenoviral 

particles were found to enhance polyplex transfection (W agner et al., 1992b) by mediating escape 

from the endosome.

Certain enveloped viruses utilise fusogenic peptides to infect cells and several studies using 

both polymeric (W agner et al., 1992a; Plank et al., 1994) and liposomal (Pedroso de Lima et al., 

2001) delivery systems have looked at incorporating fusogenic peptides into the formulation in 

order to destabilise the endosomal membrane in a virus-like fashion. This peptide becomes 

activated at acidic pH, triggering comformational change in the peptide, which allows it to interact 

with and disrupt the endosomal membrane. By utilising only the fusogenic peptide sequences the 

dangers associated with AVs are eliminated. The best characterised fusogenic system is present 

within the influenza virus haemaglutinnin (HA), whose fusion domain is located at the N-terminus 

o f subunit HA-2 and has been shown to significantly enhance transfection efficiency in a number 

o f cell types (W agner et al., 1992a; Plank et al., 1994; W ilke et al., 1996). Another pH-sensitive 

fusion peptide is GALA, which is a water soluble, 30 amino acid containing amphipathic peptide
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which undergoes a conformational change from random coil at pH7.5 to an amphipathic helix at 

pH 5. The transfection enhancing activity o f  GALA was demonstrated in a variety o f cell lines 

transfected with plasmid DNA/dendrimer com plexes (Haensler and Szoka, 1993). JTS-1, is a 

second synthetic pH-sensitive fusion peptide designed by molecular modelling (Gottschalk et al., 

1996).

Another approach involves the use o f  polymers that possess a substantial buffering 

capacity below physiological pH and which were potentially capable o f  producing membrane 

disruption. The main successful examples o f  these include the polyamidoamine cascade polymers 

developed by Haensler and Szoka, (1993), the inter polyelectrolyte complexes (IPEC’s) produced 

by Kabanov and Kabanov, (1995), and the organic m acrom olecular PEI used by B oussif et al., 

(1995). These polymers are all based on polycations, so retain the DNA-binding and protective 

properties o f  pLL. Although the structures o f these polymers differ, they all share the feature o f 

residues that are protonable at physiological pH. Their action, as a network o f effective “proton 

sponges”, allows them to disrupt the endosome.

4.7.5 Nuclear transport

Transport across the nuclear envelope is mediated by large supramolecular structures, 

which span the membrane, called the nuclear pore complexes (NFC). Small ions and metabolites 

diffuse freely through the NPC, while most m acromolecules are transported through gated channels 

via signal- and energy-dependent mechanisms. Certain proteins, histones, transcription factors, 

viral proteins etc, bear Nuclear Localisation Signals (NLS) proteins, which allow them to be 

transported into the nucleus via a receptor-mediated process (Pouton, 1998). NLS peptides, 

composed o f a short stretch o f 5-10 basic amino acids based on the SV40 core NLS, have been 

conjugated to polycations and associated with liposomal gene delivery systems in order to enhance 

nuclear localisation (Aronsohn and Hughes, 1998). More recent studies have looked at covalently 

coupling a single NLS to capped DNA constructs (Zanta et al., 1999), hybridising a bifunctional 

peptide nucleic acid (PNA)-SV40 NLS peptide with plasmid (Branden et al., 1999) or formation o f 

protein-DNA complexes that target plasmid to the nucleus in specific cells.

Another method o f overcoming low nuclear uptake is to make use o f  cytoplasmic 

transcription o f  plasmids, which can be driven by the appropriate polymerase enzyme introduced 

into the cytoplasm. T7 polymerase is such an enzyme and cationic lipid/DNA complexes were 

found to express in the cytoplasm o f  cells containing this polymerase (M eyer et al., 1997). This 

strategy is only suitable for short-term therapy as there is a danger o f  an immune response to the 

polymerase, given it is a xenogenic protein, which must be introduced into the cell.
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4.7.6 Gene Switches

Essentially this involves the regulation of expression o f gene therapy plasmid in vivo using 

low molecular weight drugs. These systems are reviewed by Nordstrom, (1999) and include 

tetracycline, rapamycin and antiprogestin-regulated systems.

It seems apparent that future developments will attempt to incorporate the viral attributes 

known to be advantageous to gene delivery and expression into the non-viral vectors already in use. 

Hence, we see development towards a synthetic virus-like delivery vector, some way between the 

current viral and non-viral vehicles.
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Chapter 5

Gene Delivery to the Gastrointestinal Tract: Opportunities, Barriers and Models for 

Transfection

5.1 Gene Therapy

5.1.1 Intestinal therapy

The gastrointestinal tract (G .IT .) offers many possibilities as a site and/or route for 

delivery o f DNA-based pharmaceuticals. Gene therapy to the gut could be used to treat many 

conditions and diseases associated with the G.I.T. and beyond (Ledley, 1992). Systemic delivery 

o f  gene delivery systems leads to rapid degradation in the bloodstream and clearance by the liver, 

thus efficiency o f delivery to the gut epithelium is poor after systemic administration. In order to 

treat and prevent intestinal diseases, such as irritable bowel syndrome (IBS), adenomatous 

polyposis, colon cancer and the intestinal symptoms o f cystic fibrosis, successfully with gene 

therapy, direct delivery to the gut is required. It is also thought that because the liver and intestine 

share many o f  the same metabolic pathways gene therapy to the gut could be utilised in treatment 

o f metabolic and nutritional disorders (Croyle et al., 1998a). Jones et al., (1990) successfully 

corrected the OTC (ornithine transcarbamylase) deficiency in the sparse-fur mouse model by this 

mechanism and demonstrated that the human OTC cDNA used was selectively expressed in the 

small bowel.

5.1.2 Systemic therapy

Besides treatment o f intestinal-based disorders the gut also offers an alternative method o f 

protein delivery. It has been shown that exogenous genes can be expressed by CaCo-2 cells and 

secreted preferentially into the basolateral chamber (Rindler and Traber, 1998; Soole et al., 1992) 

or both apically and basolaterally (Kawabata et al., 1997). Kawabata et al., (1997) determined, 

using CaCo-2 filter cultures at various stages o f differentiation, that transfection o f the cells with a 

mouse interferon-P vector led to non-polarised secretion o f the IFN-P into both the apical and 

basolateral compartments o f  the filter culture dishes, indicating that the intestinal epithelial cells 

could be used to deliver therapeutic genes both to the lumen or to the systemic circulation. Lozier 

et al., (1997) concluded that the intestine was a suitable site for gene therapy o f haemophilia. It was 

found that gut epithelial cells, once transfected with the appropriate coding sequences, were 

capable o f  synthesising significant amounts o f  factor VIII or factor IX and secreting two-thirds o f 

the recom binant protein basolaterally, which in vivo would mean towards the extensive capillary 

and lymphatic system present in the lamina propria.

The intestinal mucosa is also being seen as a target for genetic vaccination (Gregoriadis, 

1998). DNA delivered to the intestinal mucosa would express a protein that stimulates the body’s
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cell-m ediated  and hum oral im m une responses. Plasm id nanospheres, com posed o f  polyanhydride 

co-polym ers o f  fum aric and sebaic acid (poly  FA .SA ), encoding  for the P -galactosidase reporter 

gene, w ere adm inistered  to rats orally  (M ath iow itz  et al., 1997). E xpression o f  the reporter plasm id 

w as seen in both the liver and the sm all in testine and nanopartic les w ere observed in the cytoplasm  

o f  cells, in in tercellu lar spaces, in the lym phatic system  and in hepatocytes, ind icating  that the 

partic les successfully  reached the system ic circulation . The pattern  o f  expression show ed that high 

levels o f  reporter gene expression took place in the P eyer’s patches and the lym phoid tissue, 

ind icating  that th is  w as a viable route for stim ulating a m ucosal im m une response.

5.2 Structure o f the G astrointestinal Tract (G.I.T.)

5.2.1 Small intestine

In order to  evaluate the in testine as a site and route o f  gene delivery , an exam ination  o f  the 

structure  o f  the in testine and the barriers and opportun ities fo r gene delivery  it p resen ts is essential. 

T he G .I.T . has m any functions, including term inal d igestion o f  foods, absorption and secretion  o f  

w ater and electro ly tes and protection o f  the body from ingested toxins and m icrobes (Fox, 1993). 

T he m ucosa o f  the  sm all in testine including the duodenum , je ju n u m  and ileum  has a m ajor role in 

absorption o f  the  products o f  digestion such as carbohydrates, lipids, protein, w ater, electro ly tes 

and vitam ins. It is m ade o f  three layers; the m uscularis m ucosa, the lam ina propria and the 

epithelial cell layer (Fox, 1993). B ecause o f  its role in d igestion and absorption the surface area is 

m axim ised by large folds o f  the m ucosa and subm ucosa called the p licae c ircu laris, by m icroscopic 

fo lds o f  m ucosa, called v illi, and by m icrovilli, the finger-like p ro jections o f  the apical m em brane. 

T he epithelium  at the base o f  the villi invaginates dow nw ard to  form  intestinal crypts (crypts o f  

L ieberkuhn), T his increased area allow s efficien t d igestion  and absorption by increasing  the 

num ber o f  cells availab le for absorption  and the concentration  o f  digestion  enzym es, w hich are 

em bedded in the cell m em branes o f  the m icrovilli (Fox, 1993).

The cells o f  the  intestinal epithelium  are rapidly tu rned-over and com plete tu rnover takes 

approxim ately  one week. T he intestinal stem cells are found in the crypts, a long  w ith goblet cells, 

endocrine cells, tu ft cells and Paneth cells (Fox, 1993). T he undifferen tia ted  stem  cells and the 

young goblet cells o f  the crypt provide cells for renew al o f  the v illus epithelium . A ll the crypt cells 

w ith the exception  o f  the Paneth cells m igrate tow ards the v illus surface becom ing fully 

d ifferen tia ted  and d isp lay ing  the functional and structural properties o f  m ature cells (M adara and 

T rier, 1987). The m ost predom inant cell-types in the villus are  the absorp tive and m ucus-secreting  

goblet cells, indicating  the v illis ’ prim ary role in absorption . The m ajority  o f  w ater, e lectro ly te  and 

exocrine secretion occurs in the crypts. I 'h e  lam ina propria form s the connective tissue core o f  the 

villi and also surrounds the cryp t epithelium . The lam ina propria  con ta ins the b lood vessels, w hich
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nourish the intestinal cells and the blood and lymphatic systems, which drain away material 

absorbed by the intestine (Fox, 1993).

5.2.2 Large intestine

The large intestine also functions in water and electrolyte absorption, as well as passing 

waste products out o f  the body. The large intestinal mucosa is also made up o f  colum nar epithelial 

cells and m ucus-secreting goblet cells, as well as scattered lymphocytes and lymphatic nodules. 

W hile the large intestinal mucosa does form crypts o f  Lieberkuhn, it does not form villi (Fox, 

1993).

5.2.3 Mucus

The mucus barrier is made up o f the epiphase (gel-like) and the hypophase (sol layer). The 

best characterised o f these layers is the epiphase or mucus/gel layer and it functions as a physical, 

chemical and biological barrier in the gut (Lopez-Vidriero, 1989). Mucus secreted by goblet cells is 

a complex mixture o f  predominantly water (95%), glycoproteins, serum and cellular 

macromolecules, electrolytes, m icroorganisms and sloughed cells. The glycoproteins, termed 

mucins, present in this mix are responsible for the mucus layer’s gelling ability. There is a great 

deal o f regional and structural diversity in the structure o f  these mucin glycoproteins. The basic 

structure comprises a protein backbone (20% w/w) and oligosaccharides (70-80% w/w). These 

sugars include fucose, galactose, N-acetylglucosamine, N-acetylgalactosamine and sialic acid. The 

presence o f  sulphate esters o f  some o f  the sugars and sialic acid gives this mucus layer an overall 

negative charge. The mucus layer is thin with a reported thickness o f 81 ± 2|im  in the rat 

duodenum (Allen et al., 1983) but this varies significantly between species, samples and sites 

within the G.I.T..

The significance o f  the mucus layer to gene delivery has yet to be established. Drug 

transport studies have indicated that mucus acts as both a diffusional (Nimmerfall and Rosenthaler, 

1980) and electrostatic barrier (Kearney and M arriott, 1987) to drug transport but other studies 

have indicated that bioavailability o f the drugs remains unaffected. Because o f the large, highly 

charged nature o f DNA and DNA/GDV complexes it is likely that mucus will influence the rate at 

which the complexes reach the intestinal cells. The highly sulfated glycosaminoglycans present in 

the glycocalyx, i.e. on the luminal surface o f  the ciliated cells, may also interact with the cationic 

gene delivery systems. Some studies looking at the effect o f mucus removal on non-viral gene 

delivery to the airway epithelia have found no significant difference in transfection when a 

mucolytic was used to remove mucus from the cells (Fasbender et al., 1997), while other studies 

have found that removal o f  mucus increased liposomal gene delivery but had no significant effect
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on adenoviral gene delivery  (K itson et al., 1999). T he rate at w hich m ucus is m oved through the 

gut m ay also influence the contact tim e the D N A /G D V  com plexes have w ith the intestinal cells.

5.2.4 Apical M embrane

The apical m em branes o f  the intestinal epithelial cells are coated w ith the g lycocalyx and 

are com posed o f  a lipid b ilayer m em brane contain ing  a high concentration  o f  integral and 

peripheral proteins. The apical m em brane form s m icrovilli and the flu id ity  o f  the m em brane is 

determ ined by the lipid com position and the protein concentration  o f  the b ilayer (M adara and Trier, 

1987). The high concentration  o f  proteins in the apical m em brane is responsib le  for both 

polarisation  o f  transport and m etabolic functions w ith in  the cell as w ell as the reduced m em brane 

fluidity  o f  the m icrovillus m em brane (M adara and T rier, 1987). T he uptake o f  m acrom olecules into 

these cells m ust overcom e this highly hydrophobic, som ew hat inflexible m em brane structure. 

T ranscellu lar transport system s, including passive diffusion and active transport processes, m ust be 

harnessed to in ternalise pD N A  or pD N A /G D V  com plexes, but the decreased flu id ity  o f  the apical 

m em brane may inhibit endocytic processes, generally  utilised by gene delivery  system s (Pouton, 

1999).

5.2.5 Tight Junctions

The m ore fluid and less resistant basolateral m em brane is cu t o f f  from  the gut lum en by the 

tigh t jun c tio n s, w hich exist betw een the intestinal cells. T hese tigh t ju n c tio n s are O.5|0,m to 2fim 

in tercellu lar a ttachm ent zones m ade up o f  three parts; the zonula occludens, the zonula adherens 

and the m acula adherens (M adara and T rier, 1987). It is a com plex  structure  o f  cytoskeletal 

elem ents such as cytokeratin  in term ediate filam ents and actin filam ent bundles, as well as an apical 

circum ferential band, w hich together regulate epithelial perm eability . The transport o f  fluid or 

so lu tes through the tigh t ju n c tio n s  is term ed paracellu lar transport. T he barrier presented  by the 

tigh t ju n c tio n  depends on the charge, size and shape o f  the substances to  be transported  and it 

appears that positively  charged o r  neutral com pounds are  transported  p referen tially  to  negatively 

charged com pounds (K arlsson et al., 1999). Paracellu lar transport o f  gene delivery  system s w ould 

give these com plexes access to  the m ore fluid basolateral m em brane as w ell as to  the subepithelial 

blood vessels and lym phatic system . T he m ajor draw back w hen targeting  the tigh t ju nc tiona l 

paracellu lar route o f  transport is the sm all surface area  occupied  by the tigh t ju n c tio n s  com pared to 

the surface area o f  the intestine. They account for only  0.01%  o f  the  total surface area o f  the 

in testine (Soergel, 1993; D augherty and M rsny, 1999).
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5.2.6 Enzymatic activity

One of the most important features of the intestine is the high concentration o f enzymes 

and enzymatic activity within the gut. Enzymes present in the stomach, the brush border and the 

cytosol, as well as other gastrointestinal secretions, including the bile salts and acidic conditions, 

all present a harsh environment for gene delivery. Lyases, hydrolases, peptidases and isoenzymes 

o f alkaline phosphatase are found in the glycocalyx covering the microvillus membrane, while 

intracellularly esterases, phosphatases, dehydrogenases, oxidases and glucuronidases are present.

5.3 Opportunities for gene delivery to the G.I.T,

The G.I.T. has many advantages as a site o f gene delivery, whether it be site-directed for 

intestinal diseases or for systemic delivery of therapeutic proteins. The first and most obvious 

advantage is that the gut is easily accessed; rectally, orally or by endoscopic means. This allows 

local administration without surgical procedures. The large surface area of the gut. greatly 

increased by the extensive folding and villus structures, also provides an extensive area for gene 

delivery, it has been estimated that there are 7.5 x 10'° total cells available as gene transfer targets 

in the small intestine (Lozier et al., 1997).

It has been postulated that only a relatively small proportion o f cells need be transfected in 

order to produce a therapeutic effect, depending on the condition being treated (Jacomino et al., 

1997). With a wide range of cell types the gut offers a range of target cells, which are rapidly 

turned-over. Some of the most interesting target cells are the stem cells located in the crypts of 

Lieberkuhn. Transfection o f these cells would allow permanent transfection, given these progenitor 

cells are immortal and capable o f sustained proliferation in vivo (Ledley, 1992). Due to the role o f 

the epithelial cells in absorption of electrolytes, water and nutrients it is not surprising that there are 

a wide range o f active, passive and endocytic transport processes occurring in the epithelium, some 

of which could be harnessed for cellular DNA delivery or transport of the gene delivery system 

across the epithelium and into the blood or lymphatic system. Lastly then, the extensive perfusion 

of the gut by blood and lymph vessels provides an opportunity for delivery of proteins expressed in 

the epithelial cells to be secreted into the systemic circulation.

5.4 Barriers to Gene Delivery to the G.I.T. 

5.4.1 Gut lumen

While the intestinal epithelium is an excellent target for gene delivery it also presents 

unique challenges. The gut is an inhospitable environment, with acidic conditions, bile acids and 

gut enzymes attacking its contents. Any gene delivery system would have to be robust enough to

64



C h a p te r  5

survive this environm ent and arrive at the cell intact. O ther polym ers, such as proteoglycans, 

located in the ex tracellu lar m atrix  and as part o f  the  cell m em brane, can also  prevent the com plexes 

reaching  the ceils (F asbender et al., 1997). O ther factors w hich m ust be considered  before the gene 

ever reaches its target cell are conditions such as fluid flow  and perista ltic  activ ity  in the gut, w hich 

w ould affect the contact tim e betw een the gene delivery  system s and the gut epithelium .

5.4.2 Extracellular barriers

O nce the gene delivery  system  has reached the epithelial cells, these highly d ifferen tia ted  

cells present a range o f  barriers to  transfection . T hey  are covered w ith a thin m ucus layer, w hich 

the system  m ust pass through before reaching  the cell surface. T h is v iscous layer acts as a 

m olecular sieve and is thought to  exclude m olecules over 17,000 Da (C lam p, 1987). G iven that 

m ost gene delivery  system s are several o rders o f  m agnitude larger than th is the m ucus layer w ould 

be expected to  present a diffusional barrier to  transfection . In certain  clin ical conditions, such as 

cystic fibrosis, the m ucus layer, in the lung and gut, can becom e even th icker and m ore viscous 

producing an even g reater diffusional barrier. U sing m ucolytic agents to  rem ove lum inal m ucus 

and increase access o f  the gene delivery  system s to  the epithelial surface has been investigated 

(Sandberg  et al., 1994). M ucus also adds to the d ifficu lty  in accessing  cells located in the intestinal 

crypts for transfection . The degree o f  invagination o f  the  in testine varies betw een regions (M adara 

and Trier, 1987) as does the m ucus covering and th is may influence access to  the  crypt cells. The 

undifferen tiated , p ro liferating  stem cells and im m unological Paneth cells, w hich w ould both be 

suitable gene delivery  targets, are located in the intestinal crypts.

5.4.3 Membrane barriers

The fu lly  d ifferen tia ted , colum nar cells located on the villi p resen t a tigh t layer o f  polarised  

cells, w hich have m icrovilli on the ir apical surfaces. The m icrovilli are only Ijim  in length and 

0.1 i^m in w idth. T hese m icrovilli are yet ano ther barrier to DNA accessing  the apical m em brane o f  

the cells and m ean that only sm all com plexes o f  less than 30-40nm  are likely to  transfect effic ien tly  

(U duehi et a l., 1999). The apical m em brane itse lf  is less fluid and th icker than the p lasm a 

m em brane o f  m any cell types. The high concentration  o f  p ro teins and glycopro teins in the 

m em brane leads to  th is decreased  fluidity . The com position  o f  the apical m em brane is not thought 

to be favourable for D N A /G D V  attachm ent (F asbender et al., 1997). T he apical m em brane 

generally  does not allow  passive transport o f  hydrophilic , charged m olecules such as DNA, so the 

hydrophilicity  o f  DNA w ould need to  be m asked or targeted  at a carrier-m ediated  transport system  

in order to  gain access to  the in tracellu lar com partm ent via the  apical m em brane. T he tight 

ju n c tio n s  betw een epithelial cells do allow  passive d iffusion  o f  hydrophilic  and charged m olecules 

but only w hen these m olecules are extrem ely  sm all. T he d iam eter o f  the paracellu lar pores tends to
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be in the Angstrom range, orders o f  magnitude lower than the size o f  DNA. M odulation o f 

paracellular permeability through osmotic load, calcium, nutrients, hormones and/or use o f 

penetration enhancers such as Tween or bile salts may improve access o f  gene delivery systems to 

both the blood vessels and lymphatic circulation present in the lamina propria, as well as the 

basolateral membrane o f  the epithelial cells. The basolateral cell membrane, which has no mucus 

coverage, microvilli or terminal web offers a far less resistant route for gene delivery into the gut 

cells than the apical membrane. The basolateral membrane is also thinner and more fluid than the 

apical membrane (M adara and Trier, 1987), perhaps allowing greater levels o f  invagination and 

endocytosis for DNA internalisation. The difficulty o f  this approach is the inaccessibility o f  the 

basolateral membrane from the gut lumen, i.e. complexes must overcome the tight junctions

5.4.4 Intracellular barriers

Intracellularly, the absorptive cells o f the intestine have a high concentration o f  lysosomes, 

which would destroy any pDNA internalised via an endocytic pathway (pinocytosis, phagocytosis, 

transcytosis, receptor-mediated etc.) (M adara and Trier, 1987). The basolateral route o f 

internalisation also has the added advantage o f  internalising the DNA close to the nucleus, which is 

generally located in the basal portion o f the cytoplasm (M adara and Trier, 1987), thus decreasing 

the length o f time the DNA must survive in the cytoplasm and the distance it must travel to be 

transcribed.

5.5 Models for Gene Delivery to the Gut

There is a wide range o f both in vivo and in vitro models available for testing traditional 

drug transport across the gastrointestinal epithelium. Some o f  these models have been adapted for 

testing gene delivery to the gut. Given the lack o f correlation between in vitro and in vivo 

transfection studies it is imperative that the model chosen presents both the opportunities and 

barriers for transfection presented by the human gut.

5.5.1 In vivo and in situ models

M odels for gastrointestinal drug absorption include in vivo, in situ  and in vitro methods. In 

vivo methods, involve determination o f absolute or relative bioavailability o f  a drug after oral or 

rectal administration to humans or intact animals, from blood or urine concentrations. In situ 

methods involve for example local delivery o f a drug solution to an isolated intestinal segment o f 

an anaesthetised animal. The emphasis for traditional drugs is the level o f  absorption achieved 

across the gut epithelium, while for gene delivery, uptake o f the DNA into the gut cells themselves
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and/or absorption across tiie epitiielial barrier needs to be determined depending on the disease 

being treated.

To date several groups have used in situ  models for gene delivery to the gut. Croyle et al., 

(1998a, 1998b, 1998c) used an intestinal loop model to test the ability o f  adenoviral vectors to 

transfect the rat small intestine. Lau et al., (1995) used a similar model but transferred the DNA 

using retroviral vectors. A rat and mouse model used by the group indicated that transduction 

efficiency was low and inconsistent but both crypt and villus cells were transduced above control in 

responsive animals. Other studies using viral vectors have reported expression o f the lacZ gene in 

epithelial cells at the brush border and in intestinal crypt areas (Brown et al., 1997; Cheng et al., 

1997). In all cases the local transgene expression was determined by assaying the given intestinal 

segments for reporter gene activity after a defined expression period. Croyle et al., (1998a, 1998b, 

1998c) used adenovirus encoding the green fluorescent protein (GFP) as the reporter gene and 

found, once the segments were fixed, that not only was there transgene expression in the ileal and 

jejunal epithelial cells but also in the lamina propria. Those studies in which the lacZ gene was 

used may be somewhat anomalous, however, given the endogenous lactosidase activity o f  the 

intestinal microflora. Hamilton et al., (1995) compared the relative efficiencies o f retroviral and 

adenoviral gene transfer into the small intestine.

Non-viral gene delivery systems have also been tested in situ. M acLaughlin et al., (1998) 

locally administered DNA/chitosan complexes to the upper small intestine or colon o f 

anaesthetised rabbits. Some success was achieved by these non-viral systems with the chitosan- 

based formulations incorporating a lytic peptide producing higher levels o f  CAT activity than 

naked DNA (M acLaughlin et al., 1998). There has also been some success in vivo using liposomal 

gene delivery to the colon (W estbrook and Arenas, 1995; W estbrook et al., 1994). All these studies 

indicated that gene delivery, viral and non-viral, to the gut was feasible. The fact that the animals 

involved were anaesthetised and had undergone the trauma o f  surgery must be taken into 

consideration, as these conditions may have affected the metabolic activity o f  the epithelial cells. 

As well as this the differing anatomical and physiological differences o f the species used may 

affect the correlation with human therapy. There are several gene therapy clinical trials with 

protocols focused on the digestive system, but they are mainly focused on hepatic metastases o f 

colon cancers or metabolic hepatic diseases (Ouyang and Wu, 1998).

There has been a paucity o f  work on the pharmacokinetics and pharmacodynamics o f 

plasmid DNA and plasmid DNA complexes in vivo and this holds for oral bioavailability. 

Bioavailability o f  pDNA and/of its protein product would be o f  great importance if  the gut was to 

be utilised as a site for gene delivery or as a bioreactor for transgene expression and subsequent 

secretion into the bloodstream/lymphatic system. Studies o f  the pharmacokinetic fate o f  plasmid
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DNA after IV injection have indicated that plasmid DNA is rapidly degraded, with a half-life o f 

less than 5 minutes for intact plasmid DNA (Lew et al., 1995) and was found to accumulate in the 

lung, liver, spleen, heart, kidney, marrow and muscle up to 24 hours post-injection. Further studies 

have indicated that the fate o f plasmid DNA depends on the physicochemical properties o f the 

com plex (Takakura et al., 2001), thus indicating that the pharmacokinetics o f each formulation 

must be determined individually. Multi-compartment, numerical models o f  cellular events involved 

in gene delivery have been proposed (Ledley and Ledley, 1994) but these will have limited 

applicability without in vivo data.

5.5.2 In vitro cell culture models

Gene delivery in general has been studied for the most part using in vitro methods based on 

excised tissues or cell cultures and this is equally true for gene delivery to the gut. Cell culture, 

which has extended viability over excised tissue, offers a number o f  advantages over in vivo  and in 

situ  models for gene delivery, including rapid screening, decreased animal studies, controlled 

conditions, easier extraction and assay procedures and the use o f human as opposed to animal cells. 

The limitations o f cell culture are becoming increasingly apparent with the poor in vivo-in vitro 

correlation seen in many gene delivery studies (Ledley, 1995). This would indicate that the in vitro 

cell culture models are not accurately representing the in vivo situation. In the case o f  the gut, many 

o f the cell culture models differ greatly from the human gut. It is difficult to replicate factors such 

as mucus, peristalsis, multiple cell types and the complex topography o f the gut lumen with its 

many folds and villi. The flat monolayer o f cells grown on dishes or filters may not truly represent 

the diffusional and structural barriers to DNA delivery to cells, particularly those located in the 

crypts. Other disadvantages associated with the use o f  cell cultures include the initial expense, the 

labour intensive culturing, the danger from infections and the heterogeneous cell population.

5.5.3 Intestinal cell culture models

Several cell culture models have been developed, however, which successfully mimic 

many o f the properties o f the intestinal mucosa. These systems have been used extensively to 

predict the intestinal absorption o f  drugs (Hidalgo et al., 1989; Artursson, 1990) and are now being 

used extensively to test both viral (W alter et al., 1997a; Croyle et al., 1998a, 1998b) and non-viral 

gene delivery systems (Uduehi et al., 1999). The advantage o f  many o f  the intestinal cell culture 

models is their ability to fully differentiate and become polarised when cultured under the proper 

conditions. Fully differentiated cell culture models may provide a greater and more physiologically 

realistic barrier to transfection. Some o f the most common intestinal cell lines used, include 

Ht29GlucH and CaCo-2.
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5.5.3.1 Ht29

The Ht29 cell line was established from a colon adenocarcinom a (Zweibaum et al., 1991) 

but under standard culturing conditions the cell line remains undifferentiated and forms a 

multilayer. By manipulating the culture media, the cell line was induced to differentiate, producing 

a differentiated monolayer, which was polarised, with apical brush borders and tight junctions 

(Pinto et al., 1982). Several clones o f  the cell line were found to be mucus prodiicing and the 

Ht29GlucH clone was found to produce a monolayer o f  mature goblet ceils which had the ability to 

secrete mucus (Allen, 1992; Wikman et al., 1993; Meaney, 1997). Permeable supports were used to 

culture the cell line and after 2 weeks in culture the cells were shown to be secreting mucin, the 

quantity o f which increased dramatically with prolonged culture. This cell type has been used 

successfully to examine the effects o f  mucus on drug transport (Karlsson et al., 1993).

5.5.3.2 Ht29 and Gene Delivery

Successful gene transfer into Ht29 cells has been demonstrated using retroviral vectors 

(Jacom ino et al., 1997). The Ht29 cells were cultured overnight before being infected with the 

retrovirus and were therefore neither polarised nor differentiated and did not produce mucus. 

Interestingly, the Ht29 cells were transduced more efficiently than the other intestinal cell lines 

tested i.e. CaCo-2 and T84 (which were similarly non-differentiated when infected). A Ht29 clone, 

Ht29.74, was successfully transfected using a non-viral vector system (Ferkol et al., 1993). The 

Ht29.74 cells were induced to express polymeric immunoglobulin receptors and a pLL carrier 

system containing a Fab fragment for this receptor was used to deliver the plasmid DNA. Studies 

by Hashmi (2000) using the Ht29-H sub-clone indicated that Lipofectin™ was unable to increase 

transfection above that achieved by naked pDNA. Again these studies were carried out on non

confluent cultures grown to 70% confluency. Little or no use has been made o f  this cell line’s 

ability to differentiate and/or to produce mucus in order to examine its effects on gene delivery.

5.5.3.3 CaCo-2

The CaCo-2 cell line was established from human colon adenocarcinom a (Fogh et al., 

1977) and is extremely well characterised. Once confluent these cells differentiate to form mature 

enterocyte-like cells. The polarised monolayers are composed o f  colum nar cells com plete with 

apical brush border, enzyme systems, transport systems and tight junctions. The formation o f tight 

junctions between the polarised cells grown on permeable supports can be monitored by measuring 

transepithelial electrical resistance (TEER) (Hidalgo et al., 1989a). The polarisation o f  the cells 

with a well-defined apical brush border and tight junctions limiting access to the basolateral 

membrane is an excellent model for epithelial barriers in vivo. The well-defined apical brush border
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or microvilli has been shown to contain an array o f  peptidase enzymes, as well as sucrase- 

isomaltase (SI), alkaline phosphatase (AP) and angiotensin 1-converting enzyme (Howell et al., 

1992; Jalal et al., 1992; Chantret et al., 1994). CaCo-2 cultures also produce many o f the cytosolic 

enzymes o f  intestinal enterocytes such as insulin degrading enzyme (Bai et al., 1995) and 

glutathione-S-transferase isoenzyme (Peters et al., 1992). The high enzymatic activity o f  the gut is 

one o f the greatest barriers for oral delivery o f both traditional and particularly o f peptide and 

DNA-based drugs, thus a model, which effectively produces these enzymes, is an invaluable tool. 

Equally important to its role as a drug transport and/or DNA-delivery model is the presence o f a 

number o f transport systems including bile acid transporters (Hidalgo and Borchardt, 1990a), 

peptide and amino acid carriers (Hidalgo and Borchardt, 1990b), receptor and carrier-mediated 

transport (Hughson and Hopkins, 1990; Heyman et al., 1990) and efflux pumps (Burton et al., 

1993). From a gene delivery perspective the presence o f  endocytic systems is important, given the 

propensity for many non-viral gene delivery systems to be internalised by endocytic processes.

The CaCo-2 model has been widely and successfully used in intestinal drug transport

studies (W ilson, 1990). They are generally grown on 0.4^m  pore polycarbonate filters for 19-23 

days for use in:

•  Elucidating transport pathways (Dantzig, 1997)

• Screening absorption enhancers (Meaney, 1997; Kotze et al., 1997, 1998, Kotze, 1999)

• Determining structure-transport relationships (Conradi et al., 1991)

•  Assessing solvent drag (Karlsson et al., 1999)

• Assessing the influence o f  the aqueous boundary layer (Karlsson and Artursson, 1991)

•  Carrying out metabolism studies (Tamura et al., 1996)

• Investigating particle uptake by cells (Delie and Rubas, 1996)

•  Evaluating cytoprotective agents (Tang et al., 1993)

5.S.3.4 CaCo-2 and Gene Delivery

Like many cell lines, CaCo-2 cells have been infected and transfected for many years in the

course o f biochemical and genetic research. Examples o f  this kind o f  manipulation include

transfection o f  a CaCo-2 cell suspension using electroporation to produce a sub-clone, which 

secreted the bacterial endoglucanase enzyme. This sub-clone was then seeded on polycarbonate 

filters for 7-28 days in order to determine whether secretion o f  the protein was polarised (Soole et 

al., 1992). A similar study looking at polarised secretion o f proteins, including growth hormone, 

transfected CaCo-2 cells using a modified calcium phosphate precipitation method prior to seeding 

the cells in Millicell chambers for further culture (Rindier and Traber, 1988). More recent studies 

using this human intestinal cell line for characterising protein secretion have utilised the non-viral 

lipid based systems such as Lipofectin™ to form sub-clones (Kawabata et al., 1997). Overall then,
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these studies indicate that CaCo-2 cells can be transfected by a wide range o f  methods including 

electroporation, calcium phosphate precipitation and lipofection. It must be noted that the CaCo-2 

cells transfected in each o f these studies were not fully differentiated but were either in suspension 

or sub-confluent when the DNA was introduced. It is also important to note that the CaCo-2 cells 

were stably transfected and effectively secreted proteins. Secretion tended to be predominantly 

from the basolateral side, which would facilitate systemic delivery o f proteins expressed by DNA 

delivered to the gut.

Given that CaCo-2 cells have been so widely and successfully used for both drug transport 

and biochemical studies, it is logical that this cell culture model would be used as a screen for gene 

delivery systems. Harbottle et al., (1998), investigating an integrin-targeted peptide based GDV, 

successfully transfected sub-confluent CaCo-2 cells with the lipid, Lipofectamine and the cationic 

polymers, PEI and pLL, as well as with their novel RGD-oligolysine vector. Similarly, Pouton et 

al., (1998) successfully transfected one-day old CaCo-2 cultures with a range o f  non-viral vectors, 

including the lipids Tfx-50 (Promega), Lipofectamine’̂ *̂ (GibcoBRL), DOTAP™ (Avanti Polar 

Lipids) and Lipofectin™ (GibcoBRL) and found that significant increases in transfection efficiency 

above control o f  naked pDNA were produced by all o f  them. In this study pLL failed to produce 

any significant increase above control.

Pouton et al., (1998) extended their use o f  the CaCo-2 cultures by looking at the effects o f 

differentiation on transfection efficiency using the cationic lipid DOTAP™ as the vector for 

plasmid DNA delivery. They cultured the CaCo-2 cells on Costar filter-culture well inserts and 

transfected the cells after various culture periods up to 4 weeks. They found that the CaCo-2 cells 

became progressively more resistant to transfection as they differentiated. Uduehi et al., (1999), 

extrapolating from this work, determined that uptake o f pDNA into the CaCo-2 cells decreased 

with time in culture but the decreases in internalisation could not account com pletely for the 

dramatic drop in transfection efficiency, indicating that other parts o f  the transfection process are 

affected by differentiation, e.g. nuclear uptake. In order to overcome this increased resistance to 

transfection, membrane disrupting agents such as Ethylene glycol-bis-P-aminoethyl ether (EGTA), 

polysorbate 80 (Tween 80), taurocholic acid and taurodeoxycholic acid were used, each o f  which 

increased the transfection efficiency o f  DOTAP™/pDNA complexes in 14 day old CaCo-2 cultures 

by variously opening tight junctions, improving access to the basolateral membrane o f  the polarised 

cell monolayers and/or increasing membrane fluidity (Uduehi et al., 1999).

Croyle et al., (1998b) also examined the ability o f the absorption enhancer, P- cyclodextrin 

(CD) and aminated CD derivatives, to enhance adenoviral transfection o f  differentiated CaCo-2 

cell monolayers. The positively charged tertiary and quaternary amine P-CDs produced the most 

significant increase in transduction efficiency by increasing viral binding and internalisation.
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Further studies by this group using differentiated and non-differentiated CaCo-2 ceil monolayers 

have determined that expression o f a number o f receptors such as the cell-surface integrin receptor 

and the vitronectin receptor decreases as the cells differentiate (Croyle et al., 1998c; W alter et al., 

1997b). These changes in the cell surface composition with differentiation were postulated as the 

cause o f  decreased viral internalisation and transduction efficiency. The transduction efficiency o f 

the adenovirus began to drop as early as 3 days after seeding, with 79.6% transduction efficiency in 

day 3 cultures dropping to ju st 20.4% transduction efficiency in day 4 cultures down to a low o f 

3%  transduction efficiency in cultures older than one week. W alter et al., (1997a) also successfully 

used adenovirus vectors encoding for the receptor antagonist protein for interleukin-I (IL -lra) to 

transduce differentiated CaCo-2 monolayers and secrete the protein basolaterally. This protein is 

thought to have potential therapeutic effects in inflammatory bowel disease (IBS). While much o f 

this work centred on viral vector gene delivery it is interesting to note that in several o f  these 

studies they correlated the in vitro results with in situ  intestinal loop data. Expression o f the 

integrin receptors in the CaCo-2 model correlated well with their expression in the intestinal 

segments (Croyle et al., 1998c). Adenovirus 41 was internalised and bound efficiently by 

differentiated enterocytes, which correlated well with results in the rat jejunum  (Croyle et al., 

1998a). The CaCo-2 model also seemed to provide accurate qualitative data on the efficacy o f  non- 

viral excipients as demonstrated by the fact that the tertiary amine P-CD, which proved most 

effective in improving the transduction efficiency o f  the adenovirus in vitro, also demonstrated the 

highest efficiency o f  all the systems tested in vivo. Batra et al., (1994) used a combination o f viral 

and non-viral molecular conjugates to transfect differentiated and non-differentiated CaCo-2 cells 

with some success. This would indicate that the CaCo-2 model may well be a useful tool for testing 

gene delivery systems.

5.5.3.S CaCo-2:Ht29GlucH Co-cultures

While the CaCo-2 model successfully represents enterocyte-like cells, the intestine, like 

most organs, is a complex mix o f  cell types. The two most common cell types on the intestinal villi 

are the enterocytes and the mature goblet cells, which secrete mucus, thus a model which could 

incorporate the two cell types would appear to be an even more realistic model o f in vivo 

conditions. Allen, (1992) first established a co-culture o f CaCo-2 and Ht29GlucH cells and it was 

found that the presence o f  mucus produced by the goblet-like Ht29GlucH cells affected the 

permeability o f  drugs such as testosterone, warfarin and dextropropoxyphene (M eaney, 1997). It 

was also determined that mucus had an effect on the transport o f  ionised drugs (M eaney and 

O ’Driscoll, 1999), which would be a consideration in delivery o f  the polyanionic DNA molecules. 

The co-culture model offers interesting possibilities for gene delivery. It provides a model o f 

heterogeneous cell types, which is an important factor given that it has been established that 

different cell types have different resistances to transfection (Ledley, 1995). Thus, by transfecting
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co-cultures o f  mixed cell types representing a particular organ/tissue, a more realistic determination 

o f  transgene expression may be achieved. Another co-culture system, which mixes CaCo-2 cells 

with cells that have characteristics o f  lymphoid-follicle-associated epithelium and M-cells, has 

been established (Kerneis et al., 1997).

5.5.4 Epithelial Cell Culture Models for Gene Delivery

Given that the CaCo-2 culture model is so well characterised its use in screening o f gene 

delivery systems need not be limited to intestinal delivery but could be extended to a) include 

general testing o f  systems in differentiated cells and b) more specific targeting to other epithelial 

tissues, such as the lung. There is a huge interest in gene delivery to the lung epitheiia and like the 

intestine it is being investigated as both a route and site o f  administration. There has been extensive 

research in this area due to the large number o f  diseases that could be treated, the accessibility o f 

the large lung surface area and the advanced technologies available for drug delivery to the lung. 

Gene expression systems have been successfully delivered to the lung in vivo by aerosilisation 

(M cLachlan et al., 1995), inhalation (Logan et al., 1995) and instillation (Freeman and Niven, 

1996). The barriers presented by the lung epithelium closely resemble those o f the intestinal 

epithelium. The lung epithelium is made up o f  polarised epithelial cells, which have characteristic 

tight junctions and an apical membrane, which is strengthened by actin filaments and thus has little 

endocytic activity. The apical cell membranes are covered with filamentous projections, called 

cilia, which, together with the mucus secreted by specialised goblet cells and periciliary fluid, 

makes up the mucociliary transport system. This system acts to remove dust particles and micro

organisms from inhaled air. The airway epitheiia also contain a proportion o f  phagocytic cells, 

which in the lower airways are known as alveolar macrophages. As well as these sim ilarities it 

must also be noted, that like the crypts o f the intestine, the structure o f  the human airways makes 

certain regions difficult to access e.g. alveoli.

Many o f  the cell culture models developed for airway epitheiia are not yet well 

characterised. Recent studies comparing transfection o f dividing and differentiated cells have used 

filter-culture techniques to grow airway models. M atsui et al., (1997) isolated human bronchial 

cells and rat tracheal cells, which they then cultured on Transwell-Col filters for 5 days. From work 

with these models they determined that the decreased transfection efficiency o f  cationic liposome 

based gene delivery systems in differentiated cells may be due to a reduced negative surface charge 

and the absence o f phagocytosis internalisation pathways. They reported that given the 

heterogeneous nature o f  the lung epitheiia, it was in fact the undifferentiated cells within the 

epitheiia that were responsible for gene expression within the epithelium. Fasbender et al., (1997) 

used primary explants o f  normal and CF human airway epitheiia and grew the cells on 

polycarbonate filters at an air-liquid interface and concluded from their studies that internalisation
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across the apical membrane and low rates of cell division in differentiated cells are two of the most 

important barriers to gene delivery to the airway epithelia. An ex vivo model developed by Kitson 

et al., (1999) based on freshly excised sheep tracheal tissue grown at an air-liquid interface, 

demonstrated mucus coverage, mucociliary transport along with fully differentiated airway cells 

when characterised. From differences between this model and the non-differentiated COS-7 model, 

it was discerned that both extracellular and plasma membrane barriers, as well as cell cycle, 

affected gene delivery to the differentiated ceils in the ex vivo model. In this study it was found that 

removal o f the mucus layer caused an increase in cationic liposome delivery, while it had no effect 

on adenoviral efficiency. This contradicts the data found in other studies which found that 

removing the mucus layer had no significant effect on transfection efficiency of DNA-lipid 

complexes (Fasbender et al., 1997).

Given the paucity of data available on the effects of differentiation o f intestinal cells and 

cell culture models on gene delivery to the gut, these findings offer a basis for development o f not 

only lung gene delivery systems but also intestinal gene delivery systems and go some way to 

determining the barriers that exist to efficient transfection. Strategies such as those used to enhance 

airway delivery may well be extrapolated to the intestine. These strategies include use o f a 

hypotonic environment (Sawa et al., 1996), inclusion o f penetration enhancers (Freeman and 

Niven, 1996) and surfactants (Jobe et al., 1996).
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Chapter 6 

Cyclodextrins (CDs)

6.1 S tru c tu re

C yclodextrins are a group o f  cyclic po lysaccharides contain ing  6-8 glucose units, 

w hich form  torus-like m acrocycles. C D s are  c lassified  by the num ber o f  g lucopyranose units 

in the ring, a ,  P and y-CD have 6, 7 and 8 units respectively  (Fig. 6.1). In the H andbook o f  

Pharm aceutical Excipients (2000) they are described as w hite, practically  odourless, fine 

crystalline pow ders, w hich have a slightly  sw eet taste.

n = 6, a-cyclodextrin 
n = 7, P-cyclodextiin 
n = 8, Y'Cyclcxlexlrin

F ig u re  6.1 S tructure o f  a ,  P and y-CD

The cylindrical shape o f  the  m olecules is the result o f  the lack o f  ro tation  around the 

“̂Ci glycosid ic bond. The cavity  o f  the CD is hydrophobic w hile the  ou tside surface is

hydrophilic  in nature. T he prim ary hydroxyl groups (C -6) o f  the g lucose units are oriented at

the narrow er side o f  the to rus, w hile the secondary hydroxyl groups (C-2 and C -3) are

attached  at the w ider face o f  the to rus (Fig. 6.2).

OH
HOCH,

OH
HO>OH

HÔ
HOCH/ OH

HO-OH
OH

^OH

Secondary Hydroxy/ Face
HO.

F ig u re  6.2 Location o f  prim ary and secondary hydroxyls on C D  (H irayam a and U ekem a, 
1999)

HO
OH

75



C hap ter 6

The dimensions and properties o f a ,  P and y-CD vary (see Table 6.1). The differences 

in the aqueous solubility o f  the different CDs are thus due to the differences in the orientation 

and degree o f  intra-moiecular H-bonding between the C2-OH and C 3-0H  hydroxyl groups 

on adjacent glucose units in each o f the CDs. P-CD has the strongest hydrogen-bonding 

network o f the three, which makes it a very rigid molecule. Since the C-2 and C-3 hydroxyl 

groups don’t interact with water, P-CD is poorly soluble (Szeijtli, 1988).

Table 6.1 Dimensions and Properties o f  a ,  P and y-CD (Strattan, 1991)

Feature a-C D P-CD y-CD

No. o f glucose units 6 7 8

M olecular weight (Da) 972 1135 1297

Aqueous solubility (%  w/v) 14.5 1.85 23.2

Cavity diam eter (A) 4.7-S.3 6.0-6.5 7.5-S.3

Height o f  torus (A) 7.9 7.9 7.9

Diameter o f  outer periphery (A) 14.6 14.6 14.6

Approx. Volume o f  cavity (A ’) 174 262 472

6.2 Chem ically-m odified CDs

The use o f CDs in drug formulations has increased dramatically and this is primarily 

due to the synthesis o f  CD derivatives with improved physicochemical properties. A wide 

range o f  chemically modified CDs is now available. Some CD derivatives are amorphous 

powders due to the complexity o f the mix o f  homologues and isomers formed. The 

physicochemical properties o f  CD derivatives are affected by the type, number and position 

o f  the substituents on the parent molecule (Blanchard and Proniuk, 1999). The hydroxyl 

groups at the 2, 3 and 6-positions are possible reactive sites on each glucopyranose unit for 

adding substituents. Thus, for P-CD the maximum number o f  substituents is 21. The average 

degree o f  substitution (DS) gives the average number o f  substituted hydroxyls o f  a glucose 

unit. In some cases molar degree o f  substitution (M S) is used and this refers to the number o f 

moles o f  substituent per mole o f  glucopyranose, which differs from degree o f  substitution in 

that reaction sites created during substitution allow further addition o f  substituents as well as 

reactive sites themselves.

Some o f the most common derivatives are termed hydrophilic derivatives and have 

increased solubility over parent CDs. These CDs include the methylated (e.g. (DM -CD) and 

hydroxyalkylated (e.g. HP-CD) derivatives (Szente and Szeijtli, 1999). W hile these highly 

soluble derivatives are used to enhance dissolution and absorption o f  poorly water-soluble
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drugs, other less soluble derivatives, e.g. acylated P-CD, termed hydrophobic, are used for 

sustained release o f water-soluble drugs and peptides (Uekema et al., 1994; Irie and Uekema, 

1999). The hydrophobic nature o f these CDs is conferred by ethylation o f the parent CDs. 

Another m ajor group o f  CD derivatives are the ionisable CDs. In this case ionisable 

functional groups are substituted onto the CD and depending on the ionic strength and pH o f 

the environment can become ionised forming cations (e.g. amino-CDs) or anions (e.g. 

sulfobutyi-(3-CD). Some ionisable CDs have been used to selectively deliver drugs across 

biological membranes and for modifying the rate o f  drug release (Uekema et al., 1994). 

Amino CDs are CD derivatives that incorporate am ino-containing functionalities in place o f 

the primary hydroxyl groups at the 6-position in the glucopyranose ring. A variety o f  amino 

CDs have been developed that can recognise phosphate esters, including those o f nucleotide 

mono- and triphosphates (Schwinte et al., 1998; Ahem  et al., 1996).

Another group o f  derivatives which have aroused interest are amphiphilic 

derivatives, which are substituted on one o f the two hydroxyl faces by hydrophobic groups, 

and have surface active properties (W enz, 1994; Kawabata et al., 1986). Hydrophobic 

substitution on the primary or secondary hydroxyls was found to produce surface-active 

CDs, even in the case o f very short alkyl chains. Subsequently, some o f  these am phiphilic CDs 

were found to be capable o f  self-assembly to form micelles, vesicles and mono- and multi- 

m olecular layers (Tchoreloff et al., 1995). M olecules such as proteins, peptides and enzymes, 

which tend to be too large and/or too hydrophilic to be encapsulated in an individual CD may 

be encapsulated in liposome-like CD derivatives. The hydrophilic surface o f  CDs can prevent 

effective interaction with lipophilic biological membranes, thus hydrophobic substituents 

may improve this interaction by decreasing the external hydrophilicity (Duchene et al., 1999). 

These amphiphilic derivatives are also being investigated for use in bio- and immuno-sensor 

devices, as well as for drug encapsulation.

6.3 Pharm aceutical Applications

Several commercially available products now contain CDs. These include Sporanox™ 

(Itraconazole/HP-P-CD) and Clorocil™ (Chloram phenicol/m ethyl-P-CD). The many uses o f 

CDs and more usually their derivatives include; drug carriers, enzyme models, separating 

agents and as catalysts and additives (Szente and Szejtli, 1999). From a pharmaceutical 

perspective, CDs can reduce unpleasant odours or tastes, make handling o f  oils, volatile 

liquids and powders easier, as well as increasing the stability and/or solubility o f  drugs. In the 

Handbook o f  Pharmaceutical Excipients(2000), they are categorised as stabilising and 

solubilising agents.
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One o f the main features o f CDs is their ability to form inclusion complexes with drug 

molecules and the mechanisms o f association and dissociation o f these complexes have been 

reviewed extensively (Stella et al., 1999). Host-guest complexes are generally o f the (1:1) type 

but can also exist as (2:1), (1:2) and (2:2) type complexes, depending on the nature and size o f 

the guest molecule. For an inclusion complex to be formed, the guest molecule must fit 

entirely or partially into the hydrophobic cavity o f the host CD. No covalent bonds are 

formed or broken during complexation, meaning that the inclusion complexes are in dynamic 

equilibrium with the free drug and CD molecules. Figure 6.3 shows some o f the CD-guest 

adducts possible.

M  7DQ 'DgQ
(̂  r--i (e)r-i . . I—i (0,—, r-» (S)

Figure 6.3 Topology o f CD adducts with a) complete b) axial c) partial d) sandwich-type 
inclusion e) (1:2) and f) (2:2) inclusion compounds g) lid-like association compounds (taken 
from Wenz, 1994)

P'CD has become the most commonly used CD for several reasons including its low 

cost and easy availability, as well as its cavity dimensions and approval for human 

consumption. Parent and substituted CDs have been used extensively as carriers for various 

water-soluble and water insoluble drugs (Brewster et al., 1989; Wenz, 1994). Hydroxypropyl 

and methylated CD derivatives have been shown to enhance the solubility and bioavailability 

o f drugs (Merkus et al., 1991), while sulphated CDs have been found to have an inhibitory 

effect on viral absorption and replication (Weiner et al., 1992). Other CDs have been found to 

decrease immunogenicity (Jansen et al., 1990) and local irritation (Arima et al., 1991). They 

have also been shown to enhance the bioavailability o f drugs delivered via various routes; 

including oral, rectal, nasal, dermal and parenteral (Merkus et al., 1991).

The toxicity profiles o f CDs have been extensively reviewed (Irie and Uekema, 1997) 

and a number o f CDs have been determined as safe depending on the route o f administration. 

p-CD can be toxic to the kidneys at low doses when administered parenterally because, a) it 

has an affin ity for lipophilic cell components and b) can form insoluble crystals with 

cholesterol. p-CD can, however, be used orally (Irie and Uekema, 1997). The hydrophilic 

derivatives, such as HP-CD mentioned previously, decreased the toxicity o f P-CD by
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increasing its solubility and can be used parenterally. DM-CD was also found to have toxic 

effects on the kidney and liver, as well as a hemolytic effect on blood cells and high irritation 

reactions (Irie and Uekema, 1997). Sulphated CDs, on the other hand, have no hemolytic 

properties and are non-toxic (Shiotani et al., 1995). Because CDs are starch derivatives they 

are biodegradable and generally regarded as non-toxic and non-irritant.

CDs have therefore, well researched pharmaceutical and toxicological profiles. The 

ability o f  CDs to enhance delivery o f  peptide compounds was suggested to be due to complex 

formation, during which the hydrophobic amino acid residues formed complexes with the 

CDs (Haeberlin et al., 1996). Hydrophilic CDs were found to be capable o f solubilising and 

stabilising peptides. The permeation enhancing effect o f CDs is generally attributed to CDs 

ability to solubilise cholesterol from membranes, as well as affecting tight junction integrity 

in epithelial cells (Haeberlin et al., 1996). It is the transcellular com ponent o f  the 

enhancem ent process that has encouraged use o f  CDs in gene delivery. CD derivatives have 

been successfully used in the most natural form o f  transfection, fertilisation o f  eggs, by 

removing cholesterol from spermatozoa and inducing capacitation (Choi and Toyoda, 1998) 

and CDs and CD derivatives have also been used successfully to deliver oligonucleotides 

(Zhao et al., 1995) and plasmid DNA (Freeman and Niven, 1996; Gonzalez et al., 1999). p-CD 

and Amino-P-CD derivatives have also been utilised as enhancers for adenoviral transfection 

systems (Croyle et al., 1998b).

Thus, the multi-functional nature o f CDs, allows extensive modification o f  the parent 

molecules. Hydrophilic and ionisable CDs can function as absorption enhancers and/or 

control the release o f  water soluble drugs, including peptides, while amphiphilic CDs can 

form vesicle-like systems capable o f  encapsulating drug molecules and interacting with bio

membranes. These properties, along with the biodegradable nature o f CDs make them 

extremely interesting GDV candidates.
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M aterials and M ethods

7.1 Materials

7.1.1 Cell Culture

•  Dulbecco’s Phosphate Buffered Saline (PBS) Powder (1L), without Calcium, without Sodium 

Bicarbonate, Catalogue No. 21300-017

•  Trypsin-EDTA ( I X)  Liquid, Gibco, Catalogue No. 45300-019

•  Dulbecco's Modified Eagle's Medium (DM EM ), lOX, with Non Essential Amino Acids and 

without L-Glutamine, Sodium pyruvate , Gibco, Catalogue No. 12501-029

•  Gentamicin lOmg/ml, Gibco, Catalogue No. 15710-031

•  L-Glutamine 200mM, (1OOX), Gibco, Catalogue No. 25030-024

• I  ransferrin, Gibco, Catalogue No. 13008-016

•  Foetal C alf Serum, Gibco, Catalogue No. 10106-078

•  Sodium pyruvate lOOmM, Gibco, 11360-039

• Trypan Blue Solution 0.4%, Sigma, T-8154

•  Dimethylsulfoxide, DMSO, Sigma, D-5534

• 6 well plates. Nunc 150 229 A

•  24 well plates. Nunc 146 485

• Transwells 0.40pm, 4.7 Icm^, Costar, Product No. 3412

• Collagen, Type 1 from Rat Tail, Sigma, C-7661

•  N-Acetylcysteine, Sigma A-9165

•  Gelman Sterile Acrodiscs syringe filters, 0.2p.m, Product No. 4192

•  Gelman Supor 200 membrane filters, 13mm, 0.2p,m, Product No. 60298

•  Gelman Plastic Filter Holders, 13mm, Product No. 4317

All plastics used for tissue culture were obtained from Gibco or Co-star

All solutions coming into contact with cells were first sterilised by filtration or autoclaving.

7.1.2 Toxicity Testing

• MTT (Thiazolyl Blue), Sigma, M5655

•  Sodium dodecyl sulphate. Sigma, L-6026

•  Hydrochloric acid, Sigma

7.1.3 ELLA Assay

•  Partially purified porcine mucin, Type 111, Sigma H-1778

• Helixpomatia  (Edible Roman Snail) peroxidase labeled lectin, Sigma, L-6387

•  Gelatin B, Sigma, G-9391
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•  Tween 20 Sigma P-1379

•  Di-Sodium Hydrogen Ortho-Phosphate, Reidel-de-Haen, Code No. 04273

• Hydrogen peroxide solution 30%, BDH, Product No. 285194F

•  0-Phenyl-D iam ine (OPD) Tablet, Sigma P8287

• Sulphuric Acid, Sigma

7.1.4 M olecular Biology

•  Double-distilled deionised water (DDDW ), Purite lab water ROlOO HP

•  Luria-Bertani (LB) agar. Sigma, L-3027

•  Luria-Bertani (LB) broth. Sigma, L-3522

•  Ampicillin, Sigma A 2804

•  Glycerol, Sigma G 6279

•  Calcium chloride, anhydrous. Sigma C -4501

•  Qiagen Plasmid Maxi Kit, Qiagen 12163

•  Endotoxin Free Plasmid Mega Kit, Qiagen, 12381

•  Isopropanol, HPLC grade

•  Ethanol, HPLC grade

• TE 1OOX (1 OMm Tris Cl pH 8, 1 mM EDTA pH 8), Sigma T 9285

• Agarose, Gibco, 15510-027

• Tris-borate EDTA buffer (TBE) lOX, Sigma T 4415

•  Ethidium bromide. Sigma E 4391

•  Hind III, Restriction Enzyme, New England Biolabs, 104S

• Sal I, Restriction Enzyme, New England Biolabs, 138S

•  Sty I, Restriction Enzyme, New England Biolabs, 500S

•  Lambda DN A/£co/? I  +Hind III Markers, Promega G 1731

• Ficoll, Sigma F 5415

•  Bromophenol blue-xylene cyanole dye solution. Sigma B 3269

• Polaroid Film 667

All plastics and glassware used for m olecular biology procedures were first sterilised by 

autoclaving to destroy enzymes.

7.1.5 Stability studies

•  Deoxyribonuclease 1, Sigma D7291

•  Wizard DNA Clean-Up System, Promega A7280

•  Disodium edetate. Sigma E 1644

• Sodium dodecyl sulphate (SDS), Sigma L-6026

81



C h a p te r  7

•  H eparin, Sigm a

7.1.6 Zeta Sizing/ Particle Sizing (including EM)

•  Zeta S tandards, M alvern D TS0050

•  Particle Size S tandards, M alvern

•  C arbon-coated  copper grids. A gar Scientific , S 160-3

•  U ranyl A cetate

7.1.7 Transfection

•  DOTAP™  Liposom al T ransfection  R eagent, R oche, 1 202 375

•  Lipofectin™  R eagent, G ibco BRL, 18292-011

•  Superfect™  T ransfection  R eagent, Q iagen, 301305

•  Poly-Z-lysine. Sigm a D iagnostics Inc., P 8920

•  Polyethylenim ine, High M olecular W eight, S igm a-A ldrich  40,872-7

•  Polyethylenim ine, Low M olecular W eight, S igm a-A ldrich 40,871-9

•  2 .,3-dim ethyl-P-cyclodextrin  (D M -C D ), Janssen , Prod. C ode 30,239,72

•  2-hydroxypropyl-P -cyclodextrin  (H P-C D ), Pharm atec, Florida, USA

• N ovel cyclodextrins synthesised under the supervision o f  Dr. R aphael Darcy, D ept o f  

C hem istry , U niversity  C ollege Dublin:

A P 1 -CD: heptakis(6-deoxy-6-pyrid-4-ylam ino)-P-cyclodextrin ;

A P2-C D : hep tak is(2 ,3-d i-0-acety l-6-deoxy-6-pyrid-4-y lam ino)-p-cyclodextrin ;

IM 1-CD : heptak is[2 ,3-d i-(9 -acety l-6 -deoxy-6-(l-m ethy l-l//-im idazo l-2 -y l)]-P -cyclodex trin ; 

IM 2-CD : heptakis[6-( l-« -b u ty l-l//-im id azo l-2 -y l)- 6-deoxy]-P -cyclodextrin ;

1M3-CD: h ep tak is[2 ,3 -d i-0 -ace ty l-6 -(l-n -b u ty l-l//-im id azo l-2 -y l)- 6 -deoxy]-P-cyclodextrin ;

M E 1-CD; heptakis(6-deoxy-6-m ethoxyethylam ino)-P -cyclodextrin ;

AM  1 -CD: heptakis(6-am ino-6-deoxy)-P-cyclodextrin .

SC6-CD : H eptakis [ 6-deoxy-6-hexylth io-2-oligo(ethylene glycol)]-P -cyclodextrin  

SC16-CD ; H eptakis [6-deoxy-6-hexadecylth io-2-oligo(ethylene g lycol)]-p-cyclodextrin  

SC 6N H 2-C D : H eptakis[2-(co-am ino-oligoethylene g lycol)-6-deoxy-6-hexylth io]-P -cyclodextrin  

SC 16N H 2-C D : H eptakis[2-(co-am ino-oligoethylene glycol)-6-deoxy-6-hexadecylth io]-p-

cyclodextrin

•  O pti-M E M , G ibco 31985-047

•  H ank's B alanced Salt Solution (H B SS) Pow der ( IL ), w ithout Phenol Red, w ithout Sodium  

B icarbonate, G ibco, C atalogue No. 11201-019
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•  {N-(2 hydroxyethyl) piperazine-N-(2-ethanesulphonicacid)} sodium salt, HEPES, Sigma, H- 

0763

• D-(+)-Glucose, Sigma, G-7021

•  Citric acid, Reidel-de-Haen, Code No. 33114

• Dialysis tubing, (MW 6,000-8,000), GibcoBRL 11202-017

• Sodium Chloride, Sigma, S-9888

•  Reporter Lysis Buffer (RLB), Promega E 3971

• Purified firefly luciferase, Promega E 1701

•  Luciferase Assay System 10-Pack, Promega E 1501

•  Dc Protein Assay Kit, Bio-Rad 500-0112

• Chloroquine, diphosphate salt. Sigma C6628

•  Sodium Chlorate, Sigma

7.1.8 Uptake Studies

• High Prime, Boehringer M annheim, 1585 592

• a'^'P Dctp, Amersham, AA 0005

• Sepharose® CL-6B, Pharmacia Biotech, 17-0160-01

• Emulsifier-Safe™, Packard BioScience B.V. 5L 6013389

7.1.9 Confocal Laser Scanning Microscopy (CLSM)

• DHPE, Texas red®, M olecular Probes, T 1395

• Anti-Luciferase (Firefly), Affinity Purified, Europa Bioproducts Ltd., CR2029RAP

• Fluorescein (FITC)-conjugated AffiniPure Donkey Anti-Rabbit IgG (H+L),

Jackson ImmunoResearch , 711-095-152

• Paraformaldehyde, Sigma P 6148

•  Triton-X 100, Sigma T 8787

• Bovine serum albumin, RIA grade, Sigma A7888

• Sodium azide. Sigma S-2002

•  M ethylamine, Sigma M 0505

• 1,4-Diazabucyclo [2,2,2] octane (DABCO), Sigma
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7.1.10 Animal Studies

•  Sagatal™, Pentobarbitone sodium  B.P. (V et), 60m g/m l

•  T em gesic

•  V esse lo o p s, S ilicon e  vascular ties, M axxim  M edical Europe, V IO O l-1-310

•  Liquid N itrogen

7.2 Instruments

N uaire w ater-jacketed infrared autom atic CO 2 incubator

N uaire C lass II T ype A /B 3 Lam inar F low  H ood

T ech n e, T em pette Junior, TE-8J W ater Bath

B alance, M ettler AE 240

Portable P ipet-A id , Drum m ond

O rion pH M eter M odel 520A

Sigm a 203 centrifuge

W atson  M arlow  peristaltic pump

W ilovert 1 Light M icroscope

Grid H aem ocytom eter

WPI voltm eter/ohm m eter fitted with 'chopstick' e lectrodes  

D ynatec Plate Reader

G ilsen  pipettes 2-20|^l, 10-200|a.l, 2 0 0 -1 0 0 0 |il 

Priorclave A utoclave  

O ven (static)

Incubator Shaker, M ode G 25, N ew  Brunsw ick S cien tific  

U ltracentrifuge, Sorvall Instrument RC5C, D upont Sci.

M icrocentrifuge, SIG M A  113 

Fast-Trak M idi G el S ystem , Hybaid  

P S -250  Pow er Supply, H ybaid  

M icrow ave  

U V  Transillum inator 

Polaroid Camera  

M alvern A utosizer Lo-C  

M alvern Z etasizer 3000

H itachi H 7000 T ransm ission  Electron M icroscope  

T D  2 0 /2 0  Lum inom eter, Turner D esign s  

Tri-Carb 21 0 0  series liquid scintillation  counter, Packard  

B ioR ad C onfocal Scanning Laser M icroscop e, M odel M R C I0 2 4  

W hirlim ixer, F isons
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Sonicator Bath, Ultrasonics Ltd.

Heating Pad

Homogeniser, T25 Basic, IKA Techniklaboratories

W ater purification and deionisation, Purite lab water ROlOO HP

M ETHODS

7.3 Cell Culture 

7.3.1 Cel! lines

CaCo-2 cells (passage 30), a human colonic adenocarcinoma cell line, and COS-7 cells 

(passage 7), a fibroblast-like cell line established by SV40 transformation o f CV-1 African green 

monkey kidney cells, were obtained from European Collection o f  Animal Cell Cultures (ECACC), 

UK. Ht29GlucH cells (passage 12), a mucus-producing cell line, were a generous gift from Dr. 

Daniel Louvard, Pasteur Institute, Paris, France. Cells o f  passage 30-50 (CaCo-2), passage 9-40 

(COS-7) and passage 12-32 (Ht29GlucH) were used throughout. A summary o f this is shown in 

Table 7.1.

Table 7.1; Cell lines

Cell Line Cell Type Source Passage Num ber used

COS-7 fibroblast-like cell line; SV40 

transformation o f  CV-1 African 

green monkey kidney cells

ECACC, UK 9-40

CaCo-2 Human colonic adenocarcinoma 

cell line

ECACC, UK 30-50

Ht29GlucH Goblet-like cells; clone o f Ht29 

colon adenocarcinoma

Pasteur 

Institute, Paris

12-32

Standard direct and indirect tests for the detection o f mycoplasma infection were carried 

out at the National Cell and Tissue Culture Centre, DCU, Dublin on samples o f  antibiotic free 

medium from CaCo-2 and Ht29GlucH cells. The cell lines had been cultured in antibiotic free 

DMEM medium for at least three passages prior to mycoplasma testing. Both cell lines were 

shown to be mycoplasma free.
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7.3.2 M aintenance Medium

All cell lines were cultured using D ulbecco’s M odified Eagle’s Medium (DM EM ) (IX  

solution) obtained from Gibco BRL, Paisley. This was supplemented with 10% v/v fetal ca lf serum 

(FCS), L-Glutamine 1% w/v, Gentamicin lOOmg/ml and Sodium pyruvate ImM. For the 

maintenance o f the mucous-producing Ht29GlucH cell line and the CaCo-2:Ht29GlucH co-culture 

monolayers the medium was further supplemented with 5|Lig/ml o f  transferrin.

All growth media were prepared aseptically in the laminar flow hood (LFH) and stored at 

4°C.  Batch sterility was checked by placing a 5ml sample o f the fully supplemented media into a 

25cm^ flask and incubating it at 37°C in an atm osphere o f  5% CO2 and 90% relative humidity and 

m onitoring the flask for up to 5 days for signs o f microbial contamination. All medias were used 

within three weeks o f being prepared.

7.3.3 Cell line maintenance and routine culture (Freshney, 1991)

Routinely cultures were seeded in 75cm  ̂ flasks in suitably supplemented DMEM and 

maintained in an incubator at 37°C in an atmosphere o f  5% COj  and 90% relative humidity. The 

medium was changed on alternate days to maintain a pH o f 7.2-7.4 and the cells were sub-cultured 

ju st prior to reaching confluence. Sub culturing involved washing the cells with phosphate 

buffered saline (PBS), pH 7.4 (Gibco, BRL) and incubating with 5ml o f Trypsin-EDTA solution 

(0.25% w/v trypsin and 0.02% w/v EDTA) for 10 minutes at 37°C. Once the cells had become 

detached from the flask, 5ml o f culture medium was added and the cell suspension pelleted in a 

centrifuge at l,000rpm  for 10 minutes. The supernatant containing the trypsinizing solution was 

removed and the cell pellet resuspended in 1ml o f fresh culture medium.

When subculturing into flasks the cell number was not counted. The COS-7 and 

HT29GlucH cells were sub-cultured lin  5 twice weekly, while the CaCo-2 cells were sub cultured 

1 in 2 once weekly.

7.3.4 Cell concentration determination and seeding (Freshney, 1991)

A grid haemocytometer and the trypan blue exclusion test are used to determine the 

number o f  viable cells in a sample. 20|il o f  the resuspended pellet produced during splitting is 

added to 20p.l o f  trypan blue, placed on the haemocytometer under a coverslip and viewed under 

an inverted light microscope. The trypan blue exclusion assay is based on the fact that viable cells 

exclude the dye and can be viewed with a ‘halo’ o f  light around them, while dead cells become
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stained  blue. The viable cells in the central grids o f  the haem ocytom eter w ere counted  and the 

num ber o f  cells per ml calcu lated  using the fo llow ing  equation 7.1:

No. o f cells/ml = Number o f cells in twenty five grids x 2 x 10

Equation 7.1 

7.3.5 Seeding COS-7 cells

C O S-7 cells w ere seeded in six-w ell plates (35m m  d iam eter) at a density  such that at the 

tim e o f  transfection  the cells w ere at 40-50%  confluency. The seeding density , w hich gave 

optim um  transfection levels, w as found to  be 5.2x1 O'* cells/cm^. C O S-7 cells w ere seeded in 24- 

w ell p lates at a density  o f  3.2x10'’ c e lls /cm '(G o n za lez  et al., 1999). The cells w ere left to  grow  in 

the standard conditions for 16-24 hours prior to  transfection  and the cells w ere checked for 

adherence prior to use.

7.3.6 Seeding CaCo-2 cells

hi o rder to allow  d ifferen tiation , i.e. full phenotypic expression in the cell, C aC o-2 cells 

are seeded on 24m m  diam eter, 0.4p,m pore size, polycarbonate filters. Transw ells™ , at a density  o f

63,000 ce l ls /c m ^  (H idalgo  et al., 1989a) in the cu lture  m edium . Cell cu lture  m edium  is added to 

the apical (1 .5m l) and basolateral (2 .6m l) cham bers every 48 hours for the first seven days and 

then daily  until day 19-21. C aC o-2 cells becom e fully d ifferen tia ted , exhib iting  m orphological and 

biochem ical properties sim ilar to  gastric  enterocytes and have previously  been characterised  for 

th is laboratory (M eaney, 1997). U nless otherw ise stated, C aC o-2 cu ltures w ere used betw een day 

19-23.

7.3.7 Seeding Ht29GlucH and CaCo-2:Ht29GlucH co-cultures

Polycarbonate Transwell™  filters w ere collagen coated using rat-tail collagen. The 

lyophilized collagen is resuspended in 0.1%  v/v acetic  acid. Prior to use this is d ilu ted  1:1 with 

ethanol. 400|j,l o f  this solution w as added to  each filte r and then dried  overn ight in the LFH under 

UV light. H t29 cells w ere seeded on these collagen coated  polycarbonate filters at a density  o f  8.5

X 10^ ce lls /cm ^  (W ikm an et al., 1993). They w ere m aintained by rep lacing  the transferrin- 

supplem ented  m edia in the apical (1 .5m l) and basolateral (2 .6m l) cham bers every 48 hours for the 

first w eek and every day thereafter.
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The co-cultures were seeded at a density o f 4.25 x 10^ cells/cm^ (Allen., 1992) onto 

collagen-coated Transwells™ at a ratio o f  CaCo-2;Ht29GlucH o f  3:1 and maintained in transferrin- 

supplemented media for 21 days. Unless otherwise stated, Ht29GlucH cultures and CaCo- 

2:Ht29GlucH co-cultures were used between days 19 and 23.

7.3.8 Cell storage and recovery

The confluent cell monolayer was detached as described previously and the pellet

resuspended in fresh media. The cell suspension was mixed 50:50 with freezing medium, 10% v/v
6

dim ethylsulfoxide (DM SO) in foetal ca lf serum, to give a solution containing 3x10 cells/ml. 

DMSO is a cryopreservative and can kill the cells at room temperature; thus, their exposure to the 

DMSO should be limited by rapid transfer to the freezer. 1.5ml o f this solution was then placed in 

2ml cryo vials (Costar), which in turn were placed in a polystyrene container and placed in a -80°C 

freezer for 4 hours. The cryo vials were then transferred to liquid nitrogen for long-term storage.

For cell recovery, the contents o f  the cryo-vial were rapidly thawed in a 37°C water bath 

and diluted with 10ml fresh media. The cell suspension is then pelleted (in a microcentrifuge) at 

1,000 rpms for 10 minutes and the supernatant, which contains the cryo-preservative DMSO, was 

discarded. The cells were then resuspended in 1ml fresh media and transferred to a culture flask to 

which 10 ml o f  media was added. Cells are then cultured under standard conditions. Cells were 

cultured for at least two passages in order to establish them before any experiments were carried 

out.

7.4 Molecular Biology Methods 

7.4.1 Bacterial Strain

Escherichia coli D H 5a was used for propagation o f plasmids (Sambrook et al., 1989). 

D H 5a, which is a recombination-deficient bacterial strain, which is suitable for plating and growth 

o f plasmids and cosmids. All molecular biology procedures were carried out using aseptic 

technique.

7.4.2 Plasmid

PCM V/mc was obtained from Bath University, UK. This plasmid contains a gene, which 

encodes for the firefly luciferase enzyme. This is termed a reporter gene i.e. it codes for an enzyme 

which catalyses an easily detectable reaction (Aiam et al., 1990, Wood, 1991). In this case the 

firefly luciferase enzyme catalyses a reaction using D-luciferin and ATP in the presence o f  oxygen



C h ap ter 7

and magnesium resulting in light emission, which can be detected using a luminometer. It is thus a 

measure o f expression levels in a cell and the effectiveness o f transfection processes and is a 

highly sensitive detection tool (de Wet, J.R. et al., 1987, 1985). In this vector, the luc gene is under 

the transcriptional control o f the human cytomegalovirus (CM V) immediate early 

prom oter/enhancer element. The CM V promoter is a strong viral promoter causing high levels o f 

transgene expression in mammalian cells. The plasmid map for pCMVluc may be found in 

Appendix 1. In order to determine the limits o f detection and the range o f  concentrations over 

which light intensity is proportional to luciferase a standard curve was run on a regular basis 

(Appendix V).

7.4.3 Transformation of Competent E.coli

it was discovered that E.coli could internalise plasmid DNA and be transformed by it 

(Cohen et al., 1972). Once internalised the plasmid utilises the bacterial expression system to 

replicate itself, i.e. the plasmid is amplified. Plasmid DNA must be added to the E.coli at low 

tem peratures in the presence o f calcium ions, i.e. added to competent E.coli, and heat-shocked to 

promote internalisation (Old and Primrose, 1989). A selective marker, usually antibiotic resistance, 

is used to separate transformed and non-transformed bacteria. This selective marker is a 

phenotypic property conferred on the host by the plasmid DNA. The pCMVluc plasmid confers 

resistance to ampicillin on its host, D H 5a E.coli. and therefore nutrient media containing 

ampicillin will be selective for the transformed bacteria.

Competent cells were prepared using standard protocols (Sambrook et al, 1989). 

Competent cells were prepared by growing the E.coli overnight in 2ml o f LB (Luria Bertani) 

medium. 1ml o f  this overnight culture was diluted with 50 ml LB, in a 250ml flask, and grown at 

37°C in an orbital incubator at 200rpm, until the absorbance at 500nm was approximately 0.6 

(about 2 hours). The cells were then pelleted at 10,000rpm for 10 minutes at 4°C and resuspended 

in 10ml o f ice cold lOOmM C aC ^ This was left on ice for 20 minutes in order to create pores, 

which facilitate the uptake o f  plasmid into the cells. The cells were repelleted at 5,000 rpm for 10 

minutes at 4°C and resuspended in 500|o.l o f CaCL

0.1 |j.l o f  plasmid DNA {pCMVluc) was added to 200|li1 o f  competent cells and they were 

left on ice for 15 minutes to associate. The mixture was then heat shocked at -43°C for 2 minutes 

to allow the plasmid be taken up into the cell and cooled on ice for 1-2 minutes to close the pores 

in the cell. The mixture was then transferred to 1ml o f  warm broth without any drug selection and 

grown in the orbital shaker for 1 hour. 100|al aliquots were then plated onto LB agar containing 

ampicillin (100|Lig/ml) and grown overnight. The spread plate was left at room temperature for 6
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hours and then a colony was streaked onto a fresh plate and grown overnight. These plates were 

stored at 4°C for up to a couple o f months. A negative control o f  cells with no pDNA was heat 

shocked, grown up and plated onto selective plates.

7.4.4 Plasmid Propagation, Isolation and Purification

A single colony o f E.coU containing the pCMV/wc plasmid from a selective LB plate was 

inoculated into 5ml o f selective LB broth containing ampicillin (100|ag/ml) and grown for 8 hours 

in an orbital shaker at 37°C and 300 rpm (primary culture). A 1:500 dilution was then carried out 

whereby 200|j,l o f  the primary culture was inoculated into 100ml o f  selective LB broth for the 

Qiagen Maxi Kit or 1ml primary culture in 500ml o f  selective LB Broth for the Endofree Plasmid 

Mega Kit. These cultures were grown for 12-16 hours in the orbital shaker at 37°C, 300rpm. The 

plasmid was isolated by alkaline lysis (Birnboim et al., 1979) and purified by anion exchange 

chromatography using the Plasmid Maxi Kit or Endofree Plasmid Mega Kit (Qiagen Inc., USA) in 

accordance with the manufacturers instructions.

Briefly, the bacterial cells were harvested by centrifugation and resuspended. They were 

then lysed using NaOH-SDS in presence o f  RNase A. The SDS acted to solubilise the cell 

membrane, while NaOH denatured cell proteins, chromosomal DNA and to a lesser extent plasmid 

DNA. The lysate was neutralised quickly to optimise the release o f  plasmid DNA and minimise its 

denaturation. Upon neutralisation, the denatured proteins, chromosomal DNA, and cellular debris 

were trapped in salt detergent complexes, which precipitated out o f solution. This precipitated 

debris was removed from the plasmid DNA, which remained in solution, by high-speed 

centrifugation or by used o f a QlA-filter. The cleared lysate was then loaded onto an anion- 

exchange column that only binds plasmid DNA, while degraded RNA, cellular proteins, and 

m etabolites are not retained and appear in the flow-through fraction. The negatively charged 

phosphates o f  the plasmid DNA backbone interact with the positively charged DEAE 

(diethylamino ethanol) groups on the surface o f  the resin under specific pH and salt conditions. 

After washing the column to remove any remaining contaminants, the plasmid DNA is eluted 

using high salt buffer. The eluted plasmid DNA was desalted and concentrated using isopropanol 

and rinsed using ethanol. The pDNA was stored in TE buffer (Tris lOmM, EDTA, ImM ), pH 8 

and stored at -20°C.

For animal studies, endotoxin-free plasmid was required. Endotoxins are 

lipopolysaccharide (LPS) components o f Gram-negative bacteria, e.g. E.coli, which are released 

into the lysate upon cell lysis. They can cause fever, endotoxic shock syndrome, and activation o f 

the complement cascade in animals and humans (Vukajlovich et al., 1987), which not only causes
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discom fort to tiie animal but also affects the transfection ability o f  plasmid DNA. The EndoFree 

Plasmid Mega Kit produced the larger quantities o f  plasmid DNA (1.5mg/prep) required for 

animal studies, as well as removing endotoxins. The  neutralised bacterial lysate was cleared using 

a QIA filter and incubated on ice with Endotoxin removal buffer, which prevents LPS molecules 

from binding to  the anion-exchange resin.

7.4.5 DNA quantification  and identification

In order to determine the quantity o f  DNA isolated a sample is diluted 1 in 100 with 

D D D W  and spectrophotometric readings are taken at 260nm and 280 nm on an UV 

Spectrophotometer. An optical density o f  1 at 260  nm corresponds to a solution containing 

50(ig/ml for double stranded DNA (Sam brook et al., 1989). The concentration o f  the original 

solution is then calculated using the following equation 7.2.

[Concentration o f DNA (n.g/inl) = 100 (Dilution factor) x 50 x A 260 

E quation 7.2

C ontam inating phenol and protein absorbs at 280nm , thus analysis o f  the A 260/A 280 ratio is an 

indicator o f  the purity o f  the DNA. A ratio o f  less than 1.8 was considered too impure for this 

method o f  quantification, and for use in transfection o f  eukaryotic cells. Ratios between 1.8 and 

2.0 were consistently obtained.

Plasmid DNA was linearised by digestion for 2 hours at 37°C with a restriction 

endonuclease, Hindlll  (N ew  England Biolabs, UK). Loading buffer (see Appendix  II) was added 

and the sample, along with an undigested sample and molecular weight markers (see A ppendix  III) 

was loaded onto a 1% w/v agarose gel containing ethidium bromide (0.5 ^g /m l)  in T B E  (0.045M  

Tris-borate, 0.00 IM  EDTA). The gel was then electrophoresed for 1 hour at 80 volts. The pD N A  

was visualized using an UV tRansilluminator and photographed using a Kodak cam era and 

Polaroid film. The molecular weight markers confirm the size o f  the plasmid and the presence o f  

any contaminating nucleic acids, such as genomic D N A  or RN A  may be visualised.

7.5 G ene D elivery V ectors (G D V s)

Commercially  available gene delivery vectors were used:

•  To validate the characterisation and transfection studies set up in this project

•  To investigate fully differentiated cell models for transfection

•  For animal studies
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7.5.1 Cationic Lipid/Liposome Vectors 

DOTAP™

DOTAP™ was supplied by Boehringer M annheim , UK as a solution o f  concentration 

1 mg/ml. DOTAP™ or N -[-l-(2 ,3-Dioleyloxy)propyl]-N ,N ,N-trim ethylam m onium -m ethylsulphate  

has a molar charge o f  774.21. It was supplied as an aqueous dispersion (liposomes) in MBS 

(M ES-buffered  saline; pH 6.2) and was stored at 4°C.

Lipofectin™

Lipofectin™ was obtained from Gibco BRL, UK as a solution containing a 1.1 mixture o f  

the cationic lipid N -[l-(2 ,3-dioloeyloxy)propyl]-N ,N ,N -trim ethylam m onium  chloride (D O T M A ) to 

the neutral lipid, DOPE, in filter sterilised water at a concentration o f  1 mg/ml. The molecular 

w eight o f  the D O T M A  cation and counter ion was 669.5 and the molecular weight o f  the DOPE 

moiety was 743. it was stored at 4°C.

7.5.2 Cationic Polymers 

Poly-L-lysine (pLL)

Poly-L-lysine hydrobromide (average molecular weight o f  30,000-70,000 Da) was 

supplied by Sigma, UK as a powder. The molecular weight o f  the cationic m onom er plus counter

ion was 44,700. A solution was prepared using HEPES buffered saline (HBS, 20m M  HEPES and 

ISOmM NaCl, pH 7.4) as solvent to produce a 2.5 mg/ml solution. This solution was stored for up 

to one month at -20°C.

Su perfect™

Superfect™, an activated dendrim er transfection agent, was supplied by Qiagen as a sterile 

3mg/ml solution. It was stored at 4°C for up to one year. It is an activated dendrim er with a 

molecular weight o f  35kD a and there are 60 positive charges associated with each polymer 

molecule  (Qiagen, personal communication).

Polythylenim ine (PEI)

Polyethylenimine (PEI), low molecular weight (L M W ) 800Da, was made up in D D D W  at 

a concentration o f  lOOmM. It was stored for up to one month at -20°C. PEI, high molecular weight 

(H M W ) 25kDa, was made up in D D D W  at a concentration o f  lOOmM. It was stored for up to  one 

month at -20°C. A dialysis step was used to produce high molecular weight PEI, free from very 

low molecular weight PEI, termed “clean” PEI. A 10% w/v solution o f  PEI in IM  N aCl-50m M  

Hepes/HCl pH 7 was placed in dialysis tubing with a molecular weight cu t-o ff  o f  6,000 to 8,000. 

This was dialysed overnight against IM NaCl, 100 fold excess. The dialysate was changed to
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DDDW  100 fold excess for 4 hours. This was repeated a total o f  4 times, the last dialysis being 

overnight. The sample was then placed in a pre-weighed freeze-drying flask and lyophilised over 

night. The dry “clean” PEI was reconstituted with DDDW at a concentration o f lOmM and stored 

for up to one month at 4°C (Szoka, 1999).

7.5.3 CD Vesicles

7.5.3.1 Formulation of CD Vesicles

A traditional approach for formulating liposomes was used. This involved:

Dissolving CD in organic phase

i

Removing organic solvent to form a film 

Hydrating the CD film with DDDW

i
Size reduction o f liposomes

Step 1: 2mg o f  the CD was dissolved in 400)^1 o f chloroform in a micro centrifuge tube.

Step 2; A stream o f nitrogen gas was used to remove the solvent and any remaining traces o f 

solvent were removed under a medium vacuum for 15 minutes.

Step 3; The film o f CD was rehydrated using 2 ml DDDW (unless otherwise stated) to produce a 

final concentration o f 1 mg/ml. This rehydrating medium was kept at a tem perature above Tc, i.e. 

room tem perature (RT) for SC6-CD, SC6NH2-CD, SC16NH2-CD and >55°C for SC16-CD.

Step 4: The sample was vortexed and size reduced by sonication (in a bath sonicator above Tc for 

2 hours)/ filtration /homogenisation.

7.5.3.2 DNA Encapsulation Procedures for CD-vesicles

The first method used is the most common technique for encapsulation o f DNA by the 

cationic liposomes, which is simply mixing a solution o f  pDNA with a quantity o f  preformed 

vesicles. The second method used was reconstitution o f  the dry CD with a pDNA solution, 

followed by sonication for size reduction. In some cases pDNA was pre-condensed with sub- 

optimal amounts o f pLL (MR 1: DNA:pLL) and then used to rehydrate the CDs. The final 

procedure used was freeze-drying. The CDs were rehydrated initially using water to form SUVs 

and then mixed with a solution o f  pDNA. The mix was then freeze dried over night and rehydrated 

with a small quantity o f  water.
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T he CD vesicles/p lasm id DNA form ulations w ere prepared as above, but incorporating  a 

sm all percentage o f  ̂ 'P labeled p lasm id into the form ulation along w ith cold plasm id. The free 

DNA w as separated  from  the encapsulated  pD N A  by centrifugation at 12,000 x g for 30 m inutes 

and the pellet and supernatant read in a scin tilla tion  counter. T he %  encapsu lated  w as determ ined 

as a percentage o f  the total radioactiv ity  o f  the sam ple.

7,6 P hysica l C haracterisation  M ethods  

7.6.1 G el M obility  Shift A ssay

The binding ability  o f  a G D V  can be assessed using agarose gel electrophoresis. The 

m igratory properties o f  pD N A  are dependent on its charge, size and configuration. If  the charge o f  

the pD N A  is neutralised by a cation ic  G D V  w hich binds it then it w ill fail to m igrate dow n the gel 

tow ards the anode and w ill instead be retained in the w ell (H ashida et al., 1998).

The D N A :G D V  com plexes w ere form ed by d ilu ting  3 |ig  o f  pD N A  to 125|j.l with 

H B SS/D D D W  (unless o therw ise  stated) and the required quantity  o f  G D V  to 125^1 with 

H B SS/D D D W  in separate sterile  m icro-centrifuge tubes. D ifferent charge and m ass ratios o f  GDV: 

pD N A  w ere exam ined by varying the quantity  o f  G D V  used. T he GDV solution w as added to  the 

pDNA w ith gentle m ixing, i.e. p ipetting  up and dow n five tim es. The m ixture w as allow ed to 

com plex at RT for 15-30 m inutes and then 40)j,l o f  the sam ple w as diluted to  50|al w ith loading 

buffer (A ppendix  II). 20^1 o f  th is sam ple w as then loaded onto a 1% w/v agarose gel in TBE 

buffer con tain ing  eth id ium  brom ide (0.5|o,g/ml) and electrophoresed  at 80 volts for 1 hour. A 

negative control o f  naked pD N A  w as run in each gel. The gel w as view ed using an UV 

transillum inato r and photographed  using  a K odak cam era and Polaroid film  667.

7.6.2 E th id ium  B rom ide E xclusion A ssay

Ethidium  brom ide is a nuclear probe that fluoresces strongly upon in tercalation betw een 

the base pairs o f  DNA (Sam brook et al., 1989). In the absence o f  a b inding agent then the E tBr 

fluorescence is m axim um , since intercalation  is unhindered. G ershon et al., (1993) investigated the 

effect o f  increasing concentrations o f  GDV on the secondary structure o f  ca lf  thym us DNA and 

found that as the GDV to DNA charge ratio w as increased fluorescence w as quenched rapidly. 

T his quenching  w as attribu ted  to  the point o f  charge neutralisation  o f  the DNA, w hen DNA 

m olecules collapse into a packed form  (M anning, 1980, 1981) and exclude the eth idium  brom ide 

probe from  intercalating.
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6|j,g o f  DNA was diluted to 125|i.l with HBSS/DDDW  and the quantity o f  GDV required 

to produce a given charge/mass ratio GDV;DNA was diluted to I25|il with HBSS/DDDW  in 

separate sterile micro-centrifuge tubes. Samples were mixed and incubated at room temperature for 

15-30 minutes and then diluted to 3ml with 20mM NaCl solution. Ethidium bromide (0.5 |iig/ml) 

was added and the resulting fluorescence was monitored on a spectrofluorim eter (Perkin Elmer LS 

5 0 8 ) at an excitation wavelength o f 516nm and an emission wavelength o f 598 nm, using 1 cm 

cells with slit settings o f 5 nm for both the excitation and emission monochromators. Equation 7.3 

was used to correct the fluorescence for background and volume changes, since ethidium bromide 

fluorescence is concentration dependent.

Fcor -  (Vobs/3000 X Fobs) ~ Fbkgd

Equation 7.3
Fcor - fluorescence corrected for dilution

Vobs - volume, in fil, at which fluorescence measured

Fobs - fluorescence measured at Vobs

Fbkgd - the fluorescence present in the absence o f pDNA

7.6.3 Particle Size Analysis

7.6.3.1 Photon Correlation Spectroscopy (PCS)

12.8 (ig o f pDNA were diluted to 1.6ml with DDDW. The required amount o f  GDV was 

similarly diluted to 1.6ml with DDDW. The two solutions were mixed by pipetting up and down 5 

times and incubated at room temperature for 15-30 minutes. A fine quality glass cuvette was used, 

with a square cross section. The particle size o f the sample was measured at 25°C using a Malvern 

PCS Series 4700, (M alvern, UK) with a lOOmW laser set at an angle o f 90° to the sample. The 

viscosity o f the disperse phase was 0.890cP. The sample was allowed to equilibrate prior to ten 

readings being taken. The mean particle size, the standard deviation and the polydispersity o f the 

sample were determined using the systems data analysis functions based on cumulants analysis.
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7.6.3.2 Electron Microscopy (EM)

The procedure follow ed was based on the drop  m ethod o f  negative stain ing. C arbon- 

coated  copper grids w ere glow  discharged for 5 m inutes prior to  use in o rder to  increase their 

hydrophilicity . A drop o f  the sam ple w as placed on the grid and given 2 m inutes to attach to  the 

support film and the excess sam ple w as draw n off. A drop o f  uranyl acetate 0 .2%  w as used as the 

negative stain. A drop w as added to  the grid for 1 m inute and the excess draw n off. These grids 

w ere then view ed straight aw ay by TEM .

7.6.4 Zeta Potential Analysis

6 .4 |ig  o f  pD N A  w as dilu ted  to 1.6ml using 10 mM  N aC l and the appropria te  quantity  o f  

G D V  w as dilu ted  to  1.6 ml w ith lOmM NaCl. A num ber o f  d iluents including TE buffer, HBSS 

and D D D W  w ere investigated for use in zeta sizing, but lOmM N aC l produced results with the 

least background in terference. The two solutions w ere m ixed by p ipetting  and allow ed to  com plex 

at RT for 15-30 m inutes. The zeta potential o f  the so lu tions w as then m easured using the Zetasizer 

3000, M alvern UK. T he zeta potential w as m easured over a range o f  charge/m ass ratios 

(D N A :G D V ) for each G D V . R eadings w ere taken at 25 °C at an angle o f  90° and five readings 

w ere taken once the sam ple had been allow ed tim e to equ ilib rate  in the M3 cell used. A zeta 

potential standard w as used to calibrate the instrum ent p rio r to  readings and a control o f  DDDW  

w as run in betw een each sam ple to  ensure that there w as no carry-over effect betw een sam ples, i.e. 

that the cell o f  the instrum ent w as clean betw een d ifferen t sam ples. T he v iscosity  o f  the disperse 

phase w as 0 .890cP  and the d ielectric  constant w as 79.

7.7 DNA Stability Studies 

7.7.1 DNase Stability of DNA/GDV Complexes

C om plexes w ere form ed as described for transfection  in section  7.8.1 at varying 

D N A :G D V  m ass/charge ratios. A fter the period o f  incubation , M gS0 4  and D N ase 1 w ere added to 

give a final concentration  o f  0.1 |iM  M gS0 4 and 3ng/m l D N ase 1 (or 1 U nit D N ase I per |o,g DNA). 

In control sam ples the D N ase 1 w as substitu ted  w ith D D D W  but w ere o therw ise treated  exactly  the 

sam e. All sam ples w ere then incubated at 30°C for 30 m inutes and 40 |il o f  the sam ple w as then 

dilu ted  to  50 |il w ith loading buffer contain ing sodium  dodecyl su lphate (see A ppendix  II). In cases 

w here the SDS in the loading buffer w as insufficient to re lease pD N A  from  the vector e.g. polym er 

vectors such as PEI, the Wizard™ DNA C lean-U p K it w as used accord ing  to  m anufacturers 

instructions. The concentrated  pD N A  produced by the C lean-up  kit w as then mi.xed w ith ordinary 

loading buffer. 10-12 |.il o f  sam ple was then loaded onto an agarose gel 1% w/v in TB E and run for
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I hour at 80 volts in TBE. The gel was then viewed under a UV transillum inator and 

photographed.

7.7.2 DNase I protection assay in the presence o f serum

With minor modifications, the previously described DNase protection assay was employed 

to investigate the influence o f  serum on the ability o f  a GDV to remain complexed to pDNA and 

protect it from nuclease attack. Briefly, experimental conditions were as described (7.7.1) except 

that prior to incubation o f the GDV/pDNA complexes with DNase I, an amount o f serum was 

added to the incubate such that the final concentration was 50% v/v serum. A control sample 

without serum was prepared simultaneously. Further, DNase 1 was used at lU/)a,g pDNA in the 

presence o f  Mg ions and incubated at 37° for 30 minutes. Control samples without DNase o f 

complexes with and without serum were also prepared and treated identically, without the addition 

o f the digestion enzyme. The pDNA was recovered using the Wizard DNA Clean-up Kit as above 

and samples analysed by 1.0% w/v agarose gel electrophoresis.

7.7.3 Anionic displacem ent assay

7.7.3.1 Fluorimetric

The linear anionic polymer heparin and the anionic surfactant, sodium dodecyl sulphate 

(SDS) were used in order to ascertain the strength o f the interaction between the GDV and the 

anionic pDNA. The anionic displacement assay is a variation on the ethidium bromide exclusion 

assay (7.6.2). Briefly, pDNA (6 jj.g) is mixed with ethidium bromide (1.5|^g) and the resultant 

fluorescence measured and assigned a value o f  100%. GDV were added at concentrations, which 

had produced maximum quenching, i.e. maximum binding. The fluorescence is then corrected for 

dilution, using equation 7.3, and expressed as a percentage o f  the signal attributed to pDNA alone. 

The complex is then challenged by incremental addition o f polyanions. SDS was added 

incrementally from 0,02% w/v to 0.2% w/v. Heparin was added incrementally from 3.5Units up to 

2,000Units (or until no further GDV displacement was evident). After each addition o f anion the 

fluorescence is measured, corrected using equation 7.3 and expressed as a percentage o f maximum 

fluorescence.

1.1.3.2 Agarose gel

Agarose gel electrophoresis was used to determine whether the pDNA was fully 

dissociated from the GDV. To 6 |ag o fpCMVIuc in DDDW an equal volume o f DDDW containing 

the desired amount o f GDV was added, mixed and incubated as described above. The resulting
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com plex was split into two samples o f  equal volume. The first sample was incubated with heparin 

15U (5U/|j,g DNA) for 15 minutes and one without. Samples were analysed using 1.0% w/v 

agarose gel electrophoresis containing ethidium bromide at a concentration o f 0.5fo.g/ml. Gels were 

run at 80 V for 1 hour in IX TBE running buffer. A control o f naked DNA was run in each gel. 

The gel was viewed using a UV transilluminator and photographed using a Kodak camera and 

Polaroid film 667.

7.8 Transfection o f M am malian cells

7.8.1 Preparation o f Transfection Complexes

The plasmid pCMV/wc was diluted with the appropriate diluent, usually DDDW or HBSS 

(see Appendix IX), which depended on the GDV being used. This was done in a sterile 

microcentrifuge tube. Variable quantities o f the GDV were separately diluted in the same diluent 

in another sterile microcentrifuge tube. Complexes were mixed and pipetted up and down five 

times. The quantity o f DNA used was dependent on the size o f the wells used for seeding and the 

cell type.

The quantities o f DNA per well are shown in the Table 7.2.

Table 7.2 pDNA dose used per well

Cell Type Plates DNA Dose (^g) per well

COS-7 6 well 2

24 well 1

CaCo-2

Ht29GlucH

Co-cultures

Tran swells™ 6

The quantity o f GDV required for optimum transfection was determined for each individual vector 

in each cell line,

7.8.2 Transfection o f Cells

Cells were seeded as described in section 7.3.4, 7.3.5 and 7.3.6. COS-7 cells were seeded 

20-24 hour prior to transfection studies and incubated overnight. 6 well plates were used at the 

start o f  this project for COS-7 seeding. 24 well plates were substituted in order to decrease the 

am ount o f media, DNA etc required per well. CaCo-2 and co-culture CaCo-2;Ht29GlucH were 

grown for 21 days, unless otherwise stated, before being transfected.
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An hour prior to transfection, monolayers o f  the cells were washed twice with Opti-MEM 

and then 1.5 ml o f this medium was added to each well in the case o f  6 well plates, 200|il in 24 

well plates or 1 ml in the case o f Transwells™. GDV/pDNA complexes (500^1) containing 2 |ig or 

6 )jg o f  pDNA for 6 well plates o f COS-7 cells and CaCo-2/co-culture monolayers respectively 

were added to each well. GDV/pDNA complexes (75fil) containing l)u,g were added to each well 

o f  the 24 well plates o f  COS-7 cells. Transfection was carried out for 4 hours at 37°C, unless 

otherw ise stated, after which time the transfection medium was either removed and replaced with 

fresh com plete culture medium (6 well plates) or complete culture media was added to the 

transfection media (24 well plates) and the cells were allowed to express the reporter gene. The 

cells were cultured for a further 24 hours before harvesting for analysis. For all transfection 

studies, each data point represents the mean ± standard deviation (S.D.) (n=3) or mean ± standard 

error (S.E.) (n > 4) and each experiment was done in triplicate and repeated on at least two 

different occasions.

7.8.3 Analysis methods 

7.8.3.1 Preparation of cell extracts post transfection for analysis

The growth medium was removed from the cells and the cell monolayers were washed 

twice with PBS buffer, being careful not to dislodge any o f  the cells. 250 fa! o f reporter lysis buffer 

was added to each well and the plate rocked gently to ensure complete coverage o f the cell. The 

cells were then frozen at -70°C and thawed at room tem perature to enhance lysis. The cells were 

then scraped from the wells using a cell scraper and the cell lysate was transferred to a 

microcentrifuge tube. The tube was vortexed for 10-15 seconds and then centrifuged at 12,000 g in 

a microcentrifuge for 5 minutes at 4°C. The supernatant was then transferred to a fresh tube.

7.8.3.1 Luciferase assay

20 |Lil o f RT cell extract was mixed with 100 fo,l o f  RT luciferase assay reagent in a 

luminometer tube, which was then placed in a luminometer TD 20/20, Promega. The light 

produced was measured for a period o f 10 seconds. In order to determine the limits o f  detection 

and the range o f concentrations over which light intensity is proportional to luciferase a standard 

curve was run on a regular basis (Appendix V). To produce a standard curve o f light units against 

relative enzyme intensity serial dilutions o f a firefly luciferase standard were made in reporter lysis 

buffer. Concentrations from Ipg/L (10‘'^M) to Img/L (lO'^M) luciferase were used in triplicate and 

light intensity was found to be proportional to luciferase concentration in the range lOpg/L to 

lOOng/L. Any samples which produced light intensity outside this range were diluted with lysis
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buffer before being read. An example o f  a standard curve is shown in Appendix V. The RLU 

(Relative Light Units) produced by samples were then compared with the standard curve in order 

to calculate the amount o f  luciferase present and active in the sample.

7.S.3.3 Protein assay

The protein content in cell extracts was measured using the Bio-Rad Dc protein assay kit. 

This is based on the Lowry assay (Peterson et al, 1979). Samples were prepared according to 

manufacturers protocol (macro-assay). A two-step colour development procedure was used. The 

first reaction reagent A, is an alkaline copper tartrate solution, with which the protein reacts. The 

second step, addition o f  Reagent B, dilute Folin Reagent, produces a blue colour. This blue colour 

is due to the presence o f one or more reduced species o f the Folin reagent. Spectrophotometric 

measurements were made at 750 nm. Calibration curves were constructed using bovine serum 

albumin as a standard. A typical standard curve is shown in Appendix G.

7.8.4 Calculations 

Transfection Activity

Luciferase activity per well = total volume o f LB (ul) x luciferase activity per sample (RLU)

Sample volume (^1)

Protein content per well = total volume o f LB (ul) x protein content per sample (mg)

Sample volume (|il)

Specific luciferase activity = Total luciferase activity per well (RLU or ng)

Total protein per well (mg)

Charge ratios (CR)

No. o f  lamols o f  positive charges = Mass o f GDV (ug) X No. o f  positively charged groups

M olecular weight o f GDV

No. o f lamols o f negative charge = Mass o f  pDNA (ug)

330

+/- Charge ratio = No. o f moles o f positive charges 

No. o f moles o f negative charges
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Mass ratios (MR)

+/- M ass ratio = M ass o f  G ene D elivery V ector

M ass o f  pD N A  (fig)

N/P Ratios

N /P R atio = No. o f  m oles o f  am ine in GDV

N o o f  m oles o f  phosphate in DNA

7,9 Toxicity Testing 

7.9.1 MTT Assay

M TT is a tetrazolium  salt that is cleaved by m itochondrial dehydrogenase in living but not 

dead cells to give a dark blue product (M ossm an, 1983; T ada et al., 1986). P revious stud ies had 

show n that the optim um  seeding density  for CaCo-2 cells for the M TT assay w as 35,000 cell/w ell 

(M eaney, 1997). C alibration  experim ents w ere carried  out for C O S-7 cells to  determ ine the range 

o f  cell num ber that w as linearly  correlated  w ith dehydrogenase activity . CO S-7 cells w ere seeded 

at a density  in the range 5 ,000-100,000 cells/w ell in D M EM  m aintenance m edium  onto 96 well 

plates and cultured for 24hr. M edia was rem oved and 80|j.l o f  fresh DM EM  w as added. 20^1 o f  

M TT solution (5m g/m l in PBS) w as then added to  each w ell and the cells w ere incubated for a 

further 4hr at 37°C. The reaction product w as then so lubilised  w ith 100)0,1 o f  10% w/v sodium  

dodecyl sulphate in 0 .0 IN  HCl overnight before quantify ing  the co lour o f  the reaction product 

using a D ynatec plate reader at 590nm . A seeding density  o f  50,000 cells/w ell w as chosen, as it lay 

on the linear portion o f  the calibration curve (A ppendix  VIII) and produced a high level o f  

absorbance, w hich fell w ithin the lim its o f  detection o f  the D ynatec Plate Reader.

C ells w ere seeded at the appropriate seeding density  for the cell onto 96 well plates and 

cultured for 24hr in D M EM  m edium . G D V /pD N A  com plexes w ere form ulated  and allow ed to 

com plex for 15-20 m inutes. The com plexes w ere then m ixed w ith O pti-M E M , to give a final 

concentration o f  l)ag/ml pD N A . 100^1 o f  each vector system  w as run in n=4 w ells. B lank w ells 

w ith no cells and control w ells incubated w ith m edia only  w ere run on each plate. M edia was 

rem oved and fresh m edia (lOOfil) w as added to  each w ell a long  w ith M TT solution (20|o.l). The
O

cells w ere incubated for a further 4h r at 37 C. The reaction product w as then solubilised  with 

lOOfil o f  10% w/v sodium  dodecyl sulphate in 0 .0 IN HCl overn ight before quantify ing the colour 

o f  the reaction product using a Dynatec plate reader at 590nm . The concentration  o f  reagent that 

produced a 50%  inhibition o f  the dehydrogenase enzym e activ ity  w as obtained from  the 

concentration-absorbance curves.
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A m odified form  o f  this protocol using 24 w ell plates w as also  used. T his w as done to 

assess the toxicity  o f  the G D V /D N A  com plexes under the optim um  conditions for transfection , i.e. 

using the seeding density , tim e for transfection , pD N A  dose etc, that w ere used for transfections. 

The transfection  w as carried  out as norm al, but at the end o f  expression tim e the cells w ere not

lysed but assayed using M TT. The m edia w as rem oved and 400^1 o f  fresh m edia added to  each
0

well along with 80fil o f  M TT (5m g/m l). The cells w ere incubated for a fu rther 4hr at 37 C. The 

reaction product w as then solubilised  w ith 400p.l o f  10% sodium  dodecyl sulphate in 0 .0 IN  HCI 

overnight. lOOfil a liquo ts o f  the w ell contents w ere transferred  to  a 96-w ell plate before 

quantify ing the co lour o f  the reaction product using a D ynatec plate reader at 590nm .

7.9.2 Measurement o f Transepithelial Electrical Resistance (TEER)

A nother m ethod used to  determ ine the tox icity  o f  the G D V /D N A  com plexes on fully 

differentiated  cell lines w as TEER s. The fully d ifferen tia ted  cell lines w ere grow n on filter 

supports suspended in m edia. T E E R s are proportional to the ability  o f  the cell layer to  restrict the 

flux o f  ions betw een the apical and basolateral cham ber and are thus a m easure o f  the m onolayer 

integrity. TEER s w ere m easured using a W Pl vo ltm eter/ohm m eter fitted w ith 'chopstick ' 

electrodes. In o rder to  obtain reproducible results the e lectrodes w ere m aintained in a constant 

position and readings w ere alw ays taken prior to feeding. TEER s w ere read before transfection  and 

at d ifferent stages th roughou t the experim ent to  determ ine w hether there w as toxicity  and if  so, 

could the cells recover from  it. The resistance o f  the unseeded Transwell™  inserts in m edia was 

read as control resistance and the T EER  for each well w as calculated  using the fo llow ing  equation

7.4:

T  Cell M onolayer = JT  T e s t  ~  T Control)!

Equation 7.4

^  Cell Monolayer

" f  Control

T  Tesl

= R esistance o f  the cell layer alone (Q .cm ^)

= R esistance o f  the cell layer and filter (Q .cm ^) 

= R esistance o f  the filter alone (Q.cm ^)
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7.10 Enzyme Linked Lectin Assay (ELLA)

An ELLA  assay  w as used to  confirm  the presence o f  m ucus on the C aC o-2;H t29G lucH  co

cultures and the effectiveness o f  N -acetylcysteine as a m ucolytic. T his assay is based on the ability  

o f  peroxidase labeled lectins to bind to  m ucin glycoproteins. W hen the substrate for these lectins is 

then added, a co lorim etric  reaction occurs w hich can be read on a spectrophotom eter at 492 nm, 

thus quantify ing the m ucin glycoproteins present (R hodes et al., 1993).

Sam ples w ere taken from  the apical cham ber (100|^1), in trip licate, and incubated in a high 

b inding 96-w ell p late overn ight at 4°C. C ontrols o f  blank w ells, HBSS alone and m edia alone w ere 

run alongside the sam ples. A calibration curve w as run on each plate using  freshly  prepared 

partially  purified porcine m ucus (PPPM ) in HBSS, in the range 0-40ng/m l. Each well w as then 

w ashed three tim es w ith 200 |j,l o f  w ashing buffer (0 .5%  w /v T w een 20/0.5%  w /v G elatin  type B in 

PBS) and incubated for 1 hour at 37°C w ith 100|il o f  blocking solution (1%  w/v G elatin  T ype B in 

PBS). T he w ells w ere w ashed again three tim es w ith 200fa.l o f  w ashing buffer and then incubated 

w ith 100)il o f  lectin solution (0.1% w /v G elatin  Type B/5|j.g/ml H elix P om atia  lectin (H PA ) 

peroxidase labelled in PB S) for 1 hour at 37°C. W ells w ere then w ashed six tim es w ith 200fil o f  

w ashing buffer and incubated with 100f.il o f  freshly prepared substrate so lu tion  (0 .05%  v/v 

Hydrogen peroxide/lO m I o f0 .2 M  di-sodium  hydrogen orthophosphate/10m l o fO .lM  citric acid pH 

5 with 0.05%  w/v o-phenylene-diam ine (O PD ) added ju s t  prior to  use). The co lour w as allow ed to 

develop for 10 m inutes at room  tem perature and then the reaction was stopped using 20(il o f  

20% v/v Sulphuric acid. The plate was read w ithin 10 m inutes o f  adding the stop solu tion  on a 

D ynatec plate reader at 492nm . There w as a linear re la tionsh ip  betw een absorbance at 492nm  and 

concentration  o f  PPPM  (ng/m l) in the range 0-30ng/m l and an exam ple o f  a calib ration  curve is 

show n in A ppendix  VII.

7.11 Radiolabeled (^̂ P) DNA 

7.11.1 Preparation of Radiolabeled (̂ P̂) DNA

T he m ethod used to  radiolabel the pCM V/wc plasm id is based on the m ethod o f  random  

prim ed DNA labeling (F einberg  and V ogelstein , 1983, 1984). The pD N A  is first denatured  to 

unw ind the DNA strand. A labeling m ixture o f  random  prim ers, K lenow  polym erase enzym e and 

labeled and non-labeled  nucleosides is then added to  the pD N A . The K lenow  polym erase enzym e 

will synthesisE  a com plem entary  DNA strand based on the original DNA tem plate  by using  the 

3 ’OH term ini o f  random  oligonucleotides as prim ers. All sequence com binations m ust be present 

in the m ixture o f  random  oligonucleotide prim ers, so that the prim ers can bind to  the original 

tem plate DNA in a statistical m anner. The M odified deoxyribonucleoside-triphosphates, i.e.
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a^"PdCTP present in the reaction mix are incorporated into the complementary strand along with 

the unlabelled dATP, dGTP and dTTP.

Linearisation: pCM Vluc  plasmid was linearised using the Hind 111 restriction enzyme by 

incubating the DNA with the enzyme in buffer for 2 hours at 37°C, the enzyme was then 

inactivated by heating the mixture to 65°C for 10 minutes.

Denaturation: 25 ng o f  template DNA was made up to 1 Ifil with DDDW and heated in boiling 

water for 10 min, followed by chilling on ice/NaCl bath.

i

Reaction Mix: The 25ng o f denatured template DNA was mixed with 4|j,l o f High Prime Solution 

and 5)al o f  a ’^PdCTP(50|iCi) on ice. The reaction was allowed to proceed for 10 minutes at 37°C 

and was stopped after this time by addition o f 2|j,l o f  0.2M EDTA (pH 8). The mixture was made 

up to 100|j.l with TE buffer.

i
Purincation: Non-incorporated label was removed using a freshly prepared Sepharose column. 

The column was prepared in a imi microcentrifuge tube by making a small hole in the base o f the 

tube and adding 20|il o f  sterile 200-300|im beads, followed by I ml o f  Sepharose CL-6B and 

centrifuging at 2,000rpm for 2 mins to dry the column. The reaction mix was added to the column 

and spun at 2,000rpm for 2 mins. I00|al o f  TE was then added to the column, which was spun 

again for 2 mins at 2,000 rpm.

i

Specific activity: The column eluate contains only incorporated radiolabel, since the non

incorporated radiolabel is retained on the column. Thus, the specific activity (i.e. per )j.l) o f  the 

labeled DNA solution was determined by adding l|ul o f  the solution to 1ml o f Emulsifier-Safe™ 

scintillation cocktail and measuring the radioactivity on a Tri-Carb 2100 series liquid scintillation 

counter.

7.11.2 Uptake studies (Uduehi, 1999)

7.11.2.1 Experimental design

All cells were seeded as described previously. COS-7 cells were seeded in 24 well plates 

16-24 hours prior to uptake studies. CaCo-2, Ht29 and CaCo-2:Ht29GlucH co-cultures were all 

cultured on filters and used at day 1 or day 21 post-seeding. The specific activity o f the 

radiolabeled pDNA was determined the day o f the experiment to account for decay o f the isotope, 

which has a half-life o f only 14 days.
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The radiolabeled pDNA was mixed with pCMVluc plasmid, so that there was 

approximately 40,000 CPM per DNA. l|ag DNA was used per well for COS-7 cells, while 6|j,g 

o f pDNA was used on filters. A blank o f cells incubated without DNA and a control o f the relevant 

quantity o f  pDNA mix alone was used as control in each experiment. The pDNA was complexed 

as described previously for transfection with the relevant GDV and left to com plex for 30 minutes. 

The cells were rinsed twice and then incubated with Opti-M EM  prior to studies. The complexes 

were added and the cells were left to transfect at 37°C (except in the case o f experiments 

specifically carried out at 4°C) for 4 hours (in the case o f filters and in the COS-7 model when 

using commercial GDVs) or 24 hours (in the case o f most o f  the CD/pDNA experiments, serum 

containing medium having been added to the 24 well plates after 4 hours). Each experiment was 

carried out on a minimum o f  three wells, to give a sample size o f  n=3 for each set o f  conditions.

7.11.2.2 Analysis of samples

After this time, the transfection medium was removed and the cells were rinsed with PBS 

twice. Lysis buffer is then added to each well and the ceils are put through a freeze-thaw cycle to 

aid lysis. The cells were scraped from the wells/filters into sterile micro-centrifuge tubes and 

centrifuged at I0,000rpm for 10 minutes. The radioactivity o f  each sample was measured in dpm 

(disintegrations per minute) by adding 200|il o f  the sample to a vial containing 1 ml o f  Emulsifier- 

Safe™ scintillation cocktail and measuring the radioactivity on a Tri-Carb 2100 series liquid 

scintillation counter. The protein content o f  each sample was determined using the Bio-Rad Dc 

protein assay kit.

Calculations:

% Uptake = Total Lvsis buffer added to well (ul) x dpm/sample X 100 

Total dpm added to well

Specific Uptake = Total LB added to well X DPM/sample

Protein content (mg)

7.12 Confocal Laser Scanning Microscopy (CLSM)

These studies aimed to identify the luciferase enzyme within individual cell. This was 

achieved by transecting the cells to allow expression o f the protein and then treating the cells with 

first a primary anti-luciferase antibody and then a secondary anti-lgG antibody, which was 

fluorescently labeled (Keogh et al., 1997, Abdallah et al., 1996). By counterstaining the cell walls 

individual cell transgene expression could be determined.
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7.12.1 Sam ple Preparation

Poly-L-lysine coated coverslips w ere used to  grow  C O S-7 cells for confocal studies. 

B riefly, the coverslips w ere placed in a 10% w/v Poly-L -lysine solution for 5 m inutes and then 

dried fo r 1 hour at 60°C . The coverslips w ere then autoclaved  to  produce a sterile platform  for cell 

grow th. The coverslips w ere placed in 6 w ell plates and seeded at a concentration  o f  1 X 10^ 

cells/w ell. C aC o-2 cells w ere cultured on Transwells™  as described  previously  (7 .3 .5) and used at 

day 21 post-seeding.

T ransfections w ere carried  out as described prev iously  (7 .8) for com m ercially  available 

vectors using the pCM V/wc plasm id. pD N A /G D V  com plexes w ere prepared w ith 2|^g pD N A  and 

6|o,g pD N A  per w ell for CO S-7 and C aC o-2 cells respectively . T ransfection  w as carried  out in 

O pti-M EM  for 4 hours and w as replaced w ith fresh serum -contain ing  m edia for a further 24 hours 

expression tim e. At the end o f  the transfection  the sam ples w ere rinsed three tim es w ith pre

w arm ed PBS.

7.12.2 S tain ing procedure

In order to determ ine the optim um  concentrations o f  prim ary and secondary  antibody to be 

used a num ber o f  control and titration  experim ents w ere carried  out (A ppendix  X).

D H PE T exas R ed®  w as m ade up in a 1:1000 dilu tion in PBS from  a stock o f  1 mg/ml in absolute 

ethanol. It w as added to  the w ashed cells and left in contact w ith the cells for 10 m inutes a t 37°C 

in the dark. W hen using filters, the counter stain w as p laced in both the apical and basolateral 

cham bers. D H PE Texas Red stains the cell w alls, so that each individual cell can be visualised.

Rinse the cells three tim es w ith pre-w arm ed PBS

i
Fixation: 3% w /v Paraform aldehyde and 0 .1% v/v T riton-X  in PBS was used to  fix the cells by 

leaving the solution in contact w ith the cells for 10 m inutes a t room  tem perature.

4
Rinse the cells w ith l5m M  Sodium  azide in PBS three tim es. T he filters w ere then cut into sm aller 

fragm ents and placed in 6-w ell plates for all further processing.

i
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Blocking: A 5% w/v BSA, 15mM Sodium azide, O.IM M ethylamine solution in PBS was left in 

contact with the cells for 3 hours at room temperature. This blocked any non-specific binding o f 

the antibodies in the later steps.

I
Rinse the cells with 15mM Sodium azide in PBS.

i

Primary Antibody: The rabbit Anti-Luciferase antibody (Europa Bioproducts) was unconjugated 

and affinity purified. It was diluted, from a stock o f 50|o.g/ml, 1 in 300 with 5%w/v BSA, 15mM 

Sodium azide in PBS. 500|j.l o f  this was added to each well and left overnight at room temperature.

i
Rinse the cells with 15mM Sodium azide in PBS three times.

i
Secondary Antibody: The secondary Fluorescein (FlTC)-conjugated AffiniPure Donkey Anti- 

Rabbit IgG was chosen because the primary antibody was raised in rabbit. The FlTC-lgG was 

diluted, from a stock o f  0.75mg/ml, 1 in 100 with 5% w/v BSA, ISmM Sodium azide in PBS. 

500|il o f this was added to each well and left for three hours at room temperature.

i

Rinse the cells with 15mM Sodium azide in PBS three times.

i

Mount the cells on slides with an anti-quench solution o f DABCO in 50%v/v PBS, 50%v/v 

glycerol and seal the coverslips with nail varnish. In the case o f  filter mounting, the filter section is 

placed in anti-quench on the slide and covered with a coverslip, which is placed on “posts” o f  nail 

varnish pre-set on the slide.

7.12.3 Confocal M icroscope

The cells were stored at 4°C and protected from light. They were viewed within one week 

using a BioRad Confocal Scanning Laser Microscope, Model MRC1024. The parameters for laser 

power and iris control were set and used for all samples, including controls. The fluorescence 

intensity across each o f  a number o f  cells for each sample was determined across the x-axis (Sakai 

et al., 1997). Negative controls o f  non-transfected cells were used in each experiment to ensure 

antibody specificity.
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7.13 Animal Studies 

7.13.1 Transfection com plex Preparation

The intestinal loop ligation model developed in this study was based upon work previously 

carried out using adenoviral vectors in gene delivery to the intestine (Croyle et al., 1998a, 1998b). 

Plasmid DNA was prepared using the Qiagen Mega Endotoxin-Free Kit and stored at -20°C  in 

DNase/RNase/Pyrogen free eppendorffs. The range o f pDNA doses tested was based on plasmid 

DNA doses used in non-viral gene delivery studies in vivo  (Bragonzi et al., 1999; Freeman and 

Niven, 1996; MacLaughlin et al., 1998; Thierry et al., 1997). The optimised pDNA;Vector ratios 

determined for the fully differentiated CaCo-2 mode! were used when formulating the complexes. 

The pDNA and GDVs were diluted separately in equal volumes o f  HBSS and mixed 30 minutes 

prior to injection to allow for complexation time.

7.13.2 Surgical procedure

Three male W istar rats (250-350g) were fasted overnight and anaesthetised using Sagatal 

(pentobarbitone) delivered intraperitoneally (IP). All surgery was performed on a hot-plate using 

asceptic techniques. A 3/4-inch midline incision was made in the anterior abdominal wall o f 

anaesthetised rat and an appropriate segment o f the jejunum  was located and carefully brought to 

the surface o f the cavity. A loop o f approximately 2cm in length was ligated with Vascustatt^*^ 

Maxiim vascular ties and secured with thread. Care was taken to ensure that viability o f  normal 

blood supply and peristalsis were maintained. The appropriate pDNA/GDV complex (in 2ml o f 

fluid) was injected into the proximal end o f the loop using a 30-gauge needle affixed to a 2-cc 

syringe. The loop remained outside the peritoneum for 3hrs and the rats were maintained under 

anaesthetic. After 3 hrs the ligation was released and the incision was stitched. The animal was 

allowed to recover and was given Temgesic™ (0.01ml) for analgesia. The rats were provided with 

water and heat overnight. 24 hours later the rats were euthanised using carbon dioxide.

7.13.3 Sample analysis

The treated intestinal segment was extracted and rinsed thoroughly with ice cold PBS. It was 

then frozen rapidly using liquid nitrogen and crushed using a pre-cooled pestle and mortar. The 

frozen segment was then homogenized in 2 ml Lysis buffer on ice. The homogenous slurry was 

incubated in ice for 15 minutes and then mixed.

The sample was then centrifuged at 15,000 rpm for 5 mins at 4°C. The cleared supernatant was 

then transferred to a clean micro-centrifuge tube. 20ul o f  supernatant was then assayed for
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luciferase using the Promega Luciferase Assay Kit and corrected for protein content using the 

Biorad Dc Protein Assay Kit. Vahdation o f  recovery was carried out by spiking control segments 

with a known amount o f  luciferase standard and analyzing as described above to determine 

recovery.

7.14 Statistical Analysis

Unpaired Student’s t-test (two tailed, a  = 0.05) was used to test the significance o f 

differences between two mean values.
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Chapter 8

Transfection and Mechanistic Studies in COS-7 cells 

8.1 Introduction

In order to investigate the efficiency o f a novel gene delivery vector (GDV) or compare the 

efficiencies o f a number o f different vector systems it is essential to have an adequate in vitro 

model for transgene expression. There are a significant number o f biochemical, biophysical and 

cellular variables that have an effect on the level o f the reporter protein expressed (Caplen, 2000). 

Some o f  the factors that influence the transfection process include; the choice o f plasmid, the cell 

model, the choice o f  GDV and the experimental conditions.

The choice o f plasmid construct and reporter gene and the quality and quantity o f  the 

pDNA used will impact on the type and quantity o f protein produced upon successful delivery 

(Alam and Cook, 1990). The cell type and passage number, as well as the cell seeding density and 

the level o f confluency at the time o f transfection influence the level o f  transgene expression 

(Caplen et al., 1995; Pouton et al., 1998; Tseng et al., 1999). The type and quantity o f  GDV used to 

complex the pDNA will determine the nature o f  the complex formed and the transfection efficiency 

(Rolland, 1998). Some o f the most critical transfection variables are the formulation issues o f DNA 

dose, pDNA:GDV ratio and the absolute concentration o f the complexes added to the cells (Barthel 

et al., 1993; Caplen et al., 1995; Liu and Mounkes, 1997). The diluent in which the GDV/pDNA 

complex is formed can affect complexation and therefore transfection. It has also been found that 

the order o f addition and method o f  mixing o f  the components o f  the transfection complexes can 

influence transfection (B oussif et al., 1996). The contact or transfection time o f the complexes with 

the cells and the expression time, during which the cells are incubated under standard conditions, 

will influence the level o f  uptake o f  the complexes and the level o f protein expression (Zabner et 

al., 1995). The presence or absence o f serum or endosomolytic agents in the transfection media can 

also have a significant influence over transfection levels.

The transfection studies in this chapter aim to evaluate the effect o f  many o f these factors on 

the level o f  expression o f  the luciferase reporter gene expression system in COS-7 cells. Many 

reviews find it difficult to compare the efficiency o f  different vector systems due to the wide 

variety o f different experimental conditions used by different researchers. An efficient and 

standardised transfection protocol was derived from these experiments and used to compare a 

selection o f cationic lipids, peptides and polymers for transfection efficiency. The biological effects 

o f  the systems can reflect differences in their physicochemical interaction with pDNA and their 

toxicity, so a range o f these vector systems was tested for stability and toxicity. The ability o f each 

GDV to protect pDNA, deliver it to cells and transfect in the presence o f serum was examined as a
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more physiologically accurate model o f in vivo transfection. In order to determine the mechanisms 

o f transfection used by the different vector systems a series o f transfection and uptake studies were 

carried out under a range o f  conditions. These studies aimed to analyse the role o f the GDVs in 

binding and internalising at the cell surface and releasing pDNA from the endosome. A more 

detailed examination o f the role o f proteoglycans and active processes in pDNA uptake into cells 

was also carried out.

8.2 Aims and Objectives

• To determine the effect o f  DNA dose, transfection time, expression time, cell seeding density 

and diluent on transfection levels using DOTAP™/pDNA complexes in COS-7 ceils

• To determine the optimum ratio o f  VectonpDNA for the cationic lipids; DOTAP™ and 

Lipofectin™, the cationic polymers; Superfect™ and PEI, and the polypeptide Poly-L-lysine in 

COS-7 cells

• To compare the transfection efficiency and levels o f  cell-associated pDNA for the optimised 

vector systems in COS-7 cells

• To determine the effect o f  serum on transfection for each o f  the vector systems and to examine 

its effects on the levels o f  cell-associated pDNA and complex stability

• To compare binding and internalisation o f pDNA into COS-7 cells for each o f the vector 

systems and to determine the part played by proteoglycans in the uptake mechanisms o f each o f the 

vectors.

•  To determine the effect o f the endosomolytic agent chloroquine on the transfection ability o f

the cationic lipid DOTAP^^, the cationic polymer PEI, and the polypeptide Poly-L-lysine

•  To determine the stability o f  the Vector:pDNA complexes

• To assess the level o f toxicity o f each vector system in COS-7 cells

RESULTS

8.3 COS-7 Cells

COS-7 cells were established by transformation o f the CV-1 simian cell line. Three 

transformed lines were produced named C O S-1,-3,-7 (Gluzman, 1981). They are deemed to be 

fibroblast-like cells. In figure 8.1a, b and c the growth o f  COS-7 cells grown on coverslips was 

arrested at 24 hours, 48 hours and 72 hours post-seeding respectively by fixing. The cells were then 

viewed using phase contrast microscopy under a 63X oil immersion lens. In figure 8.1a the cells 

have little morphological definition. By 48 hours the morphology o f  the cells is more defined and 

there is evidence o f cell division. There are several cells in which two nuclei can be seen, which are 

obviously midway through a cell cycle. At 72 hours the cells have a fibroblast-like morphology
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(Freshney, 1991). They are bipolar or multipolar and their length is much greater than their width. 

The rate o f  cell division also seems to have slowed, with less cellular activity evident.

Figure 8.1a Phase contrast pictures, using confocal laser scanning microscopy, o f  COS-7 cells 24 
hours post-seeding viewed under a 63X oil immersion lens. The arrows indicate the location of 
ceils.

Figure 8.1b Phase contrast pictures, taken using confocal laser scanning microscopy, o f COS-7 
cells 48 hours post-seeding viewed under a 63X oil immersion lens. The arrows indicate the 
location o f  cells undergoing cell division.

1 1 2
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Figure 8.1c Phase contrast pictures, taken using confocal laser scanning microscopy, o f COS-7 
cells 72 hours post-seeding viewed under a 63X oil immersion lens. The arrows indicate the 
location o f cells, which exhibit obvious multipolar features.

8.4 Transfection Conditions

In all transfection condition studies, one variable was altered in a given experiment while 

the other conditions were maintained. The aim o f these experiments was not necessarily to 

determine the conditions that would give maximum luciferase expression, but the conditions that 

would allow efficient and economical transfection for comparison o f vector systems. Unless 

otherwise stated the vector used in these studies was DOTAP™ at a charge ratio (CR) +/- o f  2.4 

with pCMVluc (luciferase plasmid), made up in HBSS. The transfections were carried out in 

serum-free medium for 4 hours, after which time the medium was replaced with full media. 

Luciferase expression was determined 24 hours later and standardised for protein content. A 

control o f  naked pDNA was run in each experiment. The initial conditions were based on 

established protocols (Tilkins et al., 1998) but were then optimised within the laboratory. The 

protocol for transfection based on 24-well plates was performed because they were used in later 

studies o f  Cyclodextrin (CD)-mediated transfection.

1 1 3
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8.4.1 DNA Dose

The effect o f the dose o f pCMV/wc used to transfect a fixed number o f cells was evaluated. 

In this experiment, COS-7 cells seeded on 6 well plates were transfected as described in section 7.8 

with 2, 4 or 6jig o f pCMV/uc complexed with DOTAP™ at a CR (+/-) o f 2.4 in a total volume o f 

500 |il (and added to the cells with 1.5ml o f Opti-MEM). As shown in figure 8.2a, the specific 

luciferase activity increased with increasing DNA concentration. The concentration o f pDNA used 

in all further studies using COS-7 cells on 6 well plates was 2|ig, since this concentration o f pDNA 

gave an acceptable level o f luciferase expression without wasting plasmid DNA, which is both 

expensive and time-consuming to isolate and purify. A similar experiment was carried out on COS- 

7 cells seeded on 24 well plates at a fixed seeding density. A lower range o f doses was tested given 

the smaller volume and surface area to be transfected. 1, 2 or 4|ig o f pCMV/wc complexed with 

DOTAP™ at a CR (+/-) o f 2.4 in a total volume o f 75 |il was added to each well (along with 255^1 

o f Opti-MEM) and transfected as above. The resulting transgene expression levels are shown in 

Figure 8.2b. In this case, a dosage over the optimum, 2|ag per well, appeared to reduce transfection 

efficiency. A dose o f 1 ^g per well was chosen for further studies in 24 well plates.
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Figure 8.2 Effect o f pDNA dose per well on transfection o f COS-7 cells seeded in a) 6 well plates 
and b) 24 well plates using DOTAP^^ at CR (+/-) 2.4 . Control represents transfection with the 
naked pDNA (2|ig and lp,g/well for 6-well and 24-well plates respectively). Values are expressed 
as mean ± S.E. (n=4).
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8.4.2 Seeding Density

The effect o f transfecting proliferating cells was investigated. COS-7 cells were seeded at 

densities o f 1 x 10^ 2 x 10^ 5 x 10̂  or 1 x 10̂  per 35mm well (six well plate), incubated for 16-24 

hours under standard culture conditions before transfecting with /^CMK/mc/DOTAP™ at a CR 2.4 

(+/-). Figure 8.3 shows that the highest level o f specific luciferase activity was achieved when cells 

were seeded at a density o f 5 x 10̂  cells per 35 mm well, although the highest total enzyme activity 

was at a density o f 1 x lO*’ per 35mm well. The drop in specific activity at this seeding density is 

due to the higher protein content o f each well. These results indicate that there is a proportional 

increase in expression with increasing cell numbers until the cells reach confluency.
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Figure 8.3 Effect o f COS-7 cell seeding density in 35mm plates on specific (RLU/mg protein) and 
total (RLU) luciferase expression by DOTAP™/ pCMVluc (CR+/- 2.4) complexes. Values are 
expressed as mean ± S.E. (n=4)
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8.4.3 Transfection Time

The effect o f the duration o f transfection on transgene expression was evaluated by 

transfecting COS-7 cells, seeded in 6-well plates, with />CA/F/mc/DOTAP™ (CR +Z-2.4) complexes 

for either 2, 4 or 8 hours. After the transfection period the transfection medium was removed and 

fresh serum-containing medium was added. Cells were harvested 24 hours post initiation o f 

transfection for analysis o f luciferase activity. Fig. 8.4a shows that peak luciferase expression 

occurred after an 8 hour incubation period. For all further studies a transfection time o f 4 hours was 

chosen. This incubation time produced a high level o f transgene expression and more closely 

matched the transfection time used in standard protocols. The manufacturers instructions for use o f 

DOTAP™ suggest an incubation time o f between 3-6hr.

In order to investigate the effect o f prolonged exposure o f the cells to the transfection medium, 

COS-7 cells, grown on 24 well plates, were transfected with p C M V lu c / D O T CR(+/-) 2.4 for 4 

or 24 hours, followed by 24 hours expression time in full media. The initial four hours o f each 

transfection was carried out in Opti-MEM, which was either removed and replaced with full media 

(4hr Transfection Time) or supplemented with full media for a further 20 hours (24hr Transfection 

Time). There was a significant (p<0.05) drop in luciferase activity when the cells were incubated 

with the complexes for 24 hours.
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Figure 8.4 Effect o f Transfection Time (hrs) on transfection o f COS-7 cells seeded in a) 6 well 
plates and b) 24 well plates produced by DOTAP™/ pCMV/wc (CR+/- 2.4) complexes. Values are 
expressed as mean ± S.E. (n=4). Control represents transfection by naked pDNA for transfection 
time o f 4 hours.
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8.4.4 Tim e Course for Expression

The time course for the expression o f luciferase in COS-7 cells on 6-well plate was studied. 

Cells were transfected with pCM VludDOJA?™  CR (+/-) 2.4 for four hours and then harvested 

either 24, 48 or 72 hours later to measure luciferase activity. Media was replaced with fresh culture 

media eveiy 24 hours. Figure 8.5a shows that there was significant luciferase activity after 24 hours 

expression and this level o f activity was maintained for up to 48 hours. At 72hr there was a 

significant (p<0.05) drop in transgene expression. The protein content o f  each well also increased 

with the additional time for proliferation, which would contribute to a drop in specific activity.

A time course for expression was also carried out after a longer period o f  incubation in the 

presence o f  the complexes (24 well plates). The cells were incubated with the transfection medium 

for 24 hours and then the media was removed and replaced with fresh media. Expression was 

allowed to progress for a further 24, 48 or 72 hours. The results o f this study are shown in Figure 

8.5b. The maximum expression was seen after 24 hours expression time, i.e. 48 hours post

transfection. There was a dramatic drop in luciferase levels after 48 hours expression time, with a 

four-fold decrease in luciferase activity. After 72 hours expression time i.e. 96 hours post

transfection, there was another significant (p<0.05) drop from maximum expression. The level o f 

luciferase expression using DOTAP™ is still over 2,000 fold higher than control (o f naked pDNA) 

after 72 hours expression time.

a) b)

1.0E+07

S 8.0E+06

6.0E+06

4.0E+06

c
'S
ob.ao>
E
3

2.0E+06

O.OE+00
Control 24 48 72

Expression Time (hours)

O)

a:

7.0E+06
6.0E+06
5.0E+06
4.0E+06

3.0E+06
2.0E+06

1.0E+06
O.OE+00

Control 24 48 72

Expression Time (hours)

Figure 8.5 Effect o f  Expression Time (hrs) on transfection o f COS-7 cells seeded in a) 6 well 
plates and b) 24 well plates by DOTAP '^^/pCMVluc (CR+/- 2.4) complexes. Values are expressed 
as mean ± S.E. (n=4). Controls represent transfection by naked pDNA for an expression time o f  24 
hours.
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8.4.5 Effect o f Diluent

The physical interaction between plasmid DNA and the carrier system will be affected by the 

nature o f  the solution in which complexation takes place. As protein interferes with the interaction, 

serum-free solutions are generally utilised and these include HBSS, HEPES-buffer, Opti-MEM and 

sodium chloride solutions (150mM). In this experiment the effect o f this complexation solution on 

the transfection ability o f  the complexes when added to cells was studied. DOTAP™ was mixed 

with pCM Vluc  in water (DDDW ), HBSS (as per manufacturers instructions) and sodium chloride 

solution (150mM ), at a CR (+/-) o f  2.4. As seen in Figure 8.6a, the highest transfection levels were 

achieved with complexes formed in HBSS but the difference between the levels o f  expression o f 

the DDDW and the HBSS complexes was not significant (p<0.05).
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Figure 8.6 Effect o f  the diluting medium on the transfection o f COS-7 cells with a) 
pCA/F/wc/DOTAP™ CR (+/-)2.4 and b) pCM Vluc/PEl com plexes (N/P 10) complexes. Values are 
expressed as mean ± S.E. (n=4). Control represents transfection with naked pDNA in DDDW.

A similar experiment was carried out using the cationic polymer, PEI HMW(MW 25,000). In 

this case COS-7 cells were transfected with pCM Vluc/PEl HMW complexes (N/P 10) made up in 

DDDW, NaCI (0.15M) or DMEM (containing 10% v/v serum). The most commonly used solution 

for PEl/pDNA complexation is 150mM NaCI but there was no significant (p<0.05) difference 

between the luciferase expression levels produced by complexes formed in DDDW and those 

formed in 0.15M NaCI. While the complexes made up in DDDW  appear from Figure 8.6b to be 

more efficient, the significant variability between samples meant that the difference was not 

statistically significant. There was a significant drop in luciferase expression, however, when the 

complexes were formed in the presence o f serum. There is over a 50-fold drop in transfection 

levels by the complexes made up in DMEM compared to those made up in DDDW.
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8.4.6 Optim isation o f Vector:pDNA ratio

To determine the optimum charge ratio o f each vector system 2 fag o f pCMVluc was 

complexed with variable quantities of each vector and these complexes used to transfect COS-7 

cells. Due to the cell-type dependence of transfection efficiency (Boussif et al., 1996; Pouton et al., 

1998) and the heterogeneous nature of carrier/pDNA complexes, it is important to optimise the 

vector;pDNA ratio. The quantities of vector used to achieve these charge ratios were calculated as 

shown in section 7.8.4.

8.4.6.1 Cationic Lipids

The cationic lipids DOTAP™ and Lipofectin^“ were complexed with pCMV/wc at CR (+/-) 

o f 1, 2.4 and 3. The manufacturers instructions for use o f these commercially available products 

state that the optimal ratio of lipid :DNA should be determined for each cell line. The molar charge 

of Lipofectin^“, or the molecular weight associated with a single cationic charge, is 1,412. 

DOTAP^^ has a molar charge of 774.21. Thus, the mass ratio of Lipofectin™;pDNA required to 

achieve a given CR is larger than that for DOTAP™. The result for both vectors was that the 

maximum transfection efficiency for the given dose and conditions was achieved when there was a 

net positive charge on the complexes, i.e. when the CR o f cationic lipid:pDNA was 2.4 (Figures 

8.7a and b).

5.4.6.2 Cationic Polymers

Polyethylenimines (PEI) (Boussif et al., 1995) o f two molecular weights were optimised as 

transfection agents. Only the branched polymer was used. The HMW was also put through a 

dialysis procedure as outlined in section 7.5.2 to remove the smallest polymers, i.e. those below 

8kD, and was tested separately as “Clean” PEI. The convention in PEI literature is to express the 

ratio of PEI to pDNA as the ratio of PEI nitrogens to pDNA phosphates i.e. the N/P ratio. All the 

PEls, LMW, HMW and Clean PEI were complexed with pCMVluc at N/P ratios o f 2, 5, 10 and 

20. From Figure 8.7c, d and e PEI HMW and “Clean” PEI HMW produce luciferase activity some 

4 and 5 orders o f magnitude higher than the LMW PEI respectively. The optimum N/P ratio for 

both the PEI LMW and PEI HMW was seen to be 5, while the “Clean” PEI which produced the 

highest specific activity overall, did so at an N/P of 10.

Superfect™ is an activated dendrimer (Tang et al., 1996) with a molecular weight of 

35kDa. It is not as densely charged as the PEI polymers and has a molar charge o f 583 Da, i.e. 

there are 60 positive charges associated with each polymer molecule. Thus, the pCMVluc plasmid 

was complexed with Superfect™ at mass ratios dendrimer.pDNA of 6.1, 15.1 and 30; 1 (suggested

1 19
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by the manufacturer). These mass ratios correspond with charge ratios (+/-) o f  3.4:1, 8.5:1 and 

17:1. Figure 8.7f illustrates that the optimum transfection was achieved at a mass ratio o f  6:1 (+/- 

3.4:1). All ratios produced transfection levels significantly (p<0.05) above control.

The pLL was complexed with pCMV/wc at mass ratios pLL:pDNA o f 1:1, 2:1 and 3:1 (CR +/- 

2.7:1, 5.3:1 and 8 .1 :1) (Tang and Szoka, 1997). All transfections using pLL were carried out in the 

presence o f  chloroquine (lOOjiM), which was added to the transfection media 10 minutes prior to 

transfection. The results shown in Figure 8.7g indicate that optimum transfection was achieved at a 

mass ratio o f  2:1, pLL:pDNA (or charge ratio 3:1). All ratios produced transfection levels 

significantly above control.

Table 8.1 summarises the optimum ratios for transfection o f COS-7 cells o f each o f the 

vectors.

Table 8.1: Optimum mass (M R) and charge ratios (CR) o f vector:DNA for the transfection o f 
COS-7 cells u?,\ngpCMVluc plasmid

Gene Delivery Vector 
(GDV)

Quantity (i^g) o f  
GDV/ng DNA

Optimum Charge ratio (CR) 
GDV:DNA (+/-)

DOTAP™ 5.6 2.4

Lipofectin™ 9.7 2.4

PEI LM W 0.67 N/P 5 ~ C R  1.4

PEI HM W 0.67 N/P 5 ~ C R  1.4

PEI Clean 1.35 N/P 1 0 -C R 2 .8

Superfect™ 6 3.4

Poly-L-lysine 2 5.3
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Figure 8,7 Effect o f the vectoripDNA ratio on the transfection o f COS-7 cells with a) DOTAP™ , 
b) Lipofectin™ c) L M W  PEI, d) H M W  PEI, e) “Clean” PEI, f) Superfect™ and g) poly-L-lysine 
complexes. pLL transfection was carried out in the presence o f chloroquine (lOOf^M). Values are 
expressed as mean ± S.E. (n=4). Control represents transfection with naked pDNA.
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In order to determine the comparative effectiveness o f  each o f the vector systems COS-7 ceils 

were transfected using the pCMV/wc plasmid and the optimum amount o f  vector system (as shown 

in Table 8.1 above). The GDV/pDNA complexes made up in HBSS were left to com plex for 15-20 

minutes, before being added to the cells to give an overall concentration o f Ifig/ml pDNA. The 

transfection was carried out in the presence o f serum-free Opti-M EM . The transfection medium 

was removed and replaced with whole medium after 4 hours. The specific luciferase activity 

produced by each vector, measured 24 hours later, is shown in Table 8.2 and Figure 8.8.
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Figure 8.8 Transfection efficiencies o f cationic lipid *  , cationic polymer ■  , and peptide* 
pDNA complexes in COS-7 cells at the optimum ratio vector.pDNA. pLL transfection was carried 
out in the presence o f chloroquine (100|o,M). Control represents transfection o f  COS-7 cells with 
naked pDNA. Values are expressed as mean ± S.E. (n=4).

Table 8.2 Specific luciferase activity (RLU/mg protein) produced by each vector:pDNA system at 
optimum ratio in COS-7 cells. pLL transfection was carried out in the presence o f chloroquine 
(100|j,M). Values shown are means ± S.E. (n=4).

RLU/mg protein Std devn
Control 4.53E+01 3.54E+01

DOTAP™ 8.27E+06 2.08E+06

Lipofectin™ 1.49E+06 9.39E+05

PEI LMW 3.82E+02 3.34E+02

PEI HM W I.22E+07 1.04E+07

PEI Clean 4.49E+07 2.43E+07

Superfect™ 4.41E+07 9.67E+06

pLL 5.I0E+05 3.I0E+05
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All the vectors used, with the exception o f PEI LMW, produced a significant (p<0.05) 

increase in luciferase activity above control o f naked pDNA, as seen in Figure 8.8 and Table 8.2. 

The order o f  efficiency from highest to lowest was found to be PEI Clean > Superfect™ > PEI 

HMW > DOTAP™ > Lipofectin'^^ > pLL > PEI LMW. It should be noted that pLL was used in the 

presence o f  chloroquine (lOOfiM), while the other vector systems were not. Using pLL alone, 

without the presence o f  the endosomolytic agent in the media, produced activity levels over ten

fold lower than those shown above. Overall, the cationic polymer systems o f  Superfect™ and PEI 

(HM W  and Clean) proved more effective than the cationic lipids or peptide. There is a significant 

(p<0.05) difference between the luciferase activity per mg protein produced by the best o f the 

cationic polymers, PEI Clean, compared to the best o f  the cationic lipids, DOTAP™, and 

corresponds to a five-fold improvement in transfection efficiency. There was no significant 

(p<0.05) difference between the transfection efficiency o f Superfect™ and Clean PEI, nor between 

the transfection efficiency o f Clean PEI and HMW PEI. The reason for this lack o f statistical 

significance is the variability o f transfections using PEI. There was a significant (p<0.05) 

difference between the efficiency o f  the two cationic lipids, with DOTAP™ being the superior 

GDV for these conditions. Similarly, there was a highly significant difference between the best of 

the cationic polymers. Clean PEI, Superfect™ and PEI HMW and the least effective polymers PEI 

LMW and pLL.

8.6 Cell-associated pDNA

Cell association studies were carried out as outlined in section 7.11.2. The specific activity o f 

the radiolabeled plasmid was determined on the day and mixed with “cold” plasmid to give a count 

o f approxim ately 40,000 CPM per |ig pDNA. Complexes were then formulated with the 

appropriate vector at the optimum Vector;pDNA ratio for transfection o f  COS-7 cells (Table 8.1). 

Transfection was carried out in serum-free medium at 37°C for 4 hours, the time span after which 

the transfection media is removed in transfection studies. Having rinsed any unbound pDNA away 

prior to analysis, the radioactivity o f the cell sample is representative o f  the cell-associated pDNA, 

bound and internalised.

Figure 8.9 shows the dpm/mg protein for each vector system tested. The level o f pDNA 

associated with the cells is statistically (p<0.05) higher for each o f the vector systems compared to 

naked pDNA. The cationic lipids, DOTAP™ and Lipofectin™, and the polypeptide pLL proved the 

most efficient association enhancers, increasing the cell-associated pDNA approximately 7, 12 and 

8-fold respectively over control o f  naked pDNA. There was a 3.5-fold difference between the 

highest, Lipofectin™, and lowest, PEI Clean, pDNA cell association mediators. The order o f 

magnitude o f  uptake then from highest to lowest was Lipofectin™ > pLL > DOTAP™ > 

Superfect™ > PEI LMW > Clean PEI HMW. There was a high degree o f  variability in the levels o f
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pDNA associated with the cells using Lipofectin^^ and pLL/pDNA complexes. It should be noted 

that the overall amount o f  plasmid DNA associated with the cells as a percentage o f  the plasmid 

DNA added is relatively low, even when enhanced by vectors.
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Figure 8.9 Levels o f “P radiolabeled plasmid DNA associated with COS-7 cells produced by 
cationic lipid ^  cationic polymer ^  and a peptide |  pDNA complexes after incubation for 4 
hours at 37°C. Values are expressed as mean ± S.E. (n=4). * statistically significant (p < 0.05) ** 
highly statistically significant (p < 0.01).

8.7 Effect o f  serum

8.7.1 Effect of serum on transfection

Transfection using the optimised vector systems was carried out in the presence and absence 

o f serum in order to determine the effect o f  serum on the efficiency o f each o f the GDVs. The 

transfection complexes were made up as outlined in Table 8.1 in HBSS and allowed to complex for 

20-30 minutes before being added to the cells. The COS-7 cells, which had been grown for 24 

hours prior to transfection, were washed and pre-incubated with Opti-M EM  or with fresh serum- 

containing DMEM. DMEM contains 10% v/v serum. Thus, one set o f  complexes was added to 

serum-free media and the other set to serum-containing media. After 4 hours the transfection media 

was removed and the cells were incubated with full DMEM for 24 hours prior to analysis.

The effect o f the presence o f serum during transfection is shown below in Figure 8.10 for each 

o f the vector systems and for naked pDNA. The cationic lipid, DOTAP™, and the cationic 

polymer, Superfect™, both showed a highly significant (p<0.01) drop in transfection levels in the 

presence o f serum. The presence o f serum also had an impact on the transfection ability o f the most 

efficient vector system. Clean PEI (HMW ). The other vector system s’ efficiencies, with the 

exception o f PEI LMW, also appeared to decrease in the presence o f serum but this was not 

statistically significant.
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Figure 8.10 The effect o f the absence (fu ll columns) and presence o f serum (striped columns) on 
the transfection o f COS-7 cells produced by cationic lipid ■  , cationic polymer B  and cationic 
peptide | |  pDNA complexes. pLL transfection was carried out in the presence o f chloroquine 
(100)o,M). Control represents transfection with naked pDNA. Values are expressed as mean ± S.E. 
(n=4). * statistically significant (p < 0.05) **  highly statistically significant (p <0.01)

8.7.2 Effect of serum on the levels of Cell-associated pDNA

The pDNA cell-association studies were carried out as per section 7.11.2. The level o f cell- 

associated pDNA was determined as outlined before in section 8.6 but during the four-hour 

incubation period, during which the GDV/pDNA complexes were in contact with the cells, 

complexes were either in serum-free Opti-MEM or in serum-containing DMEM. The effect o f 

serum on the binding and internalisation o f pDNA was examined for the three vector systems 

whose transfection efficiencies were most affected by serum, i.e. DOTAP™, PEI Clean and 

Superfect'^^.

Figure 8.11 shows the effect o f the presence o f serum on the levels o f pDNA associated with 

the COS-7 cells for each o f the three vector/pDNA systems. As was seen in Figure 8.9 in the 

absence o f serum, all the vectors improved the levels o f cell-associated pDNA over control. This 

enhancement was almost completely negated in the presence o f serum. There was a highly 

significant (p<O.OI) decrease in the levels o f cell-associated pDNA for each o f the vectors in the 

presence o f serum compared to that achieved in Opti-MEM. Only DOTAP^^ maintained its uptake 

enhancing properties over naked pDNA in the presence o f serum.
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Figure 8.11 The effect o f  the absence (full columns) and presence o f serum (striped c o lu m n s^ n  
the level o f  radiolabeled plasmid DNA associated with COS-7 cells produced by cationic l ip id *  , 
and cationic polymer H  pDNA complexes after incubation for 4 hours at 37“C. Control represents 
transfection o f  cells with naked pDNA. Values are expressed as mean ± S.E. (n=4). * statistically 
significant (p < 0.05) ** highly statistically significant (p < 0.01).

8.7.3 Effect o f serum on pDNA stability

In order to determine the effect o f  serum on the stability o f  the plasmid DNA complexed with 

the different vector systems the pDNA complexes, containing 6.4 |ig pDNA, were made up at the 

optimum ratios (+/-) (Table 8.1) for transfection and allowed to complex for 15-20 minutes. 

Duplicates o f  each system were made up and 50% v/v serum was added to one. Each o f the 

duplicates (one with and one without serum) was split in two and either incubated with or without 

DNase for 30 minutes at 37°C. The plasmid DNA was then extracted using a Wizard™ DNA 

Clean-up Kit and loaded onto an agarose gel (1% w/v). Thus for each system, its resistance to 

degradation by serum or DNase or both was determined.

The results are shown in Figure 8.12 and Figure 8.13. In Figure 8.12 are the results for naked 

pDNA and PEI Clean (HM W )/pDNA complexes. The control, naked plasmid DNA, travels down 

the gel intact (Lane 2), with a supercoiled and open-circular band evident. Once DNase is added the 

plasmid DNA is completely digested and no band appears (Lane 3), while serum caused substantial 

digestion with only a smear o f  denatured DNA left (Lane 4). The combination o f  the two, serum 

and DNase, also caused complete degradation (Lane 5). When PEI Clean was combined with the 

plasmid DNA, a high degree o f  resistance to DNase digestion was evidenced by the presence o f 

both supercoiled and open-circular bands after treatment o f  the complexes with DNases (Lane 8). 

When the PEI HMW/pDNA complexes were mixed with serum there is a substantial decrease in 

the strength o f the bands on the gel (Lane 9) with only a trace amount o f fluorescence left, but there 

is no smearing. This fluorescence is decreased further when DNase is added (Lane 10).
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In Figure 8.13 the stability o f DOTAP™/pDNA and pLL/pDNA complexes is shown. 

DOTAP^^ proved an efficient protective agent for plasmid DNA against DNase (Lane 2), but not 

so in the presence o f  serum. After incubation in serum the plasmid DNA was not smeared but very 

much diminished in strength (Lane 3), while addition o f DNase along with serum failed to produce 

a sizeable difference in degradation from this (Lane 4). pLL was not successful at preventing 

degradation by DNase alone (Lane 6), but interestingly, seemed to prevent degradation by DNase 

to a greater extent when serum was present (Lane 8) (this may have been caused by variability in 

extraction efficiency o f pDNA between samples).

Overall, DOTAP™ and PEI proved more successful than pLL in protecting plasmid DNA 

from DNase digestion. Serum caused degradation o f  naked and complexed pDNA, though 

complexed pDNA retained some o f  its supercoiled and open-circular form. The presence o f  serum, 

except in the case o f  pLL, caused an increase in DNA degradation in the presence o f  DNase. 

L anes: 1 2 3  4 5 6 7 8 9  10

Bsa

Figure 8.12 Agarose gel o f  the effect o f incubation with DNase (lU/)Lig DNA) alone, serum alone 
and DNase after pre-incubation with serum on naked pDNA and PEI Clean (HM W )/pDNA 
complexes

Lane 1 = M olecular Weight Markers
Lane 2 = Plasmid alone
Lane 3 = Plasmid DNA + DNase
Lane 4 = Plasmid DNA in serum
Lane 5 = Plasmid DNA in serum + DNase
Lane 6 = Blank
Lane 7 = Plasmid DNA/HMW PEI Clean (N/P 10)
Lane 8 = Plasmid DNA/HMW PEI Clean + DNase 
Lane 9 = Plasmid DNA/HMW PEI Clean in serum 
Lane 10 = Plasmid DNA/HMW PEI Clean in serum + DNase
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Lanes: 1 2  3 4 5 6 7 8

Figure 8.13 Agarose gel o f  the effect o f  incubation with DNase (lU /|j,g DNA) alone, serum alone 
and DNase after pre-incubation with serum on naked pDNA/DOTAP™ and pLL/pDNA complexes

Lane 1 = Plasmid DNA/DOTAP™ (CR +/- 2.4)
Lane 2 = Plasmid DNA/DOTAP™ + DNase 
Lane 3 = Plasmid DNA/DOTAP™ in serum 
Lane 4 = Plasmid DNA/DOTAP™ in serum + DNase 
Lane 5 = Plasmid DNA/pLL (M R 2)
Lane 6 = Plasmid DNA/pLL + DNase 
Lane 7 = Plasmid DNA/pLL in serum 
Lane 8 = Plasmid DNA/pLL in serum + DNase

8.8 Effect o f Sodium chlorate

In order to determine the role o f  sulphated proteoglycans in the transfection o f COS-7 cells 

with the various vector systems being studied, the cells were seeded and left to grow for 12 hours 

after which time the media was supplemented with sodium chlorate (35mM). The cells were 

incubated with sodium chlorate for 48 hours prior to transfection or cell-association studies being 

carried out. Chlorate serves to inhibit production o f sulphated GAGs, which form part o f the 

surface proteoglycans. The concentration o f sodium chlorate used had previously been determined 

to inhibit proteoglycan production, without causing significant toxicity (M islick and 

Baldeschwieler, 1996). Transfection and uptake studies were carried out using the optimised carrier 

systems, made up as described previously (section 8.5 and 8.6 respectively). Media containing 

sodium chlorate was removed and replaced with fresh serum-free media prior to 

transfection/uptake studies to minimise interference with other cellular processes.
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The effects o f  proteoglycan inhibition on transfection are shown in Figure 8.14. There was a 

highly significant (p<0.01) drop in luciferase expression produced by PEI Clean (HM W )/pDNA 

complexes and a significant drop (p<0.05) in the expression produced by DOTAP™ and 

Superfect™/pDNA complexes. There was no statistically significant effect on the luciferase levels 

o f  naked pDNA or pLL/pDNA complexes.
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Figure 8.14 The effect o f  pre-incubation for 48 hours with (striped columns) and without (full 
columns) sodium chlorate (35mM ) on the transfection o f  COS-7 cells produced by cationic lipid M  
cationic polymer and cationic peptide g  pDNA complexes. pLL transfection was carried out 
in the presence o f chloroquine (lOOfiM). Control represents transfection with naked pDNA. Values 
are expressed as mean ± S.E. (n=4). * statistically significant(p < 0.05), ** highly statistically 
significant (p < 0.01).

8.8.2 Effect o f sodium chlorate on binding and internalisation o f pDNA

The absence or presence o f negatively charged moieties, such as the sulphated proteoglycans, 

on the cell surface is thought to be responsible for the electrostatic interaction between cationic 

carrier systems and the cell membrane. In order to determ ine the role proteoglycans play in this 

process o f cell binding, cell-associated pDNA studies were carried out on the three systems which 

showed reduced transfection ability after treatment o f cells with sodium chlorate; PEI Clean, 

DOTAP™ and Superfect™/pDNA complexes. As shown below in Figure 8.15, the inhibition o f 

proteoglycan synthesis had a significant effect on the levels o f  cell-associated pDNA produced by 

all three vector systems, but most especially on the two polymeric carriers, PEI Clean and 

Superfect™. There was no effect seen on the uptake o f  naked pDNA.
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Figure 8.15 The effect o f sodium chlorate (35mM) incubation (striped columns) on the level o f 
radiolabeled plasmid DNA associated with COS-7 cells produced by DOTAP™, PEI Clean HMW 
and Superfect^“ pDNA complexes for four hours at 37°C. Control represents transfection with 
naked pDNA. Values are expressed as mean ± S.E. (n=4). * statistically significant (p < 0.05) ** 
highly statistically significant (p < 0.01).

8.9 Effect o f transfection tem perature

In order to determine the role o f  active and passive mechanisms in transfection, experiments 

were carried out at two different temperatures; 37°C and 4°C. Active processes should be inhibited 

at the lower temperature. Transfection and uptake studies were carried out as described previously 

(section 8.5 and 8.6), with one set o f  experiments run at each o f the temperatures. In the case o f 

transfection studies, once the complexes were removed and replaced with fresh media, all the cells 

were returned to the incubator at 37°C to allow expression.

8.9.1 Transfection at 37°C and 4°C

From Figure 8.16 it can be seen that the transfection efficiency o f the polymeric carriers, PEI 

Clean HMW and Superfect™, was highly significantly (p<0.01) affected by the decreased 

incubation temperature. The efficiency o f  the cationic lipid system, DOTAP™, was less affected. 

Thus, the incubation tem perature influences the transfection efficiency o f  the GDVs but the extent 

o f  that influence depends on the vector in question. These results also indicate that active processes 

play an important role in the transfection o f  COS-7 cells using these GDVs.

DOTAP PEI Clean Superfect 
HMW
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Figure 8.16 The effect o f  transfection incubation at 37°C (full colum ns) and 4°C (striped columns) 
on transfection efficiency o f  DOTAP™, PEI H M W  and Superfect™ pDNA com plexes in COS-7 
cells. Control represents transfection with naked pDNA. Values are expressed as mean ± S.E. 
(n=4). * statistically significant (p < 0.05) ** highly statistically significant (p < 0.01).

8.9.2 E ffect o f  tem perature on pD N A  B inding and Internalisation

In order to determine whether the influence o f  tem perature  on transfection was due to the 

nature o f  the uptake mechanism s utilised by the various vectors, pDNA cell-association studies at 

the two temperatures were carried out, the results o f  which are shown in Figure 8.17. The low 

temperature significantly inhibited the cell-association o f  pD N A  for all the G D V s studied. 

DOTAP™ and PEI Clean H M W  com plexes showed the most significant inhibition, but cell- 

association o f  the Superfect™ com plexes was also inhibited. Running the experiment at 4°C was, in 

effect, determining the level o f  binding o f  each G D V  to the cells, since most uptake processes are 

inhibited at this temperature. Studies run at 37°C are representative o f  both binding and uptake (or 

the total cell-associated pDNA). Thus, the results shown below could be said to differentiate 

between the b inding (4°C) and uptake (37°C) processes. The uptake processes o f  all the vector 

systems seem to be dependent to a lesser or greater extent on the temperature o f  incubation.

DOTAP PEI Clean Superfect 
HMW

Vector
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Figure 8.17 The effect o f incubation at 37°C (full columns) and 4°C (striped columns) on the 
levels o f radiolabeled plasmid DNA associated with COS-7 cells after incubation (4hrs) with 
cationic lipid B  and cationic polymer I  pDNA complexes. Values are expressed as mean ± S.E. 
(n=4). * statistically significant (p < 0.05) ** highly statistically significant (p < 0.01).

8.10 Effect o f Chloroquine

The lysosomotropic agent, chloroquine, can be used to study the mechanism o f  endosomal 

release o f a GDV complex. 7'his experim ent was run in order to validate the use o f  chloroquine in 

further studies and to establish its effect on transfection using the standardised transfection protocol 

in COS-7 cells. Chloroquine was added to the cells 10 minutes prior to transfection to give a final 

concentration in the media o f  100|j,M. Chloroquine was present throughout the four-hour 

transfection period, when the complexes were in contact with the cells. One o f each type o f GDV 

was chosen for testing and was run simultaneously in the presence or absence o f chloroquine. The 

only GDV, which was significantly affected by the presence o f chloroquine, was the polypeptide, 

pLL (Fig. 8.18). This led to an increase in transfection efficiency. Neither the cationic lipid, 

DOTAP™, nor the cationic polymer, PEI Clean, was significantly influenced by its presence.
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Figure 8.18 The effect o f  thy^resence o f chloroqunie (striped columns) on the transfection o f 
COS-7 cells by cationic lipid "  , cationic polymer ®  and cationic peptide *  pDNA complexes. 
Control represents transfection with naked pDNA. Values are expressed as mean ± S.E. (n=4). * 
statistically significant (p < 0.05), ** highly statistically significant (p < 0.01).

8.11 Dissociation o f the complexes

The strength o f the interaction between plasmid DNA and the GDV can have a major 

influence on the stability o f  the complex in vivo, in plasma or in the extracellular matrix, as well as 

intracellularly in the release o f  pDNA from the complex for transcription. Complexes o f DOTAP™, 

PEI Clean HMW and pLL were formed with plasmid DNA at their optimum charge ratios for 

transfection and incubated with anions as described in Section 7.7.3. The effect and the degree of 

the effect o f  adding polyanions to the GDV:pDNA com plex was measured using the nuclear probe 

ethidium bromide in agarose gel and spectrofluorimetric studies. Both assay methods were based 

on the theory that if the polyanions weakened or disrupted the complexes, ethidium bromide would 

gain access to the pDNA and there would be a consequent increase in fluorescence. In the case o f 

the agarose gel this would also manifest itself in the migratory properties o f  the plasmid DNA, 

which would be free to travel down the gel towards the anode.

The polyanion used was heparin, a linear GAG polymer with a high anionic charge density. 

Heparin is a naturally occurring polymer, which is found in human plasma over a range o f 

concentrations between O.IU and 5U/ml and intracellularly in mast cells. It is present in cell culture 

medium at a concentration o f 15U/ml (Zelphati et al., 1998a). The concentration used in these 

studies went far beyond those present physiologically in order to assess the strength o f interaction. 

The anionic surfactant Sodium dodecyl sulphate (SDS) was also used. It consists o f  an anionic head 

group and a hydrophobic alkyl chain and was used below its critical micelle concentration (CMC) 

o f  0.2% w/v, i.e. in its monomeric form.

133



C hap te r  8

8.11.1 Agarose gel

Complexes o f  DOTAP™, PEI HMW, pLL and Superfect™ with pDNA (at their optimum 

charge ratios for transfection) as well as naked pDNA were incubated with or without heparin at a 

concentration o f  120U/ml or 5U/|J.g DNA. Each o f  the GDV:pDNA complexes has a different 

overall positive charge at optimum vector:pDNA ratio (+/-); DOTAP™ 2.4, PEI HMW 2.8, pLL 

5.3 and Superfect™ 3.4. Thus, the anionic heparin.cationic GDV ratio was different for each vector 

system at this concentration o f  heparin. A huge excess o f  anionic charge was used, however, 

which meant that the anionic.cationic ratio for all the complexes was at least 100:1 (-/+). As can be 

seen in the gel in Figure 8.19, under these conditions, all the complexes were disrupted sufficiently 

so as to allow the plasmid DNA migrate through the gel. Naked pDNA (Lanes 2 and 3) was able to 

migrate unhindered through the gel and the presence o f  heparin did not alter its migratory 

characteristics. The GDVs successfully bound the plasmid DNA at the ratios o f  GDV:pDNA used 

in the absence o f  heparin (Lanes 4, 6, 8 and 10), which is seen by the inability o f  the DNA to 

migrate through the gel and the almost complete fluorescence quenching within the wells. The 

heparin was therefore able to overcome these binding interactions in order to release the plasmid 

DNA. It must be noted that the large excess o f  heparin used is much higher than would be present 

in vivo or in culture media.

Lanes: 1 2 3 4  5 6  7 8 9  10 11

Figure 8.19 Gel binding assay o f  the effects o f  heparin (5U/jug pDNA) on DNA binding of 
DOTAP™, PEI, pLL and Superfect™ at their optimum ratios for transfection.

Lane 1 = Molecular Weight Markers 
Lane 2 = Plasmid DNA 
Lane 3 = Plasmid DNA + heparin 
Lane 4 = DOTAP™/pDNA (CR +/- 2.4)
Lane 5 = DOTAP^^/pDNA + heparin 
Lane 6 = PEI HMW/pDNA (N/P 10)
Lane 7 = PEI HM W/pDNA+ heparin 
Lane 8 = pLL/pDNA (MR 2:1)
Lane 9 = pLL/pDNA + heparin 
Lane 10 = Superfect™/pDNA (MR 6:1)
Lane 11 = Superfect™/pDNA + heparin
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8.11.2 Ethidium bromide exclusion assays

Having established that heparin could disrupt the complexes to release DNA, a more detailed 

study o f the phenomenon was carried out using a range o f heparin concentrations i.e. a range of 

anionicicationic ratios. This spectrofluorimetric study used heparin from 0.23U/|j,g DNA up to 

130U/)ag DNA. Each o f  the GDVipDNA complexes has a different overall positive charge at 

optimum vector.pDNA ratio (+/-); DOTAP™ 2.4, PEI HMW 2.8, pLL 5.3. The overall 

anionicxationic ratio o f the system over the range o f concentrations o f heparin used depended on 

the GDV/pDNA com plex in question. The titration curves for each o f the DOTAP™ (lipid), PEI 

HMW (polymer) and pLL (polypeptide) pDNA complexes are shown below in Figure 8.20. 

DOTAP™/pDNA complexes were destabilized by heparin at very low concentrations o f  the 

polyanion. Quantities as low as 4|ag o f heparin led to complex destabilisation, this is approximately 

equivalent to a CR o f  0.7 (-/+) anion:cation ratio. As the quantity o f  heparin increases up to 12)Lig, 

i.e. as the anion;cation ratio reaches 1:1 (-/+), the fluorescence increases to 45% o f the initial 

fluorescence for naked pDNA. A gradual increase in fluorescence up to a maximum o f 60% was 

seen as the anionication ratio was increased, the maximum being achieved when there was a large 

surplus o f anions present, i.e. 2,000|j,g o f  heparin equivalent to an anion: cation ratio o f 145:1 (-/+). 

PEI/pDNA complexes proved much more difficult to destabilise. The anion:cation ratio o f  the 

system had to be increased above I : I (-/+) in order to produce any significant increase in 

fluorescence. Only a small level o f displacement was produced. A maximum o f only 40% o f initial 

fluorescence returning on addition o f a huge surplus o f polyanions at an anion:cation ratio o f over 

600:1 (-/+) or 10,000|j.g, almost four-fold higher than that needed to achieve maximum with 

DOTAP™. The titration curve for pLL indicates that at a critical anion:cation ratio o f just over 1:1 

(-/+) there was a rapid recovery o f fluorescence indicating a significant destabilisation o f  the 

pLL/pDNA complex. Unlike PEI, however, this polypeptide carrier recovered over 60% o f  initial 

fluorescence at its maximum. This maximum was produced at a relatively low anion:cation ratio o f 

6.8:1 (-/+), i.e. when 200|j,g o f heparin were added. Thus, from the heparin studies it can be seen 

that the different carrier types; lipid, polymer and polypeptide show different levels o f  resistance to 

displacement by the polyanions heparin, with the complexes being destabilised to different extents 

at different CRs. The arrows on the titration curves represent the equivalent concentration o f 

heparin in cell culture media, i.e. 15U/ml or 85(ig/ml. The quantities o f  heparin present in vivo in 

plasma are much lower, approximating 20fj,g on the graphs below. It was also interesting to note 

that the initial degree o f  binding in the absence o f heparin was different with pLL (95% ) > PEI 

HMW (94% ) > DOTAP™ (86%). Studies carried out in the presence o f serum, indicated that lower 

quantities o f heparin were required to produce even greater displacement than that shown in Figure 

8 .20 .
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The susceptibility o f  DOTAP™ and PEI HMW pDNA complexes to displacem ent by the 

anionic surfactant, SDS, was studied (Figure 8.21). For both GDV complexes a critical 

concentration for displacement o f  0.02% w/v SDS was found. Both DOTAP™ and PEI HMW 

pDNA complexes became destabilised at this concentration and produced fluorescence levels o f 

63% and 47% respectively. This concentration o f SDS provides a large surplus o f  polyanions and 

produced an ionxation ratios (-/+) o f 20:1 and 18:1 for DOTAP™ (CR +/- 2.4) and PEI HMW (N/P 

10) respectively. Again the lipid/pDNA complex proved more unstable in the presence o f  the anion 

and the fluorescence recovered to a maximum o f 72% at a concentration o f  0.18% w/v. The 

fluorescence recovery o f the PEI HMW complexes failed to increase significantly with increasing 

concentration o f SDS. It should be noted that the overall level o f  fluorescence recovery from the 

two vectors was greater with SDS, than with heparin.

80.0
70.0
60.0
50.0
40.0
30.0
20.0 
10.0
0.0

oc
0)o
(/)
0)k.o
3

■ DOTAP0)
>
■#->«
0)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 

%w/v SDS

Figure 8.21 Anionic displacement o f DOTAP™ and PEI HMW from pDNA by SDS measured by 
Ethidium bromide fluorescence. The relative fluorescence is expressed as a percentage o f that 
attributed to naked pDNA (taken to be 100%). Values are expressed as mean ± S.E. (n=4).

8.12 Toxicity

An M TT assay as described in section 7.9.1 was used to determine the toxicity o f  the 

GDV/pDNA complexes on COS-7 cells. The complexes were made up at the same concentration 

and GDV:pDNA ratio as for transfection studies. They were diluted in Opti-M EM  to give the 

requisite DNA concentration o f  l|ig/m l. This complex-containing media (100|j.l) was added to each 

o f 6 wells o f a 96 well plate and MTT was added 10 minutes later and the assay completed as 

outlined previously (section 7.9.1). The toxicity was determined relative to control cells, which 

were incubated in media only.

As can be seen below, there was a decrease in dehydrogenase activity with all the vector 

systems used and even naked pDNA caused a drop to 87% activity. Adding a cationic GDV in the 

concentrations needed for transfection increased this toxicity versus naked pDNA. The order o f
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tox icity  for h ighest to low est was found to  be pLL >  Lipofectin^^ > PEI C lean H M W  > PEI LM W  

> Superfect^^ > DOTAP™ > N aked pD N A . I 'h e  increased tox icity  o f  pLL may w ell be attributed to 

the presence o f  ch loroquine in the m edia. It should be noted that a) the assay w as carried  out with 

the com plexes in serum -free m edium  and b) the cells w ere not given tim e for expression in fresh 

full m edia, w hich w ould occur in a transfection  protocol. Thus, the toxicity  levels show n below  are 

the im m ediate toxicity  levels o f  the com plexes once in con tac t w ith CO S-7 cells.

T able 8.3 T oxicity  o f  the  G D V /pD N A  com plexes on C O S-7 cells at their optim um  vector:pD N A  
ratios m easured using an M TT assay. pLL tox icity  testing  w as carried  out in the presence o f 
ch loroquine (100|aM ) (+C I).R esults show  percentage dehydrogenase activity  as a percentage o f  
contro l, i.e. untransfected  cells.

Control pDNA DOTAP™
C R 2.4

Superfect™ 
MR 6:1

PEI Clean 
HMW 
N/P 10

PEI LMW
N/P 5

Lipofectin™
C R 2.4

pLL + Cl 
MR 2:1

C o n cen tra tio n l^g/ml 5.6ng/ml 6ng/ml 1.35ng/ml 0.67(ig/ml 9.7|ig/ml 2|ig/ml

%
D ehydrogenase

activ ity
100 87.3 85.2 84.1 82.6 83.1 80.9 74.6

S ta n d a rd  e r ro r 4.2 2.3 5.5 4.2 4.5 3.1 2.4 8.7

8.13 D iscussion  

8.13.1 T ransfection  C onditions

DOTAP™ is a w ell-established transfection  vector, available from  Roche. It is a cationic 

liposom e, w hich has been used for transfection  o f  DNA into eukaryotic cells for transien t or stable 

gene expression (Schalasta  and D oppler, 1990; Bucci et al., 1992, C arlberg  et al., 1993, Schrader et 

al., 1993). From  previous studies it has been show n that a narrow  w indow  for effic ien t transfection  

ex ists and that using experim ental conditions ou tside this w indow  can lead to  a sign ifican t decrease 

in transfection  (C aplen et al., 1995, K eogh et al., 1997). It is im perative therefore that transfection 

cond itions be altered for individual cell lines in a given laboratory.

8.13.1.1 D N A  D ose

In the case o f  CO S-7 cells grow n on 6 well and 24 well plates the DNA dose chosen was 

2fig and If^g respectively . The differences betw een the responses o f  the 24 and 6 w ell p lates can be 

explained  by the concentration d ifferences o f  the tw o transfection  m ixtures. W hile the absolute 

doses o f  pD N A  added to  the 6 w ell plates are h igher, the overall concentration  o f  com plexes in 

contact w ith the cells is m uch low er than for the 24 w ell plates and the inhibition o f  transgene 

expression  associated  w ith toxicity  is not seen. Thus, the bell-shaped response seen for the 24 well 

p lates (Fig. 8.2b) w ith increasing DNA dose, is p robably  due to  the toxicity  o f  pDNA/DOTAP™  

m ix at high concentrations. The toxicity  o f  the com plexes is m ost likely to be related  to the cationic
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lipid component, i.e. DOTAP™ (Scheule and Cheng, 1996). These results indicate that at low 

concentrations, the level o f  transfection is proportional to the amount o f  gene delivery system 

present, while at high concentrations toxicity and/or saturated pDNA uptake processes are the 

limiting factors (Caplen et al., 1995). Similar trends have been seen using other vectors and a range 

o f pDNA doses (Feigner et al., 1987; Gao and Huang, 1991; Zhou et al., 1991).

8.13.1.2 Seeding Density

COS-7 cells are a fibroblast-like cell line, which are easy to grow and have a high rate o f 

proliferation. Fibroblasts are one o f  a group o f  cells known as connective tissue, which secrete a 

non-rigid extracellular matrix throughout the body and function in support o f  healthy tissue and 

repair o f  wound tissue, by producing collagenous material, and can therefore withstand harsh 

growth conditions. Fibroblasts can interconvert to fat cells, smooth muscle cells, cartilage cells and 

bone cells (Alberts et al., 1989).

The results in Figure 8.3 show that on a per unit protein basis rapidly dividing cells (5x10^ 

cells/well) expressed higher levels o f  transgene than quiescent cells (1x10*’ cells/well). The cells 

seeded at IxlO* cel Is/well were close to confluency after 24 hours. Previous studies have also found 

that non-viral gene delivery systems were inefficient for transfecting non-dividing cells (Vitiello et 

al., 1996, Brunner et al., 2000). Similar results have been reported by Farber et al., (1975) and 

Barthel et al., (1993) in different cell lines. For subsequent studies with COS-7 cells, a density o f 5 

X lO’ cells per 35 mm well was used not only because the specific activity was highest at this 

density, but also at the time o f analysis the monolayers were 70-90% confluent. These optimum 

pre-confluent conditions in vitro do not for the most part truly replicate the conditions o f  cells in 

vivo, which are generally fully differentiated and quiescent.

8.13.1.3 Transfection Time

The transfection or incubation time o f pDNA/V ector complexes with the cell surface 

dictates the amount o f complexes, which have an opportunity to settle on the adherent cells and the 

level o f  uptake o f the complexes. A transfection time o f 4-8 hours is usually recommended 

(Caplen, 2000) and is both cell type (Zabner et al., 1995) and concentration (Caplen et al., 1995) 

dependent. Studies have shown that total cell-associated pDNA increases with time o f  exposure to 

cationic lipid (Legendre and Szoka, 1992) and that there is little uptake (Zabner et al., 1995) or 

expression following a 30-minute incubation (Feigner et al., 1987).

For COS-7 cells in 35 mm dishes (6 well plates) the level o f  luciferase expression 

increased as time o f exposure increased up to 8 hours, as seen in Figure 8.4a. Thus, it can be 

concluded that allowing a transfection using pCMK/wc/DOTAP™ (l|ag/m l pDNA) complexes on
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COS-7 cells to proceed for up to 8 hours exhausts neither the supply o f transfection complexes 

from the culture nor the processing machinery o f the cell, i.e. the gene expression system is not 

saturated, which would lead to a levelling-off/plateau effect.

Studies have shown that incubations longer than 8 hours with lipid result in unacceptable 

levels o f toxicity in COS-7 cells (Feigner et al., 1987). This was seen clearly in Figure 8.4b, where 

there was over a two-fold drop in specific luciferase activity between incubation times o f  4 and 24 

hours (at a concentration o f 3|0,g/ml pDNA for the first four hours). The number o f  cells and 

therefore the protein content o f  the samples will have increased over the longer incubation time, 

which would also contribute to decreased specific activity.

8.13.1.4 Expression Time

The expression o f luciferase in COS-7 cells was found to peak at 24 and 48 hours post

transfection with no significant (p<0.05) difference between the levels at these times. This would 

imply that the rate o f  enzyme expression increased proportionally as the protein content increased 

up to 48 hours. The slight drop seen at 72 hours (Fig. 8.5a) is probably due in some part to 

‘dilution’ o f  the plasmid within the growing population o f cells. Since the plasmid in these 

experiments contains no mammalian origin o f  replication, it is incapable o f  replicating in the cells. 

As the cells divide and become confluent the metabolic activity o f the cells slows and this may also 

lead to a reduction in expression. The time o f  maximum gene expression will also depend on how 

long the chemical and biological stability o f the plasmid can be maintained. The chemical and 

biological stability o f  the plasmid DNA may be compromised by the presence o f  nucleases or DNA 

methylation, which down-regulates the promoter (Tseng et al., 1999). From Figure 8.5b it can be 

seen that 96 hours post-transfection (72 hr expression time) the luciferase expression levels have 

decreased 20-fold from those achieved 48 hours post-transfection (24 hr expression time). Again 

plasmid “dilution” and instability will be factors but there may also be the added effect o f  increased 

toxicity due to the longer transfection time o f 24 hours used on the 24 well plates. The toxic effects 

o f  the free GDV, in this case DOTAP™, may increase given an increased amount o f  time in contact 

with the cell. Another factor in limiting the duration o f  expression in vivo are the in vivo immune 

responses, often triggered by antigenic proteins expressed within the cell, which can lead to cell 

destruction (Davis et al., 1997) over time thereby decreasing transfection efficiency.

Plasmid DNA delivered to certain tissues in the body, such as the muscle, can produce a high 

level o f protein for 2-4 weeks (Doh et al., 1997). For many tissues the duration o f  expression is 

much shorter, e.g. lung airway, solid tumours or liver, in which expression levels fall below 10% of 

maximum within one week (Yew et al., 1997; Hickman et al., 1994).
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8.13.1.5 Diluent

The in teraction betw een DNA and cation ic  lipids and liposom es, such as DOTAP™ , is 

extrem ely  com plex. The interaction is thought to  be proportional to  the linear charge density  o f  

DNA and the liposom e surface charge (L asic et al., 1999). The dilu ting  m edium , in particu lar its 

ionic strength and pH, will affect this interaction. T hese stud ies aim ed to  see w hat effect, if  any, 

d ifferen t d iluents had on the transfection  levels produced  by DOTAP™ . A s seen in Figure 8.6a, the 

highest transfection  levels w ere achieved w ith com plexes form ed in HBSS. This agrees w ith other 

cation ic  lipid studies, w hich found that the use o f  physio logical ionic solu tions as d ilu tion m edia, 

gave higher gene expression than com plexes form ed in w ater (C aplen et al., 1995).

The com plexation  o f  pDNA w ith polycations, such as PEI H M W , is sim ilarly  dependent on 

the nature and concentration  o f  all ions present (B o u ss if  et al., 1995). B oussif et al., (1995) studied 

the effect o f  condensation  conditions on transfection  levels using pCM V/wc and found that there 

w as a slight decrease in luciferase expression at high N aC l concentrations. The drop o f  4-fold seen 

in th is study betw een com plexes form ed in D D D W  and N aC l 0 .1 5M approxim ates the 3-fold drop 

they observed. The presence o f  serum  proteins can cause aggregation  o f  com plexes over tim e, as 

well as degrading the plasm id DNA. These properties go som e w ay to explain ing  the decrease in 

transfection  observed when com plexes form ed in D M EM  w ere used to transfect the C O S-7 cells.

Eastm an et al., (1997) optim ised the form ulation and conditions for aerosol delivery o f 

cationic lipid:pD N A  com plexes and found that a N aC l concentration  o f  at least 25m M  w as required 

for optim al transfection  using the cationic lipid G L-67. By exam ining  the zeta potential o f  the 

com plexes in w ater and N aCl over a range o f  charge ratios it was found that increasing the ionic 

strength o f  the d ilu ting  m edium  increased the overall surface charge o f  the com plexes. It was 

postu lated  that the increased transfer and transfection  ab ility  o f  the com plexes in N aC l m ight have 

been due to  the decreased tendency  to  aggregate, i.e. increased stability  o f  the com plexes.

8.13.1.6 Vector:pDNA ratio optimisation

Previous studies have show n that the charge o f  a gene delivery  com plex is an im portant 

param eter in determ ining its transfection  effic iency  (F asbender et al., 1995). Lipofectin™  show ed a 

m axim um  expression at a CR (+/-) 2.4, w hich is in keeping  w ith the findings o f  Legendre and 

Szoka, (1992) in CV-1 cells. The drop in specific  activ ity  o f  lipid/pD N A  com plexes above the 

optim al CR is often attribu ted  to  toxic effects. Feigner et al., (1987) found that the transfection  

ability  o f  D O TM A , the cationic lipid alone, in C O S-7 cells im proved w ith increasing lipid 

concentration  up to  approxim ately  32(ig/m l, above w hich the lipids proved toxic. A sim ilar trend 

was seen w ith DOTAP™, w here a bell-shaped result w as seen (Fig. 8.7a).
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The ratio o f  cationic lipids to pDNA has a major influence on the characteristics o f the 

complexes formed (Gershon et al., 1993). Gershon et al., (1993) determined that liposome-induced 

DNA collapse is induced at a critical positive charge density. The consensus among researchers has 

been that a positively charged lipid/pDNA complex is required to facilitate interaction with plasma 

membranes (Stegman and Legendre, 1997), which explains the low level o f transfection efficiency 

at low ratios o f cationic lipid;pDNA. The reduced transfection levels seen beyond the optimum 

charge ratio may be due to changes in morphology and surface charge o f  the complex, toxic effects 

o f free GDVs and/or high concentrations competition between the complexes and free GDV for 

transport across the membrane.

B oussif et al., (1995), optimising transfection using PEI HMW, examined a wide range o f 

N/P ratios from 4.5:1 to 135; I and found that the highest levels o f  luciferase were produced by 

complexes formed between N/P 6 and 20. Lower ratios had reduced cell-surface binding and higher 

ratios were found to be cytotoxic. These N/P ratios closely match those found to be optimum from 

Figure 8,7c, d and e, the optimum N/P for both the PEI LMW and PEI HMW being 5, while that 

for Clean PEI was 10. It was also interesting to note that the maximum expression increased with 

the Clean PEI. These differences would therefore seem to be linked with the removal o f the smaller 

molecular weight polymers from the HMW PEI solution. The efficacy-toxicity balance o f cationic 

polymers has been shown to alter with the molecular weight o f the polymer. Godbey et al., (1999) 

determined that the transfection efficiency o f PEI increased with increasing m olecular weight, a 

finding confirmed by the lO^-fold increase in transfection efficiency between PEI LMW and PEI 

HMW at optimum N/P seen in Figure 8.8. This is thought to be due to the increased tendency o f 

the lower molecular weight polymers to dissociate upon dilution, producing lower transfection 

levels due to decreased pDNA uptake and the higher toxicity o f free PEI (Papisov and 

Litmanovich, 1988). The equivalent CRs (Table 8.1) are based on the studies looking at the pK 

profile (Suh et al., 1994) and surface charge o f  PEI.

Superfect™ is an activated dendrimer, i.e. it has undergone controlled degradation (Tang et 

al., 1996) in order to improve its transfection ability and the optimum CR for these activated 

dendrimers was found to be between 4:1 and 24:1 CR (+/-), depending on the degree o f  activation. 

The optimal quantity o f Superfect™ per ^g o f DNA was found in this study to be 6 (ig, with a 

corresponding CR (+/-) o f  3.4 and increasing the ratio appeared to cause a large degree o f  cell 

death (with cells detaching from the plate), which would account for the lower transfection levels. 

The Superfect™-pDNA complexes used in this study were all positively charged and this was 

found to be a requirem ent for high luciferase expression (Haensler and Szoka, 1993). The decrease 

in transfection seen above the optimum ratio in this and other studies has been postulated to be 

caused by increased toxicity and/or competition by noncomplexed dendrimer for the DNA- 

dendrimer binding sites.
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Poly-L-lysine, is most commonly used with targeting ligands (Wu and Wu, 1987, 1988; 

Zauner et al., 1998), given its low transfection efficiency in most cell lines when used alone. The 

luciferase levels produced in this study, over the range o f MRs tested, were significantly (p<0.05) 

above control o f  naked pDNA. The optimal MR o f  pLLipDNA involved positively charged 

complexes with an equivalent CR +/- o f  5.3:1. It is difficult to compare these results directly with 

other studies, as the particular molecular weight o f pLL used seems to have a m ajor influence on 

the optimum mass ratios in a given cell line. The efficiency o f pLL polymers o f MW 20,000 was 

found to be highest at high (+/-) CRs (Zhou et al., 1991; Wolfert and Seymour, 1996), Using a 

higher molecular weight polymer o f  MW 27,000 Tang et al., (1997) found that maximal 

transfection was achieved at N/P 6.1, while Pouton et al., (1998) using an even higher MW 44,000 

determined that optimal transfection was produced at a MR o f 1:1 (+/- 2.6:1). These results go 

some way to explaining the increase and decrease in luciferase expression seen in Figure 8.7g. 

Higher MW pLL polymers, such as those used in this study, seem to inhibit transfection efficiency 

at higher mass ratios due to an increase in toxicity.

From Table 8.2 it is clear that for most vector systems a positive charge on the complex 

enhances transfection efficiency i/i vitro. Many studies have shown that increasing the overall 

charge o f  a complex can enhance its transfection ability (B oussif et al., 1996; Pouton et al., 1998; 

Tang and Szoka, 1997). The positive charge required depends on the cell type and the carrier, so 

that there is no one overall charge which maximises efficiency. There is a range o f optimum CRs 

(+/-) for COS-7 cells from 1.4 for PEI to 5.3 for pLL. The superior transfection at higher charge 

ratios o f cationic vector:pDNA is believed to be due to enhanced interaction between the cell 

surface proteoglycans and the cationic complexes (M islick and Baldeschwieler, 1996). The 

decrease above these optimum CRs is generally believed to be due to toxicity. The toxicity is 

deemed to be due to the presence o f free cationic lipids or polymers, which are in excess o f the 

quantity required to bind pDNA.

8.13.2 Cationic polymer and cationic lipid transfection in COS-7 cells

The order o f  magnitude o f  luciferase expression mediated by the PEI HMW and PEI Clean 

HMW in COS-7 cells correlates well with those achieved by Boussif et al., (1995) o f  some 10* 

RLU/mg protein. Similarly, the expression levels achieved using polyamidoamine dendrimers by 

Haensler and Szoka, (1993) o f lO’ RLU/mg protein were equalled. The level o f  luciferase 

expression produced using DOTAP™ and Lipofectin™ closely match those quoted by Ferrari et al., 

(1997) using the same type o f reporter plasmid, pCMV/wc, to transfect lung epithelial cells. Ferrari 

et al., (1997) found that Lipofectin™ had specific activity o f  approximately 10  ̂RLU/mg protein in 

a number o f  cell lines and DOTAP™ produced levels closer to lO’ RLU/mg protein. The COS-7 

cell line is generally accepted as one o f  the most easily transfectable, however, Pouton et al., (1998)
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found no activity was detectable when COS-7 cells were transfected using pLL, even in the 

presence o f chloroquine. There are several reasons for this discrepancy, not least o f  which is the 

reporter plasmid utilised. Pouton et al., (1998) used a pR SV IacZ  plasmid, which encodes for the 

protein P-galactosidase. The Rous Sarcoma Virus (RSV) promoter tends not to be as strong a 

prom oter as the Cytomegalovirus (CM V) promoter in various cell lines (M ahato et al., 1997b). As 

well as this, the P-galactosidase reporter system is not as sensitive as the luciferase reporter used in 

this work (Alam and Cook, 1990).

There are few studies that look at this broad a range o f  vectors and their comparative 

ability to transfect a given cell line. There are several studies which look at two or three o f  these 

vector systems comparatively in various cell lines and with various reporter gene systems and it is 

interesting to compare the relative efficacies with those obtained here. For example, Pouton et al., 

(1998) transfected COS-7 cells with pRSV /acZ plasmid complexed with DOTAP™, Lipofectin™ 

and pLL (in the presence o f  chloroquine) and found DOTAP™ > Lipofectin™ > pLL, sim ilar to the 

order o f these vectors in this study. Haensler and Szoka, (1993) found when comparing the 

transfection efficiency o f dendrimers to DOTMA (cationic lipid o f Lipofectin™) and pLL in CV-1 

cells that the dendrimers produced luciferase levels 100-fold greater than the cationic lipid and 

1000-fold greater than pLL. This order o f  transfection efficiency is the same as the results shown in 

Figure 8.8, where Superfect™ supersedes both Lipofectin™ and pLL as a carrier in COS-7 cells. 

The improved efficiency o f PEI HMW over cationic lipids has been examined previously. The 

relative efficiencies o f  PEI and the cationic lipids, DOTAP™ and Lipofectin™, have been 

investigated in vitro in lung cell lines. Bragonzi et al., (1999) investigated the relative efficiencies 

o f  PEI 25K, DOTAP™ and Lipofectin™ in various lung cell lines and found that DOTAP™ and 

PEI HMW produced consistently higher levels o f  transfection than DOTMA: DOPE (Lipofectin™). 

Depending on the cell line being used the difference in magnitude o f luciferase expression between 

PEI HMW and DOTAP™ was small, with PEI HMW tending to give the higher RLU/mg protein 

value but not a statistically significant increase over DOTAP™/pDNA complexes.

The highly significant (p<0.01) difference in transfection efficiency seen between the PEI 

LMW and the PEI Clean/HM W  indicates that polymer molecular weight can be a significant factor 

in the efficacy o f  polymeric carriers. Abdallah et a!., (1996) found that increasing the molecular 

weight o f  the PEI beyond 25kD led to decreased luciferase expression in adult mouse brain. A 

similar phenomenon has been reported for pLL, which at low molecular weights shows no 

spontaneous transfection (W olfert and Seymour, 1996) and the polyamidoamine dendrimers, which 

show little transfection activity below generation 5 (Haensler and Szoka, 1993).

The cationic polymers proved the most successful vectors for transfection o f  COS-7 cells 

and their superiority over the cationic lipids in this cell line could be due to any number o f factors.
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T he size and nature o f  the com plexes form ed with pDNA for these tw o types o f  carrier system s are 

different. T ang  and Szoka, (1997) observed DNA to ro ids o f  40-60nm  by EM w hen a range o f  

d ifferen t cationic polym ers w as com plexed w ith pD N A . D ifferent studies o f  cationic 

liposom e/D N A  com plex structure have show n rod-like structures encapsulated  in a fused 

m em brane tube (G ershon et al., 1993), aggregated and fused liposom es, together w ith tubular 

spaghetti-like structures (S ternberg  et al., 1994), The ce llu lar m echanism s by w hich these cationic 

vectors in teract and transfect the cells w ill also influence the ir relative efficiency. W hile studies 

have show n that polym eric carrier/pD N A  com plexes are  endocytosed (G odbey et al., 1999), 

cation ic  lipids may have added fusogenic or m em brane-disrupting activ ity  (Z abner et al., 1995). 

The branched nature o f  the PEI and dendrim eric vectors has an im portant role in in teracting  with 

the unidim ensional DNA polym er. T his is dem onstrated  not only by their superiority  over pLL but 

also  branched PE I’s superiority  over linear PEI. The high concentration  o f  protonatable groups 

w ith d ifferent pK as present in both PEI and Superfect’̂  ̂ buffer the  acidic endosom al com partm ent, 

thereby inhibiting  lysosom al enzym atic degradation  as well as sw elling and d isrup ting  the 

endosom e (D e Sm edt et a!., 2000). This proton sponge e ffec t m ay be one o f  the reasons for their 

superiority  over the cationic lipid and polypeptides. An in teresting  study by Pollard et al., (1998) 

concluded that the ability  o f  cationic polym ers and lipids to  m ediate gene delivery to the nucleus 

from  the cytoplasm  w as d ifferent. Polym ers w ere found to enhance delivery o f  pD N A  to the 

nucleus after intracytoplasm ic in jections o f  C O S-7 cells, w hile lipids did not. (t w as also concluded 

that the barriers to  gene transfer vary with cell type.

G iven these innum erable variab les betw een vector system s it is d ifficult to p inpoint the m ost 

crucial elem ents o f  effic ien t transfection  in a given cell line. In order to  further e lucidate  the 

d ifferences in m echanism s o f  transfection  betw een vector system s a num ber o f  m echanistic  studies 

w ere carried out.

8.13.3 Cell-associated pDNA

The rank order o f  levels o f  cell-associated  pD N A  from  highest to  low est w as Lipofectin™  

= pL L  = DOTAP™ > Superfect™  = PEI LM W  = PEI C lean H M W . T his order o f  the levels o f  cell- 

associated  pD N A  com pared to  the order o f  transfection  effic iency  (section 8.5 and 8.6) serves to 

illustrate that a G D V s ability  to im prove ce llu lar association  o f  pDNA is only one o f  several 

p roperties necessary  to  allow  effic ien t transgene expression . The cationic lipids, DOTAP™  and 

Lipofectin™ , proved the m ost efficient and consisten t m ediators o f  plasm id DNA binding and 

internalisation. The d ifference betw een the efficacies o f  the tw o carriers m ay be due to the presence 

o f  the neutral co-lipid D O PE, w hich has been show n to have an im portant role in m em brane fusion, 

in the Lipofectin™  form ulation. The uptake effic iency  o f  pLL was com parative to that o f  the lipids 

but it failed to  transfect as well as the cationic lipid form ulations reinforcing  the point that good 

in ternalisation  does not necessarily  lead to increased transfec tion  (Pouton et al., 1998).
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Given the COS-7 cells are still undergoing mitosis, the rate o f internalisation is high and 

thus it is biological barriers such as endosomal escape and nuclear localisation which probably 

provide the greatest resistance to transfection. This would explain why the polymers transfect so 

well, with only a slight effect on the amount o f  pDNA delivered to the cell. It should also be noted 

that these cells do not reflect the in vivo situation where cells are generally fully differentiated and 

non-proliferating. In vivo, therefore, pDNA uptake may be more o f a barrier than in dividing cells.

The differences in the level o f  cell-associated pDNA between cationic lipids and polymers 

may be linked to the different mechanisms o f uptake o f these systems. It is thought that the net 

positive charge on GDV/pDNA complexes leads to non-specific adsorptive endocytosis triggered 

by electrostatic interaction between cationic complexes and the negative charge o f the extracellular 

surface. This process is likely to occur when any o f  the cationic vectors are used, including lipids, 

polymers and polypeptides (Pouton, 1999). This increased hydrophobicity allows lipoplexes to 

interact with cell membranes. Thus, lipid complexes can also fuse with the cell membrane (Zabner 

et al. 1995; Xu and Szoka, 1996). This added uptake mechanism might play a part in their 

superiority as uptake mediators.

8.13.4 Effect of Serum

Most cell culture systems are initially tested in serum-free media, which doesn’t account 

for the effect that blood-components, such as serum, might have on the in vivo transfection ability 

o f the complex. Including serum proteins in diluting media leads to a significant drop in 

transfection ability as indicated in Figure 8.10. Only the transfection levels o f  DOTAP™, 

Superfect™ and PEI HMW plasmid complexes were statistically significantly (p<0.05) decreased 

in the presence o f serum, with PEI Clean HMW being the least affected o f the three. Many non- 

viral GDVs have previously been shown to be sensitive to the presence o f  serum during 

transfection in various cell lines (B oussif et al., 1995; Haensler and Szoka, 1993; Zelphati and 

Szoka, 1996; Senior et al., 1991). The reason for the more significant effect o f serum on PEI Clean 

HMW and not on HMW PEI may be due to the higher surface charge o f the optimum Clean PEI 

com plex (+/- 2.8), compared to the optimum CR for PEI HMW(+/- 1.4), as it has been shown that 

using complexes with a less positive surface charge can improve transfection in the presence o f 

serum (Brunette et al., 1992). It is also interesting to note that Superfect™, which required a 

relatively high CR +/- o f 3.4 for optimum transfection, is highly significantly (p<0.01) affected by 

serum. The difference in the resistance to serum between DOTAP^“ and Lipofectin™ may be due 

to the presence o f the helper lipid DOPE in the Lipofectin™ carrier (Zelphati et al., 1998; Crook et 

al., 1998). Studies by Urtti et al., (2000) on gene delivery to human retinal pigment epithelial cells 

using both cationic lipids and polymers showed significant decreases in luciferase expression in the 

presence o f serum for all the carriers tested including PEI, dendrimers, DOTAP™ and Lipofectin™.
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The drop in transfection levels was dramatic, with the efficiency o f PEI and activated dendrimers 

dropping 95% and 82% respectively. These percentages are close to the inhibition seen in this 

study o f  COS-7 cells.

Serum contains a host o f negatively charged proteins, which can interact with cationic GDVS 

(Senior et al., 1991). This interaction has been shown to decrease the internalisation o f the 

GDV/PDNA complexes due to neutralisation o f  the surface charge (Yang and Huang, 1997) and/or 

decreased complex stability (Zelphati et al., 1998). This interaction can lead to partial protein 

coating, complete protein coating and/or aggregation o f the GDV/pDNA complexes, hi the case o f 

liposome-serum interactions it has been determined that the amount and type o f serum proteins 

bound depends on the lipid structure, the formulation and the liposome charge (Chonn et al., 1992; 

Hernandez-Caselles et al., 1993). From the data in Fig 8.10 these parameters would seem to extend 

to both lipid and polymeric carriers, with the varying structures and charges o f  the vector systems 

influencing the effect o f  serum, so that some are significantly affected while others are not.

In order to determine the reasons for this decrease the uptake o f  the three vectors; DOTAP™, 

Superfect™ and Clean PEI in the presence o f serum was monitored. The level o f  cell-associated 

pDNA for all three-vector systems was significantly attenuated by the presence o f serum, which 

would go someway to explaining the decreased transfection ability o f the plasmid.

Stability in the presence o f  serum is often assayed using purified DNase 1 but the reaction 

conditions and kinetics are often very different from those in vivo (Bally et al., 1999). The reaction 

mix generally doesn’t include physiological salt or serum and is run for a short time. Thus, serum 

was used in this study to determine its effect on naked and complexed pDNA and to determine its 

influence on resistance o f  these complexes to DNase digestion. In stability studies in section 8.11 it 

was shown that PEI HMW tends to resist dissociation by polyanions to a greater extent than either 

DOTAP™ or pLL (Figure 8.20 and Figure 8.21). Other components o f serum, such as BSA reduces 

the dissociation produced by heparin and oleic acid, indicating that in whole serum, the effects o f 

these molecules may be minor (Zelphati et al., 1998).

Both DOTAP™ and PEI HMW successfully protected the plasmid from digestion by DNase. 

Previous studies have indicated that both cationic lipids and cationic polymers can protect DNA 

against enzymatic breakdown (Bielanska et al., 1997; Birchall et al., 1999; Crook et al., 1998). This 

protection is afforded by limiting the accessibility o f pDNA to nuclease enzymes. pLL has been 

shown to protect DNA against nucleases (Chiou et al., 1994) but it failed to do so under the 

conditions o f this experiment. The dramatic decrease in signal consequent on addition o f 50%v/v 

FCS indicated that a large proportion o f the complexed pDNA was digested by serum-derived 

nucleases. The plasmid remaining was not denatured (like naked pDNA) indicating that a certain 

amount o f  plasmid remained complexed and protected. It could be postulated then that serum both
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disrupts the complex and serum-derived nucleases digest the released pDNA. Addition o f DNase in 

the presence o f  serum caused only a slight decrease in the intensity o f fluorescence o f the plasmid 

DNA when complexed with the GDVs, while naked pDNA was completely degraded. This would 

appear to correlate well with transfection studies carried out by Crook et al., (1998), which found 

that there was little difference in the level o f  reporter gene expression between DOTAP™/pDNA 

complexes incubated with serum alone and those incubated with serum and DNase.

8.13.5 Effect o f sodium chlorate

Proteoglycans perform a wide range o f cellular functions. They are part o f the basement 

membranes o f cells and the extracellular matrix and consist o f  a core protein covalently linked to 

one or more sulphated glycosaminoglycans (GAGS). The length o f the polysaccharide chain 

differentiates them from glycoproteins, which tend to have short chains o f sugars attached to the 

protein. One o f the most interesting functions o f proteoglycans, from the gene delivery perspective, 

is their role in the binding and entry o f viruses into cells (Shieh et al., 1992). Mislick and 

Baldeschwieler, (1996) showed that proteoglycans played a role in cation-mediated gene transfer 

by pLL and cationic liposome in vitro. Further studies found that cell surface heparin/heparan 

sulphate bearing proteoglycans mediated cationic-liposome-DNA complex-based gene delivery in 

vitro and in vivo in mice (M ounkes et al., 1998).

The role o f proteoglycans in cell association and expression o f GDV/pDNA complexes 

was determined using sodium chlorate, an inhibitor o f GAG sulphation (Baeuerle and Huttner, 

1986; Hortin et a!., 1988), which prevents the anionic moiety o f  the proteoglycans becoming 

attached. PEI Clean HMW transfection efficiency proved the most sensitive to the lack of 

sulphation o f the proteoglycans in the COS-7 cell membranes and the level o f  cell-associated 

pDNA mediated by both the polymeric vectors PEI and Superfect^^ was highly significantly 

(p<0.01) reduced. This would indicate that polymeric carrier systems are more dependent on this 

electrostatic interaction for binding and uptake than the cationic liposome vectors, which as stated 

previously may also fuse with the cell membrane. The transfection efficiency o f the pLL/pDNA 

complexes was not affected by the presence o f  sodium chlorate, which contradicts M islick and 

Baldeschwieler, (1996) who found that the transfection efficiency o f  pLL in HeLa cells was 

significantly reduced by sodium chlorate. There could be several reasons for this discrepancy. 

Firstly, the cell lines are different and the level o f proteoglycan varies from cell line to cell line. 

Secondly, the CR used by Mislick and Baldeschwieler, (1996) o f pLL; pDNA was lower at 1.5 (+/- 

) than the CR used in this study o f 5.3 (+/-), thus the extra cationic charge may have been able to 

overcome some o f the inhibitory effects o f the sodium chlorate. The fact that pLL resists the 

inhibition more than the other polymeric systems may be due to the nature o f the amino groups on 

the different systems. PEI Clean HMW and Superfect™ contain primary, secondary and tertiary
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bases, w hich are w eaker than the prim ary bases o f  pLL, i.e. they m ay not all be protonated at the 

cell surface. The fully protonated pLL may be able to  bind to  o ther anionic m oieties in the cell 

m em brane such as sialylated glycoproteins.

Interestingly, in a recent study carried out to exam ine the interactions betw een ex tracellu lar 

G A G s and polym eric and liposom al gene delivery system s, it w as found that polyvalent delivery 

system s w ith endosom al buffering  capacity , such as PEI and Superfect™  w ere m ore sensitive to  the 

inhibitory  effect o f  G A G s on gene transfer than the cationic lipids (R uponen et al., 1999). T heir 

inhib itory  effect was felt to be due to a num ber o f  factors including relaxation and disruption o f  the 

condensed  G D V /pD N A  com plex, a lterations in charge and shape o f  the com plexes and 

m odification o f  the interaction w ith surface G A G s, i.e. by in teracting  w ith the G A G s in the m edia 

prior to  reaching the cell, the G D V /pD N A  com plexes ab ility  to  bind proteoglycans on the cell 

m em brane w as com prom ised. This w ould correlate w'ell w ith the data  show n above, by indicating 

that the in teraction betw een the high charge density  polym eric system s and G A G s (ex tracellu lar or 

surface) is greater than that betw een the G A G s and the cation ic  liposom es. T hus, the b inding and 

uptake o f  the polym eric vector system s w ith buffering  capacity  tested  (PEI and Superfect™ ) appear 

m ore dependent on the presence o f  surface proteoglycans than e ither the  polypeptide, pLL or the 

cation ic  liposom e, DOTAP™.

8.13.6 Binding and Uptake

From Figure 8.8 and 8.9 it would appear that the m ost effic ien t G D V s in C O S-7 cells, i.e. 

PEI C lean H M W  and Superfect™ , produce the low est level o f  ce ll-asso c ia ted  pD N A . Uptake 

studies determ ine the total cell-associated  pD N A , so in order to d ifferen tia te  betw een vectors, 

w hich sim ply m ediate effic ien t b inding and those w hich m ediate effic ien t uptake, studies w ere 

carried  out at 37°C and 4°C (R eim er et al., 1997). R eim er et al., (1997) determ ined that the 

d ifference in cell association at these tw o tem peratures w as equ ivalen t to  the uptake o f  DNA as 

show n in Equation 8.1;

Total cell-associated  pD N A  - Cell bound pD N A  - pD N A  U ptake

Equation 8.1

A ll th ree G D V /pD N A  com plexes; DOTAP™ , PEI C lean H M W  and Superfect™  show ed significant 

d ifferences betw een total cell-associated  pD N A  (m easured at 37°C ) and bound pD N A  (4°C) 

ind icating  that they all m ediate active pDNA uptake to  a lesser or greater extent. Even naked 

pD N A  appears to  be dependent on active uptake processes. By using Equation 8.1 to determ ine 

uptake and expressing  this as a percentage o f  the total ce ll-associated  pD N A  the relative ability  o f  

each vector system  to in ternalise pDNA once bound can be determ ined. The abso lu te am ount o f  

pD N A  in ternalised  by DOTAP™ w as the highest and it m anaged to  in ternalise 60%  o f  cell-
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associated  DNA. Studies by W robel and C ollins, (1995) found that DOTAP™  lipid m ixing was 

inhibited  a t 4°C and determ ined that b inding to  the cell surface w as insufficien t for cationic- 

liposom e-cell fusion. PEI C lean H M W , w hile internalising  less pD N A  overall, in ternalised  80%  o f  

the cell-associated  pD N A . Superfect™  produced the low est levels and percentage (50%  o f  cell- 

associated ) o f  in ternalised  pD N A . W hile the uptake o f  Superfect™ /pD N A  com plexes appears to be 

the least affected  by the inhibition o f  active processes, o ther studies have determ ined that 

dendrim er/D N A  com plexes are in fact taken up by active p rocesses (B aker et al., 1996), w hich can 

be inhibited  by sodium  azide or specific endocytosis inhibitors.

T he transfection  studies carried  out using the three system s at the tw o tem peratures indicate 

that the  transfection  efficiency o f  all the  G D V s also decreases at 4°C  and the decrease in pDNA 

delivery  to the cell w ill obviously be a m ajor factor in th is  decrease. The degree o f  inhibition o f  

transfection  at 4°C does not correlate  directly , how ever, w ith the degree o f  inhibition o f  DNA 

uptake at 4°C . W hile the transfection  effic iency  o f  DOTAP™  is significantly  (p<0.05) reduced 6- 

fold, its DNA uptake ability  is highly significantly  (p<0.01) reduced 1.4 fold. T ransfection  by 

Superfect™  on the o ther hand is highly significantly  (p<0.01) reduced 200-fold, w hile its pDNA 

uptake processes are ju s t  sign ifican tly  (p<0.05) reduced 1.1-fold. T his w ould indicate that o ther 

in tracellu lar processes m ediated by the vector system s, e.g. in tranuclear localisation etc., may be 

inhibited at 4°C. W hile the transfection effic iency  for PEI HM W  and Superfect com plexes dropped 

950-fold  and 200-fold, respectively , the transfection effic iency  o f  DOTAP™ /pDNA com plexes 

dropped only 6-fold at 4°C. T his w ould suggest that the transfection  m echanism s o f  polym eric 

carriers are far m ore dependent on active processes, w hich can only  occur at the higher tem perature 

o f3 7 °C .

8.13.7 Endosomal escape

As indicated by the uptake studies under standard cond itions pLL m ediates superior uptake 

to  the o ther polym ers but fails to  produce the sam e level o f  transfection  as the o ther polym eric and 

lipid system s. O ne o f  the reasons for th is discrepancy m ay be its inability  once endocytosed to 

escape from  the endosom e and thus the consequent lysosom al degradation. C hloroquine has 

previously  been show n to im prove the transfection ab ility  o f  pLL (Pouton et al., 1998). 

C h loroquine is a w eak base, w hich d iffuses into acidic com partm ents such as the endosom e and 

becom es protonated. Its exact m echanism  o f  action w ith in  the cell is not c lear but seem s to  be 

based on neutralisation  o f  the effects o f  the endosom al proton pum p, thereby  increasing the pH o f  

the com partm ent, inhibiting  lysosom al digestion and rup turing  the endosom al m em brane by 

increasing the osm otic pressure (Pouton, 1999). It has also  been suggested that chloroquine 

enhances the d issociation o f  polyplexes at the concentration (lO O ^M ) used in th is study (E rbacher 

et al., 1996). C hloroquine is thus w idely  used to  prevent lysosom al degradation o f  pD N A  and as an
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indicator o f  uptake by endocytosis. If  chloroquine alters the transfection ability o f  a given vector 

system, this indicates that an endocytic uptake process is involved in the internalisation o f  the 

com plex but escape from the endosomal com partm ent is inefficient.

The results in Figure 8.18 indicate that neither DOTAP™ nor PEI Clean H M W  require 

chloroquine to mediate transfection efficiently, as its presence has no effect on the level o f  

transgene expression. It has previously been shown that chloroquine has little or no effect on the 

transfection ability o f  PEI (Ogris et al., 1998) and it is thought that this is due to the proton sponge 

hypothesis (B ehr et al., 1996). This is based on the fact that PEI contains primary, secondary and 

tertiary amines only som e o f  which are protonated (circa 30% ) at physiological pH (while pLL is 

fully protonated at physiological pH and has no buffering capacity). Within the acidic endosom e 

more o f  the amines becom e protonated, thereby buffering the acidic pH o f  the endosom e in much 

the same way as chloroquine. The endosomal mem brane is disrupted due to swelling o f  the PEI 

polymer by increased internal charge repulsion and due to the rapid influx o f  water into the 

endosom e as the com partm ent becom es hyper-osmotic with ion influx.

Similarly, chloroquine was shown, as proved previously (Pouton et al., 1998), not to 

improve the transfection ability o f  liposome based G DVs. The luciferase expression mediated by 

DOTAP™ was not significantly increased in the presence o f  chloroquine. This would again 

indicate that the liposome G D V  formulation had some means o f  escaping the endosome. It has 

been shown using electron-m icroscope studies that l iposome/DNA complexes are taken up into 

m em brane bound com partm ents but these have not been identified as endosomal compartments 

specifically (Zabner et al., 1995; Labat-M oleur et al., 1996). The ability o f  liposomal G D V s to 

undergo translational movem ent within lipid bilayers would appear to be pivotal to their 

m echanism o f  action. The ability o f  lipids to fuse and disrupt mem branes both cellular and 

endosomal w ould provide a m echanism for disruption o f  the endosomal compartment and release 

o f  DNA from the liposomal complex. The interaction between the cationic lipid moieties o f  the 

G D V  and the anionic lipid moieties o f  the endosomal m em brane induces a flip-flop reaction 

between the lipids, according to the model proposed by Xu and Szoka, (1996), thereby disrupting 

the endosom e and the complex. Thus, while both PEI and DOTAP™ had means o f  escaping the 

endosome, pLL did not, and it responded therefore to  the presence o f  chloroquine.

8.13.8 Stability

The dissociation o f  pDNA from its GDV may affect transfection efficiency at a num ber o f  

stages. If premature dissociation occurs, for exam ple in the bloodstream or extracellular matrix, 

plasmid DNA will be open to digestion by nucleases, while incomplete dissociation intracellularly 

may lead to inhibition o f  transcription processes. Fluorescence assays utilising the intercalating
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agent e thidium bromide have been used previously to study the strength o f  interaction between 

cationic vectors and DNA by challenging the com plex  with various polyanions (Xu and Szoka, 

1996). From the data in Figure 8.19 and 8.20 it was evident that the polyanion heparin had a 

different effect on the different G D V s studied. This may be explained by the fact that polyion 

exchange is dependent on the nature o f  the displacing ion as well as the charge density and 

m olecular parameters o f  the cationic vector and the plasmid D N A  (K abanov and Kabanov, 1995). 

T he interaction between polymers such as PEI and pLL is based on a cooperative ionic process, 

which is dependent on the ionic strength o f  the medium. Polymers generally form dense toroidal 

s tructures with DNA (Tang and Szoka, 1997). Cationic  lipids also interact electrostatically with 

DNA as well as by van der W aals and hydrogen bonding, but tend to form looser complexes, with 

the DNA being encapsulated in a bilayered tube (S ternberg  et al., 1994). It was noted that pLL and 

PEI excluded ethidium bromide more efficiently than DOTAP"^“ at the G D V :pD N A  ratios used (i.e. 

those optimum for transfection). This difference in structure affinity may explain why DOTAP™ 

was displaced by heparin polyanions at very low ratios o f  an io n x a t io n  (-/+), while both the 

polymeric vectors required an excess o f  anions before anionic d isplacement commenced. The 

instability and greater release o f  the pLL/pDNA com plexes at low concentrations o f  heparin may 

be related to the extreme heterogeneity o f  pLL, which prevents formation o f  thermodynamically  

stable DNA complexes (Smith et al., 1999). PEI on the other hand releases less pD N A  and only at 

high an ion icxa tion ic  concentrations, both for heparin and SDS.

It has been determined that plasmid DNA must dissociate from cationic lipids and then 

en ter  the nucleus to allow efficient transfection (Zabner et al., 1995). Pollard et al. (1998) 

concluded that cationic lipids actually prevent transcription if  they remain associated with the 

plasmid within the nucleus, so instability o f  the DOTAP™ /pDNA com plexes within the cell would 

enhance transfection. Xu and Szoka, (1996) found that the anionic lipids o f  the cell may serve just  

such a function by disrupting the cationic lipid/pDNA complexes, ju s t  as heparin and SDS were 

shown to in this study, thus a llowing DOTAP^“ to  transfect efficiently. pLL/pD N A  complexes on 

the other hand have been shown to produce transfection when injected directly into the nucleus o f  

Xenopus oocyte and mammalian cells (Pollard et al., 1998). Its instability in the presence o f  anions, 

which may be present extracellularly as well as intracellularly, may be one o f  the reasons for its 

low transfection efficiency. pLL o f  the three vectors tested also provided the least protection 

against DNase digestion (Figure 8.13). Pollard et al., (1998) found that PEI actually promoted gene 

delivery to the nucleus, which they postulated might be linked to improved cytoplasmic mobility 

and protection from nuclease digestion. Thus, the  stability o f  the PEI/pDNA complexes is an 

elem ent in its ability to transfect cells well, it not only improves delivery to the nucleus over lipids 

but it may also protect the plasmid from digestion for a longer period intracellularly.
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8.13.9 Toxicity

The results o f  the M TT assay carried out on the transfection system s indicate that each o f  the 

vector system s has a degree o f  tox ic ity  associated  w ith it. T h is is not surprising given  that these  

co m p lex es are disrupting ce ll m em branes and accum ulating intracellularly. Indeed it has been  

postulated that a d egree o f  m em brane dam age m ust be caused  by the G D V /p D N A  com p lex  in order 

to ach ieve transfection (Pouton and Seym our, 2 0 0 1 ). For p L L /pD N A  com p lexes m em brane 

tox ic ity  parallels transfection activ ity , as low  m olecular w eigh t pLL produces no tox ic ity  and no 

transfection  activity (W olfert and Seym our, 1996). T herefore the main aim is to m axim ise  

transfection but to balance this w ith an acceptable leve l o f  to x ic ity  and ce ll death, as e x c ess iv e  cell 

death w ill lim it the c e lls  availab le for transfection as w ell as decrease vector su itability  in vivo . 

Even p D N A  alone caused  a sign ifican t level o f  to x ic ity  to the c e lls  and that tox ic ity  w as increased  

by com p lexation  w ith the ca tion ic vectors. There is no sign ifican t d ifferen ce betw een  the tox icity  

o f  m ost o f  the G D V /p D N A  com p lexes, w ith the excep tion  o f  pLL, w hich produced a high level o f  

tox ic ity  due to the concom itant presence o f  ch loroquine on the ce lls . The concentrations tested  

w ere those w hich produced m axim um  transfection  e ffic ien cy , indicating that perhaps 

concentrations higher than these w ould  produce unacceptable tox icity .

The tox ic ity  o f  cation ic lipids has been found to be structure dependent, w ith different lipid  

structures producing d ifferent lev e ls  o f  tox ic ity  and transfection  (G ao and Huang, 1995). Protein  

kinase C inhibition has been linked to the tox ic ity  o f  ca tion ic am phiphiles. The m anufacturers state 

that DOTAP™  should not be used above a concentration  o f  30|.ig/m l to prevent tox icity . It has been  

found that lip ids contain ing lab ile ester linkages, e .g . DOTAP™ , are less tox ic  than lip ids with  

stable ether linkages e .g . D O T M A , DM RIE (Feign er et al., 1994; S ch eu le et al., 1997) and this 

seem s to hold true in this case  w ith  DOTAP™  producing less to x ic ity  than Lipofectin™  at optim um  

ratio with p D N A . Free PEI is quite tox ic  to ce lls , h ow ever th is tox ic ity  decreases w hen it is bound  

to p D N A  (G odb ey et al., 1999), presum ably due to  neutralisation o f  som e o f  its cation ic charge. 

PE I/pD N A  com p lexes w ere found to have a very low  level o f  tox ic ity  in v ivo  w ith an L D 50 >  4g /k g  

w hen g iven  orally  or su bcutaneously  (B o u ss if  et al., 1995). D endrim ers on the other hand seem  to 

be less tox ic  a lone than w hen com p lexed  with D N A  (H aensler and Szoka, 1993). P oly-L -lysin e  

alon e has been determ ined to be tox ic  to c e lls  in v itro  (G ottschalk  et al., 1996). O verall then, the 

sm all d ifferen ces in the level o f  tox ic ity  o f  the d ifferent G D V /p D N A  system s w ould  not exp lain  

their d ifferent transfection ab ilities but it m ight in the case  o f  som e o f  the m ore tox ic  agents be the 

reason for their lim ited e ffic ien cy .

The C O S-7 ce ll line is on e o f  the m ost e a s ily  and com m on ly  transfected ce ll lines. The 

com parison  o f  a broad range o f  G D V s indicated that the polym eric system s, PEI HM W  (C lean  and 

unclean) and Superfect™  w ere the m ost e ffic ien t transfection  agents o f  those tested. The reason for
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the superiority  o f  certain  vectors over others appears to  be linked to  the ir m echanism s o f  

transfection . W hile the cationic lipids, Lipofectin^^ and DOTAP™ , enhanced the level o f  cell- 

associated  pD N A  to a greater ex ten t than PEI H M W  or Superfect^^, the polym eric carriers w ere 

found to  in ternalise a large percentage o f  the cell-associated  pD N A . The polym er/pD N A  system s 

appeared  to  be m ore dependent on electrostatic  in teraction w ith cel 1-surface pro teoglycans for cell 

b ind ing  than the lipid/pD N A  system s and active processes appeared to  play a greater role in the 

transfection  o f  cells m ediated by cationic polym eric carriers than cationic lipid carriers, as 

ev idenced by the relative decreases in transfection  effic iency  at 4°C. The nature o f  the carrier 

therefore , appears to dictate the m echanism  o f  in ternalisation  o f  the plasm id DNA. The best vectors 

w ere able to escape from  the endosom al com partm ent, unlike pLL, w hich required  the concom itant 

use o f  ch loroquine in order to  transfect efficiently . S im ilarly , an ability  to protect pD N A  from 

degradation  w as a com m on feature o f  the better vectors and the best system . PEI H M W , also 

proved exceptionally  stable to d isp lacem ent by polyanions, such as those found in serum  and the 

ex tracellu lar m atrix. W hile the best G D V s m ediated high levels o f  luciferase expression, their 

ability  to  m ediate transfection  w as inhibited by the presence o f  serum , caused by both decreased 

levels o f  cell-associated  pD N A  and increased pD N A  degradation . Thus, using serum -contain ing 

m edia in cell culture testing  provides a m ore realistic  m odel o f  the nuclease degradation and serum 

protein interaction that occurs in the bloodstream  o r in terstitial spaces.
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Chapter 9

Gene Delivery to Differentiated Cell Culture Models 

9.1 Introduction

The cell culture systems used to test GDV effectiveness generally have few functional or 

morphological similarities with in vivo conditions. Many vector systems, which were successful in 

vitro, have proved disappointing in vivo (Grubb et al., 1994). There are many reasons for these 

differences, including the fact that in most cell culture systems the cells are proliferating and non

differentiated. This means that the cells are metabolising rapidly and undergoing mitosis, which 

will increase nuclear accessibility o f  the plasmid DNA (W ilke et al., 1996). This differs from the in 

vivo situation where cells tend to be quiescent (Go phase o f the cell cycle) and highly differentiated, 

i.e. expressing all the phenotypic characteristics required for their specialised functions in a given 

organ or tissue. In order to more closely mimic the high in vivo resistance to transfection there is a 

growing interest in the use o f  fully differentiated cell culture models. They appear to mirror more 

closely the m olecular mechanisms and membrane barriers that affect in vivo gene delivery.

Differentiated cell models o f the lung have been used for several years but they have some 

disadvantages, most notably the poor level o f characterisation o f the model and the fact that they 

are labour intensive to maintain. The CaCo-2 model is a well-established filter culture model. It 

was established from human colon adenocarcinoma and is used widely to predict intestinal 

absorption and transport o f drugs (W ilson, 1990). The CaCo-2 model has previously been used to 

screen non-viral GDVs (Uduehi et al., 1999; Pouton et al., 1998). In this study, the CaCo-2 

monolayers were used to determine the relative ability o f  a range o f GDVs to transfect fully 

differentiated cells. The effect o f differentiation on transfection efficiency and the levels o f  cell- 

associated plasmid DNA was assessed and the role o f  active transport and proteoglycans in the 

uptake o f  GDV/pDNA complexes examined.

As well as the barriers presented by the target cells, extracellular conditions in vivo such as 

the presence o f serum have an influence on the transfection efficiency o f a given GDV. The 

influence o f  serum and serum components on the physicochemical and biological properties o f 

GDVs has been extensively studied (Zelphati et al., 1998). Many transfection studies are carried 

out in serum-free media, which may be yet another factor in the discrepancies seen between in vitro 

and in vivo transfection data. Thus, the effect o f  serum on transfection o f fully differentiated cell 

models with a range o f vectors was studied. Another extracellular barrier to transfection o f the lung 

and gut is mucus (Kitson et al., 1997). In order to determine the effect o f  mucus on the transfection 

ability o f the most efficient vectors, CaCo-2:Ht29GlucH co-culture monolayers, containing the 

m ucus-secreting Ht29GlucH cells, were used (Allen, 1992; Meaney, 1997). This model also
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allowed examination o f the effect o f mixed cell types on transfection levels, which more closely 

resembles the in vivo situation, where several cell types may be present in a given target tissue.

These differentiated cell models not only provide a more physiologically realistic model of 

in vivo transfection, they also provide models for the study of gene transfer of the gut. A number of 

studies have already confirmed that the intestine can be transfected (Sweetser et al., 1988; Jones et 

al., 1990). Retroviral (Soriano-Brucher et al., 1991; Lau et al., 1995; Henning, 1995) and 

adenoviral (Croyle et al., 1998a) vectors have been used successfully to transfect the intestine in 

vivo. The effectiveness o f non-viral vectors as GDVs to the intestine has not been fully assessed. 

This work aimed to compare a full range o f lipid, polymeric and peptide GDVs in vitro in CaCo-2 

and co-culture monolayers and determine those which best overcame the extracellular, epithelial 

and intracellular barriers presented by these fully differentiated systems An in vivo intestinal loop 

model based on that used by Croyle et al., (1998a) was developed in order to examine the ability of 

the most efficient non-viral vectors to transfect the rat jejunum.

9.2 Aims and Objectives

• To determine the effect of DNA dose, transfection time and expression time on transfection 

levels using DOTAP^^/pCMVluc complexes in fully differentiated CaCo-2 cells

• To determine the optimum ratio of Vector;pDNA for the cationic lipids; DOTAP™ and 

Lipofectin™, the cationic polymers; Superfect™, PEI HMW and LMW, and the polypeptide Poly- 

L-lysine in CaCo-2 and CaCo-2:Ht29GlucH co-culture monolayers

• To compare the transfection efficiency and levels of cell-associated pDNA for the optimised 

vector systems in CaCo-2, Ht29 and CaCo-2;Ht29GlucH co-culture monolayers

• To determine the effect o f differentiation on transfection with DOTAP™/pDNA complexes 

complexes and on the levels o f cell-associated pDNA mediated by DOTAP™, PEI HMW and 

Superfect™ pDNA complexes in CaCo-2 and CaCo-2;Ht29GlucH co-culture monolayers

• To determine the effect o f serum on transfection, for each o f the vector systems in CaCo-2 and 

CaCo-2:Ht29GlucH co-culture monolayers

• To compare binding and internalisation of pDNA mediated by DOTAP™ and PEI HMW in 

CaCo-2 and CaCo-2:Ht29GlucH co-culture monolayers and to determine the part played by 

proteoglycans in the uptake mechanisms of each of the vectors

• To determine the toxicity and efficacy of N-acetylcysteine as a mucolytic agent on the CaCo- 

2;Ht29GlucH co-culture monolayers and to use an appropriate concentration to assess the effect o f 

the presence of mucus on transfection using DOTAP™, PEI HMW and Superfect™ pDNA 

complexes

• To assess the level o f toxicity of each vector system in CaCo-2 cell monolayers
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•  To determine the distribution o f luciferase expression mediated by DOTAP™ and PEI HMW in 

COS-7 and CaCo-2 cells using confocal laser scanning microscopy

•  To develop an intestinal loop model for gene delivery to the small intestine and to assess the in 

vivo transfection ability o f the best vector systems

RESULTS

CaCo-2 and CaCo-2;Ht29GlucH co-culture systems were seeded and maintained as 

described in 7.3.6 and 7.3.7 respectively. Unless otherwise stated, all transfection and uptake 

studies were carried out on fully differentiated day 19-23 old monolayers in the apical chamber. All 

transfection and uptake studies (except where stated) were carried out in the presence o f serum-free 

Opti-M EM , with each well being rinsed with Opti-MEM and incubated with 1 ml o f the media for 

10 minutes prior to transfection.

9.3 Effect of Transfection Conditions

In all transfection condition studies, one variable was altered in a given experiment while 

the other conditions were maintained. The aim o f these experiments was to determine the 

conditions that would allow efficient and economical transfection for comparison o f  vector systems 

in fully differentiated cell monolayers. The GDV used in these studies was DOTAP™, complexed 

at a charge ratio (CR) (+/-) o f  2.4 with pCM Vluc, made up in HBSS (pH 7.4). The CaCo-2 cells 

used were confluent and fully differentiated. The transfections were carried out in serum-free 

medium for 4 hours, after which time the medium was replaced with full media. Luciferase 

expression was determined 24 hours later and standardised for protein content. A control o f  naked 

pDNA was run in each experiment. Again, the aim o f these experiments was not necessarily to 

determ ine the conditions that would give maximum luciferase expression, but the conditions that 

would allow efficient and economical transfection for comparison o f  vector systems.

Given the increased resistance o f differentiated monolayers to transfection, the range o f 

pDNA doses tested was increased. Either 2, 6 or 12(ig o f  pCMV/wc plasmid was complexed with 

DOTAP™ at CR (+/-) 2.4 in a total volume o f 500^1 o f HBSS allowed to complex and added to the 

apical cham ber o f the Transwell™ system. The overall concentration o f  plasmid DNA in the apical 

cham ber for each o f these doses was 1.33, 4 and 8 |J.g/ml respectively. All three pDNA doses 

produced significant levels o f  luciferase expression when complexed with DOTAP™ (Figure 9.1a), 

but the luciferase expression using a dose o f 2|ig was barely detectable. The dose o f pDNA chosen 

for further studies was 6^g/well, as it produced an easily detectable level o f luciferase without 

excessive wastage o f costly plasmid DNA.

157



C h ap ter 9

To determine the effect o f  transfection time, i.e. the time o f incubation o f the transfecting 

complexes with the cells, on transfection levels. Complexes o f  DOTAP™, at CR (+/-) 2.4, with 6|iig 

DNA were left on the cells for 2, 4 and 8 hours before being removed and full media added to the 

cells, which were left to express for a further 24 hours before analysis. From Figure 9.1b it is clear 

that after 2 hours in contact with the cells there is a barely detectable level o f luciferase expression 

and the specific activity o f  the transgene increases with increasing transfection time. 4 hours was 

chosen as the transfection time for further studies, since it allowed adequate luciferase expression.

A similar experiment was carried out to determine the effect o f  expression time on 

transfection efficiency. In this case the DOTAP™/pDNA complexes were made up as before with 

6|j,g plasmid DNA/well compiexed with DOTAP™ at a CR (+/-) 2.4, left to complex and added to 

the cells for 4 hours. The complexes were removed and fresh full serum-containing media was 

added to the wells. The monolayers were then left to express for a further 24, 48 or 72 hours. 

Figure 9.1c indicates that the levels o f  luciferase expression peaked after ju st 24 hours and there 

was a significant and rapid drop in transgene expression at 48 and 72 hours. The level o f  luciferase 

expression produced by the DOTAP™/pDNA complexes after 72 hour expression time is still 

significantly (p<0.05) higher than that produced by pDNA alone after 24 hours expression time 

(control).
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(hrs) on the transfection efficiency o f DOTAP™/pCMVluc complexes in fully differentiated CaCo- 
2 cells (day 21). Values are expressed as mean ± S.D. (n=3). Control represents transfection of 
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9.3.1 Optim isation o f Vector:pDNA ratio

To determine the optimum charge ratio (CR) o f  each vector system, 6 |ig o f  pCMVluc was 

complexed with variable quantities o f  each vector and these complexes were used to transfect 

differentiated CaCo-2 cell monolayers. The same range o f vectors used in the COS-7 model was 

optimised for use in CaCo-2 differentiated monolayers. Given the cell-type dependence o f 

transfection efficiency (Boussif et al., 1996; Pouton et al., 1998) and the metabolic and 

m orphological differences associated with differentiated versus non-differentiated cell culture 

models (M atsui et al., 1997; Fasbender et al., 1997), it was important that the CR be optimised for 

each o f  the cell culture models.

The complexes were all formulated using 6fig plasmid DNA and the quantities o f  vector 

used to achieve these CRs were calculated as shown in section 7.8.4. The cationic lipids, 

DOTAP™ and Lipofectin™ (Feigner et al., 1987), and the cationic polymers, polyethylenimines 

(PEI) (B oussif et al., 1995), activated dendrimers (Superfect™) (Haensler and Szoka, 1993) and 

poly-L-lysine (pLL) (Zhou et al., 1991), were all optimised.

The cationic lipids, DOTAP™ and Lipofectin™, were complexed with pCMVluc at CR(+/-) 

o f 1, 2.4 and 3. The optimum CR for both vector systems in CaCo-2 cells was found to be CR (+/-) 

2.4, with the more positively charged complexes producing improved transfection. Increasing the 

positive charge above this optimum, however, led to a decrease in luciferase expression levels (Fig. 

9.2a and b). Almost twice the quantity o f  Lipofectin™ as DOTAP™ was required to produce this 

optimum charge ratio for transfection (Table 9.1) due to the higher molar charge o f the DOTAP™ 

formulation (which lacks a neutral helper lipid).

The PEI LMW and the PEI HMW were made up as described in section 7.5.2. In this 

chapter only the Clean PEI HMW (i.e. HMW dialysed to remove smaller polymer units) was used, 

so when PEI HMW is referred to in this chapter it refers to the cleaned-up polymer system (i.e. 

unclean was not used). Both PEIs, LMW and HMW, were complexed with pCMV/wc at N/P ratios 

o f  2, 5 and 10. The optimum N/P ratio was found to be 5 for both LMW and HMW PEI (Figure 9.2 

c and d, respectively). The effect o f  altering the N/P ratio on the transfection levels produced by 

LMW and PEI HMW was different. The PEI LMW had close to an all-or-nothing response to 

changing N/P ratios, i.e. there was a dramatic increase in transfection efficiency at optimum N/P 

ratio but a negligible response below and above this ratio. The HMW PEI produced an optimum 

level o f transfection at N/P 5 but maintained a high level o f efficiency at N/P 10. In fact there was 

no significant (p<0.05) drop in luciferase expression levels between N/P 5 and 10. Given the high 

charge density o f PEI polymers only a small quantity o f PEI is required to achieve these N/P ratios.
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as shown in Table 9.1. These N/P ratios mean that there is an excess o f positive charge, i.e. charge 

ratio (+/-) 1.4, at neutral pH.

The ratio o f Superfect™ ;pDNA was determined over a range o f MRs, suggested by the 

manufacturer. 6|Lig o fpCMVluc plasmid was complexed with Superfect™ at MRs dendrimer:pDNA 

of 6:1, 15:1 and 30:1 and these MRs correspond to CRs (+/-) of 3.4:1, 8.5:1 and 17:1 respectively, 

at neutral pH. The optimum mass ratio was found to be 6:1 Superfect™ DNA, i.e. CR (+/-) 3.4:1 

(Figure 9.2e).

All transfections using pLL were carried out in the presence of chloroquine (100|liM), 

which was added to the transfection media 10 minutes prior to transfection. The pLL was 

complexed with pCMV/wc at mass ratios pLL:pDNA of 1:1, 2:1 and 3:1 (Charge ratios +/- 2.7:1, 

5.3:1 and 8.1:1). The optimum MR for transfection of the CaCo-2 monolayers was found to be 

pLL:pDNA 2:1, which corresponds to a CR (+/-) o f 3:1 (Fig 9.20-

A summary of these results is shown in Table 9.1. It should be noted that in the case of 

each of the vector systems an excess of positive charge is required to produce maximum luciferase 

expression levels

Table 9.1: Optimum mass (MR) and charge ratios (CR) o f vector:pDNA for the transfection of 
differentiated CaCo-2 monolayers (Day 2 1) usingpCMVluc plasmid

Gene Delivery Vector 

(GDV)

Quantity (^g) of 

GDV/^g DNA

Optimum Charge ratio (CR) 

GDV/pDNA (+/-)

DOTAP™ 5.6 2.4

Lipofectin™ 9.7 2.4

PEI LMW 0.67 N/P 5 ~ C R  1.4

PEI HMW 0.67 N/P 5 ~ C R  1.4

Superfect™ 6 3.4

Poly-L-Iysine 2 5.3

I
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Figure 9.2 Effect o f GDV/pDNA ratio on transfection efficiency in CaCo-2 cells (day 21). The 
optimum charge ratio o f the cationic lipids; a) DOTAP™ and b) Lipofectin™, the optimum N/P 
ratio of; c) PEI LMW  and d) PEI HMW and the optimum mass ratio of; e) Superfect™ and f) pLL 
were determined. Controls represent transfection o f cells using naked pDNA. Values are expressed 
as mean ± S.D. (n=3).
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9.4 Differentiated CaCo-2 monolayers 

9.4.1 Transfection of CaCo-2 monolayers

In order to determine the comparative effectiveness of each of the vector systems, CaCo-2 

monolayers were transfected using 6|ag of pCMVluc plasmid and the optimum amount of vector 

system (as shown in Table 9.1). The GDV/pDNA complexes were left to complex for 15-20 

minutes, before being added to the cells. The transfection was carried out in the presence of serum- 

free Opti-MEM. The transfection medium was removed and replaced with whole medium after 4 

hours and allowed to express for a further 24 hours prior to analysis. The specific activity of each 

GDV/pDNA system is summarised in Figure 9.3 and Table 9.2.

1.0E+05c
B 1.0E+04 o 
Q. lO E +03  

E 1.0E+02

- I 1.0E+01

1.0E+00

Vector

Figure 9.3 Transfection efficiencies of cationic lipids * ,  cationic polymers , and a peptide 
pDNA complexes in fully differentiated CaCo-2 cells (day 21) cells. pLL transfection was carried 
out in the presence of chloroquine (100fo.M), Control represents transfection of CaCo-2 monolayers 
with naked pDNA. Values are expressed as mean ± S.D. (n=3).

From Figure 9.3 it is clear that the most successful GDVs were the cationic polymers, PEI 

HMW and Superfect™, and the cationic lipids, DOTAP™ and Lipofectin™. All o f these vectors 

produced a significant (p<0.05) increase in luciferase expression levels above control o f naked 

pDNA. PEI LMWand pLL complexes failed to produce any significant increase in transfection 

efficiency above that achieved by naked pDNA. The rank order of activity from highest to lowest 

was PEI HMW> Superfect™ > Lipofectin™ > DOTAP™ > pLL = LMW PEI = naked pDNA.
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Table 9.2 Specific luciferase activity (RLU/mg protein) produced by each vector;pDNA system at 
optimum ratio in differentiated (Day 21) CaCo-2 cells. pLL transfection was carried out in the 
presence o f  chloroquine (lOOfiM). Values shown are means ± S.D. (n=3).

RLU/mg protein St devn

Control l.OOE+00 1 .OOE+00

DOTAP™ 1.95E+03 8.71E+00

Lipofectin™ 3.65E+03 5.31E+02

LMW  PEI 1.31E+00 1.24E+00

HM W  PEI 1.14E+04 1.22E+03

Superfect™ 6.49E+03 I.12E+03

pLL 5.20E+00 4.72E+00

The level o f transgene expression achieved by the cationic polymers, PEI HMW and 

Superfect™, was significantly (p<0.05) greater than the levels achieved by the cationic lipids, 

DOTAP™ and Lipofectin™, indicating that the CaCo-2 monolayer was most efficiently transfected 

with high m olecular weight, buffering cationic polymers. The most efficient GDV, PEI HMW, 

produced over a 10,000-fold increase in luciferase expression above that produced by naked DNA. 

This indicates that non-viral vector systems are capable o f transfecting fully differentiated, non

proliferating cells. There was a significant (p<0.05) difference between the efficiency o f the two 

cationic lipids, with Lipofectin™ being the superior GDV for these conditions. Similarly, there was 

a highly significant (p<0.01) difference between the best o f the cationic polymers, Superfect™ and 

PEI HMW, and the least effective polymers, PEI LMW and pLL. The variability (shown by 

standard deviation) between wells was relatively low, especially for DOTAP™, compared to the 

variability seen in the COS-7 model.

The protein content per well remained relatively constant for all the vector systems; with 

the exception o f pLL and LMW PEI, which both led to a slight drop in protein content. This effect 

correlates well with the toxicity data for the vector systems shown later in Table 9.6. The confluent 

cell monolayers would be expected to have a less variable protein content (cell number) than 

proliferating cells seeded only 24 hours prior to transfection.

9.4.2 Levels o f  pDNA associated with CaCo-2 monolayers

The levels o f cell-associated pDNA were determined as outlined in section 7.11.2 for three 

o f the best vector systems. The specific activity o f  the radiolabeled plasmid was determined on the 

day and mixed with “cold” plasmid to give a count o f  approximately 40,000 CPM per )ag DNA. 

Complexes were then formulated with the appropriate vector at the optimum Vector:pDNA ratio 

for transfection o f CaCo-2 cells, as previously determined (see Table 9.1). Transfection was carried
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out in serum-free medium at 37°C for 4 hours, the time span after which the transfection media is 

removed in transfection studies. Having rinsed any unbound pDNA away prior to analysis, the 

radioactivity o f  the cell sample is representative o f the cell-associated pDNA, bound and 

internalised.

Figure 9.4 shows the dpm/mg protein for each vector system tested. The cell-associated 

pDNA is statistically (p<0.05) higher for each o f the vector systems compared to naked pDNA. 

The level o f  cell associated plasmid DNA from highest to lowest was DOTAP™ = PEI HMW> 

Superfect™. The cationic lipids, DOTAP^^, and the cationic polymers, Superfect™ and PEI HMW, 

increased the level o f cell-associated pDNA appro.\imately 13.5, 7 and 11-fold respectively over 

naked pDNA. There was a high degree o f variability in the levels o f cell-associated pDNA 

produced by DOTAP™ and PEI HMW, but they did enhance pDNA cell-association significantly 

(p<0.05) more than Superfect™. These results indicate that non-viral vector systems are capable o f 

increasing the binding and internalisation o f  pDNA in differentiated, non-proliferating cells, 

overcoming barriers such as the apical membrane and microvilli.
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Figure 9.4 Levels o f ^̂ P radiolabeled plasmid DNA associated with CaCo-2 cells (day 21) after 
incubation at 37°C for 4 hours with cationic lipids®  and cationic po lym ers®  pDNA complexes. 
Control represents levels o f  naked pDNA associated with the cells. Values are expressed as mean ± 
S.D. (n=3).

9.5 Effect o f Differentiation on Transgene Expression and pDNA Cell-association in CaCo-2 
cells

In order to determine the effects o f  differentiation on transfection, CaCo-2 cells were 

seeded on Transwells™ and transfected using DOTAP™/pDNA complexes CR (+/-) 2.4 at day 1, 5, 

10, 15 and 21. The level o f luciferase expression produced at these different stages o f 

differentiation is shown in Figure 9.5. The highest level o f  luciferase expression was produced in 

day I old cells and decreased progressively as the cells aged. By day 10, when CaCo-2 cells have
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reached confluency (Meaney, 1997), the specific activity had dropped almost 30-fold. When the 

cells are deemed fu lly  differentiated at day 15, the levels have dropped 100-fold and this drop 

continues such that the level o f transgene expression produced by DOTAP™/pDNA complexes in 

day 21 cells is 170-fold lower than the expression in day 1 cells. The control was day 1 old cells 

transfected with naked pDNA. Even at day 21 DOTAP™ mediated significantly (p<0.05) higher 

transfection than pDNA alone in the proliferating, non-differentiated cells at day 1.

The transepithelial electrical resistances (TEERs) o f the cultures were monitored over the 

course o f the study as a means o f evaluating the integrity o f the monolayers. The background 

TEER for the filter membrane was 100 Q.cm^ and at day 1 there was virtually no increase above 

background. By day 5 the TEERs had increased to an average 400 Q.cm^ and by day 10 they had 

further increased to an average 1400 Q.cm^. Once the monolayers had reached confluency there 

was little increase in TEERs. Thus, as the TEERs increased the transfection levels decreased.

This data would indicate that the most dramatic falls in transfection were at day 10 and 

day 15, when the cells became confluent and were fu lly differentiated respectively. This would 

indicate that these two factors increase resistance to transfection. Overall, the process o f change 

from homogeneously undifferentiated (at subconfluence) to polarised and enterocyte-like (Hidalgo 

et al,, 1989a) cells has a significant impact on the level o f luciferase production i.e. the transfection 

efficiency o f DOTAP™/pDNA complexes.
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Figure 9.5 Effect o f differentiation o f CaCo-2 cells on luciferase expression. CaCo-2 cells were 
transfected on day 1,5, 10, 15 and 21 post-seeding with 6\igpCMVluc  complexed with DOTAP™ 
(CR +/- 2.4). Control represents the luciferase expression o f naked pDNA in Day 1 cells. Values 
are expressed as mean ± S.D. (n=3).

To investigate whether the decrease in transfection levels caused by differentiation was 

caused by changes in pDNA internalisation a pDNA cell-association study was carried out using 

day 1 and day 21 old cells. The specific activity o f radiolabeled plasmid was determined on the day
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and mixed with “cold” plasmid to give a count o f  approxim ately 40,000 CPM per |j.g pDNA. 

Com plexes were formed with DOTAP^^, PEI HMW and Superfect™ at the appropriate 

GDVipDNA ratio (Table 9.1) and added to the cells (6|o.g pDNA/well) for 4 hours at 37°C. pDNA, 

which failed to associate or be internalised into the cells, was washed o ff and the cell-associated 

pDNA determined. Figure 9.6 shows the results o f  this study, which indicates that there is a highly 

significant (p<0.01) drop in cell-associated pDNA between day 1 and day 21 for naked pDNA, as 

well as for cationic polymer mediated uptake by PEI HMW  and Superfect™. The level o f  

differentiation also had a significant (p<0.05) effect on the level o f  pDNA cell-association 

produced by DOTAP™/pDNA complexes into CaCo-2 cells. There was a 5-fold drop in the level 

o f  pDNA associated with monolayers between day 1 and day 21 for the cationic polymer systems, 

while there was a 10-fold drop for both naked pDNA and DOTAP™/pDNA complexes. The 

differences in the levels o f  statistical significance are due to the increased variability in the levels of 

pDNA associated with cells produced by DOTAP™/pDNA complexes. Although this drop is 

dramatic, it does not explain the almost 200-fold drop in transfection efficiency o f 

DOTAP™/pDNA complexes between day 1 and day 21 and indicates that other barriers to 

transfection have also increased or appeared during the process o f differentiation. Consequently, 

inefficient internalisation o f GDV/pDNA complexes due to changing surface properties would 

seem to be only one o f the significant factors in the decreased efficiency o f  GDVs in differentiated 

cells.
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Figure 9.6 The effect o f  differentiation on the level o f  plasmid DNA associated with the CaCo-2 
cells. The levels o f radiolabeled plasmid DNA associated with CaCo-2 cells on Day 1 (full 
columns) and Day 21 (striped columns) produced by cationic lipid ®  and cationic polymer 
pDNA complexes, incubated with cells for four hours at 37°C. Control represents levels o f  naked 
pDNA associated with the cells. Values are expressed as mean ± S.E. (n=3). * statistically
significant (p < 0.05) ** highly statistically significant (p < 0.01).

DOTAP PEI HMW Superfect 

Vector

167



C h ap ter 9

In order to determine if proteoglycans played a role in pDNA binding and internalisation 

processes involved in transfection o f the CaCo-2 monolayers, monolayers were grown in the 

presence or absence o f sodium chlorate (35mM) for 21 days and then transfected using either 

DOTAP™/pDNA or PEI HMW/pDNA complexes. In both cases there was a significant (p<0.05) 

increase in transfection efficiency when the sulphation o f the surface proteoglycans was inhibited 

by sodium chlorate.

9.6 Optimisation of Vector:DNA ratio for transfection o f CaCo-2:Ht29GlucH co-cultures

To determine the optimum CR o f each vector system, 6 o f pCM Vluc  was complexed 

with variable quantities o f each vector and these complexes used to transfect CaCo-2:Ht29GlucH 

co-culture monolayers. The same range o f vectors used in the COS-7 and CaCo-2 models was 

optimised for use in differentiated co-culture monolayers. The presence o f  two cell lines will 

change the surface and barrier properties o f the monolayer, and therefore the vector:pDNA ratio 

must be optimised for this model. The same experimental procedures and conditions were used for 

testing optimum ratios as were used for the CaCo-2 model. 6|ag o f plasmid DNA was complexed 

with the appropriate vector; DOTAP™, Lipofectin™, PE! HMW, PEI LMW, Superfect^^ or pLL, 

over the same range o f  ratios outlined in section 9,2. The results o f  these optimisations are 

summarised in Table 9.3.

The cationic lipids DOTAP™ and Lipofectin™ were complexed with pCM Vluc  at CR(+/-) 

o f 1, 2.4 and 3. The optimum CR for DOTAP™ in the co-culture monolayers was found to be (+/-) 

2.4 (Figure 9.7a), the same as the optimum for CaCo-2 monolayers. On the other hand, no one 

optimum CR was found for Lipofectin™ in co-culture monolayers. All three ratios tested produced 

levels o f  luciferase expression that were not significantly different from each other (Figure 9.7b). 

This is contrary to the distinct optimum o f charge ratio (+/-) 2.4 found for Lipofectin™/pDNA 

complexes in CaCo-2 monolayers. This indicates that Lipofectin™ transfection o f  co-cultures does 

not require an excess o f  cationic charge, i.e. CR > 1, for optimal transfection and that the toxic 

effects o f  the Lipofectin™ at higher concentrations, which often limit transfection efficiency, are 

decreased in this model.

A similar effect was seen for the polypeptide, pLL. The pLL was complexed with 

pC M Vluc  at MR pLL:pDNA o f 1:1, 2:1 and 3:1 (CR +/- 2.7:1, 5.3:1 and 8.1:1) and the levels o f 

transgene expression produced at each o f these MRs were not significantly different from each 

other (Figure 9.7f) (all carried out in the presence o f 100|j.M chloroquine). Again, this was a change 

from the easily distinguishable optimum MR for transfection o f  the CaCo-2 monolayers o f  

pLL:DNA 2:1. For pLL transfection o f  co-cultures a range o f  positively charged complexes from 

CR (+/-) 2.7:1 to 8.1:1 produced similar levels o f transfection, indicating perhaps an increased
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resistance o f the co-cultures to the toxic effects o f  pLL (and/or chloroquine) at the higher 

concentrations.

Both PEIs, LMW and HMW, were complexed with pCMV/wc at N/P ratios o f 2, 5 and 10. 

The optimum N/P ratio was found to be 5 for PEI HMW (Figure 9.7c). This is the same ratio that 

was found to be optimum for transfection with this polymer in CaCo-2 monolayers but the decrease 

in transfection levels at N/P 10 in co-cultures was much more dramatic than in CaCo-2 monolayers. 

The PEI LMW produced optimum transfection efficiency at an N/P ratio o f 10 (Figure 9.7d), 

higher than that for CaCo-2 monolayers. This same phenomenon o f increased charge ratio over that 

required for optimum expression in CaCo-2 cells was also seen for Superfect™. 6\xg o f pCM Vluc  

plasmid was complexed with Superfect™ at MR dendrimer:DNA o f 6:1, 15:1 and 30:1 

(corresponding to CR (+/-) o f  3.4:1, 8.5:1 and 17:1 respectively at neutral pH). The optimum mass 

ratio was found to be 15:1 Superfcct™:pDNA, i.e. CR (+/-) 8.5:1 (Figure 9.7e). This may be due to 

an increased requirement for cationic charge for transfection and/or be due to an increased 

resistance by the monolayers to the toxicity o f the complexes at higher CRs.

Table 9.3: Optimum MRs and CRs for the transfection o f  differentiated Co-culture CaCo- 
2:Ht29GlucH cells usingpC M Vluc  plasmid

Gene Delivery 

Vector (GDV)

Quantity (^g) o f  

GDV/^g DNA

Optimum Charge ratio (CR) 

GDV:DNA (+/-)

DOTAP™ 5.6 2.4

Lipofectin™ 4.0 = 9 .7 =  12.1 1 = 2 .4  = 3

PEI LMW 1.35 N/P 1 0 - C R 2 . 8

PEI HMW 0.67 N/P 5 ~ C R  1.4

Superfect™ 15 8.5

PoIy-L-lysine 1 = 2  = 3 2.7 = 5.3 = 8.1
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Figure 9.7 Effect o f GDV:pDNA ratio on transfection efficiency in differentiated Co-cuUure 
CaCo-2:Ht29GlucH cells (day 21). The optimum CR o f the cationic lipids a) DOTAP™ and b) 
Lipofectin™, the optimum N/P ratio o f c) LMW  and d) HMW PEI and the optimum mass ratio o f 
e) Superfect™ and f) pLL were determined. Controls represent transfection with naked pDNA. 
Values are expressed as mean ± S.D. (n=3)
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9.7 Fully differentiated CaCo-2:Ht29GlucH co-cultures with cationic lipids and polymers 

9.7.1 Transfection o f CaCo-2:Ht29GlucH co-cultures

In order to determine the comparative effectiveness of each of the vector systems in fully 

differentiated CaCo-2:Ht29GlucH co-cultures, the monolayers were transfected using 6|o,g of 

pCMVluc plasmid and the optimum amount of vector system (as shown in Table 9.3). The same 

transfection protocol and conditions were used as for the CaCo-2 model, outlined in section 9.3. 

The specific activity (RLU/mg protein) of each GDV/pDNA system is summarised in Figure 9.8 

and Table 9.4.
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o  1.0E+03
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3  1.0E+01
_ i
^  1.0E+00 T I I . I I .
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Figure 9.8 Transfection efficiencies of cationic lipids cationic polymers ®  and a peptide 
in fully differentiated Co-cultures CaCo-2:Ht29GlucH cells (day 21) using the pCMVluc plasmid. 
pLL transfection was carried out in the presence o f chloroquine (100|j.M). Control represents 
transfection o f co-culture cells with naked pDNA. Values are expressed as mean + S.D. (n=3).

Table 9.4 Specific luciferase activity (RLU/mg rptoein) produced by the different vector/pDNA 
systems in fully differentiated (Day 21) Co-culture CaCo-2:Ht29GlucH cells. pLL transfection was 
carried out in the presence of chloroquine (lOOf^M). Control represents transfection o f co-culture 
cells with naked pDNA. Values are expressed as mean ± S.D. (n=3).

RLU/mg protein St devn

Control 1 .OOE+00 1.36E+00

DOTAP™ 1.37E+04 2.76E+03

Lipofectin™ 2.74E+03 I.55E+03

LMW PEI 7.84E+00 4.84E+00

HMW PEI 1.39E+04 8.54E+03

Superfect™ 4.98E+03 3.32E+02

pLL 1.29E-H01 1.59E-H00
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From Figure 9.8 it is clear that the most successful GDVs in the co-culture model were the 

same as those in the CaCo-2 model, i.e. cationic lipids, DOTAP™ and Lipofectin^^, and the 

cationic polymers, PEI HMW and Superfect™. All o f these vectors produced a significant (p<0.05) 

increase in luciferase expression levels above control, as did pLL, which failed to increase 

expression in the CaCo-2 model. PEI LMW failed to produce any significant increase in 

transfection efficiency above that achieved by naked pDNA. The rank order o f  activity from 

highest to lowest for the co-culture model varied somewhat from that for CaCo-2 monolayers, 

DOTAP™ = PEI HMW > Superfect™ > Lipofectin™ > pLL > PEI LMW= naked pDNA. The 

levels o f  luciferase expression are similar to those achieved in the CaCo-2 m onolayers with the 

most successful vectors, DOTAP™ and PEI HMW, producing 13,000-fold increases over control o f 

naked pDNA.

The most marked influences o f  the addition o f  the Ht29GlucH cell line in the co-culture 

model were the increases in transfection efficiency o f DOTAP™/pDNA complexes and the ability 

o f  pLL to transfect in the presence o f chloroquine. The specific activity o f the DOTAP™/pDNA 

complexes increased some 7-fold in co-cultures compared to CaCo-2 monolayers and this meant 

that its efficiency was on a par with that o f  HMW PEI/pDNA complexes. DOTAP™ was 

significantly (p<0.05) more efficient than the other cationic lipid tested, Lipofectin™. pLL failed to 

improve the transfection o f  CaCo-2 cells over naked pDNA, even in the presence o f  chloroquine, 

however, there was a significant (p<0.05) 2.5-fold increase in transfection in the co-culture model.

Studies were carried out to confirm that mucus was present in the co-culture systems (see 

section 7.10). There was no significant difference (p<0.05) between the levels o f  transfection 

achieved by Lipofectin™, PEI HMW, PEI LMW or Superfect™ in CaCo-2 (no mucus) and co

culture (mucus layer) monolayers. In contrast, the levels o f  transfection achieved by DOTAP™ 

were highly significantly (p<0.01) increased in the co-culture model and those achieved by pLL 

were significantly (p<0.05) increased, leading perhaps to the possibility that the mucus layer in fact 

aids transfection o f certain vector systems. It should be noted that a truer indication o f  transfection 

ability is gleaned from the rank order o f  transfection efficiency rather than direct comparison o f 

specific activity. This is due to the inherent inter-experimental variability that is present in 

transfection studies. The differences seen may also be related to the transfectability o f  the 

Ht29GlucH cells themselves, as different cell types tend to have different levels o f  resistance to 

transfection by different GDVs.
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pDNA cell-association studies were carried out as outlined in section 7.11.2. The specific 

activity o f  the radiolabeled plasmid was determined on the day and mixed with “cold” plasmid to 

give a count o f approximately 40,000 CPM per |o.g pDNA. Complexes were then formulated with 

the appropriate vector at the optimum Vector:pDNA ratio for transfection o f  CaCo-2:Ht29GlucH 

cells, as previously determined (see Table 9.3). Transfection was carried out in serum-free medium 

at 37°C for 4 hours (6|ag pDNA per well), the time span after which the transfection media is 

removed in transfection studies. Having rinsed any unbound pDNA away prior to analysis, the 

radioactivity o f  the cell sample is representative o f  the cell-associated pDNA, bound and 

internalised.

Figure 9.9 shows the dpm/mg protein for each vector system tested. The cationic lipid, 

DOTAP™, and the cationic polymers, Superfect™ and PEI HMW, increased the level o f  cell- 

associated pDNA approximately 4.6, 1.5 and 1.2-fold respectively over naked pDNA. The cell- 

associated pDNA is, however, only statistically (p<0.05) higher for DOTAP™ compared to naked 

pDNA. The order o f  efficiency then from highest to lowest was DOTAP™ > HMW PEI = 

Superfect™ = naked pDNA. These results indicate that o f  the non-viral vector systems tested, using 

radiolabeled pDNA, only DOTAP™ appeared capable o f  increasing the binding and internalisation 

o f pDNA in the co-culture model.
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Figure 9.9 The level o f  ^^P radiolabeled plasmid DNA associated with fully differentiated Co
cultures CaCo-2:Ht29GlucH cells using cationic lipids H  and cationic polymers H  pDNA 
complexes compared to a control o f  naked pDNA . Values are expressed as mean ± S.D. (n=3).
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9.8 Effect of Differentiation on Transgene Expression and pDNA Cell-association in CaCo- 

2:Ht29GlucH Co-cultures

In order to determine the effects o f  differentiation on transfection, CaCo-2:Ht29GlucH co

cultures were seeded on collagen-coated Transwells™ and transfected using DOTAP™/pDNA 

complexes CR(+/-) 2.4 at day 1, 5, 10, 15 and 21. The level o f  luciferase expression produced at 

these different stages o f  differentiation is shown in Figure 9.10. As was seen for CaCo-2 

monolayers, the highest level o f  luciferase expression was produced in day 1 old cells and 

decreased progressively as the cells aged. At day 5, 10, 15 and 21 the level o f  luciferase expression 

dropped 10, 16, 25 and 300-fold respectively. The control was Day 1 old cells transfected with 

naked pDNA. Both confluency at day 10 and full differentiation at day 15 increased the resistance 

to transfection o f the monolayers, however the greatest resistance to transfection was seen at day 

21. The existence o f a mucin layer after culturing o f  the Ht29GlucH cell clone for two weeks has 

been demonstrated and it was found that further culturing led to an exponential increase in the 

thickness and coverage o f mucus (W ikman et al., 1993). Thus the full phenotypic properties o f the 

co-cultures may only begin to influence transfection at day 15 and this influence then increases 

with further culturing.

As was seen for the CaCo-2 monolayers, as the TEERs o f the co-cultures increased the 

transfection levels decreased. The TEERs for co-cultures were less than those for CaCo-2 

monolayers and by day 15 the TEERs were on average 847 Q.cm^ compared to 1400 Q.cm^ for 

CaCo-2 monolayers. This indicates that the integrity o f  the co-culture monolayers is lower and it 

has been shown that this leads to a greater level o f  paracellular permeability across these 

monolayers (Meaney, 1997). The TEERs o f Ht29GlucH monolayers were on average 65 Q.cm^ 

after 15 days.
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Figure 9.10 Effect o f  differentiation o f  Co-cultures CaCo-2:Ht29GlucH monolayers on luciferase 
expression. Co-cultures were transfected on days 1,5, 10, 15 and 21 with 6\xgpCM Vluc  complexed 
with DOTAP™. Control represents transfection o f  co-cultures (Day I) using naked pDNA. Values 
are expressed as mean ± S.D. (n=3).

A similar pDNA cell-association study, to that carried out in the CaCo-2 monolayers, was 

used to investigate if the decrease in transfection levels caused by differentiation was caused by 

changes in pDNA cell-association. Complexes were formed with DOTAP™, PEI HMW and 

Superfect™ at the appropriate GDV:pDNA ratio (Table 9.3), with a mix o f  “cold” and “hot” 

pDNA, and added to the cells for 4 hours at 37°C. pDNA, which failed to associate or be 

internalised into the cells was washed o ff and the cell-associated pDNA determined.

Figure 9.11 shows the results o f  this study, which indicates that there is a highly 

significant (p< 0.01) drop in cell-associated pDNA between day 1 and day 21 for DOTAP™/pDNA 

complexes in co-culture monolayers. Although the drop was highly significant statistically, in 

actuality it represented only a 1.5-fold drop in the levels o f  cell-associated pDNA, indicating that 

other factors as well as cell-associated pDNA levels are responsible for the 300-fold drop in 

transfection by DOTAP™ between day 1 and day 21. There was a drop of, on average, 2-fold in 

cell-associated pDNA for naked pDNA, PEI HMW and Superfect™ DNA complexes but these 

decreases were only statistically significant for HMW PEI and naked pDNA. The cell-association 

o f  cationic lipid (DOTAP™) complexes is more significantly affected than the association o f 

cationic polymer (PEI HMW and Superfect™) complexes by full phenotypic expression o f the co

culture monolayer. These results indicate that decreased efficiency o f  GDVs in differentiated cells 

is in part due to the increased resistance o f the cells to pDNA/complex binding and uptake.
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Figure 9,11 The effect o f differentiation on the level o f pDNA associated with Day 1 (fu ll 
columns) and Day 21 (striped columns) co-cultures CaCo-2:Ht29GlucH mediated by cationic l ip id g  
and cationic polymer H  DNA complexes. Values are expressed as mean ± S.D. (n=3). *
statistically significant (p < 0.05) **  highly statistically significant (p < 0.01).

9.9 Transfection of Ht29GlucH monolayers

In order to determine the effect o f the presence o f Ht29GlucH cells in co-culture 

monolayers on the transfection efficiency o f each o f the vectors tested, Ht29GlucH monolayers 

were seeded as described in section 7.3.6 and grown for 21 days before transfection. 6|ag o f 

plasmid DNA was complexed with the appropriate GDV at the optimum ratios determined for 

transfection o f co-culture monolayers (Table 9.3). The aim o f this experiment was not to maximise 

transfection in the Ht29GlucH monolayers but simply to see how their ability to be transfected 

compared to the co-culture systems. The results o f this transfection are shown in Figure 9.12. It 

was determined that the Ht29GlucH cell clone, which differentiates into a goblet-like cell, can be 

transfected by non-viral GDVs. Thus, when co-cultures are transfected, both cell types, CaCo-2 

and Ht29GlucH, are capable o f internalising and expressing the plasmid. The overall resistance o f 

both differentiated cell lines to transfection by non-viral GDVs appears to be similar given that the 

most efficient vectors produce specific activity o f the same order o f magnitude, i.e. lO’ -lO'' 

RLU/mg protein, in both cell lines. There do appear to be differences, however, in the relative 

efficiencies o f different GDVs in the two cell lines, which may also be due to the ability o f the 

different vectors to overcome the mucus layer produced by the Ht29GlucH monolayers.

Interestingly the cationic lipids proved the most efficient vectors, with DOTAP™/pDNA 

complexes producing significantly (p<0.05) higher luciferase expression than PEI HMW /pDNA 

complexes. This ability to transfect Ht29GlucH cells so efficiently would go some way to 

explaining the improvement in DOTAP™ transfection seen in CaCo-2:Ht29GlucH co-cultures 

versus CaCo-2 monolayers. Again, it is the relative efficiency rather than the specific activity

Control DOTAP PEI HMW Superfect 

Vectors
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achieved which is a more reliable source o f comparative data between cell lines. It is clear from the 

data that both the cationic lipids are significantly (p<0.05) more effective in Ht29GlucH 

m onolayers than in co-cultures, as is the polypeptide pLL. The cationic polymers, Superfect’'^ and 

PEI HMW, transfected Ht29GlucH monolayers to the same extent as the co-culture monolayers. 

This improved ability to transfect the Ht29GlucH cell type would explain the ability o f pLL to 

improve the transfection o f  co-cultures over naked pDNA, while failing to cause any significant 

increase in CaCo-2 monolayers. It must be remembered that the ratio o f vector/ipDNA has not been 

optimised for these monolayers.

Studies o f the association o f DOTAP^'^/pDNA complexes with Ht29GlucH monolayers 

indicated that the relative increase in cell-associated pDNA mediated by DOTAP™ was similar to 

that for co-cultures, i.e. lower than the increase seen for CaCo-2 monolayers.

1.0E +06

c 1.0E +05
■©
o 1.0E +04
a
o> 1.0E +03
E
3 1.0E +02
- I
q: 1.0E+01

1.0E +00 I
Control DOTAP Lipofectin PEI HMW S u p erfect pLL 

Vector

Figure 9.12 Transfection efficiencies o f cationic lipids ■  , cationic polymers ■  , and a peptidel 
in fully differentiated Ht29GlucH cells (day 21) cells using th e pC M Vluc  plasmid. pLL transfection 
was carried out in the presence o f  chloroquine (100|iM ). Control represents transfection o f  
Ht29GlucH cells with naked pDNA. Values are expressed as mean ± S.D. (n=3).

9.10 Effect o f serum on transfection o f differentiated CaCo-2 and CaCo-2:H t29G lucH  co

cultures

Serum is thought to have a major impact on non-viral gene delivery in vivo, so with a view 

to developing as physiologically accurate a model as possible, the two differentiated cell models 

were transfected in the presence and absence o f  serum. The transfection complexes were made up 

as outlined in Table 9.1 for CaCo-2 transfection and Table 9.3 for co-culture transfection in HBSS 

(pH 7.4) and allowed to complex for 20-30 minutes before being added to the cells. The fully 

differentiated monolayers were washed and pre-incubated with Opti-M EM  or with fresh serum- 

containing DMEM. DMEM contains 10% v/v serum. Thus, one set o f complexes was added to
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serum-free media and the other set to serum-containing media. After 4 hours the transfection media 

was removed and the cells were incubated with full DMEM for 24 hours prior to analysis.

The effect o f the presence o f serum during transfection on transfection o f  CaCo-2 

monolayers and CaCo-2;Ht29GlucH co-cultures is shown below in Figure 9.13 and Figure 9.14 

respectively, for each o f the vector systems and for naked pDNA. In the CaCo-2 monolayers the 

presence o f serum during transfection significantly (p<0.05) decreased the luciferase activity o f 

Lipofectin^^ and Superfect™, while all the other vectors were unaffected. In the co-culture model 

only the cationic lipid, DOTAP™, and the cationic polymers, Superfect™ and pLL, showed a 

significant (p<0.05) drop in transfection levels in the presence o f serum. The decreases in 

transfection efficiency o f  those GDVs caused by serum are in general far less than the decreases 

seen in the COS-7 model. For example, while the transfection efficiency o f DOTAP™ complexes 

in the COS-7 model fell almost 500-fold in the presence o f serum, serum had no effect on its ability 

to transfect the CaCo-2 monolayers and caused only a 2.4-fold drop in transgene expression in the 

co-culture monolayers. Similarly, the presence o f serum when transfecting COS-7 cells using PEI 

HMW complexes caused a decrease o f  250-fold in transfection efficiency, but had little or no effect 

on the transfection o f  the differentiated cell culture models by HMW PEl/pDNA complexes.
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Figure 9.13 The effect o f the absence (full columns) and presence o f serum (striped columns) on 
the transfection o f CaCo-2 cells by cationic lipid H , cationic polymer I and cationic peptide 
pDNA complexes. pLL transfection was carried out in the presence o f chloroquine (100|iM ). 
Control represents transfection o f  CaCo-2 cells with naked pDNA. Values are expressed as mean ± 
S.D. (n=3). * statistically significant (p < 0.05).
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F igure 9.14 The effect o f  the absence (full co lum ns) and presence o f  serum  (striped colum ns) on 
the transfection  o f  co-culture C aC o-2;H t29G lucH  cells by cationic lipid g  ,cation ic p o ly m e r ^  
and cationic p e p t id e s ^  pD N A  com plexes. pLL transfection  w as carried  out in the presence o f  
ch loroquine (100 |iM ). C ontrol represents transfection  o f  co-culture cells w ith naked pDNA. 
V alues are expressed as m ean ± S.D. (n=3). * sta tistically  sign ifican t (p < 0 .05) ** highly 
sta tistically  significant (p < 0.01).

9.11 E ffect o f  tem perature on pD N A  binding and internalisation

In order to determ ine the role o f  active and passive m echanism s in uptake o f  pD N A  into 

the C aC o-2 and co-culture m odels, experim ents w ere carried  out at tw o d ifferen t tem peratures; 

37°C  and 4°C. A ctive processes should be inhibited at the low er tem perature. U ptake studies w ere 

carried  out as described previously  for CaCo-2 m onolayers in section  9.4 and for co-cu ltures in 

section 9.6, with parallel experim ents run at each o f  the  tem peratures. A representative o f  the tw o 

types o f  vector being tested w ere chosen, i.e. the cationic lipid, DOTAP™  and the cationic polym er, 

PEI HM W .

The results o f  these studies are show n in Figure 9.15, for C aC o-2 m onolayers, and Figure 

9.16, for co-culture m onolayers. The low er tem perature  inhibited the uptake o f  pD N A  m ediated by 

both DOTAP™ and PEI HM W  pD N A  com plexes in the  C aC o-2 m odel but th is decrease w as only 

s ign ifican t (p<0.05) for PEI H M W . R unning the experim ent at 4°C w as in effect determ ining the 

level o f  b inding o f  each G D V  to the cells, since m ost uptake processes are inhibited at this 

tem perature  (see Eqn. 8.1). S tudies run at 37°C are represen tative o f  both b inding and uptake (or 

the total cell-associated  DN A ). Thus, the results show n in F igure 9.15 and 9.16 could be said to 

d ifferen tia te  betw een the b inding and uptake processes. It w ould appear, that w hile there is a 

substantial am ount o f  pD N A  binding to  the C aC o-2 m onolayers for both vector system s, 

internalisation o f  plasm id pD N A  is m ore efficient for PEI H M W , w hich m ay go som e w ay to 

expla in ing  its superior transfection  efficiency in C aC o-2 cells.
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Figure 9.15 The effect o f incubation at 37°C (full columns) and 4°C (striped columns) on the 
levels o f cell-associated radiolabeled plasmid D N A  into CaCo-2 cell monolayers by cationic lip id H  
and cationic polymer |  D N A  complexes. Values are expressed as mean ±  S.D. (n=3). *
statistically significant (p <  0

1.4E+04

1.2E+04

^ 1.0E+04

S 8.0E+03o
^  6.0E+03
D)
E 4.0E+03 

I -  2.0E+03O

O.OE+00

Figure 9.16 The effect o f incubation at 37°C (fu ll columns) and 4°C (striped columns) on the 
levels o f plasmid D N A  associated with CaCo-2:Ht29GlucH co-culture monolayers cells by cationic 
lipid g  and cationic polymer g  pD N A  complexes. Control represents the binding and 
internalisation. Values are expressed as mean ±  S.D. (n=3).

In the case o f the co-culture monolayers, there was no significant decrease in the levels o f  

cell-associated pD N A  produced by either vector system at 4°C, indicating that while plasmid D N A  

was bound successfully to the co-culture monolayers there was very little internalisation o f the 

plasmid D N A  over the 4 hours o f the experiment. This high binding and low internalisation shown 

for each o f the differentiated cell culture models may well go some way to explaining the low 

levels o f transfection efficiency achieved in polarised, confluent and differentiated cells compared 

to non-differentiated, proliferating cells. Since there is still significant luciferase expression 

mediated by both DOTAP™  and PEI H M W  pD N A  complexes in both models, this might suggest 

that passive transport processes, which would not be inhibited by the low temperature, are involved

.05).

Control DO TA P

Vector

PEI HMW
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in internalisation or that the internalisation process occurs at a slower rate than in dividing cells, i.e. 

more than 4 hours required for efficient internalisation.

9,12 Effect o f  Mucus on transfection  

9.12.1 Toxicity o f N-acetylcysteine (N-Ac)

The mucolytic agent N-acetylcysteine (N-Ac) has been used to reduce the mucus coverage 

on Ht29GlucH monolayers (W ikman et al., 1993) and on CaCo-2:Ht29GlucH co-cultures (Meaney, 

1997; O ’Driscoll, 2000). High concentrations o f this mucolytic agent proved to be toxic to the 

monolayers treated with a 0.5% w/v solution o f  N-Ac in HBSS, so an MTT assay was carried out 

over a range o f concentrations to determine the IC50 o f  N-Ac on co-cultures. Original studies were 

carried out on CaCo-2 cells cultured for 24-48 hours in 96 well plates prior to addition o f  N-Ac. 

The N-Ac proved highly toxic to these cells even at low concentrations and it was felt that a MTT 

assay o f a co-culture system might provide a more accurate determination o f the toxicity. Thus, 

CaCo-2 and Ht29GlucH cells were seeded in the same ratio as for Transwell™ systems onto 96 

well plates and cultured for 5 days prior to addition o f  N-Ac in the range 0 .1-1.0% w/v to the cells. 

An MTT assay was then carried out as described in section 7.9.1. The results are shown in Figure 

9.17. There was a rapid decrease in cell viability when solutions greater than 0.1% w/v N-Ac were 

used and the IC50 was determined to be 0.35% w/v.

120
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Figure 9.17 Effect o f  different concentrations o f  N-Ac on intracellular dehydrogenase activity o f 
CaCo-2;Ht29GlucH co-culture grown for 5 days on 96 well plates

It was felt that cultures grown for short periods on 96-well plates may not truly represent 

the toxicity o f a substance to fully differentiated CaCo-2:Ht29GlucH monolayers grown on 

collagen-coated Transwells™ for 21 days, which would be non-proliferating, polarised, 

differentiated and covered in a layer o f mucus. Thus, an MTT assay was carried out on co-culture 

monolayers grown as described in section 7.3.7 on collagen-coated filters and cultured for 21 days, 

prior to treatment with N-Ac. Only two concentrations o f N-Ac were tested for economic reasons 

and were chosen as closest to the previously determined IC5 0 . Thus, 0.3% w/v and 0.5% w/v N-Ac 

was added to filters and an MTT assay was carried out, as for a 96 well plate, with the appropriate

181



Chapter 9

increase in volume o f each o f the reagents used. The results o f this MTT assay are shown below in 

Table 9.5. This experiment produced a very similar IC 50 , o f  0.36% w/v N-Ac, to that previously 

determined.

Table 9.5 Effect o f  N-Ac on intracellular dehydrogenase activity o f CaCo-2:Ht29GlucH co-culture 
grown on Transwells™ for 21 days.

Cone. N-Ac % Dehydrogenase activity

Control 100.0 +/- 5.0

0.30% 56.0 +/- 6.2

0.50% 37.2 +/- 3.4

9.12.2 M ucolytic effect o f N-acetylcysteine (N-Ac)

Having determined that high concentrations o f N-Ac were toxic to the co-culture 

monolayers, an Enzyme Lectin Linked Assay (ELLA) was carried out to determine whether the co

cultures were in fact producing mucus and what concentration o f N-Ac was required to reduce this 

mucus layer. The ELLA assay was based on the findings o f Rhodes et al., (1993) that peroxidase 

labelled lectins could be used to quantify mucin glycoprotein and was carried out as detailed in 

section 7.10. Co-cultures were treated with either 0.3% w/v N-Ac or 0.5% w/v N-Ac for 30 

minutes and the mucin glycoprotein concentration in the apical medium was compared with 

untreated cells. The level o f  apical mucin glycoprotein was determined directly after treatment and 

4 hours post-treatment to determine if mucus production had recovered.

It was clear from the control (untreated) samples that mucus was in fact being produced by 

the fully differentiated Ht29GlucH cells, giving concentrations o f apical mucin glycoprotein o f 1.5 

ng/cm^. Treatment o f the co-culture monolayers with 0.5% and 0.3% w/v N-Ac led to decreases o f 

17-fold and 4.5-fold in apical mucin concentration respectively after 30 minutes. 4 hours later the 

mucus production had recovered to some extent for the treated cells, with N-Ac (both 0.5% w/v 

and 0.3% w/v) treated cells producing higher levels o f  mucin glycoprotein than directly after 

treatment. The mucus production was still inhibited to a significant extent with 2-fold less mucus 

present on the treated cells (both 0.5% w/v and 0.3% w/v) than on the untreated cells. Thus, both 

0.3 and 0.5 % w/v N-Ac are effective in reducing the mucus coverage o f  the co-culture monolayers 

for the period over which transfection complexes will be in contact with the monolayers, i.e. 4 

hours.
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9.12.3 Effect of mucus on Transfection of CaCo-2:Ht29GlucH co-cultures

The differences seen between the transfection efficiency o f the GDVs in CaCo-2 and 

CaCo-2;Ht29GlucH monolayers may be due simply to the presence o f  mucus or may have been 

due to a number o f different factors affecting the m olecular and cellular barriers to transfection. In 

order to look at the effect o f  mucus only, co-cultures were grown and the mucus layer reduced 

using N-Ac, 0.3% or 0.5% w/v. The monolayers were treated with the appropriate N-Ac 

concentration for 30 mins at 37°C and then the N-Ac was removed and the transfection carried out 

as previously described. Co-cultures were transfected with naked plasmid DNA as well as PEI 

HMW/ pCM Vluc, DOJk?'^'*lpCMVluc and Superfect^^/ pC M Vluc  complexes in the presence or 

absence o f mucus.

Figure 9.18 indicates that both concentrations o f  N-Ac had a dramatic effect on the 

transfection efficiency o f pDNA alone and complexed to the different GDVs. Protein assays and 

TEER readings both confirmed that 0.5% w/v N-Ac was highly toxic to the monolayers. TEER 

values dropped from 500 Q.cm^ to 141 D .cm ' 4 hours after exposure and TEERs taken ju st prior to 

analysis o f luciferase expression, 24 hours later, had fallen even further to 47 Q.cm^. The highly 

significant (p<0.01) drop in transfection efficiency o f  each o f  the GDVs after use o f  0.5% w/v N- 

AC was most probably caused by a decrease in the viable cells available for transfection. Protein 

assays can correct for variations in the protein content o f  different wells but if the number o f viable 

cells is too low a true and accurate quantitation o f luciferase expression is impossible. 0.3% w/v N- 

AC also produced a drop in TEERs but a much less dramatic drop and the protein content in each 

well was virtually unchanged compared to control. The effect o f  0.3%w/v N-Ac then is a more 

valid determination o f the effect o f  reducing mucus coverage on transfection efficiency o f co

cultures. Other groups have also used 0.3% w/v N-Ac to reduce mucus both in vitro (Stern et al., 

1998) and in vivo (Sandberg et al., 1994)

The removal o f mucus was seen to decrease the transfection efficiency o f  all three GDVs. 

Both DOTAP™ and Superfect™ were highly significantly (p<0.01) affected by the decreased 

mucus layer, while PEI HMW was significantly affected (p<0.05). Controls were run in which 

CaCo-2 monolayers (mucus-free) were treated with 0.3% w/v N-Ac and subsequently these and 

untreated control monolayers were transfected with naked plasmid DNA and DOTAP^^//)CA/F/mc 

complexes. No significant difference in luciferase expression was found between treated and 

untreated monolayers. This indicates that the effect o f  N-Ac is related to its effect on the mucus 

output o f the Ht29GlucH cells.

There was a 7-fold decrease between the transfection efficiency o f  DOTAP^^ in CaCo-2 

monolayers (mucus-free) versus co-cultures (mucus-producing) but only a 2-fold drop when mucus
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was removed from the co-culture monolayers, which indicates that other factors present in the co

culture model enhance its transfection ability, e.g. its increased efficiency in Ht29GlucH cells. 

There was no statistical difference between the transfection efficiencies o f the two polymers, PEI 

HMW and Superfect™, in CaCo-2 and co-cultures but there was a 7-fold decrease in transfection 

efficiency seen in this experiment when the mucus coverage o f the monolayer was reduced. This 

would indicate that while the presence o f mucus may enhance their transfection ability other 

barriers presented by the co-culture model over and above those posed by the CaCo-2 model may 

negate this enhancement.
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Figure 9.18 Effect o f presence o f 0.3% w/v N-AC (hatched columns) and 0.5% w/v N-AC (striped 
columns) on the transfection efficiency o f the DOTAP™, HMW PEI HMW and Superfect™ pDNA 
complexes in CaCo-2:Ht29GlucH co-culture monolayers. Control represents transfection with 
naked pDNA. Values are expressed as mean ± S.D. (n=3). * statistically significant (p < 0.05) **  
highly statistically significant (p < 0.01).

9.13 Toxicity

An MTT assay as described in section 7.9.1 was used to determine the toxicity o f the 

GDV/pDNA complexes on CaCo-2 cells. The complexes were made up at the same concentration 

and GDVipDNA ratio as for transfection studies. They were diluted in Opti-MEM to give the 

requisite pDNA concentration o f 4|o,g/ml. The complex-containing media (100|j.l) was added to 

each o f 6 wells o f a 96 well plate. The MTT was added 10 minutes later and the assay completed as 

outlined previously (section 7.9.1). Alternatively, in order to gauge the ability o f the CaCo-2 cells 

to recover from exposure to the transfection complexes, the complexes were left in contact with the 

cells for 4 hours, removed and replaced with fu ll serum-containing medium for a further 24 hours. 

At the end o f this 24-hour period the cells were rinsed again and the MTT assay carried out as 

before. The toxicity was determined relative to control cells, which were incubated in media only.
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As can be seen in Table 9.6, the CaCo-2 cells were fairly resistant to the toxic effects o f the 

GDV:pDNA complexes. There was a no significant decrease in dehydrogenase activity compared 

to control with any o f the vector systems used, except pLL (used in the presence o f chloroquine). 

The increased toxicity o f pLL may well be attributed to the presence o f chloroquine (lOOfiM) in the 

media.

Table 9.6 Toxicity o f the GDV/pDNA complexes on CaCo-2 monolayers (confluent but not 
differentiated) at their optimum vector:pDNA ratios measured using an MTT assay. Results show 
the percentage dehydrogenase activity remaining as a percentage o f control (untreated cells 
activity) when, A. MTT was added at the end o f the transfection or B. MTT was added 10 minutes 
after the complexes.

Vector pDNA DOTAP 

CR 2.4

Lipofectin 

CR 2.4

PEI HMW 

N/P5

Superfect 

MR 6:1

pLL+CI 

MR 2:1

Concentration 4^g/ml 22.4^g/ml 38.8^g/ml 2.68^g/ml 24^g/ml S^g/ml

A % Dehydrogenase activity 100 100.7 100.6 99.5 102.1 73.7

Standard error 5.4 3.7 4.56 5.1 3.6 6.7

B % Dehydrogenase activity 101 99.6 95.7 101.9 102.7 82.2

Standard error 9.5 12 8.6 8 8.6 10.1

9.14 Confocal Laser Scanning Microscopy (CLSM )

Luciferase activity analyses o f transfected cells do not indicate whether all the cells are 

expressing the transgene or merely a subpopulation o f those cells. Thus, in order to further 

elucidate the reason for the differences in transfection efficiency between non-differentiated and 

differentiated cell culture models, the luciferase protein within each cell o f a given sample, 

produced using DOTAP™//7CA/F/wc (chosen as an example o f a commercial vector) complexes, 

was stained. The luciferase produced was stained using a primary rabbit anti-luciferase antibody 

and a secondary donkey anti-rabbit FITC labelled IgG antibody. In order to determine the correct 

dilutions o f the primary and secondary antibody to be used, a number o f control and titration 

experiments were carried out. The results o f these are shown in Appendix X. There was virtually 

no non-specific binding o f the secondary antibody, as evidenced by the blanks produced when 

Fluorescein (FITC)-conjugated AffiniPure Donkey Anti-Rabbit IgG was used alone. There was a 

degree o f non-specific binding by the primary antibody, however, as seen by the levels o f FITC 

found in non-transfected controls when high levels o f primary antibody were used. The dilutions 

chosen were 1 ;300 for the primary antibody and 1:100 for the secondary. These dilutions gave little 

or no non-specific FITC binding but allowed easy visualisation o f the luciferase within the cells. 

These dilutions were close to those chosen by Keogh et al., (1997) for immunohistochemical 

staining o f luciferase in cultured cells (1:50 for primary rabbit anti-luciferase antibody and 1:100
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for the secondary goat anti-rabbit IgG). The cell walls in each case were stained using Texas Red 

(which appears as red on the confocal pictures). The samples were prepared as described in 7.12.1 

and stained as outlined in 7.12.2.

Examples o f the results are shown below in Figures 9.19-9.22. The sections shown are 

taken as approximating the centre o f the cells, from a series o f horizontal xy sections through the 

cell. In the COS-7 cells transfected with DOTAP™/pDNA complexes luciferase is located 

throughout the cell and has zones o f increased concentration as indicated by increased intensity o f 

the green FITC label in certain areas (Figure 9.20b) and the fluorescence intensity curve (Figure 

9.19) o f the labels across a single COS-7 cell. This intensity curve shows a basal level o f luciferase 

inside the cell and then areas o f increased intensity. In all cases luciferase expression was found in 

almost every cell within a given frame.

In the case o f the CaCo-2 cells, luciferase expression again occurred in almost all cells but 

not to the same extent as in COS-7 cells. Small speckles o f FITC are seen in the cytoplasm o f the 

CaCo-2 cells (Figure 9.21b) and appear as spikes o f FITC on the fluorescence intensity curve 

(Figure 9.22)
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Figure 9.19 Fluorescence intensity o f stains in a COS-7 cell (halfway through cell) after 
transfection with. DOTAP™/ pCMVIuc CR (+/-) 2.4. The red peaks represent the position o f the 
cells walls. The green line represents the location o f luciferase in the cell.
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Figure 9.20 Confocal scanning image of the X-Y cross section of COS-7 cells after transfection 
with a) pCMVluc plasmid (2^g) and b) 2|ig pCMVluc complexed with DOTAP'’'*̂ CR (+/-) 2.4. 
Arrows represent areas o f increased luciferase expression. These scans were taken approximately 
half-way through the cells with the laser intensity set at 30% (Gain 1500, Iris 2).
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a)

Figure 9.21 Confocal scanning image o f tiie X-Y cross section o f  CaCo-2 cells (day 21) after 
transfection with a) pCM Vluc plasmid (6|ag) and b) pCMVluc (6 |ig) complexed with DOTAP™ CR 
(+/-)2.4. These scans were taken approximately half-way through the cells with the laser intensity 
set at 30% (Gain 1500, Iris 2).
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Figure 9.22 Fluorescence intensity o f  stains in a CaCo-2 ceil after transfection with DOTAP™/ 
pCM Vluc  (CR +/- 2.4). The red peaics represent the position o f the cells walls. .The green line 
represents the location o f luciferase in the cell.

9.15 In  vivo Model

The intestinal loop ligation method was set up as described in section 7.13 o f Materials and 

Methods. Initial studies were carried out to set up a viable surgical procedure. Many o f the rats died 

initially during the surgical procedure to remove the loop ligatures. This was found to be due to a 

combination o f  factors including the use o f halothane gaseous anaesthetic, which stimulated extra 

bile secretions in the gut, the length o f  time the ligature was in place and the position o f the ligature 

in the gut. The rats died during the second surgical procedure because o f  increased bile secretions, 

built up above the ligature, being released when the rats gut muscles relaxed under anaesthetic, 

causing pulmonary oedema. By changing to pentobarbitone as the anaesthetic, maintaining the rats 

under anaesthetic throughout the period when the gut was ligated, keeping the transfection time 

down to 3 and a half hours and placing the loop further down the small intestine this effect was 

overcome.

There is a paucity o f data available for non-viral transfection o f intestinal cells either in 

vitro or in vivo so a range o f published studies based on local administration o f non-viral plasmid- 

based systems were consulted to determine an appropriate in vivo dose. These studies were targeted 

at epithelial tissues such as the lung (Balasubramaniam et al., 1996; Freeman and Niven, 1996) or 

the intestine (M acLaughlin et al., 1998). Loops were originally placed 5 cm below the pyloric 

sphincter o f the stomach in the duodenal area o f the small intestine and doses between 50 and 

150|j,g o f pDNA were administered. The cationic lipid, DOTAP™ and the cationic polymer, PEI 

HMW were chosen as vectors given their efficiency and consistency in both the CaCo-2 and co-
!
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culture models. The optimum ratios for transfection o f the differentiated cell culture systems were 

originally used to form the in vivo transfection complexes, i.e. CR (+/-) 2.4 for DOI'AP™ and N/P 

5 for PEI HMW. From the animals that survived the procedure, no increase in luciferase activity 

above control o f untreated loop segments could be detected.

In order to decrease the risk o f pulmonary oedema and to utilise the increased absorptive 

properties o f the jejunum, the loop (2cm in length) was changed to a position 30cm below the 

pyloric sphincter. The increased elasticity o f this part o f the gut meant that larger doses o f pDNA 

could be administered without over distending the gut lumen. The dose o f pDNA was increased to 

200|j,g and complexed with PEI HMW at N/P ratio 10. The results for 6 rats treated using these 

conditions are shown below in Figure 9.23.

Control 

RAT 6 

RATS  

RAT 4 

RAT 3 

RAT 2 

RAT 1

□  Distal
segment

□  Proximal
segment 

■  Loop

D 0.5 1 1.5 2 2.5 3 3.5

RLU/mg protein

Figure 9.23 The level o f luciferase expression in the jejunal loop, as well as the distal and proximal 
segments to the loop, for 6 rats transfected with 200)ag plasmid DNA complexed with PEI N/P 10 
for 3 and a half hours and allowed to express overnight.

The loop itself (2 cm), as well as the segment o f intestine 5cm above (proximal) and 5 cm 

below (distal), were excised and analysed as described in section 7.12.3. Only two o f the 6 animals 

showed significant increases in luciferase expression in the gut above background. In both these 

animals the pattern o f expression was similar; there was a small but significant increase in 

transgene expression in the segment proximal to the loop but a much larger and more significant 

level o f expression in the loop itse lf There was over a 3-fold increase in the luciferase expression 

in the loop compared to the proximal intestinal segment, while the distal segment failed to show 

any luciferase expression. The luciferase expression has been shown to be less sensitive in vivo and 

this must be taken into consideration when comparing the low levels o f in vivo transfection 

compared to in vitro. DOTAP™ was used to transfect with this increased dose o f pDNA in the 

jejunum but failed to produce any significant increase above control.
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9.16 Discussion  

9.16.1 Transfection Conditions

Given the structural, functional and molecular differences, which exist between non

differentiated and differentiated ceils it was important to assess the effects o f different transfection 

conditions in the differentiated cell culture models.

9.16.1.1 pDNA Dose

DNA doses used in vitro are generally very low, as only a small quantity o f  an active 

plasmid is required to produce significant transgene expression in these systems. In vivo studies 

using non-viral GDVs generally use in the range o f 50-200)Lig o f plasmid DNA. One o f  the few 

studies, which have looked at non-viral gene delivery to the intestine, used lOOfig o f  reporter 

plasmid complexed with chitosan to transfect (M acLaughlin et al., 1998). In vivo there are more 

cells available for transfection but there are also greater barriers to transfection, hence the much 

higher doses used.

The increased resistance o f fully differentiated cells to transfection and therefore their 

closer resemblance to in vivo conditions is indicated here by the greater DNA doses required to 

produce significant levels o f  expression. 6p,g o f  pDNA per well was required to produce significant 

levels o f luciferase expression, which were easily detectable. The levels achieved even with the 

maximum dose tested o f  12|j,g were some 4,000-fold lower than those in the COS-7 model, another 

indication o f the increased resistance o f the CaCo-2 Model. It should be noted that as the 

concentration o f pDNA was increased the CR o f DOTAP™:pDNA was maintained, i.e. there was a 

corresponding increase in DOTAP™ concentration as the pDNA dose increased. It was interesting 

to note that even at very high doses o f pDNA (12|o.g) and DOTAP™ (67.2|ag) transfection levels 

continued to increase. This corresponds to 45)j,g/ml DOTAP™, which is well above the 

concentration determined by the manufacturers, 30fxg/ml, to be safe for cells, i.e. the concentration 

above which DOTAP™ is toxic. This would seem to indicate that the fully differentiated CaCo-2 

cells are more resistant to the toxic effects o f this cationic lipid. The graph o f DNA dose against 

luciferase activity is not a bell-shaped curve, indicating that perhaps the maximum expression 

possible has not yet been reached but further increases in dose would be expected to cause 

increased toxicity. The other conclusion to be derived from the shape o f the graph is that the 

biochemical processes o f  transfection are not yet saturated, e.g. binding, internalisation, nuclear 

uptake o f plasmid DNA.
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9.16.1.2 Transfection Time

A transfection time o f  4-8 hours is usually recommended (Caplen, 2000) but the effect o f 

transfection time was found to be ceil type (Zabner et al., 1995) dependent. Given that total cell- 

associated plasmid DNA has been shown to increase with time o f  exposure to cationic lipid 

(Legendre and Szoka, 1992), it was not surprising that the increased contact time increased the 

luciferase expression in CaCo-2 cultures. Again because the graph has not plateaued this suggests 

that neither the supply o f transfection complexes nor the processing machinery o f  the cell, i.e. the 

gene expression system, is saturated. The biggest increase in transfection levels was seen between 2 

and 4 hours transfection time, while after 4 and 8 hours the luciferase expression was o f  the same 

order o f magnitude 10  ̂ RLU/mg protein. Studies have shown that incubations longer than 8 hours 

with lipid result in unacceptable levels o f  toxicity in COS-7 cells (Feigner et al., 1987). As well as 

the problem o f  toxicity after prolonged exposure, the relevance to in vivo conditions must also be 

considered. The exposure time o f cells in vivo after adm inistration is generally quite short, except 

perhaps in the case o f  direct injection in solid tissues, such as muscle. In the case o f  IV injection or 

intestinal delivery the time is short. If the CaCo-2 model is to be used as a model for intestinal gene 

delivery then the impact o f  gastrointestinal motility must be considered. Transfection complexes 

must resist not only the inhospitable enzymatic and acidic conditions but also the constant 

peristaltic movement throughout the gut. Thus, a shorter transfection time is more representative o f 

physiological conditions. The exposure time o f cells in vivo  after IV administration is extremely 

short and the higher expression levels seen with higher concentration formulations after only 4 

hours may be more important than any toxicity associated with prolonged exposure.

9.16.1.3 Expression Time

The transfection medium was only left in contact with the cells for 4 hours after which time 

it was replaced with full serum-containing medium. It should be noted that while the period after 

the transfection medium has been removed is termed expression time, expression is occurring 

throughout the experiment. The duration o f expression o f luciferase in CaCo-2 cells is very limited 

as seen in Fig 9.1c. Given that the CaCo-2 cells are fully confluent at the time o f transfection, the 

dilution effect seen with COS-7 cells in which cell numbers increase during time for expression, is 

not a factor. Other factors then are responsible for the decrease in transfection after 24 hours 

expression time. The high concentration o f both pDNA (4|ig/m l) and DOTAP™ (22.4|ig/m l) used 

may lead to a degree o f  toxicity, which becomes more pronounced over time, as indicated by the 

decrease in protein concentration from cells left 24 hours and those left 72 hours. This toxicity was 

not evident after 24 hours, as seen in the MTT assays (Table 9.6). Thus, while excess transfection 

complexes, i.e. those which have not bound to or been internalised by the cells, are removed with 

the transfection medium the remaining complexes can cause toxicity. The luciferase expressed after
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24 hours is obviously degraded intracellularly so that by day 3 post-transfection the initial levels 

have all but disappeared. Because o f  the chemical and biological instability o f  plasmid DNA its 

activity also decreases overtim e so that supplies o f luciferase cannot be replenished once degraded. 

So over the period o f 72 hours, the number o f viable cells is decreasing, the plasmid DNA is being 

degraded and/or deactivated by nucleases and methylation and the initial luciferase produced is 

being degraded.

9.16.1.4 VectorrDNA ratio Optimisation

The optimum ratio o f GDV/pDNA was determined for each o f the vectors in both CaCo-2 

and co-cultures, given the differences in structural and functional properties associated with a 

second cell type in the co-culture monolayers.

For the cationic lipid DOTAP™, the same optimum CR o f (+/-) 2.4 was found in both 

CaCo-2 monolayers and the co-culture system as seen in Figure 9.2a and Figure 9.7a. This is the 

same ratio that produced optimum transfection in COS-7 cells. A CR o f DOTAP™:pDNA (+/-) o f

2.4 produces positively charged complexes (Stegman and Legendre, 1997). A positive charge has 

been shown to enhance non-specific adsorptive processes as well as binding to the negatively 

charged moieties o f the cell surface. The morphology o f  the complexes is also dependent on the 

ratio o f  GDV:DNA (Gershon et al., 1993; Sternberg et al., 1994). An excess o f  liposomes may also 

enhance permeation o f the complexes through the tight junctions allowing access to the more fluid 

basolateral membrane. The decrease in transfection efficiency seen at the higher CR (+/-) 3 is most 

probably due to toxicity, but competition for cell surface binding sites between com plexes and free 

GDV may also be a factor. An important point to note is that while the optimum CR (+/-) 2.4 is the 

same for all the cell lines, the concentrations o f pDNA and DOTAP™ are much higher on the 

CaCo-2 and co-culture monolayers than on the COS-7 cells. The concentration o f  DOTAP™ on 

COS-7 cells was only 5.6 |xg/ml (CR 2.4), while a slight increase to 7(a,g/ml (CR 3) caused toxicity 

and reduced transfection. The fully differentiated monolayers appear to be more resistant to the 

toxic effects o f  the cationic lipid with concentrations as high as 22|ag/ml (CR 2.4) producing 

maximum transgene expression.

Lipofectin™ showed a maximum expression at CR (+/-) 2.4 in CaCo-2 monolayers, which 

is in keeping with the findings o f Legendre and Szoka, (1992) in CV-1 cells and the optimum ratio 

for COS-7 cells (Fig 8.7b). The bell-shaped curve showing a drop in transfection levels above 2.4 

has similarly been attributed to toxic effects (Feigner et al., 1987). As for DOTAP™ the toxic 

effects o f Lipofectin™ on CaCo-2 monolayers only appear to become evident at very high 

concentrations, in this case 48|4,g/ml (CR (+/-) 3). Interestingly the shape o f the graph for 

Lipofectin™ complexes transfecting co-culture monolayers is different. As shown in Fig 9.7b there
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is no significant (p<0.05) difference between the luciferase expression levels produced by 

complexes formed at CRs (+/-) 1, 2.4 and 3. A couple o f  conclusions can be drawn from this result. 

Firstly, Lipofectin™ complexes with pDNA obviously behave differently than DOTAP™ 

complexes in co-culture monolayers. They do not seem to require a net positive charge for efficient 

transfection o f  co-cultures, as evidenced by the efficiency o f charge neutral complexes, CR (+/-) I. 

This may be due to increased interaction with the mucus present in co-cultures or perhaps a 

different mechanism o f uptake into Ht29 cells. The other notable feature is the lack o f toxicity at 

the highest CR. which generally restricts transfection. Thus, the mucus layer o f the co-culture may 

be providing protection for the cells against the toxic effects o f the liposomes.

Boussif et al., (1995) found that the N/P ratio o f PE1:DNA was a determining factor in the 

efficiency o f transfection and found after testing a range o f  N/P ratios that a broad maximum, 

which centred around N/P 9, was produced. Lower concentrations had reduced cell-surface binding 

and higher ratios are cytotoxic (Boussif et al., 1995). The optimum N/P ratio for PEI HMW was 

found to be 5 for both CaCo-2 and co-culture monolayers. This was lower than the N/P ratio 

required for optimal transfection o f COS-7 cells with Clean PEI HMW, i.e. N/P 10. This result 

bodes well for in vivo use o f PEI, given that less positively charged complexes are less toxic and 

more resistant to opsonisation by serum proteins. It should be noted that there was a broader peak 

o f activity for PEI HMW complexes in CaCo-2 monolayers than in co-cultures. The efficacy o f 

cationic polymers has been shown to alter with the molecular weight o f  the polymer and this 

certainly appears to be true for PEI. As was seen in COS-7 cells, the PEI LMW is significantly less 

efficient than the higher m olecular weight PEI in differentiated cells. This is thought to be due to 

the increased tendency o f the lower molecular weight polymers to dissociate upon dilution, 

producing lower transfection levels due to decreased pDNA uptake and the higher toxicity o f free 

PEI (Papisov and Litmanovich, 1988). The optimum N/P ratio o f PEI LMW :pDNA was different 

for the two different differentiated cell models but given that this vector failed to produce a 

statistically significant difference above control these results are not hugely important.

Haensler and Szoka, (1993) studied the transfection efficiency o f a series o f  dendrimers 

and found that the highest transgene expression was achieved at a ratio o f six primary amines per 

nucleotide. The optimal ratio o f  Superfect™;DNA for CaCo-2 monolayers was the same as that for 

COS-7 cells, i.e. MR 6:1 Superfect™:DNA. The decrease in transfection seen when the optimal 

ratio was increased was postulated to be caused by increased toxicity and/or competition by 

noncomplexed dendrimer for the DNA-dendrimer binding sites (Haensler and Szoka, 1993). The 

optimal ratio for co-cultures was higher at MR 15:1 Superfect™:DNA and would thus appear to 

indicate that the co-cultures are either more resistant to the toxicity o f the dendrimers or have more 

binding sites for the complexes and are therefore less prone to saturation or both. A mass ratio o f  

15:1 corresponds to an extremely high CR (+/-) 8.5:1, i.e. the complexes are highly positively
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charged, which would be expected to cause toxicity. One possibility is that the negatively charged 

mucus layer acts as a barrier binding the highly positively charged dendrimer com plexes and to 

some extent neutralising the positive charge, therefore because o f  the nature o f  the 

dendrimer/pDNA complex higher net positive charges are required for dendrimer/pDNA 

complexes to overcome this neutralisation and transfect the monolayers.

The optimal mass ratio o f pLLiDNA chosen for further transfection studies in both CaCo-2 

and co-culture monolayers was MR 2:1 pLL:DNA, which is equivalent to a CR (+/-) 5.3:1. Two 

very different responses were seen in the different systems, however, to the change in MRs. In 

CaCo-2 cells increasing the MR, i.e. making the complexes more positively charged, produced the 

traditional bell-shaped curve (Fig 9.2f). The decrease seen above the optimal ratio is thought to be 

due to toxicity, especially in the case o f high m olecular weight pLL. The trend for the optimal 

ratios to decrease as the m olecular weight o f  the polymer increases has been established in several 

studies (Zhou et al., 1991; Wolfert and Seymour, 1996; Tang and Szoka, 1997; Pouton et al., 

1998). In comparison there was a broad peak o f  optimal ratios in the co-culture monolayers. There 

was no significant difference between the luciferase expression produced by the complexes formed 

at different MRs. Yet again the co-cultures appear more resistant to the toxicity o f  highly positively 

charged complexes. pLL/pDNA complexes were used in the presence o f chloroquine in order to 

improve endosomolysis.

9.16.2 Cationic lipids and Polymers in CaCo-2 model and co-culture model 

Transfection

Despite the extensive use o f the CaCo-2 model for transport studies, relatively little use has 

been made o f  the system for gene delivery studies. A few studies have looked at the efficiency o f 

viral vector systems in differentiated CaCo-2 monolayers (Croyle et al., 1998a, 1998b, 1998c; 

W alter et al., 1997b). Non-viral vectors have been used to transfect CaCo-2 cells but these studies 

have used freshly seeded, sub-confluent CaCo-2 cells. Work by Uduehi et al., (1998) using non- 

viral vectors in dividing CaCo-2 cells found that DOTAP™/pDNA complexes were more efficient 

than Lipofectin™/pDNA complexes and both were more efficient than pLL in transfecting the 

exponentially growing cells. The levels o f P-galactosidase expression were still low for both lipid 

vectors even in dividing cells, while pLL failed to produce any transgene expression. The higher 

expression achieved in this study using the same vector systems in differentiated CaCo-2 cells is 

most probably due to the more sensitive nature o f  the luciferase reporter assay system.

Overall, lower levels o f  luciferase expression were produced than in the undifferentiated 

cells (COS-7), using greater doses o f  pDNA per well. The most notable trend in the differentiated 

systems, with regard to the order o f  efficiency o f the vectors, was the improvement in the
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efficiency o f  DOTAP™ and pLL pD N A  com plexes in the co-culture and H t29G lucH  m onolayers. 

The increased transfection  ability  o f  DOTAP™ /DNA com plexes in the co-culture m odel m ay be 

due to  the presence o f  the H t29G lucH  ceils ra ther than  any effect o f  m ucus. The H t29G lucH  cells 

w hen d ifferen tia ted  have few er and shorter m icrovilli, w hich may m ake access to  the plasm a 

m em brane, especially  in the case o f  large lipid/D N A  com plexes such as DOTAP™ , easier. The 

H t29G lucH  cultures have been found to  contain  both d ifferen tia ted  goblet cells contain ing 

in tracellu lar m ucin and m ultilayers o f  relatively  und ifferen tia ted  cells. The presence o f  these 

undifferentiated  cells may explain w hy som e o f  the  G D V s, m ost notable the cation ic  lipids, 

transfect this cell line m ore effic ien tly  at the ratios tested . T he low er T EER  values o f  the co-culture 

model indicate that there is g reater paracellu lar perm eability  through these m onolayers (M eaney 

and O ’D riscoll, 1999). T his may allow  transfection  com plexes access to  the basolateral m em brane, 

w hich is th inner and m ore fluid than the apical m em brane. Thus, the barrier p roperties o f  m ucus 

m.ay be com pensated for by the increased access to  a less resistan t m em brane for uptake. 

V ariability  in the m icroclim ate pH o f  the m odels m ay affect transfection  levels. A m ore acidic 

m icroclim ate in the C aC o-2:H t29G lucH  m odel w ould affect the vectors, w hich utilise the proton 

sponge effect for endosom al escape, such as PEI and Superfect^^, by causing prem ature 

protonation.

9.16.3 Levels o f plasmid DNA associated with differentiated cell monolayers

R ecent studies o f  cell-associated  pD N A  in C aC o-2 cells, found that uptake o f  naked pDNA 

into C aC o-2 cells w as neglig ib le irrespective o f  age (U duehi et al., 1998). T his result w as 

confirm ed by the cell-association  studies carried  out above in w hich less than 1% o f  naked pDNA 

added w as associated  w ith the d ifferen tia ted  cells at day  2 1. The relative enhancem ent o f  the  levels 

o f  pD N A  associated  w ith the co-culture m onolayers by each o f  the vectors tested  over naked 

pDNA is no ticeably  decreased com pared to the levels affected  in the CaCo-2 m onolayers. Both 

Superfect™  and PEI H M W  fail to cause a sign ifican t increase over control and even the 

enhancem ent m ediated by DOTAP™ is som e 3-fold low er in co-cultures. This decrease in cell- 

associated  pD N A  appears to have little effect on the transfec tion  levels m ediated by the relevant 

vectors in co-culture m onolayers. This anom aly m ay be due in part to  the v igorous rinsing  step 

used at the end o f  cell-association  studies to  rem ove unbound pD N A . The vigorous rinsing may 

rem ove a substantial proportion o f  the m ucus layer from  the co-cultures, w hich because o f  its 

negatively charged nature w ould tend to  bind ca tion ic  particles, such as the transfection  com plexes, 

thereby increasing contact tim e. G iven no such rinsing  steps are involved in transfection , this loss 

o f  pD N A  w ould not occur. It is clear from  th is da ta  tha t even sm all quantities o f  plasm id DNA 

internalised by the m onolayers can give rise to sign ifican t transgene expression. The superiority  o f  

DOTAP™ in enhancing  the levels o f  pD N A  associa ted  w ith both the d ifferen tia ted  cell culture 

m odels m irrors the efficacy o f  the lipid vectors in m ed ia ting  pD N A  uptake into C O S-7 cells. The
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hydrophobicity  o f  lipid/D N A  com plexes (lipoplexes) leads to  a structure, w hich a llow s lipoplexes 

to  in teract w ith cell m em branes via fusion as w ell as endocytic p rocesses (Z abner et al., 1995; Xu 

and Szoka, 1996). As well as th is the lipophilicity  o f  d rug  m olecules has been deem ed to  be an 

im portant factor in the ir perm eation o f  intestinal cell cu lture  m onolayers (A rtursson and K arlsson, 

1991), so the lipid GDV m ay be able to perm eate the m onolayer m ore effectively , thereby 

increasing the surfaces availab le for internalisation.

9.16.4 Binding and internalisation o f pDNA

A s w as seen in the C O S-7 m odel, the effect o f  inhibition o f  active p rocesses had a m ore 

sign ifican t e ffec t on the internalisation  o f  polym eric/pD N A  com plexes than lipid/pD N A  com plexes 

in the C aC o-2 m onolayers. O verall, the results o f  the uptake studies run at 4°C and 37°C  indicate 

that the internalisation  p rocesses in differentiated  cells are slow  and inefficient. T his is based on the 

fact that there appears to  be little if  any d ifference betw een the levels o f  pD N A  bound to  the cells 

and the levels o f  pD N A  internalised  by active processes. This may indicate that perhaps passive 

transport m echanism s are involved in pD N A  uptake into the d ifferen tiated  C aC o-2 and co-culture 

m onolayers. T he passive transport processes possible include passive transcellu lar absorp tion , 

facilitated diffusion and passive paracellu lar transport. A lternatively , it may indicate that active 

uptake p rocesses are slow  and saturable and therefore require longer than 4 hours to in ternalise 

pDNA effic ien tly

It has been proven that d ifferen tia ted  cells do still undergo endocytosis to  som e degree. 

The presence o f  the m icrovilli on the apical m em brane m ay decrease the degree o f  non-specific  

adsorptive endocytosis possib le by the colum nar cells. M atsui et al., (1997) dem onstrated  tha t the 

negative surface charge o f  cell m em branes is reduced in d ifferen tia ted  cells, w hich m ay be partly 

responsible for the  increased resistance o f  differentiated  cell m odels to  transfection . T h is decrease 

in cell surface charge w ould especially  affect the non-specific  adsorptive endocytosis utilised  by 

non-targeted cation ic  G D V /pD N A  com plexes. The C aC o-2 and H t29G lucH  cell lines produce 

m ainly heparan sulphate proteoglycans, w hich are found in the  ex tracellu lar m edium  and 

associated  w ith the cell m em brane. Studies have found tha t there is a sign ifican t change in the 

com position  o f  G A G s during  d ifferentiation  (M olist et al., 1998). From  the ch lorate  stud ies it 

appears that reduction  o f  proteoglycan sulphation actually  im proves transfection  effic iency  in 

d ifferen tia ted  cells. This effect may also be related to  the inhibition  o f  sulphation o f  G A G s found in 

the m edium . T he G A G s secreted by fully differentiated  cells have been found to  be larger and m ore 

hom ogenous than  in undifferen tia ted  cells (M olist et al., 1998), w hich m ay m ean that the  G A G s in 

the m edium  intercept the cationic com plexes, bind and neutralise  the ir charge, thereby  decreasing  

their ability  to  in teract w ith the cell surface. A lternatively , it w ould indicate that in ternalisation  o f

197



Chapter 9

com plexes by differentiated  cells is based on a d ifferen t, pro teoglycan-independent pathw ay w hich 

is perhaps inhibited by the presence o f  large G A G s on the surface.

The presence o f  the m ucus layer on the co -cu ltu re  m onolayers may have been responsible 

for increased b inding and slow er active uptake processes, given the slow er delivery o f  com plexes 

to  the p lasm a m em brane because o f  the diffusional barrier presented  by m ucus. O verall, th is would 

lead to  a sm aller difference betw een bound pD N A  and total cell-associated  pDNA.

9.16.5 Effect of Differentiation on Transfection and the levels of cell-associated pDNA in both 

the CaCo-2 and co-culture models

G iven the m uch low er levels o f  luciferase expression  produced by ail the G D V /D N A  

com plexes it w as decided to  look at the effect o f  d ifferen tia tion  on transfection and the levels o f  

cell-associated  pD N A  in m ore detail. In C aC o-2 m onolayers from  day 1 to  day 10 and day 21 there 

was a 28-fold and 170-fold drop in luciferase expression  per m g protein, respectively . Sim ilar 

studies have found a 53-fold drop in P-galactosidase expression  m ediated by DOTAP™ betw een 

day 1 and day 30 CaCo-2 cells (U duehi et al., 1998). U duehi et al., (1998) found that in day 10 and 

day 30 cu ltures there w as no significant d ifference betw een the expression levels achieved by 

naked pD N A  and DOTAP™ /pDNA com plexes. T his con trad ic ts the findings o f  this study in which 

DOTAP™ /pDNA com plexes m ediated significantly  h igher transgene expression than naked pDNA 

at all stages o f  d ifferentiation (also  see CLSM  im ages Fig. 9 .21a and b). This anom aly is m ost 

probably due to  the high background readings o f  galactosidase activ ity  in the C aC o-2 m odel. Brush 

border glycosidases, such as sucrase-isom altase and lactase, are thought to in terfere w ith the 

reporter assay system  for P-galactosidase. T his background activ ity  w ould produce a falsely  high 

reading for naked pD N A  expression, thus d isguising  the transfection  enhancing  potential o f  the 

DOTAP™ as a GDV.

U sing confocal laser scanning m icroscopy (C L S M ) it w as determ ined that the d istribution  

pattern o f  luciferase expression w as d ifferen t in fully  d ifferen tia ted  cells com pared to  non

d ifferen tiated  cells. In the transfected  CaCo-2 m onolayers exam ined, FITC -stained luciferase was 

visible in each cell but in a dispersed m anner th roughou t the cytoplasm . This d iffered  from  the 

g reater level o f  FITC fluorescence seen in tracellu larly  in C O S-7 cells, w hich also  had areas o f  

increased expression, as seen by the high intensity  zones w ith in  each cell. Thus, transfection  levels 

in d ifferen tia ted  cells are not low er because less cells are being transfected , but ra ther because all 

cells are expressing  less protein.

In co-cuhures a sim ilar relationship  betw een  increased d ifferen tia tion  and decreased 

transfection  w as found. The decreases from  day 1 to  day 10 and day 21 w ere 16-fold and 300-fold
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respectively. The initial level o f  luciferase expression was higher and the decreases over the first 

two weeks (up to 15 days) were less overall than for CaCo-2 monolayers. This would seem to 

indicate that the Ht29 cells, which are only present in the co-culture system, are more easily 

transfected by DOTAP™/ pCM Vluc  complexes than CaCo-2 cells. Therefore the effects o f 

confluency and differentiation are negated somewhat by the increase in the percentage o f  Ht29 

cells in the co-culture as they proliferate more quickly than the CaCo-2 cells. The greatest drop is 

seen between day 15 and day 21, which corresponds to the stage when mucus coverage develops 

and the cells become fully differentiated.

From the pDNA cell association studies carried out at day 1 and day 21 in CaCo-2 and co

culture monolayers it is clear that decreased levels o f  cell-associated pDNA are certainly a 

component in the overall effect o f  differentiation on transfection. While the cationic lipid 

DOTAP™ produced the highest levels o f  pDNA association with both CaCo-2 and co-cultures at 

day l, the levels o f cell associated pDNA produced by DOTAP™/pDNA complexes then suffered 

the greatest impact at day 21. The cationic polymer/pDNA complexes produced lower levels o f 

pDNA cell-association in day 1 cells and the impact o f differentiation was less dramatic on their 

efficacy. The decreased toxicity o f the GDV/pDNA complexes in the CaCo-2 monolayers (Table 

9.6) may be an indication o f the decreased ability o f these systems to disrupt cell membranes and 

enhance plasmid pDNA internalisation.

9.16.6 Effect of mucus

N-acetylcysteine (N-Ac) has been used therapeutically for years, generally as a mucolytic 

agent in respiratory diseases, but has recently been investigated for use in conditions associated 

with decreased GSH (glutathione) or oxidative stress, such as HIV infection, cancer, heart disease 

and cigarette smoking as well as treatment o f acute heavy metal poisoning and acetaminophen- 

induced hepatotoxicity (Kelly, 1998). It has also been used extensively to examine the effects o f  

mucus on drug transport (W ikman et al., 1993; Meaney and O ’Driscoll, 1999). N -A c acts to 

decrease mucus viscosity by opening the disulphide bonds that bind the macromolecular structure 

o f the mucus glycoproteins together. The concentrations used in these cell culture studies were 

between 0.5% and 1% w/v N-Ac, but these levels proved toxic on the monolayers in this study, 

indicated by sloughing o ff o f cells from the filter and reduced protein content o f  wells. The MTT 

and ELLA assays seemed to indicate that a concentration o f  0.3% w/v N-Ac was adequate for 

reduction o f mucus cover, without too high a level o f  cytotoxicity. This was confirmed by protein 

assays following transfection protocols using the two concentrations o f N-Ac, which indicated a 

significant drop in protein content o f the wells using 0.5% w/v but not 0.3% w/v N-Ac. Sandberg et 

al., (1994) used a similar concentration o f N-Ac in vivo to remove mucus from an isolated segment 

o f  the gut. This concentration successfully removed up to 75% o f the mucus between villi, but only
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partially removed mucus from the crypts o f  Lieberkuhn. Higher concentrations caused cellular 

damage to the intestinal epithelium. It should be noted that the LD 50 o f  N -A c in mice is 7.9g/kg and 

in rats is 6 g/kg follow ing oral doses.

Removal o f  mucus, using 0.3% w/v N -A c, caused a decrease in transfection levels 

produced by DOTAP™, PE! HMW and Superfect™/jt?CA/F/wc com plexes. This would indicate that 

the presence o f  mucus in some way enhances transfection rather than inhibiting it, perhaps by 

retarding the com plexes within the mucus matrix, leading to prolonged exposure to the com plexes 

and providing an extracellular pool o f  com plexes for internalisation processes. The decreases in 

transfection efficiency upon reduction o f  mucus coverage were greater for the polymeric carriers, 

with a 7-fold decrease in efficiency for both PEI HMW and Superfect™/pDNA com plexes, 

compared to a 2-foId decrease for the cationic lipid DOTAP™ /pDNA com plexes. This would  

indicate that the interaction o f  G D V s with mucus may be structure dependent.

It is interesting to compare the differences between transfection efficiencies in CaCo-2 and 

co-culture system s for each o f  these three vectors. The values for DOTAP™ mediated transfection 

increased 7-fold in co-culture monolayers, while the transfection levels achieved by both polymeric 

system s changed but not significantly. If mucus seem s to enhance transfection in the co-cultures 

significantly, as indicated by these results, then in the case o f  the polymeric system s other factors 

o f  the co-culture system negate this enhancement, e.g. acidic microclimate causing premature 

protonation o f  these polymers.

9.16.7 Animal studies

The results o f  the animal studies indicate that the intestine is a difficult site for transfection 

but transgene expression can be mediated successfully  given the right formulation and site o f  

action. The expression produced was variable and inconsistent but in the two animals that were 

successfully  transfected the same pattern and level o f  transfection appeared. A study by 

MacLaughlin et al., (1998), using chitosan and Lipofectin™ polymers as the carriers in gene 

delivery to the gut, had similar findings with high variability. Plasmid DNA alone failed to 

transfect the intestine or the colon. O f the animals treated only some showed CAT expression in 

certain tissue extracts and even then the quantities o f  reporter protein were low. Similarly the 

polymeric system (which also included a lytic peptide) proved more successful than the lipid-based 

Lipofectin™ G DV (MacLaughlin et al., 1998). Lipofectin™ was used successfully by Westbrook 

and Arenas, (1995) to transfect colonic epithelial cells in vivo, giving transient expression, which  

lasted 2-3 days.
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The high doses o f  plasmid DNA required and the change in N/P ratio o f PEI HMW from 5 

to 10 required to achicve activity would indicate that a comprehensive study o f  pDNA dose- 

response and pDNA;vector ratio and formulation should be carried out to optimise the in vivo 

transfection efficiency. This work was beyond the scope o f this project, which simply aimed to 

determine how effective a tool the CaCo-2 and co-culture models were for prediction o f  effective 

in vivo vector systems. W hile PEI HMW successfully produced transfection in vitro and in vivo, 

DOTAP™ failed to produce any significant luciferase expression in vivo despite its in vitro 

efficiency, indicating that success in vitro in differentiated cell models does not guarantee success 

in vivo.

The improved transfection in the jejunum  over the duodenum may be due to several factors 

including the role o f this area in absorption, as well as the high density o f negatively charged 

mucins in the jejunum  which would be available to bind the cationic complexes. It is also clear that 

much higher doses and different conditions must be optimised specifically for in vivo transfection 

and cannot simply be extrapolated from in vitro studies o f  the effect o f  formulation variables.

Other groups have successfully transfected the intestine in vivo using viral based systems 

(Soriano-Brucher et al., 1991; Lau et al., 1992; Croyle et al., 1998a; Henning, 1995) but this study 

along with the work o f  MacLaughlin et al., (1998) and the successful non-viral transfection o f 

intestinal epithelial cell culture models (Uduehi et al., 1999; Pouton et al., 1998; Harbottle et al., 

1998; Lozier et al., 1997) indicates that non-viral gene delivery to the gut is possible.

Overall then, the differentiated cell culture systems used in this study offer, a) a more 

robust test for the biological activity o f non-viral GDVs than non-differentiated cell models such as 

COS-7 and b) a relevant model for developing intestinal gene delivery systems. The correlation 

between in vitro  and in vivo activity, however, is still limited. These differentiated cell models 

certainly provide a more realistic prediction o f the ability o f  a vector to transfect non-proliferating, 

differentiated cells in vivo, but the absence o f systemic blood flow, central nervous control, motility 

as well as a lower turnover rate and differences in topology, e.g. absence o f  a crypt-villus axis, and 

lumenal contents, e.g. bile acids, from the in vivo situation in the gut limit its predictive value.
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Chapter 10

Characterisation o f Neutral and Cationic CD/DNA complexes 

10.1 Introduction

In the search for an effective non-viral G D V  a broad range o f  chemical moieties have been 

used. The emergence o f  polymeric systems, including polyam idoam ine dendrim ers and PEI, 

opened  up the possibilities o f  utilising natural polymers, such as polysaccharides. Chitosan and 

chitosan derivatives have been widely investigated for gene delivery (E rbacher et al., 1998; Lee et 

al., 1998), M any o f  the advantages associated with the use o f  chitosan including its low cost, wide 

availability, biodegradability and biocompatibility are also associated with other natural 

polysaccharides , such as cyclodextrins (CDs) (M um per and Klakamp, 1999).

This chapter concentrates on the interaction between plasmid DNA and CDs, while the 

biological activity o f  the com plexes is studied in more detail in the next. The cationic charge o f  the 

chitosan polymers, which allows spontaneous interaction with D N A  as well as the ability to bind to 

certain cell surfaces, is due to a certain extent to the presence o f  protonatable amine functions in the 

sugar units. Naturally occurring CDs, which are cyclic o ligo-saccharides o f  D-glucopyranose units, 

and many o f  the most com m on derivatives, such as 2-hydroxypropyl (H P-CD ) and 2,3-dimethyl 

(D M -C D ) P-CD derivatives, are uncharged. P-CDs have, however, been shown to interact with 

nucleic acids (Hoffman and Bock, 1970; Formoso, 1973) by binding bases but binding was found 

to be dependent on the conformation o f  the polynucleotide. Neutral and cationic CDs have been 

used by Croyle et al., (1998b) to enhance adenoviral-mediated gene delivery to  the intestine. No 

ex tensive research on the interaction between P-CD and its com m on derivatives, HP-CD and DM- 

CD, and plasmid DNA has been carried out and this work aimed to characterise these interactions.

The potential to develop amphiphilic and supra-molecular chemistries (W enz, 1994) is one 

o f  the  structural advantages o f  CD s as core molecules. There  are also multiple sites for attachment 

o f  cationic functional groups, facilitating improved DNA interaction. In order to  exam ine the 

potential for improved pD N A  delivery using CDs, a series o f  novel cationic P-CDs were 

synthesised by the Dept, o f  Chemistry, U.C.D.. These com pounds contained structural features, 

w hich  appear to be important for successful gene delivery, particularly cationic and amphiphilic 

groups. Schwinte et al., (1998) found that individual nucleotides interacted with a 6-substituted 

am ino C D  derivative by interaction with the amino site and inclusion in the C D  cavity. Ghosh et 

al., (2000) found that positively charged derivatives o f  P-CD formed high affinity com plexes with 

phosphate  esters based on hydrophobic and electrostatic interactions. Colloidally  stable systems are 

required for gene delivery and investigations have shown that amphiphilic  CDs, as oligomers o f  

m onosaccharide  amphiphiles, form stable structures (Ling et al., 1993).
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The novel |3-CDs were fully substituted, i.e. there were 7 N-contain ing groups associated 

with each CD molecule. Some o f  the cationic head groups used have been shown to allow DNA- 

binding, DNA-incorporation and DNA-induced fusion in acidic conditions, when incorporated into 

lipid backbones (Budker et al., 1996). The polyamino (polycationic) CD s exam ined were 

substituted on the primary hydroxyl with pyridylamino (A P I-C D , AP2-CD), alkyl imidazolyl 

( IM l-C D , IM2-CD, 1M3-CD), methoxyethyiam ino (M E l-C D )  or primary am ino (A M l-C D )  

(A M I-C D  previously synthesised by Boger et al., 1978) groups. The polyamino CD s were 

prepared from heptakis(6-brom o-6-deoxy)-P-cyclodextrin  by treatment with the corresponding 

amine according to the general method already described (Chmurski and Defaye, 1999), followed 

as appropriate by 0 -acety la tion . Com pound names have been abbreviated as follows (N M R  data 

for the novel CDs found in A ppendix  XIV):

A Pl-CD :heptakis(2 ,3-di-0-acetyl-6-deoxy-6-pyrid-4-ylam ino)-P-CD ;

AP2-CD:heptakis(6-deoxy-6-pyrid-4-ylamino)-p-CD;

IM l-CD:heptakis[2 ,3-di-0-acetyl-6-deoxy-6-( 1-m ethyl-l/ /- im idazol-4-yl)]-P-CD ; 

IM 2-CD;heptakis[6-deoxy-6-( l-«-buty!-l/ /- im idazol-4-y l)]-p-C D ; 

IM 3-CD;heptakis[2,3-di-0-acetyl-6-deoxy-6-( l-H-butyl-l//- im idazol-4-yl)]-P-CD;

ME I -CD ;heptakis[6-deoxy-6-methoxyethylamino)-P-CD;

AM I -CD;heptakis[6-deoxy-6-amino)-P-CD

The structures o f  these polycationic CD s are shown in Figure 10.1.
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Figure 10.1 Structure o f the polycationic CDs
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These CDs were compared with the neutral CDs, P-CD, HP-P-CD and DM-P-CD. 

Recently, CDs have been incorporated into amino polymers to reduce their toxicity as polycationic 

transfection agents. Gonzalez et al., (1999) have developed linear, cationic P-CD containing 

polymers with have been shown to bind DNA successfully, producing stable, uniform complexes, 

which offer some protection for plasmid DNA against degradation (Hwang et al., 2001).

The aims o f this work were to characterize the plasmid DNA complexes formed by the 

neutral and novel polycationic CDs in terms o f size, surface charge, pDNA binding ability, stability 

and toxicity.
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10.2 Aim s and Objectives

• Determine the pDNA binding ability o f each o f  the CDs, over a range o f mass ratios (MRs) 

CD:pDNA, using gel binding and ethidium bromide exclusion assays

• Using photon correlation spectroscopy (PCS) and electron microscopy (EM ) to characterise the 

size and shape o f the complexes formed between CDs and pDNA over a range o f  MRs

•  Investigate the effects o f  MR and pH on the surface charge o f the complexes formed

• Analyse the stability o f CD:pDNA complexes on storage, as well as their ability to protect 

pDNA from degradation by nucleases and the influence the presence o f serum has on this 

protective role

•  Assess the binding affinity o f each CD for pDNA using anionic displacement assay

• Determine the toxicity and IC joof the complexes in COS-7 cells

•  Assess the toxicity o f combinations o f  A PI-CD  with DOTAP™ or PEI HMW GDVs with 

pDNA

RESULTS

10.3 DNA Binding

One o f the key strategies used in non-viral gene delivery is complexation o f  the large, 

polyanionic DNA molecule with cationic moieties, thereby masking the negative charge. When the 

anionic charge is neutralised the extended DNA structure tends to collapse (M anning, 1981). It was 

determined by Wilson and Bloomfield (1979) that when 89%-90% o f  the anionic phosphate groups 

o f DNA are neutralised, the secondary structure o f the DNA collapses and is said to be condensed. 

A number o f  techniques have been used to study the neutralisation o f DNA by polycations 

including analytical centrifugation, circular dichroism and thermal analysis (Tang and Szoka, 

1998). In these studies two methods were used to analyse the affinity o f neutral and cationic CDs 

for plasmid DNA. A gel mobility shift assay, based on agarose gel electrophoresis, was used to 

illustrate the effect o f CD condensation on the migratory properties o f  pDNA. A 

spectrofluorim etric assay based on the accessibility o f pDNA to the nuclear probe, ethidium 

bromide, was also used to give a more quantitative determ ination o f pDNA binding by the CDs.

10.3.1 Gel M obility Shift Assay

In order to determine whether the neutral and cationic CDs were capable o f  binding 

pCMVluc, increasing quantities o f  the CDs were complexed with the plasmid and loaded onto a 1% 

w/v agarose gel in TBE buffer, containing ethidium bromide (0.5fig/ml). Uncomplexed pDNA is 

free to migrate through the gel and the bands formed are visualised under UV light, as the ethidium
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bromide intercalates with the pD N A  and causes fluorescence (Sam brook et ai., 1989). The 

migratory properties o f  pD N A  are dependent on its charge, size and configuration. If the charge o f  

the pD N A  is neutralised or the structure o f  the com plex becomes inflexible as the quantity o f  CD is 

increased then it will fail to migrate dow n the gel towards the anode and will instead be retained in 

the well. Hashida et al., (1998) found that plasmid DNA fully complexed by polycations no longer 

migrated through a gel and further addition o f  polycation can cause a complete loss o f  signal within 

the well, when ethidium bromide can no longer access the plasmid DNA (Gao and Huang, 1996). 

The results are shown below in Figures 10.2-10.5. For the neutral CDs, P-CD and DM -CD, no 

inhibition o f  migration was seen over the range o f  M Rs tested from 0.5:1 to 100:1 C D :D N A  

(Figure 10.2). This would indicate that these CD s failed to com plex the plasmid DNA, thereby 

leaving its size, charge and shape unchanged. Addition o f  am ino headgroups to the P-CD core 

molecule dramatically improves pD N A  binding but the efficiency o f  this binding appears to vary 

depending on the group chosen. Each o f  the novel cationic CDs were tested over a range o f  mass 

ratios C D :D N A  and an exam ple o f  each family o f  derivatives is shown in Figures 10.3 and 10.4. 

For exam ple in Figure 10.3, it can be seen that A P I-C D  prevents migration o f  plasmid DNA at a 

m uch lower M R C D :D N A  than M E l-C D . W hile DNA is completely  retarded by A P l-C D  at MR 

1:1 CD :D N A , a much larger excess o f  M E l-C D , 100:1 C D :D N A , is required to neutralise the 

charge o f  the pDNA. At the higher M Rs o f  50:1 and 100:1, for A P1-CD :D N A  complexes there is 

complete fluorescence quenching within the wells, which is not seen with M E1-CD :D N A  

complexes. Similarly in Figure 10.4a and b the two cationic CD s tested were found to have 

different affinities for plasmid DNA with A M I-C D  (Figure 10.4b) neutralising the DNA charge at 

a M R o f  10:1 CD :pD N A , while a higher MR o f  IM 3-CD:pDNA, o f  80:1, was required for 

neutralisation (Figure 10.4a). In Figure 10.5, the neutral CDs, P-CD and HP-CD, and the cationic 

CDs, A P I- ,  AP2-, 1M1-, IM2-, IM3 and M E l-C D , are com pared at the same MR o f  100:1 

CD :pD N A . From this direct com parison it is clear that the neutral CD s fail to neutralise the pDNA, 

while the aminopyridyl (AP) and alkylimidazolyl (IM ) C D  derivatives are capable o f  binding DNA 

successfully  at this MR.
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Lanes: 1 2  3 4 5 6 7 8 9 10 11 12

P

Figure 10.2 Gel Binding assay for B-CD and DM-CD with pCMV/wc plasmid at MRs CD:pDNA 
from 0.5:1 to 100:1.

Lane I = Molecular Weight Markers 
Lane 2 = plasmid DNA 
Lane 3 = P-CD:pDNA 0.5:1 
Lane 4 = p-CD:pDNA 1:1 
Lane 5 = p-CD:pDNA 10:1 
Lane 6 = P-CD:pDNA 50:1 
Lane 7 = p-CD:pDNA 100:1

Lane 8 = DM-CD:pDNA 0 .5 :1 
Lane 9 = DM-CD:pDNA 1:1 
Lane 10 = DM-CD:pDNA 10:1 
Lane 11 = DM-CD:pDNA 50:1 
Lane 12 = DM-CD:pDNA 100:1

Lanes

Figure 10.3 Gel Binding assay for M El-CD  
CD:pDNA from 0.5:1 to 100:1.

Lane 1 = M El-CD:pDNA 0.5:1 
L ane2  = MEl-CD:pDNA 1:1 
Lane 3 = MEl-CD:pDNA 10:1 
Lane 4 = MEl-CD:pDNA 50:1 
Lane 5 = ME I -CD:pDN A 100:1

and API-CD with pCMV/wc plasmid at MRs

Lane 6 = A Pl-CD:pDNA 0.5:1 
L ane7  = APl-CD:pDNA 1:1 
L ane8  = APl-CD:pDNA 10:1 
L ane9  = APl-CD:pDNA 50:1 
Lane 10 = APl-CD:pDNA 100:1
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Figure 10.4 Gel Binding assay for, a) IM3-CD and b) A M l-C D  with pCMV/wc plasmid at MR 
CD:pDNA from 1:1 to 1000:1

Lane 1 = Molecular weight markers 
Lane 2 = plasmid DNA 
Lane 3 = lM3-CD:pDNA 1:1 
Lane 4 = IM3-CD:pDNA 10:1 
Lane 5 = IM3-CD;pDNA 20:1 
Lane 6 = IM3-CD:pDNA 100:1 
Lane 7 = lM3-CD:pDNA 150:1 
Lane 8 = IM3-CD:pDNA 1000:1

Lane 1 = Molecular weight markers 
Lane 2 = Blank 
Lane 3 = plasmid DNA 
L ane4  = AM l-CD:pDNA 1:1 
Lane 5 = AM 1 -CD:pDNA 10:1 
Lane 6 = AM 1 -CD:pDNA 20:1 
Lane 7 = AM 1 -CD:pDNA 150:1 
Lane 8 = AM 1 -CD:pDNA 1000:1

Lanes: 10
■ ' T '  '

Figure 10.5 Gel Binding assay o f  Neutral and Cationic CDs with pCMVluc plasmid at MR 
CD:pDNA 100:1

Lane 1 = Molecular Weight Markers
Lane 2 = plasmid DNA
Lane 3 = APl-CD:pDNA
Lane 4 =  AP2-CD:pDNA
Lane 5 = IM l-CD:pDNA
Lane 6 =  lM2-CD:pDNA
Lane 7 = lM3-CD:pDNA
Lane 8 =  M El-CD:pDNA
Lane 9 =  P-CD:pDNA
Lane 10= HP-CD:pDNA
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Gel m obility  shift assays carried out on a range o f  A P I-C D  combinations w ith PEI HM W  

and DOTAP™ bound pDNA successfully preventing any migration o f the plasmid D N A through 

the gel. These combinations involved complexation o f  pD N A w ith either PEI H M W  (N/P 2 or 5) or 

DOTAP™ (CR +/- 1.5 or 2.4) followed by addition o f A P I-C D  at various mass ratios or vice versa. 

Thus, the presence o f the different polycations served to complex and condense the plasmid.

10.3.2 E th id ium  brom ide exclusion assays

The interaction between the CDs and plasmid D N A was also studied using a 

spectrofluorimetric assay to determine their ab ility  to condense DNA. The method is based on the 

ab ility  o f the nuclear probe, ethidium bromide, to intercalate w ith the base pairs o f DNA and 

fluoresce. This assay was used by Gershon et al., (1993) to monitor the effect o f increasing 

concentrations o f cationic liposomes on the secondary structure o f ca lf thymus DNA. The 

fluorescence o f naked pDNA upon intercalation o f ethidium bromide is taken as 100% 

fluorescence and quenching o f this signal is attributed to exclusion o f  ethidium bromide from the 

pDNA resultant on the collapse o f the D N A secondary structure due to complexation w ith the 

GDV.

The assay was carried out as described in 7.6.2 w ith increasing amounts o f each CD being 

added to a fixed quantity o f plasmid DNA to give complexes o f varying MR. The results for three 

o f the neutral CDs are shown below in Figure 10.6. In the case o f all three, the levels o f 

fluorescence vary between 80 and 100% o f maximum over the whole range o f  MRs tested, from 

20:1 to 1000:1. Much o f  this variation is due to the variab ility  involved in making up the 

complexes. There is little  or no significant fluorescence quenching by any o f the systems, which 

correlates well w ith the gel binding assays. This therefore also indicated sim ilarly there was no 

effect on the size or charge o f the plasmid D N A in the presence o f  the neutral CDs.
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F igure  10.6 The effect on ethidium bromide fluorescence o f complexing/?CA/K/«c w ith the neutral 
CDs (P-CD, HP-CD, DM -CD) over a range o f  MRs.
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The behaviour o f the amino CD derivatives was very different as seen below in Figures 

10.7-10.10. As the amount o f cationic CD was increased relative to pDNA the fluorescence was 

quenched but the kinetics o f this condensation varied for the different cationic CDs. As can be seen 

from the varying shapes o f the titration curves, the degree and rate at which condensation occurred 

varied significantly. Two clear indicators o f the kinetics o f condensation are the MR where 

fluorescence measurement first reaches a minimum, indicating that the interaction between pDNA 

and the CD was complete, and the IC50, which is defined as the MR at which 50% o f the initial 

fluorescence is quenched (Dash et al., 1997). A  summary o f these parameters is shown below in 

Table 10.1.

Table 10.1 The kinetic parameters for condensation o f plasmid DNA by cationic CDs

CD Maximum
Quenching

IVIR to produce maximum 
quenching (CD:pDNA) IC50 (CD:pDNA)

AP1-CD 1.76% 160:1 15.6:1
AP2-CD 0.98% 160;1 11.6:1
IM2-CD 49.0% 640:1 622.8:1
IM3-CD 44.60% 1000:1 864.8:1
ME1-CD 24.70% 320:1 150.9:1
AM1-CD 8.50% 320:1 70:1

It is clear that the most successful condensing agents are the aminopyridyl (AP) CD 

derivatives, with both API-CD and AP2-CD producing similar titration curves (Fig. 10.7). These 

curves indicated that condensation occurred rapidly (low I C 5 0 )  and produced almost total 

fluorescence quenching at relatively low CDiDNA mass ratios (>98% binding). The 

alkylimidazolyl (IM ) CD derivatives on the other hand produced erratic titration curves (Fig. 10.8). 

Even when large excesses o f cationic CD were mixed with plasmid DNA, quenching only reached 

about 50% o f maximum (-50%  binding). The kinetics o f this quenching was slow as indicated by 

the high I C 5 0  values for IM2- and IM3-CD. The shape o f the titration curves produced by the other 

two CDs tested, A M I - and M El-C D, were somewhere in between the dramatic, smooth drop o f the 

AP-CD curves and the erratic, low slope o f the IM-CD curves. In both cases, there was a high 

proportion o f fluorescence quenching (>90% binding for AM I-C D , >75% binding for M E l-C D ) 

with minimum fluorescence being reached at a mass ratio o f 320:1 CD:DNA and as would be 

expected from the shapes o f the curves, their IC50 values lie between those o f the other two groups 

o f CDs.
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Figure 10.7 The effect on ethidium bromide fluorescence o f  complexing pCMVluc w ith the 
cationic CDs (A P I -CD, AP2-CD) over a range o f  MRs.
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F igure  10.8 The effect on ethidium bromide fluorescence o f  complexing pCMVluc w ith  the 
cationic CDs (1M2-CD, 1M3-CD) over a range o f MRs.
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Figure 10.9 The effect on ethidium bromide fluorescence o f complexing pCMVluc with the 
cationic M E l-C D  over a range o f MRs.
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Figure 10.10 The effect on ethidium bromide fluorescence o f  complexing pCMVluc with the 
cationic A M I-CD  over a range o f MRs.

10.4 Size o f CD/DNA complexes

The size and shape o f the complexes formed between plasmid DNA and a given GDV are 

key parameters in both the quality control and the characterisation o f the complexes.

10.4.1 Photon correlation spectroscopy (PCS)

PCS is based on the principles o f  Brownian Motion. Particles, in this case CD/ pCMVluc 

complexes, are suspended in solution and a laser beam is used to illuminate these particles which 

are undergoing constant random thermal motion. The relative changes in the interference patterns 

created by this beam are different depending on the size o f  particle, with larger particles moving 

more slowly, resulting in smaller fluctuations. PCS correlates these changes in interference pattern
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to diffusion coefficients and then calculates hydrodynamic diameters and polydispersity indices for 

the particles.

Complexes were made up over a range o f  increasing MRs CD:pDNA. Neutral CDs proved 

difficult to size due to lack o f complex formation confirmed by electron microscopy (EM ) and in 

agreement with pDNA binding studies. DM-CD/ pCMVluc complexes at MR 100:1 CD:pDNA 

were sized by PCS as being close to a micron, 971+/- I69.8nm , in size with large polydispersity o f 

1.00. MEl-CD/pDNA complexes also proved difficult to size due to their large size and 

polydispersity. The polydispersity was less than 1.00 for all the M El-CD /D N A  complexes but did 

increase as MR CD.DNA increased. The other cationic CDs produced small complexes with little 

deviation from mean as shown below in Table 10.2 and Figure 10.11. These complexes had 

relatively low polydispersity values. For all the cationic CDs, with the exception o f M El-C D , the 

pDNA complexes formed were within the range 80-270nm, w'ith the smaller complexes being 

produced at lower MRs CDipDNA. As can be seen clearly in Figure 10.11 the trend for all the 

complexes appears to be to increase with increasing MR, so that at MR CD:DNA 20:1 the sizes o f 

the complexes were roughly lOOnm, while at MR CD:DNA 320:1 the sizes have increased to 

approximately 200nm. In some cases a distinct maximum size is reached at this MR (320:1 

CD:DNA), e.g API-  and lM 3-CD/pDNA complexes, while for others there is an almost linear 

relationship between mass ratio and size, meaning that the size increases linearly with increasing 

MR e.g. IMl -  and 1M2-CD. The remaining cationic CDs, AP2- and A M l-CD /D N A  complexes 

simply plateaued at MR CD:pDNA 320:1.

Table 10.2: Effect o f  increasing MR cationic CD:pDNA on size (nm) +/- S.D. o f complexes.

M RCD:DNA

Type o f C ationic  

CD u sed
20:1 80:1 320:1 1000:1

AP1 101.0+/-12.2nm 114.3+/-17.0nm 225.4+/-12.0nm 2 0 0 .0 +/-11.7nm

AP2 75.5 +/- 5.9nm 112.7+/-11.3nm 176.5+/-7.0nm 185.7+/-10.0nm

IM1 113.2 +/-8.3nm 110.7+/-8.Onm 194.5+/-8.0nm 248.2+/-16.9nm

IIVI2 95.8 +/- SO.Onm 117.2+/- 5.5nm 141.8+/-5.5nm 207.0+/-10.0nm

IMS 123.1+/-7.9nm 131.2+/-10.7nm 236.8+/-10.4nm 190.7+/-3.7nm

AIVI1 1 20 .0+/-12.0nm 140.0 +/-12.0nm 250.0+/-20.0nm 270.0 +/-20.0nm

ME1 1034.5+/-31.4nm 942.8+/-126.5nm 639+/-357.0nm 1172.7+/-187.6nm
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Figure 10.11 Effect o f increasing the mass ratio (M R ) o f  cationic CD :pDNA on the size o f the 
complexes over a range o f  ratios (C D .pD N A) from 20; I to 1000; 1.

10.4.2 Electron-Microscopy (E M )

A range o f  d ifferent microscopy techniques have been used to look at the morphology o f 

G D V /D N A  complexes including freeze-fracture EM (Sternberg et al., 1994), cryo-TEM 

(Gustaffson et al., 1998) and transmission electron microscopy (TE M ) (Gershon et al., 1993; 

Zabner et al., 1995). In this study samples were prepared by negative staining and viewed using 

TEM . Controls, including a blank grid, naked plasmid D N A  and the uncomplexed CDs were run in 

order to discern between the CD /pDNA complexes and the different species alone. These controls 

were viewed at a range o f magnifications, including 10,000X, 15,000X, 30,000X, 50,000X.
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A Pl-C D /pD N A  complexes

A PI-C D  (0.5% w/v) was added to a carbon-coated copper grid and stained. A 

representative EM o f the CD alone is shown below in Fig. 10.12. Given the solubility o f  this CD 

derivative little structure would be expected on the grid. The structures seen are possibly due to the 

formation o f nanoparticles o f CD with stain surrounding them (indicated by arrows). This 

phenomenon may have been caused by dehydration o f  the solution during application.

/

1 p m

Figure 10.12 Transmission electron micrograph o f A Pl-C D  alone (x 50,000)

When A Pl-C D  was complexed with pCM VIuc  at a mass ratio o f 100.1 CD;DNA the 

following micrographs were produced (Fig. 10.13a and b). Figure 10.13b is at the same 

magnification as Fig. 10.12 and as can be seen very different structures are present on the grid. 

Rather than simply lakes o f  stain, fibrillar structures are present with a wide range o f sizes from 

50nm to l|j,m but with the majority o f complexes agreeing with the PCS average o f  ju st over 

lOOnm. They appear to be highly structured in nature with a high degree o f  interparticulate binding 

causing the fibrillar structures to bend and bind, forming the unusual shapes seen in the 

micrograph. There are a few non-condensed CD particles present in the upper left-hand side Fig. 

10.13a, which is not surprising given the large excess o f  cationic CD present. Fig. 10.13b shows 

three o f  the larger complexes at higher magnification
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Figure 10.13 Transmission electron micrographs of API-CD: pCMVluc complexes at MR 100:1 
CD:pDNA at, a) XI 0,000 and b) X50,000 magnification.

The micrograph in Figure 10.14 is of APl-CD/pDNA complexes formed at a lower MR of 

CD:DNA, 10:1. As can be seen there are spherical structures present but no fibrillar structures, 

indicating that a large excess o f cationic charge may be required to produce those structures. From 

pDNA binding studies, at this MR, the pDNA is condensed by APl-CD. Thus, it may be concluded 

that different morphologies exist at different MRs. These toroidal or doughnut shapes are formed 

by a large number of polycationic vectors with pDNA.
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Figure 10.14 Transmission electron micrograph o f APl-CD: pCMVluc complexes at MR 10; 
CD;pDNA X30,000 magnification.

IM3-CD/pDNA complexes

1M3-CD was examined in the same way, as an example of the alkylimidazolyl (IM) CDs. 

Figure 10.15 shows IM3-CD (0.5% w/v) alone and again lakes of stain are seen around what are 

probably particles of CD (as indicated by arrows).

I

i-

Figure 10.15 Transmission electron micrograph o f 1M3-CD alone X10,000 magnification

Figure 10.16 shows a micrograph o f lM3-CD/pCMV/wc complexes made up at MR 

CD.pDNA 100:1. As was seen for the APl-CD complexes there is a huge change in structure when 

pDNA is added to the system. An even more complex network of aggregation appears in the case 

of IM3-CD complexes and this fatty, globular appearance may be an oily precipitate due to the
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lipophilic nature o f  IM3-CD. The IM3-CD is more lipophilic than A P I-C D  due to the presence o f  

acetyl groups on the secondary hydroxyls and butylimidazole groups on the primary hydroxyl.

Figure 10.16 Transm ission electron micrographs o f  1M3-CD: pCM V/j/c com plexes at M R 100:1 
C D ;pD N A  at, a) X50,000 magnification

Similar trends were seen with A M I-C D . Again when the cationic C D ;D N A  ratio was low 

spherical and “halo” -like structures predominated. W hen A M I-C D  was com plexed  with plasmid 

DNA at M R C D :D N A  o f  100:1, aggregates were seen, which were similar in size to the sizes 

determined by PCS.

Given the indications, from both DNA binding and PCS studies, that the neutral CDs had 

little or no com plexation ability with plasmid DNA, EM s were prepared to check if  any specific 

morphology o f  D M -CD  and plasmid DNA could be seen. Highly unstructured masses were seen on 

the grid and these proved difficult to focus on (a characteristic that was also seen with naked 

plasmid on these grids). This indicated that there w as particulate matter on the grid but a lack o f  

structured com plex formation.

218



C h a p te r  10

10.5 Surface Charge-Zeta Sizing

The surface charge or zeta potential is an important physical parameter, especially when 

dealing with charged molecules and can be used to  characterise the electrostatic interactions 

between particles in solution. An electrostatic com plex  formed between polycationic G D V s and 

polyanionic plasmid DNA in solution will have an associated electrical double layer, which is used 

indirectly to  determine the net surface charge. The electrophoretic  mobility o f  the CD/plasmid 

DNA complexes, under the influence o f  an electric field, was measured and used to calculate the 

zeta potential o f  the complexes.

Zeta potentials o f  com plexes formed between the cationic CDs and pD N A  at C D .D N A  

M R s between 20:1 and 1000:1 in lOmM NaCI were investigated (Figure 10.17). Under the given 

conditions, zeta potentials changed from negative to positive as the quantity o f  cationic CD was 

increased relative to the quantity o f  plasmid DNA. From Table 10.3 it is clear that all the cationic 

CD s were capable  o f  neutralising the anionic charge o f  the pD N A , but some produced higher 

positive charges than others at the highest M Rs tested. For example, AP2-CD produced complexes 

with a positive charge o f  +34m V  at mass ratio 1000:1 CD :D N A , while A P I-C D  produced only 

+ 14mV positive charge at this MR. Similarly, IM 3-CD IM l-C D  produced +33m V  and +10mV 

charged com plexes with pDNA at MR 1000:1 C D :D N A . It should be noted that the charge and 

molar charge varies between the different cationic CD s, which m eans that com plexes formed at the 

same mass ratio will not necessarily represent the same CRs. From Figure 10.17 it is clear that 

charge inversion occurs at slightly different M R s for the different CDs. Charge inversion generally 

occurred rapidly between the mass ratios o f  15:1 and 60:1 C D :pD N A  for each o f  the CDs. Further 

increasing the C D :D N A  ratio produced com plexes with higher positive zeta potentials. This trend 

is similar to that o f  many com m only used lipofection agents including DOTAP™-based complexes 

in which the zeta potential changes from negative to positive by adjusting the plasmid/lipid charge 

ratio. In addition, many polymeric systems such as polyethylenimine (PEI) also produce positively 

charged com plexes at high N/P values (Godbey et al., 1999).
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Table 10.3 : Effect o f increasing MR o f Cationic CD:pDNA complexes formed in lOmM NaCl on 
Surface Charge (mV).

Zeta Potential (mV)

MR CD:DNA AP1-CD AP2-CD IM1-CD IM2-CD IM3-CD AM1-CD ME1-CD

0

10 -1.2 -10.6 -2.3 -1.5 -0.9 -6 -6

20 2 -2.4 -1.9 0 1.9 -3.8 -2.8

80 5.1 6.7 1.9 8.5 11.9 7.5 1.3

160 6.8 18.9 1.6 5.7 16.4 9 2.1

320 10 25.7 4 13.1 20 14.2 5.8

640 12.1 31.6 5.2 11.9 25 15 8.2

1000 14.9 34 10.4 17.5 33.2 16 10.2

40

>
I  20
S 10
o: 0
« 0
N  .10

-ME1 AP2
AP1
IM2
AM I

IM3

160 320 640 1000

-20
Mass ratio of CD:DNA

Figure 10.17 Effect o f increasing MR o f CD:pDNA complexes formed in lOmM NaCI on the zeta 
potential (mV) o f the complexes.

As expected, the neutral CDs failed to neutralize the charge o f the DNA and the zeta 

potential o f their “ complexes”  with pDNA remained negative even when using large quantities o f 

CD, as shown in Table 10.4
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Table 10.4: Effect o f increasing MR o f Neutral CD:pDNA on surface charge (mV) ± S.D.

Type of Neutral CD

MRCDiDNA B-CD HP-CD DM-CD

20 -26.8 ± 2.0 

-36.6 ± 1.5 

-32.0 ± 2 .3  

-28.3 ± 1.8

-31.9 ± 3 .4  

-10.8 ± 2 .5  

-14 .0±2 .1  

-16.3 ±3.1

-20.9 ±3 .4  

-25.0 ± 2 ,9  

-31.8 ±3.1  

-22.7 ±2.1

80

320

1000

Since the degree o f ionisation o f a charged species is dependent on the pH o f the system, 

the cationic CD/pDNA complexes were formed in acidic pH (pH 4.5), basic pH (pH 11.0) and 

physiological pH (pH 7.4) solutions o f lOmM NaCl over a range o f concentrations from 10:1 to 

1000:1 CD;pDNA. The pH significantly affected the overall charge o f the complexes (Table 10.5). 

As expected the more basic the diluent the more negatively charged the complex, as the amino, 

pyridylamino and imidazolyl groups are less ionized and therefore less cationic. A t basic pH M E l- 

CD failed to neutralise the DNA charge even at mass ratio o f 1000:1 CD:pDNA. Conversely, in 

acidic solution the complexes became more positively charged with the most basic cationic CD in 

the group AP2-CD forming cationic complexes at very low concentrations o f CD. These results 

clearly demonstrate how the nature o f the diluent used to formulate the CD:pDNA complexes can 

influence the nature o f the CD and therefore its interaction with pDNA. It also provided an insight 

into the behaviour o f the complexes within the acidic endosomal compartments o f the cell.

Table 10.5: Effect o f pH o f the diluent on Surface Charge (mV) ± S.D. o f Cationic CD:DNA 
complexes in 1 OmM NaCI (adjusted to the stated pH) at different MRs.

pH 4.5 7.4 11

CD:pDNA 10 100 1000 10 100 1000 10 100 1000

AP2-CD

ME1-CD

IM2-CD

AM1-CD

16.5 ± 3.1 26.9 ± 3.8 24,8 ± 1,2 11,4 ± 0.3 20,0 ±4,3 24,3 ± 1,3 - 1,0 ± 0.6 12,0 ± 0.4 28,6 ± 2,1

-8.1 ± .0.8 2.2 ± 1.9 13,7 ± 0,2 -6.2 ± 1,1 1,5 ± 0,7 12,1 ± 2.1 -54,7 ± 1.0 -29 .2± 1.6 - 1,0 ± .0,6

-0.4 ± 0,6 14,9 ± 1.5 -2,6 ± 0,1 5,9 ± 1.0 14.6 ± 0,4 - 12,3 ± 0.3 -5,1 ± 0,8

25,2 ± 2,6 21.6 ± 0.9 2,1 ± 0.4 19.8 ± 0,9 14,6 ± 1,6 -53.3 ± 3.2 -33 ,7± 2,5
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10.6 Stability of CD;pDNA complexes

In order to allow a gene to be expressed successfully once delivered to the site o f  action its 

integrity must be maintained. It has been found that supercoiled plasmid DNA is more efficient for 

transgene expression than linear DNA (M eyer et al., 1995), so not only must DNA arrive 

physically intact it must also be in the preferred conformation. pDNA is open to both physical and 

enzymatic challenge during delivery and the same can be said for GDV/pDNA complexes, which 

aim to increase resistance to enzymatic attack but which must remain physically stable in order to 

fulfil this role.

10.6.1 Stability on storage

Like any pharmaceutical product, gene delivery systems will require extensive stability 

testing prior to commercial use. In many o f the transfection protocols currently in use, plasmid 

DNA is added to the GDV a short time before administration. This study was carried out to see the 

effect o f  different diluents on the size and integrity o f  the pDNA complex formed and to determine 

if these complexes were stable upon storage at 4°C.

10.6.1.1 Agarose gel

pCMV/wc plasmid was complexed with A PI-C D  (used as an example o f  the polycationic 

CDs) at mass ratio CD:pDNA 100:1 in DDDW, 0.I5M  NaCI or DMEM (containing 10% v/v 

serum) and stored at 4°C for up to 3 weeks. Stored and fresh samples were then cleaned up and 

DNA extracted using the Wizard™ DNA Clean-Up Kit and loaded onto a 1% w/v agarose gel. The 

results are shown below in Figure 10.18. As can be seen in Lanes 4, 6 and 8 after 3 weeks storage 

the plasmid DNA has been completely degraded and there are no bands present in these lanes. On 

the other hand the fresh samples, with the exception o f the complexes made up in DMEM, show 

little or no signs o f degradation and remain in the supercoiled form. DMEM causes complete 

degradation o f  the plasmid DNA, probably due to the presence o f DNase enzymes in the serum.
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Figure 10.18 Agarose gel o f  plasmid DNA extracted from API-CD: pCMVluc complexes (MR 
CD;pDNA 100:1) stored for 1 or 21 days.

Lane 1 = Molecular weight markers 
Lane 2 = Plasmid DNA alone 
Lane 3 = APl-CD;pDNA (in DDDW) day 1 
L ane4  = A Pl-C D :pD N A (in  DDDW) day 21 
Lane 5 = APl-CD:pDNA (in NaCI 0.15M) day 1 
Lane 6 = APl-CD:pDNA (in NaCI 0.15M) day 21 
Lane 7 = APl-CD:pDNA (in DMEM) day I 
Lane 8 = APl-CD:pDNA (in DMEM) day 21

10.6.1.2 PCS

In order to determine the stability o f  the complexes during this storage period, the 

complexes were sized using PCS. The results are shown below in Fig. 10.19. The initial complexes 

formed in DDDW and DMEM (10% v/v serum) are small, around 250nm in size, while the high 

ionic strength o f  the NaCI solution creates larger complexes some 2 microns in size. Over the three 

week storage period the size o f  the complexes grew, indicating a degree o f  physical instability. The 

most dramatic growth is seen in the complexes made up in 0.I5M  NaCI. These complexes not only 

grow in size but also have increased polydispersity. It must be remembered that during this period 

the pDNA is degrading which will lead to decreased complexation and thus at day 21 the sizes are 

more representative o f  API-CD  free in the given diluent.
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♦ DDDW -A — 0.15MNaCI - ^ 1 0 %  serum
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Figure 10.19 Size of APl-CD:pDNA complexes made up in DDDW, 0.15M NaCl or DMEM 
(10% w/v serum) when stored at 4°C.

10.6.2 Stability in the presence of DNase

Protection of plasmid DNA from nucleases has been found to be an important parameter in 

efficient gene delivery (Perales et al., 1994). Plasmid DNA is open to attack by nucleases both 

intracellularly and extracellularly and complexation with GDVs aims to decrease this lability. 

Challenging GDV/pDNA complexes with DNase enzyme is one method used to assess the 

protective abilities of vector systems. The CD/pDNA complexes were challenged with DNase 1 in 

the presence o f Mg^* ions and the pDNA subsequently extracted using SDS or the Wizard™ DNA 

Clean-up Kit (as described in 7.7.1). The samples were then run on a 1% w/v agarose gel and the 

results are shown below in Fig 10.20-10.21.

In Figure 10.20 the protective effect of DOTAP™ and (3-CD were tested. Naked pDNA 

was completely digested as seen in lane 3, while DOTAP™ offered a degree o f protection against 

digestion (Lane 5) by DNase. P-CD on the other hand offers no protection whatsoever. In Figure 

10.21 each o f the neutral and cationic CDs was tested at the MR which was found generally to be 

the optimum for transfection (as determined in Chapter 11), CD:DNA 100:1. The only CDs, which 

appear to offer any degree of protection against nuclease digestion are SBE-CD, DM-CD and 

AMI-CD. There was still a certain amount of degradation evident, even for these three vectors, as 

seen by the decrease in intensity of the band corresponding to supercoiled pDNA. Increased 

positive charge on a gene delivery complex, created by increasing polycation to pDNA ratio, has 

been shown to improve resistance to DNase digestion in vitro f^Chowdhury et al., 1993). A study 

was carried out using increased ratios of APl-CD;pDNA up to 1000:1, but no improvement in 

protection was seen.

224



Lanes:

C hap ter  10

1 2 3 4 5 6 7 8

Figure 10.20 Stability o f  plasmid DNA in the presence o f  DNase when complexed with DOTAP™ 
and P-CD.

Lane 1 = Molecular weight markers 
Lane 2 = plasmid DNA 
Lane 3 = plasmid DNA + DNase 
Lane 4 = DOTAP™:pDNA (CR +/- 2.4)
Lane 5 = DOTAP™:pDNA (CR+/- 2.4) + DNase 
Lane 6
Lane 7 = P-CD;pDNA (MR 100; 1)
Lane 8 = P-CD:pDNA (MR 100:1) + DNase

Lanes:

Figure 10.21 Stability o f  plasmid DNA in the presence o f  DNase when complexed with each o f  the 
neutral and cationic CDs at MR CD:pDNA 100:1.

Lane 1 = Plasmid DNA
Lane 2 = Plasmid DNA +DNase
Lane 3 = P-CD:pDNA
Lane 4 = P-CD:pDNA +DNase
Lane 5 = HP-CD:pDNA
Lane 6 = HP-CD:pDNA + DNase
Lane 7 = SBE-CD:pDNA
Lane 8 = SBE-CD:pDNA +DNase
Lane 9 = DM-CD:pDNA
Lane 10 = DM-CD:pDNA + DNase
Lane 11 = APl-CD:pDNA

Lane 12 = APl-CD:pDNA +DNase
Lane 13 = AP2-CD:pDNA
Lane 14 = AP2-CD:pDNA DNase
Lane 15 = IMl-CD:pDNA
Lane 16 = IMl-CD:pDNA +DNase
Lane 17 = lM2-CD:pDNA
Lane 18 = lM2-CD:pDNA +DNase
Lane 19 = MEI-CD:pDNA
Lane 20 = M El-CD:pDNA +DNase
Lane 21 = AM l-CD:pDNA
Lane 22 = AM 1 -CD:pDNA +DNase
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10.6.3 Effect o f serum on stability

The use o f  purified DNase enzyme to challenge plasmid DNA is generally assumed to be 

harsher than the conditions that actually exist in vivo. Several studies have used serum (which 

contains DNases amongst its other proteins) to determine the stability o f GDV/DNA complexes 

(Chiou et al., 1994). A range o f  the cationic CDs, A PI-, 1M3-, M E l-C D  was tested for stability in 

the presence o f serum (as described in 7.7.2). The effect o f  serum alone and the effect o f  serum on 

stability to DNase attack were tested. Wizard™ DNA Clean-up Kit extraction was required for all 

samples due to the interfering presence o f serum in the samples.

The results are shown below in Figure 10.22 and only those lanes without serum or DNase 

show plasmid present. It is clear that serum itself can degrade plasmid DNA and that the cationic

CDs tested offer no protection against this degradation by either serum or DNase alone or the two

together. Similar results were found for the neutral CDs.

L anes: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Figure 10.22 Effect o f presence o f serum (+ ser) on stability o f  CD:pDNA complexes and their 
susceptibility to DNase (+DNase) digestion.

Lane 1 = M olecular weight markers Lane 10
Lane 2 = plasmid DNA Lane 11
Lane 3 = plasmid DNA+ DNase Lane 12
Lane 4 = plasmid DNA+ ser Lane 13
Lane 5 = plasmid DNA+ ser +DNase Lane 14
L ane6  = A PI-C D :pD N A ( 100:1) Lane 15
Lane 7 = A Pl-CD :pD N A  +DNase Lane 16
Lane 8 = A Pl-C D :pD N A  +ser Lane 17
Lane 9 = A Pl-C D :pD N A  +ser +DNase

= lM 3-CD;pDNA (100:1)
=IM 3-CD:pDNA +DNase
=lM 3-CD:pDNA +ser
=lM 3-CD:pDNA+ser+DNase
=M El-CD:pDNA  (100:1)
=M El-CD:pD NA +DN ase
=M El-CD:pD NA +ser
=ME 1 -CD:pDN A+ser+DNase

10.6.4 Effect o f  heparin on binding

The strength o f interaction between pDNA and a given GDV may be tested by incremental 

addition o f polyanions, in this case heparin. The DNA binding affinity o f  a given GDV is important 

from the point o f  view o f condensing and protecting plasmid DNA during delivery but is also a 

factor in the release o f pDNA from the complex intracellularly, which for some vector systems is 

vital for efficient transcription. (Pollard et al., 1998). The principle behind this method is that
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challenging the complexes with polyanions provides an indication o f  how easily the polycation can 

be displaced from the plasmid DNA. Measurement o f  displacement was based on the access o f  

ethidium bromide to the base pairs, i.e. as displacement occurs access and therefore fluorescence 

should increase.

10.6.4.1 Agarose gel

Complexes o f  neutral p-CD and cationic CDs; API-, IM3- and M El-C D  (an example o f  

each group o f  CDs tested) with pCMVluc were formed at MR CD:pDNA 80:1 in DDDW and 

challenged with 5U heparin/|j,g DNA (equivalent to 28.5|ag heparin/|^g DNA). Control and 

challenged samples were run on a 1% w/v agarose gel (Fig. 10.23). As previously shown (3-CD 

does not efficiently bind plasmid DNA and heparin therefore has nothing to displace. The cationic 

CD/pDNA complexes had different responses to the presence o f  polyanionic heparin. API-CD 

successfully bound pDNA and resisted displacement by heparin. There was a slight increase in 

fluorescence within the well o f  Lane 4, indicating that access to the pDNA base pairs was 

somewhat increased, but the displacement was not sufficient to allow migration o f  the DNA 

through the gel, so no band appeared. 1M3-CD bound pDNA and was displaced to a greater extent 

than API-CD, with plasmid DNA bands migrating down the gel but retarded somewhat compared 

to naked pDNA, indicating that the charge/size o f  the plasmid DNA was still affected by the IM3- 

CD. M El-C D  failed to condense pDNA sufficiently at this MR, to prevent gel migration. From this 

gel, it would appear that the order o f  binding affinity o f  the CDs for DNA is API-CD > IM3-CD > 

M El-CD  = B-CD.

Lanes: 1 2  3 4 5 6 7 8

Figure 10.23 Effect o f  heparin (5Units/|a,g pDNA) on CD/pDNA binding 
Lane 1 = DM-CD:pDNA (80:1) Lane5 =IM3-CD:pDNA (80; 1)
Lane 2 = DM-CD:pDNA (80 :1) + Heparin Lane6 =IM3-CD:pDNA (80:1) +Heparin
Lane 3 = APl-CD:pDNA (80:1) Lane7 =ME1-CD:DNA (80:1)
Lane 4 = API-CD:pDNA (80:1) + Heparin Lane8 =M EI-CD :pD NA(80:l)  +Heparin
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10.6.4.2 Fluorimetric displacem ent assay

In order to assess the binding affinities o f  the three CDs in more detail, fluorimetric 

displacement assays were carried out. These involved complexing plasmid DNA with each o f  the 

CDs at MR CD:DNA 100:1 for A PI- and 1M3-CD and 1000:1 for MEl-CD. The higher MR for 

M El-C D  is required by this vector to condense pDNA and exclude ethidium bromide. Heparin was 

added incrementally until a plateau o f  fluorescence was reached and displacement appeared to be 

maximised. The titration curves o f  displacement (Fig. 10.24) indicate that below a threshold level 

o f  some 400fig heparin (11.5U/|ig DNA) there is little or no displacement o f  the cationic CDs from 

the pDNA and fluorescence is only marginally increased. The three vectors have different initial 

levels o f  pDNA binding and subsequent ethidium bromide exclusion, with API-CD  starting at 

almost no fluorescence, while the other two systems allowing up to 30% o f  maximum fluorescence 

when bound. Despite these initial differences all three seem to respond at the same threshold level 

o f  heparin. The titration curves are sigmoidal in shape, with a rapid increase in displacement 

between 400 and 800|ig heparin for A PI- and 1M3-CD, while higher quantities o f  heparin are 

required to fully displace M El-CD, probably due to the increased polycationic charge present in 

this complex. The region on the graph between 400 and 800 |j,g heparin represents the transition 

when the anion;cation ratio approaches I for API-CD  and IM3-CD, i.e. above this region there is a 

surplus o f  polyanions present. The fluorescence associated with APl-CD:pDNA complexes 

increases from 7% to almost 70%, but further addition o f  heparin fails to displace the cation fully. 

1M3- and M El-C D  (even at higher mass ratio) on the other hand are fully displaced by heparin. 

The quantity o f  heparin corresponding to the specific heparin used in the agarose gel assay was 

approximately 400|ig, and the titration curve correlates well with the agarose gel results. API-CD 

at this point is still tightly bound to plasmid DNA, while IM3-CD has been displaced to allow 

approximately 70% o f  maximum fluorescence. The results for M El-CD cannot be compared 

directly, as a different MR o f  complexation was used. Higher ratios o f  CD appear to have a 

dramatic effect on the amount o f  polyanion required for displacement but not on the maximum 

level o f  displacement achieved. The arrow on the titration curves represents the equivalent 

concentration o f  heparin in cell culture media. The quantities o f  heparin present in vivo in plasma 

are much lower than this approximating 20(ig on the x-axis o f  the graph..
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Figure 10.24 The displacement o f poiycationic CDs from plasmid DNA by heparin as measured by 
ethidium bromide fluorescence. The level o f  displacement is expressed as the percentage o f 
fluorescence o f  the complexes compared to the fluorescence o f naked pDNA (at the same 
concentration against the amount o f heparin added to the system. The arrow represents the 
concentration o f heparin in culture media (85|Hg/ml).

10.7 Toxicity o f CD/pDNA complexes

10.7.1 Toxicity o f neutral and cationic CD:pDNA com plexes

An MTT assay as described in section 7.9.1 was used to determine the toxicity o f the 

CD/pDNA complexes on COS-7 cells. Four o f  the most successful CDs were tested. Given the 

novel nature o f  the cationic CDs a range o f ratios (and therefore concentrations) was tested on the 

cells. Mass ratios o f  10:1 to 1000:1 CD:pDNA were tested, as well as the complexes with 

chloroquine (lOOfiM). The MTT assay was modified and was run as a normal transfection 

experim ent until the end point, when the cells were treated with M TT and solubilised overnight (as 

in 7.9.1). The optimised transfection conditions were used in order to as closely as possible 

determine the toxicity levels o f  the CDs during transfection. The complexes composed o f l)ag 

plasmid DNA complexed with the appropriate quantity o f  CD were made up in DDDW and added 

to 200^1 o f Opti-MEM. The transfection complexes were left for 4 hours, at which point each well 

was supplemented with serum-containing media for a further 20 hours. The transfection medium 

was then removed and fresh media added for another 24 hours, at which point the MTT assay was 

carried out. The toxicity was determined relative to control cells, which were incubated in media 

only.

DM-CD proved reasonably non-toxic up to a ratio o f  CD:pDNA o f 100:1, with 

dehydrogenase activity o f greater than 60%, but the toxicity increased significantly above this ratio 

or when chloroquine was used concomitantly. The neutral CD, DM-CD, was the least toxic at 

lower concentrations but proved just as toxic as the cationic CD at higher concentrations. The
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CD:pDNA ratios o f 10:1, 100:1 and 1000:1 correspond to initial concentrations o f 30|^g/ml, 

300)ig/ml and 3mg/ml respectively. These concentrations are then diluted 3-fold when serum- 

containing media is added. As can be seen in Figure 10.25 the tox ic ity  o f  the complexes 

increases as the quantity o f  CD present increases and this holds true fo r both the neutral 

(D M -C D ) and the cationic CDs tested.
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Figure 10.25 Effect o f neutral (DM-CD) and cationic (AP l-CD, AP2-CD, 1M3-CD) CDs on cell 
viability when complexed with pDNA per well at a range o f MRs CD:DNA o f 10:1 to 1000:1, as 
well as the toxicity o f the complexes in the presence o f chloroquine (+C1) at MR 100:1.

The LD 5 0 S for the four CDs are shown below in Table 10.6. From this table it is easy to 

determine the order o f toxicity o f the CDs. In order o f decreasing toxicity IM3- > API - > DM- > 

AP2-CD. This was a surprising result given that cationic moieties are generally associated with 

higher levels o f toxicity.

Table 10.6: L D 5 0  o f CD:pDNA complexes at which dehydrogenase activity is reduced to 50% o f 
control (untreated) cells. The concentrations represent the concentration o f the complexes in 
contact with the cells for the first four hours. The concentration is diluted three-fold with media 
after this time

MRCD:pDNA Concentration

AP1-CD 560 1.68mg/ml

AP2-CD 1493 4.48mg/ml

IM3-CD 82 0.25mg/ml

DM-CD 606 1.82mg/ml
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In order to assess the potential o f  com bining CD s with established vector systems, such as 

PEI H M W  or DOTAP™, to enhance transfection the toxicity o f  the combined systems must be 

tested. Given that all three systems produce some level o f  toxicity, it is important to ensure that the 

com binations do not overly com prom ise cell viability. Thus, M T T  assays were carried out on 96- 

well plates using the same concentrations as for transfection, and adding 100|j.l o f  O pti-M EM  

containing the transfection com plexes to each well.

In Figure 10.26 the toxicity o f  PEI H M W  and A P l-C D  com binations is shown. The A P l-  

C D /pD N A  com plexes appear to be more toxic than the PEI H M W  complexes. W hen the two 

vectors are used in the same system the level o f  toxicity produced appears to depend on the order o f  

addition i.e. on which vector is used to condense the plasmid DNA and which is free in solution.

120

Vector system

F igure 10.26 Toxicity o f  PEI H M W /A P l/p D N A  com plexes in COS-7 cells, with controls o f  
plasmid DNA alone, A P l-C D :p D N A  com plexes (M R  C D :pD N A  100:1), PEI H M W ipD N A  
com plexes (N/P 2 and 5).

When plasmid DNA is condensed with PEI H M W  N /P  2 o r  N /P  5 and A P l-C D  is added at 

mass ratios 10:1 and 100:1 C D :pD N A  the level o f  toxicity is relatively low, lower than when A P l-  

CD  is used alone. The toxicity levels do increase, however, when the concentration o f  free A P l-C D  

increases at m ass ratio 1000:1. W hen plasmid DNA is condensed  with A P l-C D  and PEI is added 

cell viability is significantly compromised.

W hen three com ponent systems including DOTAP™ and A P l-C D  were mixed with 

plasmid DNA the toxicity results, as shown in Figure 10.27, depended on both the concentration o f
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the vectors and the order o f  addition. Again A Pi-CD /PD N A  complexes were more toxic than the 

DOTAP™/PDNA complexes. When DOTAP^'^ was used to condense the plasmid DNA and A P l- 

CD was added at 100:1 CD.DNA the toxicity was decreased. Only when the free A PI-CD  

concentration reached 1000:1 did the toxicity increase. When A Pl-C D  was used to com plex the 

plasmid DNA and DOTAP™ added the presence o f  the cationic lipids appeared to decrease the 

toxicity o f  the A Pl-C D /D N A  complexes alone.

^  120

Vector systems

Figure 10.27 Toxicity o f  DOTAP™ /APl/pDNA complexes in COS-7 cells, with controls o f 
plasmid DNA alone, A Pl-C D :pD N A  complexes (100:1), DOTAP™:pDNA complexes (CR +/- 2.4 
and 1.5).

10.8 Discussion

The main thrust o f  this work was to characterise the relationship between polyanionic 

plasmid DNA and CDs, both neutral CDs and polyamino derivatives. The nature o f  this interaction 

has been found to influence the biological activity o f GDVs, as well as going some way to 

determining their mode o f  action.

10.8.1 DNA Binding

The ability o f the cationic P-CDs to retard pDNA in the gel retardation study indicates that 

there is enough interaction between the pDNA and the polyamino CDs to alter the electrophoretic 

mobility o f the pDNA. This is as a result o f  charge neutralisation and also possibly the formation 

o f large inflexible structures (Haensler and Szoka, 1993; Wolfert and Seymour, 1996). The neutral 

CDs fail to retard the pDNA, which would indicate that no complexation took place upon mixing. 

DNA condenses in the presence o f polycations when 89%-90% o f its charge is neutralised (W ilson 

and Bloomfield, 1979) and from the zeta potential data it is clear that only the polycationic CDs are
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capable o f  neutralising the p olyan ion ic p D N A , w ith 100%  neutralisation occurring b etw een  M Rs 

polyam ino C D ip D N A  o f  15:1 to 60:1.

T he results o f  the ethidium  brom ide exc lu sion  assay  confirm  these d ifferen ces and because 

o f  the greater sensitiv ity  o f  th is assay m ore p rec ise  structure-activity relationships can be 

d eveloped . Zhao et al., (1 9 9 5 ) have seen  sign s from  N M R  results that there is in fact an interaction  

betw een  o ligon u cleo tid es and neutral C D s and H offm an and B ock, (1 9 7 0 ) have show n that P-C D s 

interact w ith n ucleic  acids by binding ad en osine or in osin e b ases, but n u cleotid es in d oub le

stranded h e lices  resisted  C D  com p lexation . W hatever the interaction betw een  the neutral C D s and 

p D N A , it fa ils  to in fluence either the charge or flex ib ility  o f  the plasm id D N A  enough to prevent 

m igration. T he cation ic sid e groups on the p olyam in o  C D s are producing strong enough  

electrostatic interactions w ith the p olyanionic D N A  m o lecu les  to neutralise the p o lyan ion ic charge, 

confirm ed by the zeta potential data.

G hosh  et al., (2 0 0 0 ) found that the association  b etw een  p ositive ly  charged am ino C D s and 

phosphate esters (such  as those in the D N A  backbone) w ere m ediated by a com bination  o f  

hydrophobic and electrostatic interactions. N u c leo tid e  phosphates w ere show n to bind to p ositively  

charged C D s w ith sign ifican t affin ity . A num ber o f  the ca tion ic  C D s in this study are c la ssified  as 

am phiphilic C D s (A P 2, IM l, IM 3) and as such have surface-active properties (S ch w in te  et al., 

1998). T his surface activ ity  w as confirm ed by ten siom etric m easurem ents o f  both A P 2-C D  and 

IM l-C D  and com pared to (3-CD (see  A ppendix  XI). T h ese C D s have been found to self-aggregate  

in solution (H olohan, 1999) and this m ay alter their interaction with plasm id D N A . The inability o f  

the a lk ylim id azole (IM ) C D s to com p letely  ex c lu d e  eth idium  brom ide m ay be due to  the alkyl 

group and orientation o f  the h eterocycle preventing c lo se  interaction betw een plasm id D N A  and 

the cation ic im id azole groups. M E l-C D  bound p lasm id  D N A  on ly  at high M R s, and this w as  

probably a lso  due to the steric effec t o f  the m ethoxyeth yl group. The IC5 0 S o f  b inding for these  

cation ic C D s, w hich  had alkyl groups attached to the am ine groups, w ere higher than th ose for the 

A P- and A M I-C D s, indicating that the initial b ind ing ab ility  as w ell as the final extent o f  

condensation  w as reduced. Previous studies u sing  A P  and IM headgroups in pH -sen sitive  

lip osom es found that D N A  binding w as p H -sen sitive  and that b inding increased in acidic  

con d itions (B udker et al., 1996). T h is group determ ined the intrinsic pKa for the IM lip osom es to  

be around 7 .1 , w h ile  that for A P lip osom es to be around 5.3 indicating that the AP groups are less  

basic. The D N A  binding ability  o f  these lip osom es w as found to increase as pH decreased.

The inability o f  the neutral C D s to interact w ith  p D N A  w ould  appear to be d irectly  related  

to their lack o f  charged groups. The in fluence o f  the type o f  substituents on the core C D  m olecu le  

is clear as the degree o f  a ffin ity  o f  each o f  the ca tion ic  C D s varied. T h ese d ifferen ces were  

probably due to a com bination  o f  electrostatic and steric d ifferen ces betw een the groups. The
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kinetics o f  condensation varied for each headgroup, with similar functional groups interacting with 

plasmid D N A  in a similar way.

10.8.2 Morphology and Size of the complexes

The cationic C D s in this study are multivalent cations, resembling oligom ers rather than 

lipid or polymeric systems. Multivalent cations including spermidine, spermine, protamine and 

histone HI and hexam ine cobalt induce plasmid DNA condensation (Gosule and Schellman, 1978; 

Clark and Thom as, 1986; Plum and Bloomfield, 1990). Free DNA is a s t i f f  b iopolym er with 

closely-spaced phosphates that repel each other. Com paction was achieved by addition o f  the 

multivalent cationic CDs, which compacted the pDNA. W hen polycations interact with pD N A  a 

limited range o f  morphologies are generally seen; toroids, spheroids and/or rods about 50-300nm in 

size (Tang and Szoka, 1998b). The size o f  complexes formed has been shown to be independent o f  

the size o f  DNA used but can be influenced by the topology o f  the DNA (Tang and Szoka, 1998b). 

The nature o f  the condensing  agent will also affect the size o f  toroid formed, particularly properties 

such as molecular weight, charge density, hydrogen bonding and hydration forces. O ther factors, 

which may influence size, include mixing factors such as concentration o f  DNA and CDs, the rate 

o f  mixing and the length o f  time allowed for condensation (Plum and Bloomfield, 1990).

The size and morphology o f  the complexes formed between pD N A  and the CD s is 

important for several reasons. M any groups have studied the effect o f  pD N A /G D V  com plex size on 

transfection ability and have linked it with the mode o f  uptake o f  the com plexes into cells, given 

that many o f  the internalisation processes e.g. endocytosis are based on vesicles with limited 

d imensions (Feigner et al., 1994; Liu and M ounkes, 1997; Ross and Hui, 1999; Tang  et al., 1996). 

The size and m orphology o f  a system will also be key parameters in stability and quality control. 

As was seen with the stability study, a change in size o f  the com plex over time generally indicates 

some degree o f  degradation, in this case o f  the plasmid DNA. The inability o f  neutral CD s to form 

com plexes was clear from the difficulties experienced in sizing these systems. N o valid results 

within the correct limits o f  polydispersity could be achieved. The stability o f  colloid systems is 

generally dependent on electrostatic repulsive forces between particles, forces that are limited in 

these neutral C D  systems (Tang and Szoka, 1998a).

The increasing average size o f  the cationic C D /pD N A  com plexes with increasing M R  may 

m ake the larger com plexes inaccessible to the cell, thereby limiting the transfection efficiency. 

Gonzalez et al., (1999) using polymeric cationic CDs found that their systems when complexed 

with plasmid DNA produced a large peak in size around the mass ratio required for charge 

neutralisation. N o  such peak was seen in Figure 10.11 and this may be due to the particulate nature 

o f  the com plexes formed. Alternatively, the exact point o f  neutralisation may have been missed.
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given that large increments o f CD were used between different samples. Once the complexes have 

reached a stage where zeta and ethidium bromide exclusion results indicate that plasmid DNA is 

completely condensed, the size o f  the particle stabilises (~200nm). This would be expected given 

that the complexes at this MR are highly compact, charged particles, which would tend to repel 

each other. In high concentration salt solution much larger particles are formed (Fig 10.19) which 

are less stable over time than the compact particles formed in DDDW.

The cationic CDs in this study are polycationic in nature, i.e. have multiple cationic groups 

on each molecule. Addition o f increasing concentrations o f  cationic CD appears to allow effective 

interaction with plasmid DNA to form highly structured toroids initially, while at higher 

concentrations, tubular structures are formed. The shape o f  the structures formed more closely 

resembles the morphologies o f polymeric gene delivery systems than liposomal GDVs. Gonzalez et 

al., (1999) using polymeric cationic CDs found that toroidal structures were formed when plasmid 

DNA was complexed. The complexes formed by the cationic CDs appear to be a mix o f toroids and 

fibrillar structures. Many studies using pLL have found toroidal and rod-like morphologies present 

simultaneously (W agner et al., 1991; Tang and Szoka, 1997). In this case the rods are more fibrillar 

in nature with a tendency to bend and twist. Fibrillar-type structures have been noted in complexes 

o f DNA with basic proteins, such as histones, and peptide-based carrier systems (W agner et al., 

1991). This again emphasises the oligomeric nature o f  the cationic CDs.

10.8.3 Zeta sizing

The charge o f gene delivery complexes has been shown to have an important influence on 

transfection both in vitro and in vivo. The commonly accepted ionic cell membrane transfection 

process implies that positively charged complexes are required for efficient in vitro transfection. 

The zeta potentials o f all the DNA complexes formed with the novel cationic CDs were negative at 

low MRs with charge inversion occurring at around MR CD:pDNA o f between 10:1 and 60:1 in 

lOmM NaCl. Not surprisingly given their inability to affect the electrophoretic character o f plasmid 

DNA, the neutral CDs failed to cause any degree o f  charge inversion. The similarity in the pattern 

o f  the cationic CDs to alter the zeta potential indicates that each o f the derivatives has a similar 

degree o f charge in water (lOmM NaCI). Each o f  the CDs was fully substituted at the primary 6- 

hydroxyl with a range o f functional groups, which were responsible for the cationic charge present; 

pyrdines, imidazoles, primary and secondary amines. Each nitrogen atom possesses a different pKa 

and therefore a different degree o f  basicity, i.e. different tendency to become protonated and 

charged. The presence o f  a number o f these groups in close proximity, as well as the interaction 

with polyanionic DNA, would affect these pKa values. Each o f the cationic CDs did possess at 

least one strong basic group with a high pKa, which allowed protonation o f some o f the groups on 

each molecule at or about pH 7. In the case o f  the heterocyclic cationic CDs, these molecules
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possess a second protonatable moiety. Jt is evident from tiie high quantities (ratios) o f  cationic CD 

required to neutralise plasmid DNA that only a portion o f  the cationic functionalities on each CD 

are available for binding. Theoretically  there are at least 7 cationic charges associated with each o f  

the cationic CDs. But in reality several moles o f  cationic C D  are required to neutralise one mole o f  

DNA due to the effect o f  the presence o f  counter-ions, the influence o f  the C D  structure and 

proximity o f  the substituent groups, which can suppress protonation o f  neighbouring am ine groups, 

thus lowering the pKa.

The point at which charge inversion occurred was found, not surprisingly, to depend on the 

pH o f  the diluent. The behaviour o f  the complexes in acidic pH was particularly interesting as this 

was predictive o f  their charge within the acidic endosom al compartment. Each o f  the com plexes 

became more protonated at lower pHs over the range o f  M R s tested. Potentiometric titrations o f  a 

6-aminated C D  determined the pK a values for the seven protonated forms possible. The  influence 

o f  the proximity o f  the functional groups to each other within the C D  molecule was evident with 

protonation taking place over a wide range o f  pHs, as opposed to at a definitive single pKa 

(Holohan, 1999). W hen an oppositely charged C D  was added a significant deviation from the 

titration curve for the am ino-C D  alone was noted, with protonation occurring at even lower pHs 

(Holohan, 1999).

Given the complexity  involved in determ ining the degree o f  cationic charge present in a 

given aminated C D  derivative at a given pH, mass rather than charge ratio was utilised to describe 

the ratio o f  CD :pD N A . PEI, similarly, is not fully protonated at physiological pH and this has led 

investigators to using N /P  ratios. By converting mass ratios to the equivalent N /P  ratio for each 

cationic C D :pD N A  com plex  the differences in molecular weight and the num ber o f  am ine groups 

present on the different derivatives can be taken into consideration. It must be remembered, 

however, that the nitrogen-containing functionalities in the different families (AP-, IM-, A M - and 

M E-CD ) o f  cationic CD s tested are different and the degree o f  protonation will differ, i.e. equal 

N/P ratios does not equate  with equal charge ratios. For example for the cationic C D  derivative, 

A P I-C D , m ass ratios o f  1:1, 1:10 and 1:100 (C D :pD N A ) are approximately equivalent to N /P 

ratios o f  2,8, 28 and 280 respectively. Table 10.7 shows the N /P  ratios for each o f  the cationic 

C D /pD N A  over a range o f  mass ratios.
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Table 10.7 Equivalent N/P ratios for each o f  the cationic CDs at mass ratios CD;pDNA 10:1, 100:1 
and 1000:1.

N/PRatio

M ass ratio CD:DNA 10:1 100:1 1000:1

A PI-CD 28 280 2800

AP2-CD 20 204 2040

IM l-C D 21 215 2150

IM2-CD 25 248 2480

IM3-CD 19 189 1890

A M I-CD 21 207 2070

M El-C D 14 144 1440

The size and shape o f a particle is also known to affect the zeta potential (Malvern 

ZetaSizer User Manual, Malvern Instruments Ltd., Malvern, UK), so not only the charge but also 

the stereochemistry o f the CD and the resulting com plex may influence the surface charge o f the 

complexes.

10.8.4 DNA Stability

The larger and more unstable complexes formed in NaCI solution can be explained using 

DLVO (Derjaguin, B., Landau, L.D., Verwey, E.J.W. and Overbeek, J.Th.G.) Theory, which 

defines the stability o f colloid systems based on the balance between attractive and repulsive forces 

(Martin, 1993). it has been found that electrostatically stabilised colloid systems can undergo 

flocculation (particles become physically associated) when the salt concentration o f the solution 

increases, i.e. electrostatic repulsion is reduced with increasing ionic strength. Forces, other than 

electrostatic forces, are thought to be involved in polycation interaction with DNA. Kabanov and 

Kabanov, (1995) for example, found that depending on the conditions, interaction between pLL 

and DNA led to formation o f hydrophobic sites on the complex. Thus, the stability o f a complex is 

not completely dependent on electrostatic repulsion and attraction but may also be governed by 

other forces. Gonzalez et al., (1999) looking at cationic polymeric P-CDs similarly found that 

addition o f  150mM salt to their particles led to extensive aggregation immediately, while those 

formed in DDDW were stable for hours.

Complexation o f the plasmid DNA with the CD did not appear to affect the plasmid 

stability. This was shown in gel electrophoresis studies when plasmid was decomplexed from the 

CDs (in the absence o f DNase) using SDS and remained primarily in the supercoiled circular form. 

The level o f DNase used in the stability studies caused complete degradation o f naked pDNA and 

only some o f the neutral (e.g. DM-CD) and cationic (e.g. A M I-CD ) CDs provided a limited
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amount o f  protection against tiie purified nuclease. The increased stability o f the A M l-CD /pD N A  

complexes compared to the other cationic CDs may be due to the closeness o f the cationic group to 

the CD backbone, i.e. the plasmid DNA is bound so closely to the AM I-CD that the CD provides 

steric protection for the DNA against nucleases. Zhao et al., (1995) similarly found that the stability 

o f oligonucleotides against cellular nucleases failed to improve in the presence o f  HP-CD. DM-CD 

is more soluble and produces greater binding with drug molecules than the parent P-CD (Stella and 

Rajewski, 1997) and this stronger affinity may explain its ability to increase the stability o f pDNA. 

Studies have indicated that both cationic lipids and cationic polymers can protect pDNA against 

enzymatic breakdown (Bielanska et al., 1997; Birchall et al., 1999; Crook et al., 1998) and 

Gonzalez et al., (1999) found that cationic polymeric CDs were able to produce some degree o f 

protection against nucleases. This would indicate that the cationic CDs in this study interact with 

plasmid DNA without actually coating and protecting it like a polymer or lipid would. It is thought 

that protection from nucleases achieved by vector systems is due to complexation-induced changes 

in DNA tertiary structure which cause a steric hindrance to nuclease attack (Richardson et al., 

1999)

Rapid degradation o f plasmid DNA by serum nucleases is one o f the greatest barriers to 

successful gene delivery in vivo (Zelphati et al., 1998). Stability studies using purified, 

concentrated nucleases show only a limited amount o f  protection for the pDNA when complexed 

with the polycationic CDs. Studies carried out using poly-L-lysine have shown an efficient level o f 

transfection when challenged with serum but only a limited amount after challenge with purified 

nucleases, so use o f these isolated DNases may not be accurately indicative o f in vivo performance 

(Bally et al., 1999). Studies challenging CD/pDNA complexes with serum were carried out and it 

was found that the CDs tested (A PI-, IM3-, M E l-C D ) did not protect the plasmid DNA from 

serum nucleases. Many vector systems produce decreased transfection levels when used in the 

presence o f  serum (Feigner et al., 1994, Zelphati e ta l., 1998; Senior e ta l., 1991).

The affinity o f the different cationic CDs for plasmid DNA as measured by heparin 

displacement studies found that the different cationic CDs had different affinities for pDNA. Again 

the affinity and the amount o f  heparin required to displace the CD as well as the degree to which 

the plasmid DNA can be displaced was found to be related to the structure and charge o f the 

various derivatives. The AP-CDs, which bound the plasmid DNA most successfully, also formed 

the most stable complexes. The stability o f complexes affects two main steps in the transfection 

process. If plasmid DNA is displaced easily by polyanions then the complex will be unstable in 

serum. On the other hand if the complex is too stable then the plasmid DNA may not be released 

intracellularly to allow transcription. All the cationic CD/pDNA complexes offered different levels 

o f  resistance to displacement but were capable o f  some degree o f decomplexation.
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10.8.5 Toxicity

The C D :p D N A  co m p lex es proved to be relatively  n on-toxic at the m ass ratio (C D :D N A )  

later found to  be optim um  for transfection (section  11 .3 .1 ), i.e. C D :D N A  100:1. In the ca se  o f  the 

cation ic C D s at high m ass ratios/concentrations, the plasm id D N A  has been com p letely  neutralised  

and a charged particle form ed, i.e. there is a large am ount o f  free cation ic C D  present. P -C D  

e ffec tiv e ly  so lu b ilise s  m em brane com ponents due to its hydrophobic inner core and its d im ensions. 

D erivitisation  o f  C D s ch an ges the nature o f  this interaction and m ethylation o f  P -C D  (D M -C D ) has 

been found to  increase to x ic ity  over that o f  the parent P-C D . The h aem olytic /tox ic  activ ity  o f  C D s  

has been correlated w ith  their capacity  to so lu b ilise  ch olestero l (Irie and U ekem a, 1997), thereby  

increasing the flu id ity  o f  the m em brane, an effec t that m ay be advantageous for gen e d elivery. At 

low er con centrations the cation ic C D s are m ore tox ic  than the neutral D M -C D , w h ile  at higher 

con centrations D M -C D  co m p lex es produce com parable d ecreases in dehydrogenase activ ity . The 

IC50 for th ese  C D s (T ab le 10.6) w ere much higher than for som e o f  the com m only  used cation ic  

lipid G D V s, for exam p le w hen D O T M A :D O PE  and D C -C hol:D O P E  p D N A  co m p lex es w ere tested  

on A 431 c e lls  the IC50 o f  D O T M A :D O P E  com p lexes w as found to be 6 |a,g/ml, w h ile  that for DC- 

C hol:D O P E  co m p lex es w as 25)ag/m i. This w ould  indicate that w hile  the cation ic and dim ethyl 

d erivatives m ay be sligh tly  m ore tox ic  than the parent P -C D , they are less tox ic  than m any o f  the 

cation ic G D V s availab le com m ercially . From the com bination  studies it appeared that A P l-  

C D /p D N A  (C D :p D N A  100:1) co m p lex es w ere m ore tox ic  than D O T A P™ /pD N A  (CR  + /- 2 .4 ) and 

PEI H M W /p D N A  (N /P  5) com p lexes. A nother point to note is that all tox ic ity  stud ies w ere carried 

out in O pti-M E M , serum -free m edium . G on zalez et al., (1 9 9 9 ) found that the tox ic ity  o f  cation ic, 

P-C D  con ta in ing  polym ers w as reduced w hen tox ic ity  w as m easured in m edium  con ta in ing  10% 

v /v  serum.

T he tox ic ity  data for the com bination system s found that it w as not sim ply the 

concentration  o f  the tw o  vectors w hich  influenced  ce ll v iab ility  but a lso  the order o f  addition o f  the 

system s. T he order o f  addition o f  the carriers dictated w hether the carrier w as com p lexed  with  

plasm id D N A  (i.e . the first added) or w as free in the system  (i.e . the second  added). PEI H M W  w as  

less tox ic  w hen  bound to  plasm id D N A  than w hen added after A P I-C D  had con d en sed  the plasm id  

D N A , indicating that free PEI H M W  w as m ore tox ic  than PEI HM W  bound to D N A . On the other 

hand A P I-C D  appears to be m ore tox ic  w hen bound to D N A  as ev id en ced  by the fact that A P l-  

C D /p D N A  co m p lex es at m ass ratio C D :p D N A  100:1 are far m ore tox ic  than PEI (N /P  2 ) and A P l-  

C D  (M R  100:1) in com bination  w ith plasm id D N A . DOTAP™  appeared to be less tox ic  w hen free 

in so lu tion , as show n by the increased ce ll v iab ility  w hen  the plasm id D N A  w as com p lexed  with  

A P I-C D  and then DOTAP™  w as added. The m ethod o f  ce ll disruption m ay be sim ilar for the 

cation ic lip ids and the ca tion ic C D s. Cationic polym ers tend to interact w ith ce ll surfaces through  

en d ocytic  p rocesses, w h ile  ca tion ic lip ids a lso  have the ab ility  to fuse with m em branes.
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Overall then, it was found that the novel polycationic CD s successfully bound plasmid 

DNA, forming neutralised, toroid/fibrillar structures o f  betw een 100 and 200 nm. The neutral CDs 

on the other hand failed to com plex plasmid D N A  or neutralise its charge. There were differences 

seen between the DNA binding ability and stability for each o f  the polycationic CDs, which could 

be related to the type o f  substituent present, and the com plexes only proved toxic at relatively high 

concentrations.
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Chapter 11

Transfection ability of Neutral and Cationic Cyclodextrins 

11.1 Introduction

The most basic and natural form o f gene delivery is the process o f fertilisation. Choi and 

Toyoda, (1998) determined that methyl-p-CD could enhance this process by increasing 

capacitation o f  sperm, i.e. increasing cholesterol loss from the surface o f the spermatozoa. Croyle 

et al., (1998b) utilised P-CD and positively charged P-CD derivatives to enhance the transduction 

efficiency o f adenoviral vectors and more recently Roessler et al., (2001) found that substituted P- 

CDs were capable o f enhancing PAMAM dendrimer mediated transfection in vitro while Arima et 

al., (2001) found that conjugating neutral CDs, a - , P- and y-CD, with polyamidoamine dendrimers 

also increased transfection efficiency. Little investigation has been done on the effects o f  CDs 

alone as carriers, although some success was had by Freeman and Niven, (1996) when they used P- 

CD as the lone excipient with plasmid DNA in in vivo studies in the lung. Other groups have 

looked at the effect o f  neutral P-CDs, such as 2-hydroxypropyl P-CD and Encapsin (which is a 

mixture o f hydroxypropyl P-CD with various degrees o f modification), on the uptake o f 

oligonucleotides into cells (Zhao et al., 1995). Thus, overall a thorough investigation o f  neutral 

CDs as GDVs has not been carried out. Traditional drug transport studies have looked at the 

mechanisms o f  CD action on cells but no thorough examination o f the effects o f  CDs on the 

processes o f  gene delivery has ever been performed.

The cationic CD derivatives characterised in Chapter 10 were tested for biological activity. 

Having characterised the complexes formed between these CDs and plasmid DNA, their ability to 

mediate uptake o f plasmid DNA and increase transfection was assessed. The functional groups 

used to confer the positive charge on these CD derivatives had previously been used on cholesterol- 

and ethanolamine-based backbones, which proved to be successful transfection agents (Budker et 

al., 1996). Gonzalez et al., (1999) synthesised polymeric cationic P-CDs, which were found to 

condense and protect plasmid DNA and were found to transfect successfully. The combination o f 

these literature results along with the ability o f the CDs to interact with pDNA (chapter 10) led to 

these biological studies.
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11.2 Aims and Objectives

• Examine the transfection efficiency o f neutral and cationic CD complexes in COS-7 cells and 

determine the effects o f  CD:pDNA mass ratio, DNA dose, diluent, expression and transfection time 

on the levels o f  expression

• Determine the effect o f  the neutral and cationic CDs on the level o f  plasmid DNA associated 

with COS-7 cells and examine the relationship between the levels o f  cell-associated DNA and the 

luciferase expression produced by each system

• Analyse the effect o f serum on CD-mediated transfection and pDNA uptake

• Compare binding and internalisation o f pDNA by each CD complex and determine the role o f 

proteoglycans in the uptake mechanisms o f each system

• Determine the effect o f  the endosomolytic agent, chloroquine, on the transfection ability o f 

each o f  the CDs

• Analyse the transfection efficiency o f  combining A PI-C D  with PEI HMW or DOTAP™ in 

tricomponent systems with plasmid DNA

RESULTS  

11.3 Optimisation o f Transfection Conditions 

11.3.1 Mass Ratio

Having characterised the type o f interaction that exists between the neutral and cationic 

CDs, the next step in the GDV testing process involves determining their transfection ability i.e. 

their biological activity. The COS-7 cell line, as was shown in Chapter 8, is one o f the most easily 

transfectable cell types available and was thus chosen for testing the transfection ability o f  both the 

neutral and novel cationic CDs. The highly sensitive, luciferase assay, was used as the reporter 

gene system, i.e. the CDs were complexed with pCMVluc plasmid. It was hoped that any degree of 

intrinsic transfection ability would be detected under these conditions, given that virtually no 

optimisation work has been performed on the neutral CDs for gene delivery and the cationic CDs 

were novel (with the exception o f A M l-C D  which has been synthesised previously but not tested 

for gene delivery) and thus had never been tested previously.

One o f  the most important parameters in the optimisation o f any GDV is the ratio o f 

CDp:DNA. Thus, each CD was complexed with a fixed quantity o f plasmid DNA (previously 

shown to be sufficient to transfect COS-7 cells) over a wide range o f  CD:DNA mass ratios, from 

20:1 to 1000:1. As is shown in Table 10.3 (zeta data) this range o f mass ratios for the cationic CDs 

produced positively charged complexes. Therefore in the initial studies, the complexes were made 

up in HBSS pH 7.4 over this range o f MRs. The mixture was left to complex for 15-20 minutes and
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then added to each well, so as to give a final concentration o f l)ig/m l plasmid DNA and the 

appropriate quantity o f CD, depending on the ratio being tested. The complexes were left in contact 

with the cells for 4 hours in serum-free medium, after which time they were removed and replaced 

with fresh (serum-containing) medium and allowed to express for 24 hours. The results o f this 

study are tabulated below in Table 11.1. The first point to note is that each o f the CDs produces 

some degree o f improvement in transfection efficiency above control o f naked pDNA. The relative 

efficiencies o f each system cannot be discerned directly from this data, as the experiments were not 

carried out in parallel.

Table 11.1 Effect o f different CD:pDNA MRs on transfection efficiency (expressed as RLU/mg 
protein) in COS-7 cells when complexes were made up in HBSS, pH 7.4 and added to the cells at a 
concentration o f l|ig /m l pDNA for 4 hours.

CD

Mass
ratio

CD:DNA
P-CD AP1-CD AP2-CD IM1-CD IM2-CD IM3-CD MEl-CD AMI-CD DM-CD

Control 4.66E+01 3.16E+01 1 65E+02 2.13E+01 1.83E+01 1.83E+01 1.65E+02 3.18E+01 3.20E+01

20 1.13E+04 9.43E+03 2.70E+03 4.15E+02 5.36E+01 1.79E+02 1.57E+02 6.90E+04 2.29E+04

80 1.14E+04 9.00E+03 2.57E+03 3.65E+03 1.51E+03 1.80E+03 3.93E+02 2.27E+04 7.71 E+03

160 2.61 E+03 3.49E+04 9.98E+03 1.33E+02 3.31 E+02 2.71 E+02 7.86E+01 2.40E+03 2.54E+03

320 6.61 E+02 2.03E+03 5.80E+02 2.42E+02 5.54E+03 9.87E+01 8.65E+01 2.90E+03 1.93E+03

640 8.20E+03 1.15E+04 3.27E+03 8.25E+01 1.14E+03 4.17E+02 2.20E+02 2.25E+03 9.23E+02

1000 9.30E+02 9.93E+03 2.84E+03 1.72E+02 3.06E+03 1.02E+02 8.65E+01 8.40E+02 4.07E+02

DOTAP™ 8.75E+06 7.76E+06 7.04E+06 7.03E+06 7.27E+06 7.27E+06 7.04E+06 7.17E+06 7.08E+06

The general trends are most easily identified in Figure 11.1. In most cases an optimum MR 

for each CD seems to lie between 20:1 and 160:1 (except for IM2-CD). In the case o f the neutral 

CDs, seen in Fig. 11.1a, maximum transfection was seen at the lower MRs, corresponding to 

concentrations o f 20|ig/ml (MR 20:1) and 80)ig/ml (MR 80:1). DM-CD appears to produce 

maximum transfection at MRs 20:1, with a significant decrease in luciferase expression when the 

ratio was increased. The maximum for P-CD was not as defined with no significant difference 

between the levels o f expression produced at 20:1 and 80:1 CD:pDNA. As was seen with several o f 

the cationic CDs, M E l-C D  and IM2-CD, there was a slight increase in expression at a high MR 

after an initial fall. In most o f these cases this deviation from the trend produces expression levels 

with a high degree o f variability between samples. Given the evidence that neutral CDs don’ t 

complex pDNA to any great extent, it is perhaps the concentration o f the excipient rather than the 

ratio to DNA that is pivotal to optimisation o f the neutral CDs.
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Figure 11.1 Effect o f different MRs CD:pDNA on transfection efficiencies o f neutral and cationic 
CDs compared to a control o f naked pDNA in COS-7 cells. Complexes were made up in HBSS, 
pH7.4 and added to cells in serum-free medium for 4 hrs, before being removed and replaced with 
full, fresh media for a further 24 hrs. Values are expressed as mean ± S.E. (n=4).
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In the case o f the cationic CDs, Fig. 11.1b, c, d and e there were also trends in luciferase 

expression seen with changing MR. For the amino-pyridyl (AP) derivatives the optimal mass ratio 

was found to be 160:1 CDipDNA. For the alkylimidazolyl (IM ) and methoxyethylamino (M E l) 

derivatives the optimum tended to be around 80:1 CD:DNA (IM2-CD tended to show erratic 

expression at higher MRs). The equivalent CRs o f these complexes depend on the chemical 

structure o f the cationic CD and counter-ion in question and the basicity o f their amine functional 

groups. The MRs required to neutralise the negative charge o f the plasmid DNA (as determined by 

zeta sizing see section 10.5) were between 10:1 and 60:1 cationic CD:pDNA, depending on the CD 

being used. Thus, it can be stated that for the majority o f the cationic CDs, the optimum MR o f 

CD:pDNA occurs when the overall surface charge o f the complex is positive. AM l-C D /pD N A 

complexes produce maximum expression at a lower mass ratio o f 20:1 CD:pDNA as shown in 

Figure 1 l. ld .

Under these conditions (i.e. complexes formed in HBSS pH 7.4 and added to cells at a 

concentration o f l^g /m l pDNA for 4 hours) each o f the CD:pDNA complexes formed at optimal 

MR was used to transfect COS-7 cells and their relative enhancement o f luciferase expression over 

naked pDNA determined in a parallel experiment. The order o f enhancement from highest to 

lowest was as follows: AP l-CD > A M l-C D  > p-CD > AP2-CD > DM-CD > IM l-C D  > 1M2-CD > 

MEI-CD. (This data is represented graphically in Appendix X il). The highest level o f 

enhancement achieved by APl-CD/pDNA complexes was some 550-fold higher than the levels o f 

luciferase expressed by naked pDNA, while the least effective agent M E l-C D  produced only a 6- 

fold increase. The level o f luciferase expression produced by AP 1-CD/pCMV/mc complexes was 

still some 200-fold lower than the levels produced by DOTAP™/pDNA complexes under the same 

conditions. From these results both neutral and cationic CDs appear to be capable o f significant 

enhancement but it should be noted that under these transfection conditions transfection was highly 

variable and d ifficu lt to reproduce so further optimisation was conducted.

Table 11.2 Enhancement o f luciferase expression (RLU/mg protein) by CDs over control o f naked 
pDNA when CDs were complexed with pDNA at their optimal mass ratios in HBSS (pH 7.4) and 
added to COS-7 cell at concentration o f l|o,g/ml for 4 hrs, replaced with serum-containing medium 
for a further 24 hours and analysed. __________________________

CD
Relative enhancement 

above control
Control 0

B-CD 181
DM-CD 123
AP1-CD 556
AP2-CD 143
IM1-CD 58
IM2-CD 24
ME1-CD 6
AM1-CD 361
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11.3.2 Diluent

G onzalez  et al., (1999) found that cationic CD-containing polym er com plexes with plasmid 

DNA were only stable in w ater and aggregated in sah solution. This group also left their  CD /pD N A  

com plexes in contact with cells at high concentrations for up to 24 hours. In order to determine if 

some o f  these factors may have an influence on the levels o f  transfection efficiency produced by 

neutral and cationic CD s a series o f  more detailed optimisation studies were carried out.

The original M R  optimisation studies had been carried out using com plexes formed in 

HBSS pH 7.4, so a study was carried out to determine the effect o f  ionic strength o f  the diluent on 

the level o f  expression at different MRs and to determine if  this affected, a) the luciferase 

expression levels and b) the M R at which optimum was achieved. P-CD and D M -C D  were 

complexed with plasmid DNA in D D D W  or HBSS pH 7.4 at mass ratio 100:1 C D :pD N A , to give a 

concentration o f  100)^g/ml CD, and there was no significant difference in the luciferase expression 

levels achieved. The results are shown in Figure 11.2a.

The cationic com plexes were made up in D D D W  and HBSS pH 7.4 at a range o f  MRs, 

10:1 to 1000:1 CD :pD N A . Complexation was also carried out at acidic pH using HBSS pH 4.5 in 

order to determ ine its effect on the nature o f  the complex formed and therefore the transfection 

ability. The results are shown in Figure 11.2b-e. IM2-CD com plexes formed in D D D W  proved the 

most efficient, producing significantly (p<0.05) higher levels o f  luciferase expression at mass ratio 

100:1 and 1000:1 C D :pD N A  than complexes formed in HBSS (Fig. 1 1.2b). Similarly for A P I-C D , 

the maxim um  level o f  luciferase expression was produced by com plexes formed in D D D W  at a 

MR o f  100:1 C D :pD N A  (Fig. 11.2c). Interestingly for A M l-C D /p D N A  complexes, dilution in 

HBSS 4.5 proved ju s t  as successful as dilution in D D D W  (Fig 11.2 d). The level o f  luciferase 

expression produced by M E l-C D  complexes was dependent on the use o f  high M Rs o f  C D :pD N A  

and seemed relatively unaffected by the choice o f  diluent. There was no significant difference 

between the levels o f  luciferase expression produced by M E l-C D  com plexes formed in different 

diluents, i.e. the same expression was seen for a given M R no matter w hat the diluent (F ig  11.2e). 

From this point on all transfection and uptake studies involving CD s were carried out using 

com plexes formed in D D D W . It was found that, especially in the case o f  the cationic CDs, 

com plexation in D D D W  produced more reliable and reproducible results.
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Figure 11.2 Effect o f diluent and MR on the transfection efficiency o f neutral and cationic/pDNA 
complexes in COS-7 cells. The complexes were made up in the designated diluent and added to the 
cells in serum-free medium to give a final concentration o f 3(j,g/ml pDNA. The complexes were 
left in contact with the cells for 24 hours, were removed and fresh media added for a further 24 
hours prior to analysis. Values are expressed as mean ± S.E. (n=4).
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11.3.3 Time Course of the experiment

Given the success o f cationic P-CD-containing polymers when used at high concentrations 

over a prolonged contact time (Gonzalez et al., 1999), it was decided to examine the effects o f 

transfection and expression time on transfection. The length o f contact time between the cells and 

the transfection complexes and the time allowed for expression w ill affect any GDV/DNA system 

but the degree o f influence w ill depend on the specific vector and the conditions. In order to 

establish the effect o f these parameters on transfection o f COS-7 cells using CDs, experiments 

were carried out using two o f the more successful CDs. The complexes were made up in DDDW at 

MR 100:1 CD:pDNA and added to the cells in serum-free medium to give a final concentration o f 

3fig/ml plasmid DNA. To examine the effect o f transfection time, pDNA complexed with IM2-CD 

or A M I-C D  was left in contact with the cells for 4 or 24 hours and then removed and allowed to 

express for a further 24 hours. When the complexes were being left in contact for 24 hours, serum- 

containing medium was added after the first four hours to give a diluted concentration o f Ifig/ml. 

The trend for both CDs was the same (Table 11.3), i.e. that the luciferase expression levels 

increased with increasing contact time.

Table 11.3 Effect o f contact time (hr) between cells and complexes on transfection levels produced 
by IM2-CD and AM l-C D /pD N A complexes at MR CD;pDNA 100:1 in DDDW.

CD

Transfection Time (hr)

24hr 4hr

RLU/mg protein
IM2-CD 1.01E+04 1.67E+03

Std devn 3.55E+03 7.94E+02

AM1-CD 1.98E+03 3.17E+02

Std devn 8.95E+02 2.13E+02

Having established that a prolonged transfection time had an influence on transfection 

levels the expression time was altered. Transfection was carried out exactly as for the transfection 

time studies, except that the transfection time was held steady at 24 hours and the subsequent 

expression times o f 24-120 hr were used. In Table 11.4 the results for both IM2-CD and A M l -  

CD/pDNA complexes are shown. As the expression time is increased the levels o f luciferase/mg 

protein decrease.
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Table 11.4 Effect o f expression time (hrs) on transfection levels using IM2-CD and A M l-  
CD/pDNA complexes at MR CD:pDNA 100:1 in DDDW.

CD

Expression
Time(hr)

24 48 72 120
RLU/mg protein

IM2-CD 4.04E+03 1.44E+03 9.30E+02 2.56E+01

Std devn 4.75E+02 3.01E+03 8.97E+02 2.03E+01

AM1-CD 1.32E+04 1.01E+04 5.49E+03 3.16E+02

Std devn 1.29E+03 3.01 E+03 5.51 E+03 3.87E+02

Thus, the maximum levels o f luciferase expression were achieved when the contact time 

between the cells and the complexes was 24 hours and expression was allowed to continue after 

this period for only 24 hours.
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11.3.4 Complex concentration

Like any drug delivery system, these DNA delivery systems had to be tested for dose- 

response. In this study the concentration o f complexes was altered and the effect on luciferase 

levels noted. The results are shown below in Figure 11.3. Two different pDNA concentrations o f 

complexes made up in DDDW at mass ratio CD:DNA 100:1 were tested. The transfection and 

expression time were both 24 hours. Given that the MR o f  CD;pDNA remained fixed this meant 

that not only was the concentration o f DNA increasing but also the concentration o f  CD. The levels 

o f  luciferase expression increased for all the CDs when concentration o f complexes was increased 

with some affected more significantly than others. One interesting point to note is that the relative 

enhancem ent by the neutral (3-CD has decreased compared to the cationic CDs under these new 

conditions o f high concentration and prolonged exposure to the cells.
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Figure 11.3 Effect o f com plex concentration on transfection levels produced by CD/pDNA 
complexes (MR CD:pDNA 100:1) in DDDW COS-7 cells. Control represents transfection using 
naked pDNA. Values are expressed as mean ± S.E. (n=4). * statistically significant (p < 0.05).
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11.3.5 Transfection efficiencies of CD/pDNA complexes under optimised conditions

Having identified the optimum conditions for transfection using the CDs, parallel 

transfections o f COS-7 cells were carried out. Figure 11.4 shows the levels o f luciferase expression 

produced by each o f the CD/DNA complexes when transfection was carried out using the optimum 

conditions. These conditions proved optimal for the cationic CDs, i.e. complexation at 100:1 

CD:DNA (with the exception o f M E l-C D  which required 1000:1 CD:DNA for optimum 

transfection) in DDDW and addition to the cells at a concentration o f 3fig/ml for 24 hours, 

followed by 24 hours expression time. The order o f enhancement under these conditions was A P l- 

CD > A M I-C D  > IM2-CD > AP2-CD > M E l-C D  > DM-CD > P-CD. The best o f the CDs were 

producing up to a 4,000-fold increase in luciferase expression above naked pDNA, but these levels 

were still over a hundred-fold less than those produced by DOTAP™/pDNA complexes under the 

same conditions.
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Figure 11.4 Transfection efficiency o f CD/pDNA complexes in COS-7 cells when used under the 
conditions that produce maximum transfection enhancement. The complexes were made up at MR 
CD:DNA 100:1 (except ME1-CD:DNA 1000:1) in DDDW and added to Opti-MEM to give a final 
pDNA concentration o f 3|a,g/ml. The complexes were left in contact with the cells for 24 hours and 
allowed to express for a further 24 hours. Control represents transfection o f COS-7 cells with naked 
pDNA. Values are expressed as mean ± S.E. (n=4).

The relative enhancement effected by each o f the CDs under their own optimum conditions 

is shown below in Table 11.5. In the case o f the cationic CDs, these are the conditions detailed 

above, while for the neutral CDs, lower complex concentrations ( l^g /m l pDNA) and shorter 

exposure times (4hr) produced their maximum transfection efficiency These levels were very 

significantly less than the levels o f transgene expression produced by optimised cationic/pDNA 

complexes. The cationic CDs, especially APl-CD, AP2-CD, 1M2-CD and A M I-C D  proved the 

most effective overall, although all the CDs tested showed some transfection enhancement ability.

hill
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Table 11.5 Transfection efficiencies (RLU/m g protein) and relative enhancement o f transfection 
efficiency above naked pDNA o f  each o f the CDs under their individual optimum conditions (i.e. 
these luciferase values and relative enhancement values are not from parallel experiments). Each 
Values are expressed as mean ± S.E. (n=4).

Average (RLU/mg protein) Std devn Relative enhancement 
above naked pDNA

B-CD 1.14E+03 1.00E+03 180

DM-CD 7.71 E+02 1.00E+02 122

HP-CD 3.72E+02 1.00E+02 60

AP1-CD 1.80E+04 6.43E+03 3893

AP2-CD 3.01 E+03 4.12E+02 530

IM1-CD 3.65E+02 4.50E+01 58

IM2-CD 1.01E+04 3.55E+03 2180

IM3-CD 1.80E+02 6.15E+01 28

ME1-CD 8.84E+02 5.96E+02 148

AM1-CD 1.32E+04 2.42E+03 2856

11.4 Levels of pDNA associated with COS-7 cells

Zhao et al., (1995) showed that neutral CDs were capable o f enhancing cellular uptake and 

internalisation o f  oligonucleotides. In order to determine a) the ab ility  o f neutral and cationic CDs 

to enhance plasmid D N A cell-association and b) the degree o f enhancement, studies using 

radiolabeled pCMV/wc were performed. These studies were carried out as outlined in section 

7.1 1.2. The specific activ ity o f the radiolabeled plasmid was determined on the day and mixed with 

“ cold”  plasmid to give a count o f approximately 40,000 CPM per |ag DNA. Cell-association o f 

C D /D N A complexes can only continue while the transfection medium is in contact w ith the cells. 

The pDNA cell-association studies were stopped and analysed at the point when transfection 

medium is removed and replaced w ith serum-containing fu ll medium in transfection studies. 

Having rinsed any unbound pDNA away prior to analysis, the radioactivity o f  the cell sample is 

representative o f  the cell-associated pDNA, bound and internalised.

In itia l studies were carried out using standard transfection conditions (i.e. not the optimised 

conditions). C D /D N A complexes were formed at a mass ratio o f 100:1 CD :pDN A in HBSS and 

added to cells in serum-free medium to give a final D N A concentration o f  l|j.g/ml. The complexes 

were left on the cells fo r 4 hours at 37°C prior to analysis. From the transfection data (Table 11.5) 

these conditions optimised transfection enhancement by the neutral CDs but not the cationic CDs. 

The results indicated that only the cationic CDs, A P I-C D , AP2-CD and IM 2-CD produced a 

significant (p<0.05) increase in the levels o f cell-associated pDNA over naked pDNA (Fig. 11.5). 

From Table 11.6 it is clear that none o f the systems used under these conditions produce a large 

increase in the percentage o f plasmid DNA associated w ith  the cells. The commercial vector
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DOTAP™ produced a significant increase in levels w ith 4.4% o f the plasmid D N A added being 

bound or internalised by the cells when complexed. Under the same conditions A P I-C D  produced 

an even greater increase in cell-associated pDNA than DOTAP™, while the CDs which proved less 

effic ient transfection vectors, the neutral P-CD and HP-CD, and the cationic CDs, IM l-C D , 1M3- 

CD and M E l-C D  also proved ineffective in mediating pDNA-cell binding and uptake.
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Figure 11.5 Levels o f pD NA associated w ith COS-7 cells after complexation o fpCMVluc (M R  
CD:pDNA 100:1) w ith CDs in HBSS and addition to cells at a concentration o f l|ag/ml for 4 hours 
at 37°C in serum-free medium. Control represents levels o f naked pDNA associated w ith COS-7 
cells. Values are expressed as mean ± S.E. (n=4). * statistically significant (p < 0.05).

Table 11.6 Cell-associated plasmid D N A after complexation o f pCMV/wc by CDs (M R  CD:pDNA 
100:1) as a percentage o f total pDN A added per well. The CDs were complexed w ith pCMVluc in 
HBSS and added to cells at a concentration o f l|ig /m l pDNA for 4 hours at 37°C in serum-free 
medium.

% Cell-associated DNA 
(% of total added) Std devn

Control 1.3 0.4

DOTAP 4.4 0.6

3-CD 0.9 0.1

HP-CD 1.3 0.4

AP1-CD 6.2 0.8

AP2-CD 2.6 0.3

IM1-CD 2.2 1.1

IM2-CD 2.6 0.1

IM3-CD 1.8 0.2

ME1-CD 0.9 0.2
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Given the effects seen on transfection with varying MR CD:DNA (Table 11.1 and Figure 

11.1) it was decided to test the effect o f  this range o f  MRs on the level o f  cell-associated pDNA 

using the radiolabeled plasmid. The results are shown below in Figure 11.6. All o f  the AP2- 

CD:pDNA ratios, with the exception o f 10,000:1, caused a significant increase (p<0.05) in the 

levels o f  cell-associated pDNA. The degree o f enhancement increased up to the ratio 640:1 

CD:pDNA after which there was no further statistically significant increase. The ratios represented 

here correlate to concentrations o f 0.008%, 0.016%, 0.064%, 0.1% and 1% w/v AP2-CD for 80:1, 

160:1, 640:1, 1,000:1 and 10,000:1 respectively. These results indicate that the level o f  cell- 

associated plasmid DNA is dependent on the concentration o f  cationic CD used.

4000

Control 80 160 640 1000 10,000

MR AP2:DNA

Figure 11.6 Effect o f  increasing MR AP2-CD:pDNA on levels o f  cell associated pDNA in COS-7 
cells. AP2-CD was complexed with pCMVluc in HBSS and added to cells at a concentration o f 
Ifig/ml plasmid DNA for 4 hours in serum-free medium. Control represents levels o f  naked pDNA 
associated with COS-7 cells. Values are expressed as mean ± S.E. (n=4).

In order to determine if improved binding and uptake o f plasmid DNA were factors in the 

enhancement o f  the transfection ability o f  cationic CDs when made up in DDDW, and added to the 

COS-7 cells at higher concentration (3|j,g/ml pDNA) for a longer time (24 hours), the pDNA cell 

association experiments were repeated with some o f the most efficient CDs under these conditions. 

The CD:pDNA complexes were all made up at 100:1 CD:pDNA in DDDW and added to the cells 

in serum-free medium before being incubated at 37°C. The concentration o f  CDs in contact with 

the cells for the first 4 hours is 300|ag/ml, which is then diluted with serum-containing medium to 

100|ag/ml for the next 20 hours.

An increase in the levels o f  cell-associated pDNA was seen under these conditions for 

naked pDNA itself, with an increase in percentage cell association from 1.3 to 2.3% o f the total 

pDNA added (Table 11.7). The enhancement mediated by DOTAP™ and A Pl-C D  also 

significantly improved with higher complex concentration and longer incubation time. A M I-CD ,

254



Chapter 11

which had proved to be very successful as a transfection agent, also showed an ability to increase 

the level o f cell-associated pDNA significantly (p <0.05) (Figure 11.7). The neutral CD, DM-CD, 

and the cationic CD, IM3-CD, both proved ineffective at mediating pDNA binding and 

internalisation. Figure 11.8 compares the transfection ability and levels o f cell-associated pDNA o f 

these CDs used under the same conditions.
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Figure 11.7 Levels o f cell-associated pDNA in COS-7 cells after complexation o f pCMVluc with 
CDs in DDDW (MR CD:pDNA 100:1) and addition to cells at a concentration o f 3|J.g/ml for 4 
hours at 37°C in serum-free medium, followed by a further 20 hours after dilution with serum- 
containing medium to I|o.g/ml plasmid DNA. Control represents levels o f naked pDNA associated 
with COS-7 cells. Values are expressed as mean ± S.E. (n=4). * statistically significant (p < 0.05) 
**  highly statistically significant (p < 0.01).

Table 11.7 Cell-associated pDNA as a percentage o f total pCMVluc added to well with CDs in 
DDDW and addition to cells at a concentration o f 3|^g/ml for 4 hours at 37°C in serum-free 
medium, followed by a further 20 hours incubation after dilution with serum-containing medium to 
l|Lig/ml plasmid DNA.

% Cell-associated DNA 
(as % of total added) Std devn

Control 2.3 0.3

DOTAP 9.4 0.5

AP1-CD 20.9 8.1

IM3-CD 1.8 0.3

AM1-CD 25.1 12.6

DM-CD 2.4 0.1

Figure 11.8 shows some level o f qualitative correlation between the levels o f cell- 

associated pDNA and the transfection ability o f a particular CD. Those CDs (1M3-CD and DM- 

CD), which failed to significantly improve the level o f cell-associated pDNA compared to naked 

pDNA produced a lesser enhancement o f expression compared to those which improved plasmid 

DNA binding and uptake significantly (p<0.05), i.e. API-CD and AM I-CD. Two main points
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should be noted from this graph. Firstly, while DM-CD and IM3-CD fail to improve pDNA cell 

association significantly, they do produce enhancement o f luciferase expression levels above 

control, o f 122 and 28-fold respectively. There are substantially higher levels o f pDNA associated 

with cells treated with API-CD and A M l-C D /D N A  complexes than with DOTAP™/DNA 

complexes, yet these CDs fail to match the level o f luciferase expression mediated by the 

commercially available vector.
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Figure 11.8 Transfection activity (RLU/mg protein) versus level o f cell-associated plasmid DNA 
(dpm/mg protein) o f CD/pDNA complexes (MR CD:pDNA 100:1 in DDDW) used at 
concentrations o f 3^g/ml pDNA in serum-free medium for 4 hours followed by 20 hours at l|j,g/ml 
and 24 hours further expression time (in the case o f transfection studies).

11.5 Role of proteoglycans in CD/pDNA complex cell binding

In order to determine the role o f sulphated proteoglycans in the transfection o f COS-7 cells 

using CDs as vectors, the cells were seeded and left to grow for 12 hours, after which time the 

media was supplemented with sodium chlorate (35mM). The cells were incubated with sodium 

chlorate for 48 hours prior to transfection or uptake studies being carried out in order to inhibit 

production o f sulphated GAGs, which form part o f the surface proteoglycans (M islick and 

Baldeschwieler, 1996). Media containing sodium chlorate was removed and replaced with fresh 

serum-free media prior to transfection/uptake studies to minimise interference by sodium chlorate 

in other cellular processes. For both the pDNA cell-association and transfection studies the 

CD/pDNA complexes were formed at MR CD:DNA 100:1 in DDDW and added to cells in serum- 

free medium to produce a final concentration o f 3^g/ml plasmid DNA (300fig/ml CD). The 

complexes were left in contact with the cells for 24 hours, though they were diluted to l|ig/m l 

plasmid DNA after 4 hours with serum-containing medium.
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In the case o f transfection studies, the transfection complexes were removed after 24 hours 

and fresh serum-containing medium added for a further 24 hours to allow expression. The same 

CD/pDNA complexes were added to treated and non-treated cells in the same experiment and the 

results are shown below in Figure 11.9. The only vectors, other than DOTAP™, which appeared to 

be significantly (p<0.05) affected by the presence o f  chlorate, were A PI-C D  and AM I-CD/pDNA 

complexes. The small differences seen on the graph only appear so due to the use o f a log scale on 

the y-axis. The most dramatic drop in transfection after chlorate treatment o f 20-fold was for A M l- 

CD/pDNA complexes complexes. For A PI-CD  and DOTAP™, the drop was approximately 2-fold. 

It should be noted that there was also a 2-fold drop in transgene expression with IM2-CD/DNA 

complexes, but it was not statistically significant.
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Figure 11.9 The effect o f  pre-incubation for 48 hours with (striped columns) and without (full 
columns) sodium chlorate (35mM ) on the transfection o f COS-7 cells using CDIpCMVluc 
complexes. Values are expressed as mean ± S.E. (n=4). * statistically significant (p < 0.05).

11.5.2 Role o f proteoglycans in CD/DNA com plex binding and internalisation

Sulphated proteoglycans present on the cell surface are thought to be responsible for the 

electrostatic interaction between cationic carrier systems and the cell membrane. Thus, it would be 

reasonable to expect that the influence o f the presence o f sodium chlorate on transfection would be 

related to the effect o f  sodium chlorate on the levels o f  plasmid DNA associated with the cell 

surface and subsequently internalised. To investigate this link, cell-association studies were carried 

out using CD/pDNA complexes formulated under the same conditions as for transfection studies 

(11.5.1) and applied to the cells for 24 hours. Pre-incubation o f the cells with sodium chlorate had a 

significant (p<0.05) effect on the levels o f cell-associated pDNA mediated by each o f  the CDs 

tested, i.e. A Pl-C D , IM3-CD and DM-CD (Table 11.8). The effect on the pDNA binding and 

internalisation mediated by A Pl-C D  was by far the worst effected with a 36-fold drop in the levels
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o f pDNA associated w ith the COS-7 cells when pre-incubated w ith sodium chlorate. 1M3-CD and 

DM -CD complexes were affected to a much lesser extent w ith approximately a 3-fold drop in cell- 

associated pDNA. Thus, the more successful CDs appear to utilise the negatively charged 

proteoglycans as a means o f  binding to and internalising plasmid D N A in COS-7 cells.

Table 11.8 Effect o f pre-incubation w ith sodium chlorate (35m M) on the level o f pD N A associated 
w ith COS-7 cells mediated by CD/pDNA complexes (M R CD:pDNA 100:1 in D D D W ) over 24 
hours.

dpm/mg protein

CD Control cells Pre-incubated with 
chlorate (35mM)

Drop in cell-associated 
plasmid DNA

AP1 209852 ±3578 5778± 1023 36.3 fold

IMS 17670 ±5296 4869 ± 435 3.6-fold

DM 14867 ± 1078 4518 ± 1275 3,2-fold

11.6 Effect of temperature on plasmid DNA binding and uptake mediated by CDs into COS-7 

cells

In order to determine the role o f  active and passive mechanisms in transfection by 

CD/pDNA complexes, transfection and cell-association experiments were carried out at two 

different temperatures; 37°C and 4°C. Active processes should be inhibited at the lower 

temperature. Transfection and pDNA cell-association studies were carried out as described 

previously w ith one set o f experiments run at each o f the temperatures. Again complexes were 

made up in DDDW  at M R CD:pDNA 100:1 and added to the cells at a concentration o f  3|ig/m l 

plasmid DNA in serum-free medium. The cells were then incubated at either 4°C or 37°C for 24 

hours (w ith serum-containing medium being added after 4 hours). In the case o f transfection 

studies, once the transfection medium had been removed and replaced w ith fresh serum-containing 

medium the cells were returned to the incubator at 37°C for a further 24 hours.

258



C h ap ter 11

11.6.1 Transfection studies using CD/pDNA complexes at different temperatures

Transfection studies run at the two temperatures indicated tiiat there is a substantial active 

component to the transfection mediated by the CDs; A P 1 AP2-, IM3-, DM-CD (Fig. 11.10). Their 

levels o f luciferase expression were highly significantly (p<0.01) decreased at 4°C. 

DOTAP™/pDNA complexes were also affected (as seen previously), but less significantly. It is 

interesting to note that both the cationic and the neutral CDs were affected, as well as the different 

types o f  cationic derivative.
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Figure 11.10 The effect o f  transfection incubation at 37°C (full columns) and 4°C (striped 
columns) on transfection efficiency o f CD/pDNA complexes (CD;pDNA 100:1 in DDDW) in 
COS-7 cells at an initial concentration o f 3|ag/ml pDNA. Control represents transfection with 
naked pDNA. Values are expressed as mean + S.E. (n=4). * statistically significant (p < 0.05) ** 
highly statistically significant (p < 0.01).

Control DOTAP AP1
CD

259



C h ap ter 11

11.6.2 Effect o f temperature on the plasmid DNA/CD com plex binding and internalisation  

into COS-7 cells

The CDs that mediated the most efficient levels o f  cell-associated pDNA, were also those 

most significantly influenced by the change in incubation temperature (Fig. 11.11). There was a 

huge difference between the levels o f  cell-associated plasmid DNA (i.e. the levels at 37°C) and the 

amount o f  plasmid DNA that was bound to the COS-7 cells (i.e. the levels at 4°C) for A P l- 

CD/pDNA and AM l-CD /pD N A  complexes. The difference between these two levels is deemed to 

be the degree o f  active internalisation o f plasmid DNA and Table 11.9 gives the values for this 

difference expressed as percentage o f  total plasmid DNA added. These two CDs internalised a high 

proportion o f the plasmid DNA, far outstripping the commercially available vector, DOTAP™, 

with up to 20% o f the total plasmid DNA added per well being internalised by the COS-7 cells 

when complexed with AM I-CD.
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Figure 11.11 The effect o f  incubation at 37°C (full columns) and 4°C (striped columns) on the 
levels o f plasmid DNA associated with COS-7 cells after incubation with CD/pDNA complexes 
(CD:pDNA 100:1 in DDDW) at an initial concentration o f 3|ig/ml pDNA for 24 hours. Controls o f 
pDNA alone are also shown. Values are expressed as mean ± S.E. (n=4). * statistically significant 
(p < 0 .0 5 ).

Table 11.9 Levels o f pDNA binding and uptake into COS-7 cells after incubation with CD/pDNA 
complexes (CD:pDNA 100:1 in DDDW) at 37°C or 4°C for 24 hours.

AP1-CD IM3-CD AM1-CD DM-CD

% Total DNA added
Total Cell- 
associated Bound Active Uptake

Control 2.31 0.80 1.51
DOTAP 9.38 3.89 5.49
AP1-CD 20.95 8.07 12.88
IM3-CD 1.75 1.77 0
AM1-CD 25.07 4.34 20.73
DM-CD 2.44 0.77 1.67
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11.7 Effect o f  chloroquine on transfection levels o f CD/DNA complexes

Given the superiority o f some o f the cationic CDs as plasmid DNA uptake enhancers and 

yet their inability to surpass the transfection efficiency o f the commercial vector DOTAP™ it was 

clear that other transfection processes were not as efficient. The lysosomotropic agent, chloroquine, 

can be used to study the mechanism o f endosomal release o f  a GDV/pDNA complex. Chloroquine 

is added to the cell culture medium at a concentration o f 100|a.M for ten minutes prior to addition o f 

the CD/pDNA complexes and is left in contact throughout the 24 hours o f  contact time, i.e. until 

the transfection medium is removed. Initial studies using chloroquine concomitantly with the 

neutral and cationic CD/pDNA complexes in HBSS and added at low pDNA concentration for 4 

hours led to ambiguous results. Only when the conditions were changed to those that were found to 

be optimum for transfection with cationic CD/DNA complexes was a significant effect seen. Figure 

11.12 below indicates that all the cationic CD/pDNA systems produced significantly (p<0.05) more 

luciferase expression in the presence o f chloroquine than alone. Neither expression by the 

commercial vector DOTAP™ nor the neutral CD, DM-CD, complexes was influenced by 

chloroquine.
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Figure 11.12 Effect o f  chloroquine (lOOjiM) on the transfection o f  COS-7 cells by CDs, when 
complexes were formed at MR 100:1 CD:pDNA (M El-C D :pD N A  1000:1) in DDDW and added to 
cells to give a final concentration o f  3fig/ml pDNA. Chloroquine was added 10 minutes prior to 
transfection and was present during the transfection period (24 hr). Control represents transfection 
with naked pDNA. Values are expressed as mean + S.E. (n=4).
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11.8 Effect o f serum on transfection levels mediated by CD/pDNA com plexes in COS-7 cells

Serum-free medium had been used in all studies during the initial (4hr) contact time 

between the complexes and the cells, given the dramatic effect serum had been found to exert on 

the transfection efficiency o f commercial vector complexes (section 8.9). In order to assess these 

novel vectors’ ability to withstand any inhibitory effect by serum, transfections using the optimised 

conditions were run in the absence and presence o f serum. The complexes were made up at 

CD;pDNA 100:1 in DDDW and added to the cells in either serum-free or serum-containing 

medium at a concentration o f 3|ig/ml plasmid DNA for 4 hours, followed by 20 hours at l|j,g/ml 

plasmid DNA after dilution in full medium. As was found with other cationic vectors the 

transfection mediated by positively charged CD/pDNA complexes was inhibited in the presence o f 

serum (Fig 11.13) to a lesser or greater extent. Drops o f  between 4 and 14-fold in transfection 

levels were seen for the CD/pDNA complexes tested. These were relatively small drops compared 

to that seen for D 01’AP™/pDNA complexes (500-fold) and the transfection levels achieved by the 

best o f  the CDs, API - and A M I-CD  were o f the same order o f  magnitude as DOTAP™ in the 

presence o f  serum.

The levels o f  plasmid DNA associated with COS-7 cells in the presence o f serum when 

complexed with a range o f  the CD vectors was examined and it was found that the levels o f  pDNA 

bound and internalised using cationic CD/pDNA complexes was significantly decreased in the 

presence o f  serum. This meant that the decrease in transfection levels seen in the presence o f serum 

may be attributed in some part to the effect o f  serum on binding and internalisation o f the cationic 

CD/pDNA complexes.
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Figure 11.13 The effect o f  the absence (full columns) and presence o f  serum (striped columns) on 
the transfection o f COS-7 cells by CD/pDNA complexes (M R CD:pDNA 100:1 in DDDW). 
Control represents transfection with naked pDNA. Values are expressed as mean ± S.E. (n=4). * 
statistically significant (p < 0.05) ** highly statistically significant (p < 0.01).
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11.9 Transfection o f COS-7 cells using tripartate systems including A P l-C D

Systems were formulated using pCMV/wc plasmid in combination with A P l-C D  and either 

DOTAP™ or PEI HMW to produce a multi-component formulation. One o f  the carrier systems was 

used to condense the plasmid DNA and then the second cationic GDV was added. The purpose o f  

this experiment was two-fold; a) to determine if combining GDVs, especially at lower ratios, was 

capable o f  improving transfection efficiency, i.e. to see if there is a synergistic effect between the 

vectors and b) to assess the mechanism o f  action o f  the cationic CDs, based on the current 

knowledge of the mechanisms behind liposomal and polymer-based GDVs, such as DOTAP™ and 

PEI HMW. By complexing pDNA at low CR with one GDV it was hoped that the effect o f  the free 

non-complexed second carrier could be assessed.

In the case o f  PEI HM W /APl-CD combinations, controls o f  plasmid DNA complexed with 

PEI HMW (N/P 2 and 5) and API-CD:pDNA (MR CD;DNA 100:1) were run to determine each 

vector’s efficiency alone. PEI HMW N/P 2 allows for complete binding o f  plasmid DNA but 

produces very low levels o f  transgene expression. PEI HMW N/P 2 was used to complex the 

plasmid DNA and increasing quantities o f  A Pl-C D  were added from MR CD:pDNA 10:1 to 

1000 : 1.
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Figure 11.14 Transfection efficiencies o f  PEI HM W /APl-CD combinations in COS-7 cells 
compared with controls o f  PEI HMW (N/P 2 and 5), A Pl-C D  (MR 100:1) complexes with 
pCM Vluc pDNA and pDNA alone (§). PEI HMW was used to condense the pDNA followed by 
addition o f  A P l-C D  in some formulations (I), while A Pl-C D  was used in others as the condensing 
agent followed by addition o f  PEI HMW ( | ) .  The vector named first in the axes label was used to 
complex the pDNA. Values are expressed as mean ± S.E. (n=4).
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In Figure 11.14 it can be seen that combination o f API-CD at low concentrations (MR 

CD:DNA 10:1) causes a significant (p<0.05) increase in luciferase expression over PEI HMW N/P 

2 alone. As the quantity o f API-CD was increased this effect diminished. When a higher PEI 

HMW N/P ratio is used, i.e. N/P 5, to bind plasmid DNA and API-CD is added the activity o f PEI 

HMW is inhibited compared to the levels achieved when it is used alone. Inverting this formulation 

procedure and complexing plasmid DNA with APl-CD followed by addition o f PEI HMW N/P 2 

or 5 led to a significant (p<0.05) increase in transgene expression over APl-CD alone at the same 

mass ratio but failed to improve on the levels achieved by PEI HMW alone.

In the case o f DOTAP™/APl-CD combinations, controls o f plasmid DNA complexed with 

DOTAP™ (CR +/- 1.5 and 2.4) and API-CD:pDNA (MR CD;DNA 100:1) were run to determine 

each vectors efficiency alone. DOTAP™ CR +/- 1.5 allows for complete binding o f plasmid DNA 

but is generally no optimum for transfection. DOTAP CR (+/-) 1.5 was used to complex the 

plasmid DNA and increasing quantities o f AP l-CD were added from MR CD:pDNA 10:1 to 

1000:1.
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Figure 11.15 Transfection efficiencies o f DOTAP™/APl-CD combinations in COS-7 cells 
compared with controls o f DOTAP™ (CR+/- 1.5 and 2.4), AP l-CD (MR 100:1) complexes with 
pCMVluc plasmid and plasmid DNA alone (fl). DOTAP™ was used to condense the DNA followed 
by addition o f APl-CD in some formulations ( f t ,  while AP l-CD was used in others as the 
condensing agent followed by addition o f DOTAP ( | ) .  The vector named first in the axes label was 
used to complex the plasmid DNA. Values are expressed as mean ± S.E. (n=4).

In Figure 11.15 the results for D0TAP™/AP1-CD combinations are shown. In this case 

one o f the combinations does in fact surpass the efficiency o f either DOTAP™ or AP l-CD used 

alone. When plasmid DNA is condensed with AP l-CD at MR CD:pDNA 100:1 and DOTAP™ at 

CR (+/-) 1.5 is added there is a ten-fold increase in the levels o f luciferase expression over the best 

o f the controls, i.e. DOTAP™ CR (+/-) 2.4 complexes. Condensing pDNA with DOTAP™ CR (+/-)
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I.5 fo llowed by addition o f  A P I-C D  at different concentrations produced no increase in 

transfection efficiencies over the efficiencies o f  the individual vector/pD N A  com plexes and caused 

a decrease in transgene expression at higher MRs. W hen the higher DOTAP™ C R  (+/-) 2.4 is used 

to com plex  the pD N A  and A P I-C D  C D :pD N A  100:1 is added no inhibition is seen. This  may be 

due to the increased concentrations o f  free lipid com peting more successfully with the cationic 

CDs.

II.10  Discussion

11.10.1 Effects o f Formulation on transfection efficiency o f CD/plasmid DNA com plexes

The C D s were tested as transfection vectors in COS-7 cells using the luciferase plasmid 

and negative and positive controls o f  naked pDNA and DOTAP™ (CR +/- 2.4) respectively. In 

preliminary transfection studies done under standard conditions, i.e. using a physiological buffer 

system (H B SS) o f  pH 7.4 as diluent, a low DNA dose o f  lfj.g/inl plasmid DNA (l |j .g /250,000 cells) 

and a four hour incubation o f  the cells with the transfection complexes, the neutral and cationic 

C D s appeared to have a similar effect on transfection levels, increasing transgene expression 

several hundred fold above that for naked pDNA (Cryan et al., 1999). As for any novel GDV 

further optimisation o f  transfection conditions was necessary.

11.10.1.1 M ass ratio

In order to determine the optimum M R o f  C D :pD N A  for transfection the neutral and 

cationic C D s were tested at a range o f  MRs o f  C D ;pD N A  from 20:1 to  1000:1. For the neutral and 

cationic CD s the optimum MR, which provided the best reproducibility, as well as the greatest 

level o f  transfection, was determined in different diluent systems. The optim um  M R for 

transfection for the majority o f  the cationic CD s tested was found to be approximately 100:1 CD: 

pDNA (equivalent to a Nitrogen/Phosphate  ratio > 140, exact N /P  dependent on molecular weight 

and num ber o f  amine functional groups o f  each individual C D  derivative, (see Table 10.6). The 

cationic CD s being used in this study have a high charge density, the exact m olar charge at a given 

pH being dependent on both the num ber and type o f  side chains. From zeta data the optim um  MR 

for transfection using the polyamino CD s corresponds to approxim ate  C R  (+/-) o f  between 2.5 and 

7, i.e. an excess  o f  positive charge was present. W ork by H w ang et al., (2001) using cationic P-CD 

containing polymers, indicated that optimum transfection was also achieved at high CRs o f  cationic 

C D :D N A  o f  50+/-. From the combination experiments (Fig 11.14 and 11.15), in which plasmid 

DNA was condensed  with PEI H M W  or DOTAP™ and A P I-C D  subsequently  added, it is clear 

that the cationic CDs can act to improve transfection to  some degree without being complexed with 

the plasmid DNA. This ability o f  free CDs to enhance transfection may go some w ay to explaining
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the ability o f neutral CDs, which have been shown to neither complex DNA nor neutralise its 

charge, to cause significant increases in transfection levels.

The effect o f MR may also be related to the pDNA complex characteristics. As was seen in 

chapter 10, features such as the size, surface charge and toxicity o f complexes changed with 

changing MR. At the optimum MRs the majority o f the cationic CDs bind plasmid DNA, while the 

neutral CDs do not. The nature o f the complexes formed was seen to vary over the range of MRs 

tested and i f  the changes in size, charge and toxicity o f the complexes are compared with the 

changes in transfection efficiency certain trends can be seen. The toxicity o f the CDs was seen to 

increase with increasing concentration (Fig. 10.25) and this would clearly influence the transfection 

efficiencies at higher MRs as seen in Figure 11.16 for API-CD. At the higher MRs the toxicity 

increases (i.e. cell viability decreases) and the transfection efficiency decreases.
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Figure 11.16 Comparison o f levels o f toxicity (% dehydrogenase activity) and transfection 
efficiency (RLU/mg protein) produced by API-CD/pCMVluc complexes over a range of MRs.

Zhao et al., (1995) postulated that the failure o f various neutral CDs to mediate improved 

oligonucleotde uptake over the mass ratio o f 100:1 CD:DNA (0.1% w/v) was due to increased 

toxicity. The ability o f CDs to solubilise membrane components thereby increasing the fluidity of 

the membrane (Irie and Uekema, 1997) w ill aid transfection but as is seen from the MR 

optimisation studies, once the concentration o f CD is too high the toxicity o f the CDs negates this 

effect. The cell viability and therefore ability to express the transgene is compromised.

The optimum MR for transfection with cationic CD/pDNA complexes correlated with 

particles lOOnm in diameter. A similar study investigating the effect o f DNA/dendrimer ratio on 

hydrodynamic size and transfection efficiency showed that as the CR increased the size increased 

and the transfection efficiency decreased (Haensler and Szoka, 1993). This is not always the case 

however and many authors investigating GDVs have found that larger particles can sometimes
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Chapter 11

transfect more efficiently (De Smedt et al., 2000). In this study the transfection efficiency o f the 

complexes appears to decrease as the size increases towards 200nm. This may be due to several 

factors including decreased endocytosis o f  the large particles and greater instability o f large 

particles in culture medium. Particles complexed and stored in high salt solution were shown to be 

larger initially and far more unstable over time (Fig. 10.19). The relationship between size and 

transfection efficiency for A PI-C D / pC M Vluc  complexes is shown below (Fig 11.17).
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Figure 11.17 Comparison o f the size (nm) and transfection efficiency (RLU/mg protein) o f  A P l- 
CD/ pCM Vluc  complexes over a range o f MRs.

Plasmid DNA neutralisation and condensation has become a pre-requisite for non-viral, 

non-targeted gene delivery systems. Thus, the effect o f MR on the surface charge o f the complexes 

will affect the transfection efficiency o f the complex. The surface charge o f the complexes which 

produced optimal transfection was only slightly positively charged, indicating that the plasmid 

DNA charge needed to be neutralised but that a high positive charge or indeed free CD was not 

required for maximum transfection as shown below for A P 1 -CD/ pCM Vluc  complexes (Fig 11.18).
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Figure 11.18 Comparison o f the zeta potential (mV) and transfection efficiency (RLU/mg protein) 
o f  A PI-CD / pCM Vluc  complexes over a range o f MRs.
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Overall then, the MR o f  CD:pDNA was seen to determine the nature o f  the complex 

formed, which appears to have had a significant influence on the transfection levels achieved.

11.10.1.2 Diluent

MR was only one o f the formulation factors, which had an impact on transfection 

efficiency. The improved efficiency o f the cationic CDs in DDDW indicates that physiological 

buffer systems, such as HBSS, have an effect on cationic CD:pDNA complex formation. Gonzalez 

et al., (1999) found that cationic CD polymer/pDNA complexes were unstable in salt solutions and 

this may explain the significant effects o f diluent on the cationic CD but not on the neutral CD 

com plex efficiency. The charge associated with the cationic CDs will be more sensitive to the 

presence o f  ions in solution. The ionic strength o f a solution will affect the electrical double layer, 

which is associated with any charged moiety, altering the binding kinetics o f  the complexes. Ghosh 

et al., (2000) also found that the nature o f a buffer system can affect the kinetics o f association 

between positively charged CDs and phosphate groups. The effect o f  different diluents on 

complexation was clearly seen in Fig. 10.19, when the complexes formed between A PI-C D  and 

plasmid DNA increase in size ten-fold when made up in a salt solution. Given the mechanism o f 

action o f the neutral CDs is independent o f DNA complexation via electrostatic interactions, 

varying ionic strength o f a solution would not be expected to influence the transfection efficiency 

o f neutral CD complexes to as great an extent. It should be noted that the diluent being discussed is 

simply the formulation diluent in which complexation takes place and when the complexes are 

added to the cell culture media (or into plasma/tissue in vivo) their ionic environment changes. 

Only when complexes are formed in DDDW does the ability o f  cationic CDs to bind and compact 

pDNA appear to significantly enhance transfection above the levels o f  transgene expression 

produced by the neutral CDs. The findings o f  Ghosh et al., (2000) go someway to explaining this 

effect. They reported that the structure and concentration o f a buffer system could have a 

significant effect on the association constant between positively-charged CDs and phosphate esters 

(the negatively charged portion o f  the pDNA molecule). The effect o f  pH on the zeta potential o f 

the cationic CD/pDNA complexes at different MRs (Table 10.5) also goes some way to explaining 

the effect o f different diluents. DDDW is slightly more acidic than the HBSS buffered to pH 7.4 

and does not provide a buffering system for the complexes. A slight change in acidity may increase 

the degree o f protonation o f the cationic CDs, thereby increasing the overall charge o f  the complex.

By increasing the com plex concentration and allowing prolonged contact with the cells, the 

cationic CD/pDNA complexes in DDDW proved much more successful than the neutral CDs (Fig 

11.4). The most successful CDs at optimum conditions proved to be the cationic CDs, API-CD. 

AP2-CD, 1M2-CD and A M I-CD , which produced up to a 4,000 fold increase in in vitro 

transfection levels o f luciferase over naked pDNA (Table 11.5). In contrast, the neutral CDs
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produced only a 50-fold enhancem ent under these conditions. Increasing the concentration o f  DNA 

from lfj.g/60,000 cells to 2|o.g/60,000 cells at a MR under the optim um  conditions caused a 

significant (p<0.05) increase in transfection levels indicating that at low quantities and 

concentrations o f  com plexes the amount o f  plasmid DNA available is the limiting factor, while at 

high concentrations toxicity is the limiting factor.

11.10.1.3 Time Course

The level o f  reporter gene expression was found not only to be dependent on 

concentration, diluent and pD N A  dose but also on time. M any o f  the systems performed more 

effectively when the system was left in contact with the cells for longer (Table  11.3). The 

percentage cell-associated pD N A  was increased under these conditions (Table 11.6 vs. 11.7). It is 

interesting that from the optimisation studies performed using DOTAP™ /pDNA com plexes in 

C O S-7 cells, a prolonged exposure o f  the cells to transfection com plexes reduced the transfection 

efficiency (Fig. 8.4), perhaps indicating increased toxicity due to the commercial vector compared 

to the cationic CDs.

Zhao et al., (1995) found that oligonucleotide uptake in neutral C D  com plexes increased 

with increasing incubation time up to 24 hours but failed to increase further beyond this time. This 

reduced level o f  expression per mg protein after 24 hours can be attributed to increasing numbers 

o f  cells and the loss o f  transgene. Plasmid “dilution” occurs as this plasmid system contains no 

m am m alian  origin o f  replication, i.e. during cell division the episomal DNA is transferred to one 

but not both daughter cells. The total num ber o f  cells rises, while the num ber o f  expressing cells 

does not, leading to a decrease in specific activity with each cell cycle. Confluency leads to 

decreased metabolic activity within the cell and the chemical and biological stability o f  the plasmid 

D N A  may be com prom ised by the presence o f  nucleases or DNA methylation, which down- 

regulates the promoter (Tseng et al., 1999). Given that the CD s appear to offer little protection for 

plasmid DNA against these nucleases (Fig. 10.21) it is not surprising that any plasmid DNA taken 

into the cells during the transfection period is progressively destroyed over time therefore limiting 

the replenishment o f  the luciferase protein. The level o f  luciferase expression produced by the 

cationic C D /pD N A  com plexes is still significantly higher than naked pD N A  expression over the 

course o f  the study and levels produced by the cationic C D /pD N A  com plexes at 72 hours were 

significantly (p<0.05) higher than those produced by naked pD N A  at 24 hours. The drop in the 

levels o f  luciferase expression with prolonged expression time were not as significant as those seen 

for DOTAP™ /pDNA complexes used under the same conditions (Fig. 8.5b). There was a tw enty

fold drop in luciferase activity by 72 hours with DOTAP™ /pDNA complexes, while for IM2-CD 

and A M I-C D /p D N A  complexes this drop was only 4.3-fold and 2.4-fold respectively. Thus, the
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cationic CDs do serve to elongate the expression o f  luciferase but the levels o f  protein production 

do decrease with time.

11.10.2 M echanism o f gene delivery

in order to determine the mechanism o f transfection enhancement by CDs and the reason 

for the differences in the degree o f  enhancement mediated by the different CDs a range o f 

mechanistic studies was carried out. Given the levels o f  transfection produced by the cationic P* 

CDs are significantly (p<0.05) higher than those produced by the neutral CDs, which lack the 

ability to bind, condense and neutralize plasmid DNA, it could be hypothesized that overall two 

different mechanisms o f enhancem ent are involved for these systems.

Neutral P-CD has been used in in vivo transfection studies in rat lung, where it increased 

the level o f  reporter gene expression by 6-fold (Freeman and Niven, 1996) and this inherent 

transfection ability has now been demonstrated in vitro in our studies, with up to a 180-fold 

increase in transfection efficiency over control produced under the optimum transfection conditions 

for neutral CDs. CDs are known to possess permeation enhancement properties and have been 

shown to stimulate solubilisation o f cholesterol from cultured cells with high efficiency (Kilsdonk 

et al., 1995). P-CD, HP-CD and DM-CD were all found to have a large capacity for removal o f 

cholesterol from various cell types, including fibroblasts (such as the COS-7 cells). The cholesterol 

removal was concentration-dependent but between 50% and 80% o f cholesterol could be removed 

over the course o f 8 hours, resulting in membrane instability (Kilsdonk et al., 1995). Croyle et al., 

(1998b), utilized P-CD and its derivatives to increase adenoviral expression in CaCo-2 cells at 

concentrations as high as 2.5% w/v in the case o f  DM-CD. Utilising this concentration o f  DM-CD 

as the sole excipient failed to produce any significant increase in transfection above that achieved 

at 0.1% w/v concentration. CDs have been shown to increase both transceilular and paracellular 

trafficking o f macromolecules and they have been shown to improve uptake o f oligonucleotides 

(Zhao et al., 1995). This study, in which various neutral CDs were used to enhance the uptake o f 

oligonucleotides, also observed concentration and time dependent effects on uptake. An increase in 

concentration o f HP-CD above 0.1% w/v produced no further increase in uptake o f DNA, this 

concentration corresponds to a MR o f  100:1 CD:pDNA, for the given amount o f pDNA used. Zhao 

et al., (1995) found that hydroxpropyl (including Encapsin) and hydroxyethyUP-CD increased the 

level o f  cell-associated oligonucleotides 2 to 3-fold over 24 hours at optimum concentration. The 

lesser effect o f  the neutral CD, DM-CD on pDNA cell-association (Table 11.7) may be related to 

the structural differences between oligonucleotides and double-helical plasmid DNA (Hoffman and 

Bock, 1970). Kilsdonk et al., (1995) found that with increasing concentrations o f  HP-CD in the 

extracellular medium the amount o f  HP-CD bound to L-cells increased linearly but the amount
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attached at any given concentration was consistently low, at < 0 .5% o f  the am ount present in the 

medium.

The toxicity o f  these CD s will also compromise the integrity o f  the cellular mem branes so 

the neutral CD s may act to disrupt cellular and/or intracellular m em branes thereby enhancing 

transfection to a limited extent. Research has shown that the m em brane disrupting ability o f  (3-CD 

is greater than that o f  HP-CD (Shiotani et al., 1995). There was no significant increase in the levels 

o f  pDNA-associated  with cells over naked pDNA when neutral CD s were used (Fig 11.7 and Table 

11.7) but very small increases o f  ng o f  plasmid DNA can cause significant increases in luciferase 

expression. Zhao et al., (1995) using confocal studies found that neutral CDs, e.g. HP-CD, do in 

fact increase the levels o f  intracellular oligonucleotides and not ju s t  surface binding. The 

discrepancy may be due to the transfection assay being more sensitive than the cell-association 

assay or again be related to the structural differences between oligonucleotides and plasmid DNA. 

Recent studies by Arima et al., (2001) using a - ,  P-CD or y-CD conjugated with polyamidoamine 

dendrim ers indicated that the presence o f  the neutral CD s were able to enhance transfection 

efficiency by changing the intracellular trafficking o f  pDNA, perhaps by facilitating escape o f  

pDNA from the endosome. The fact that DM -CD mediated very little active internalisation o f  

pDNA (Table  11.9) and that chloroquine had no significant effect on its transfection efficiency 

would indicate that the mechanism o f  enhancem ent is primarily an intracellular one.

The improved transfection efficiency o f  the best o f  the cationic CD s indicated that they 

were able to enhance transfection beyond the levels o f  the neutral CDs. The obvious source o f  this 

enhanced capability is their cationic nature. The polycationic nature o f  the C D s allowed them to 

form condensed, positively charged structures with plasmid DNA. These positively charged 

particles proved capable o f  improving the levels o f  plasmid DNA bound to the cell surface (Fig. 

11.5) and the levels o f  plasmid DNA internalised even more than the com m ercially  available vector 

DOTAP™. Increasing the duration o f  contact between the com plexes and the cells dramatically 

increased these processes (Table 11.7). By com paring the transfection efficiency and levels o f  cell- 

associated plasmid DNA for the systems (Fig. 11.8) it is clear that enhanced pD N A  cellular 

association and uptake is linked with improved transfection efficiency. The pD N A  cell-association 

studies run at different temperatures indicate that the best o f  the cationic C D  vectors, A P I -  and 

A M I-C D , mediate highly efficient active uptake processes. A net positive charge on G D V /pD N A  

com plexes, such as those on the cationic C D /pD N A  complexes, generally leads to non-specific 

adsorptive endocytosis triggered by electrostatic interaction between cationic com plexes and the 

negative charge o f  the extracellular surface.

G onzalez  et al., (1999), using cationic polymeric C D s for transfection have postulated a 

proteoglycan-mediated pathway o f  endocytosis based on the ability o f  cationic com plexes to bind
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to sulfated cell-surface proteoglycans, which are amongst the most negatively charged com ponents 

o f  the cell m embrane (M islick and Baldeschwieler, 1996). W hen proteoglycan sulphation was 

inhibited, using sodium chlorate pre-incubation, the ability o f  AM I-C D  and A P I-C D  to mediate 

efficient transfection was significantly inhibited. It should also be noted that the transfection 

mediated by the other successful vector, IM2-CD, drops 2-fold under these conditions but was not 

statistically significant. The dramatic drop in pDNA cell-association by A P l-C D /D N A  complexes 

when proteoglycan sulphation was inhibited would go some way to explaining the decrease in 

transfection levels after chlorate treatm ent and would suggest that it is this interaction with the cell- 

surface and subsequent internalisation that is partly responsible for the improved transfection 

efficiency mediated by A P I- ,  IM2- and AM  I-CD. This was further emphasised by the fact that the 

lack o f  sulphation had little or no effect on the level o f  cell-associated pDNA for the less efficient 

D M -C D  and 1M3-CD complexes. Borrajo et al., (1997) showed that polyamino CD derivatives 

bound to G A G  sulfates, which form part o f  cell-surface proteoglycans. Using an aminated [3-CD 

with the same structure as AM  I-CD, they found that the cationic C D  was capable o f  interacting 

with the anionic G A G  sulphates, in much the same way as peptide epitopes rich in basic am ino acid 

residues. Modification o f  the secondary face o f  the aminated CD significantly decreased the 

binding efficiency to G A G s and this may be a factor in the decreased transfection efficiency o f  the 

acetylated polyamino CDs, AP2-, I MI -  and 1M3-CD, relative to their unacetylated counterparts, 

API - ,  IM2-CD. Interestingly, they found that tertiary amine groups were not as efficient at binding 

the GAGs due to the steric bulk o f  the group. This steric hindrance to G A G  binding would explain 

the greater effect o f  chlorate treatment on the primary amine, AM  I-CD, over the heterocyclic 

amines o f  A P I-C D , 1M2-CD and the tertiary amine o f  DOTAP™. Thus, the ability to interact with 

the GAG portion o f  cell-surface proteoglycans and utilise the proteoglycan-mediated endocytic 

pathways appears to be an intrinsic part o f  the m echanism o f  transfection o f  the most successful 

polyamino CDs. AM  I-CD, which was most affected by the inhibition o f  GAG sulphation mediates 

the highest level o f  pDNA cell-association (Table 11.7) and those CD s affected by chlorate, i.e. 

A M I-C D , A P I-C D  and to a lesser extent IM2-CD, are the most efficient o f  the transfection agents. 

Therefore an inability to bind G A G s, such as Borrajo et al., (1997) found for neutral P-CD, may go 

some way to explaining not only the lack o f  efficacy o f  the neutral CDs, but also the variability in 

efficacy between the different polyam ino CDs.

Other factors also point to a specific saturable uptake process mediated by the CDs. These 

include the fact that adding additional CD above the optimum M R C D :pD N A  leads to no further 

increase in transfection levels may be explained by toxicity at higher concentrations, or, 

competition for binding to the cell mem brane between com plexed cationic C D  and free cationic 

CD. Indeed the fact that a rise in CD concentration with a corresponding rise in pDNA 

concentrations leads to higher levels o f  transfection, while a raise in free C D  concentration alone 

does not. suggests that the uptake mechanism involved in C D :pD N A  com plex internalisation may
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be blocked by free cationic C D  and as such may be a saturable process. Similarly, the transfection 

levels o f  D 01A P ™ /p D N A  com plexes dropped when com bined with the A P I -C D  (Fig. 11.15), 

indicating that rather than increasing the m embrane permeability the cationic CD s were somehow 

inhibiting the transfection ability o f  the DOTAP™ /DNA com plexes perhaps by com peting for the 

same cell surface binding sites.

While enhancem ent o f  pDNA binding and internalisation appears to enhance transfection, 

C D s such as D M -CD  and M E l-C D , which failed to significantly increase pD N A  cell-association, 

were capable  o f  enhancing transfection over a hundred-fold above control. This indicates that CDs 

enhance  transfection by improving processes other than binding and uptake, e ither by improving 

stability and delivery extraceilularly or  improving intracellular gene delivery processes. The other 

point o f  note is that while CDs, such as A P I-C D  and A M I-C D , promote internalisation to a far 

greater extent than the liposomal vector DOTAP™, they fail to surpass its transfection ability 

indicating that they are not as efficient at other points in the gene delivery pathway. Interestingly, 

the activity o f  A P l-C D /p D N A  complexes in the presence o f  serum did equal that o f  

DOTAP^^“/pD N A  com plexes in the presence o f  serum, which may be a reflection o f  their increased 

affinity for G A G s (Table 11.8) and for pDNA (Fig. 8.20 vs. 10.25), which allow them to overcome 

some o f  the inhibitory effects o f  serum to a greater extent than the cationic lipid.

A nother o f  these processes that was investigated was endosom olysis  or escape from the 

endosome. Chloroquine significantly increased (p<0.05) transfection levels o f  the cationic 

CD /plasm id DNA complexes by between 10 and 400-fold, with the greatest increases seen for the 

alkylimidazole (IM ) CD derivatives. The increase in transfection levels with the cationic CD s in 

the presence o f  chloroquine implies that the complexes are endocytosed and that release from the 

endosom e may be a rate-limiting factor. Equally, the lack o f  any significant effect on the 

transfection efficiency o f  the neutral CD DM -CD would support the theory that these CD s do not 

lead to internalisation o f  plasmid DNA via endocytosis but rather via m em brane fluidisation.

T w o o f  the best cationic CDs, A P I-C D  and IM2-CD, both contain pFI-sensitive 

hetreocyclic headgroups, which allow these CD s to successfully bind and neutralize pDNA. These 

C D s w ould be expected to becom e more strongly positive, due to the presence o f  a second acidic 

heterocyclic  nitrogen, within the acidic endosomal com partm ent o f  the cell (as shown in the pFI 

zeta studies Table 10.5). Studies carried out on cationic liposomes with these headgroups showed 

that their ability to bind and protect DNA was indeed pH -dependent (Budker et al., 1996). The pKa 

values for the imidazole ring differ from those in the pyridinium ring, which may explain the 

greater response by the IM -CDs to chloroquine than the AP-CDs. The pyridinium ring has a basic 

function with a low pKa o f  around 5 (moderately basic) and at acidic pH (such as the endosomal 

pFl) forms very positively charged complexes, perhaps acting like a “proton sponge” to a certain
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extent. The IM -CDs have higher pK a values (are stronger bases) but form less positively charged 

complexes at acidic pH than the AP-CD. Thus, its ability to  disrupt the endosomal mem brane may 

be limited, explaining the greater enhancem ent seen in the presence o f  chloroquine. Amphiphilic  

(IM 3-CD) and non-amphiphilic  (A P l-C D , IM2-CD, M E l-C D )  cationic CDs alike respond to the 

presence o f  chloroquine. A nother factor that may account for the enhancing effect o f  chloroquine is 

its ability to aid dissociation o f  complexes. The heparin stability study indicated that for some o f  

the cationic CDs, especially AP-CDs, it is difficult to disrupt the com plex and release the plasmid 

DNA for expression. In order to discern if  it is necessary for the CD s to dissociate prior to nuclear 

localisation, as was found for lipid vectors, m icroinjection studies w ould be necessary.

The enhancem ent o f  transfection o f  PEI H M W /pD N A  com plexes (N/P 2) by low 

concentrations o f  A P l-C D  indicated that the free cationic C D  was capable o f  acting to some degree 

to improve transfection, perhaps by improving m em brane permeability. It indicates that A P l-C D  

can enhance transgene expression som ewhat when uncom plexed to the plasmid DNA. The 

decrease in transfection efficiency as the quantity o f  A P l-C D  was added may indicate a saturable 

process o f  transfection enhancem ent by free A P l -C D  that at higher concentrations was negated by 

increased toxicity (see Figure 10.26). The inhibition o f  expression by PEI H M W /pD N A  (N/P 5) 

complexes when A P l-C D  was added indicated that free A P l -C D  and free PEI H M W  (which would 

be present at this N/P ratio but not at N /P2) may compete, for example for binding sites or 

internalisation processes leading to a decrease in transfection. The presence o f  free PEI HM W , 

when plasmid DNA was com plexed with A P l -C D  first before addition o f  PEI HM W , may act to 

enhance endosm olysis  (as was seen for chloroquine used in conjunction with A P l-C D /D N A  

complexes in Fig. 11.12), thereby improving the transfection efficiency o f  the A PI-C D /p lasm id  

DNA complexes.

The inability o f  free A P l-C D , even at low concentrations, to enhance transfection by 

DOTAP™ /pDNA complexes CR (+/-) 1.5 indicates that perhaps there is sufficient cationic lipid 

complexed and free at this CR to maximise transfection and as the concentration o f  CD increases it 

competes with these mechanism s and increases the overall toxicity, thereby limiting transgene 

expression. Thus, the CD s can enhance PEI H M W  transfection at low CRs but not DOTAP™. 

W hen the higher CR (+/-) 2.4 DOTAP™ :pDNA is used to com plex the pDNA and A P l-C D  100:1 

is added no inhibition is seen. This may be due to the increased concentrations o f  free lipid 

competing more successfully with the cationic CDs. The enhanced transfection efficiency seen 

when there is free cationic lipid available may indicate that cationic lipids use more than one route 

for internalisation, one which free C D  can block, probably endocytosis, and one which CD s cannot 

e.g. mem brane fusion. Lipids also have the ability to  escape from the endosom e efficiently by a 

suggested flip-flop mechanism and the free cationic lipids may thus improve the C D /D N A  com plex 

escape from the endosome.
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In conclusion, the neutral, com m ercially  available CDs have a limited ability to improve 

transfection efficiency over a control o f  naked pDNA. Oligomeric, polycationic CD s significantly 

improved this enhancem ent with an increase o f  4,000-fold over control produced by the best o f  the 

cationic C D /pD N A  complexes, i.e. A P I-C D . W hile the levels o f  luciferase expression produced by 

A P I-C D /p D N A  complexes were less than those achieved by DOTAP™ /pDNA com plexes in 

serum-free medium, their efficacies were equal in the presence o f  serum. The polycationic CDs, 

especially  A P I-C D  and A M I-C D , promoted highly efficient pD N A  binding and internalisation 

when com plexed  with pDNA. These processes were highly dependent on the com plexes binding to 

cell-surface proteoglycans and being actively taken up into cells. C D s appear to have a natural 

ability to increase intracellular delivery o f  DNA, an ability that appears to be dependent on 

condensation o f  pDNA and cell-surface proteoglycan binding produced when CD s are derivatised 

to include cationic substituents.
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Chapter 12

Amphiphilic Cyclodextrin vesicles: characterisation and formulation as non-viral 

GDVs

12.1 Introduction

The range o f  novel polyamino CDs, which have been screened as non-viral vectors 

(Chapter  10 and 11), indicated that C D /pD N A  complexes were capable o f  producing high levels o f  

transgene expression and low toxicity, as well as acting as excellent pDNA uptake enhancers. 

However, these com plexes showed a poor ability to  facilitate escape o f  pD N A  from the endosome, 

an important step in effective gene delivery, as well providing little protection against DNases. In 

order to improve the transfection levels a range o f  amphiphilic CDs were synthesised in the Dept, 

o f  Chemistry, Li.C.D. by substituting with SC6/SC16 lipophilic side-chains on the primary 

hydroxyl o f  P-CD and oligo(ethylene glycol) units on the secondary 2-hydroxyl. Both neutral 

(SC 6-C D /SC 16-C D ) (M azzaglia  et al., 2001) and cationic C6/C16 (SC 6N H 2-C D /SC 16N H 2-C D ) 

CD s (oligoethylene glycol units substituted with amine groups) were synthesised. The structure o f  

these C D s is shown below in Figure 12.1 (N M R  data in A ppendix  XIV). It w as hoped that these 

vesicle-forming CDs would further improve on the success o f  the particulate C D /pD N A  systems 

already investigated, by mimicking the ability o f  liposomes to disrupt both the cell and endosom e 

membrane, and improve the stability o f  pDNA. It has previously been shown that increasing the 

lipophilicity o f  CD s increases their ability to interact with b io-membranes (D uchene et al, 1999). 

The presence o f  the oligoethylene glycol units increases the solubility o f  these CDs, and should 

decrease their immunogenicity  and increase their colloidal stability (M azzaglia et al., 2001).

RO

R ’ R X

SC6-CD

SC16-CD

SC6N H 2-CD

SC16N H 2-C D

H

H

H

H

C H 2 C H 2 O C H 2 C H 2 OH

C H 2 C H 2 O C H 2 C H 2 OH

CH2CH2OCH2CH2NH2

CH2CH2OCH2CH2NH2

S(CH2)sCH3

S(CH2)i5CH3

S(CH2)sCH3

S(CH2)|5CH3
F igure 12.1 Structure o f  novel CD s (which form vesicles after formulation).
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The majority o f  cationic liposomes used for gene delivery contain four functional moieties: a 

positively charged head group (usually an amine), a spacer o f  variable length, a linker bond and a 

hydrophobic anchor (sterol or dialkyl) (Gao and Huang, 1995). These surface-active CDs contain a 

hydroxyl moiety (neutral) or primary cationic amine (cationic) on the end o f  an oligoethylene glycol 

spacer, which is linked to the CD core via an ether linkage. The hydrophobic anchor in these 

molecules is the SC6 or SC 16 chain substituted at the primary hydroxyl o f  the P-CD. Thus, the 

cationic CDs are multivalent amphiphilic molecules, which have many o f  the characteristics o f  

cationic liposome-based gene delivery systems.

12.2 Aims and Objectives

• To look at the effect o f  various formulation variables on the vesicles formed by neutral and 

cationic SC6/SC16-CD derivatives, including method of vesicle size reduction and the rehydration 

medium

• To characterise the vesicles using particle sizing techniques including PCS and EM.

• To monitor the stability o f  the vesicles using visual, particle size and turbidity data over several 

weeks, when stored at room temperature and at 4°C

• To characterise the size and surface charge o f  the complexes formed between neutral and 

cationic SC6/SC16-CD derivatives and plasmid DNA

• To look at the effect o f  different pDNA encapsulation procedures on size and encapsulation 

efficiency.

•  To look at the DNA binding ability and stability o f  the vesicles.

• To determine the transfection ability and toxicity o f  the complexes in vitro

RESULTS

12.3 Formulation of CD-vesicles 

12.3.1 Effect of Method of Vesicle Size Reduction on Vesicles formed

The process used for vesicle formulation (see section 7.5.3.1) was successful in forming 

vesicles using both the cationic and neutral SC6-CD and SC16-CD derivatives. This was 

determined by visual inspection o f  the colloidal system and particle size analysis using PCS and 

EM. The initial hydration o f  a lipid film with agitation produces MLVs (Multilamellar vesicles), 

which are generally several microns in size. Depending on the type o f  vesicle required for the given 

application, different methods o f  downsizing could be used. For encapsulation o f  pDNA SUVs 

(Small unilamellar vesicles) are thought to be the most useful, since during complex formation 

between pDNA and liposomes restructuring o f  the liposomes occurs and this is more easily
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achieved with a small unilamellar vesicle. M ethods for downsizing include sonication, extrusion 

and homogenisation (Lasic, 1997). Figure 12.2 shows the sizes (measured by PCS) o f  neutral SC6- 

CD and SC16-C D  vesicles formed by rehydration o f  dry C D  film to give a fmal concentration o f  

1 mg/ml and then size reduced by either sonication, sonication and filtration or by homogenisation.

T he vesicles formed by all the different methods o f  size reduction fall within the range o f  

intermediate sized unilamellar vesicles (lUVs), which have diameters o f  the order  o f  magnitude o f  

lOOnm. This term is used to categorise vesicles between the SU V s (small unilamellar vesicles) 

which are defined as vesicles at the lowest limit o f  size possible, which can be as small as 25 nm 

and LU V s (large unilamellar vesicles) which have diameters o f  the order o f  magnitude o f  lOOOnm. 

Sonication involved bath sonication o f  the vesicles above transition temperature (R T  for SC6-CD 

and 50°C for SC16-CD) for one hour. The sonication procedure seems to be effective in reducing 

the size o f  the SC6-CD /SC16-CD  vesicles to 200-300nm but the vesicle population was 

heterogeneous as seen by both high polydispersities (>0.5) o f  the non-extruded vesicles and the EM 

picture shown in Figure 12.3a and 12.4a.

T he smallest vesicles were formed for both SC6-CD and SCI 6-CD using sonication for 

one hour above the transition tem perature  followed by filtration using a 0.2(im filter, with SC6-CD 

and SCI 6-CD producing vesicles o f  193 +/- 0.9nm and 95.2 +/- 4nm, respectively. 0 .2 |im  filters 

were used but the overall mean d iam eter only changed to 200nm for the SC6-CD vesicles. The type 

o f  filter used was a tortuous path filter, which because o f  its nature is prone to becom ing blocked 

by larger vesicles. In the case o f  the SCI 6-CD vesicles the size was reduced well below this cut-off 

size, indicating that the filter may have acted to remove the larger particles which were skewing the 

mean leaving only those less than 200nm behind o f  which the majority were approximately lOOnm. 

This screening out, rather than extrusion process may have been due to production method. Given 

that the Tc o f  SCI 6-CD is 50°C and the filtration was carried out at room temperature, the lamellae 

o f  the vesicles may not have had the necessary flexibility to be shaped by the filter pores. This was 

further supported by the fact that the SC6-CD vesicles produced by sonication and extrusion were 

close to the filter pore size o f  200nm. SC6-CD has a phase transition temperature below room 

temperature, which means that its lamellae would be fluid enough at room temperature to be 

extruded. It is interesting to note that when the SCI 6-CD vesicles were extruded the larger vesicles 

appear broken or bent once stained, as if  the integrity o f  the lipid layer was com prom ised by the 

extrusion process.
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Figure 12.2 Effect o f different vesicle size reduction methods on the size o f CD-vesicles formed by 
a) SC6-CD and b) SC16-CD in DDDW measured by PCS.

Homogenisation is a popular method of vesicle size reduction in scale-up and 3-5 passages 

through a microfluidization device at 2000 psi was used to decrease the size o f the vesicles formed. 

SC16-CD vesicles o f 550nm and SC6-CD vesicles o f 500nm with large polydispersities were 

formed. An example o f those formed by SC16-CD is shown in Figure 12.4c. These systems did not 

have the uniform size distribution seen for the sonicated and filtered systems (Figure 12.3b and 

12.4b).

The results from both the EM and PCS studies correlated well, with the EM studies 

providing more detailed insight into the structure o f the vesicles. From characterisation studies 

carried out in U.C.D. (personal communication) and the EMs seen below (Figure 12.3 and Figure 

12.4) the SC16-CD would appear to produce the most stable and structured vesicles, which would 

be expected with the longer hydrophobic chain present on the CD.

Sonicated Sonicated and Homogenised 
filtered

Method of size reduction of SC6-CD

Sonicated Sonicated and Homogenised 
filtered

Method of size reduction of SC16-CD
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0  5

Figure 12,3 EM pictures o f SC6-CD vesicles rehydrated with DDDW and a) sonicated 
X80,000 or b) sonicated and filtered X40,000 magnification.
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Figure 12.4 EM pictures o f  SC16-CD vesicles rehydrated in DDDW and, a) sonicated X30,000 b) 
sonicated and filtered X20,000) c) homogenised X20,000 magnification.
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12.3.2 The Effect o f  the Rehydration Medium used on the Vesicles formed

The medium used to formulate the vesicles will tend to influence the size and nature o f  the 

vesicles formed. Table 12.1 indicates just how dramatic a difference the choice o f  medium can 

have on size and size distribution.

Table 12.1 Effect o f  diluent on size and polydispersity o f  SC16-CD vesicles. Vesicles were 
rehydrated in the given medium and sonicated. Sizes were measured by PCS within 6 hours o f  
formulation.

Size of SC16-CD Vesicles
Size (nm) Std devn Polydispersity

DDDW 313.0 9.5 0.57
NaCI 0.15M 1543.0 30.6 0.40
10%serum 490.6 9.5 0.57

The smallest vesicles were formed in DDDW, with a mean o f  313nm but with a fairly high 

level o f  polydispersity o f  0.57. The presence o f  10% w/v serum caused a significant increase in the 

size o f  the vesicles to 490nm with roughly the same polydispersity as in DDDW. The most 

dramatic difference was seen when 0.15M NaCI was used as the rehydration medium. Much larger 

vesicles o f  over 1.5p,m were produced but with a slightly narrower polydispersity o f  0.4. The use of 

rehydration media with physiological osmolality is recommended in vivo and 0.15M NaCl is one o f  

the recommended solutions along with 5% dextrose and 10% sucrose.

12.3.3 The Effect o f Rehydration Media and Storage Tem perature on Stability o f Vesicles 

with Time

Stability o f  vesicles is a complex area with many parameters and factors to be taken into 

consideration. Firstly, stability can be defined on several different levels be it physical, chemical or 

biological stability. In the area o f  drug delivery the issue o f  shelf life is pivotal to the effective use 

o f  liposomes and vesicles as formulation excipients. Shelf-life is a cumulative property o f  physical 

and chemical stability.

Conventional phospholipid liposome components are prone to hydrolysis and oxidation. 

Oxidation is more likely in the case o f  high levels o f  unsaturation in the lipid chain and hydrolysis 

at the ester bond o f  phospholipid is another major site o f  chemical instability. Given the absence o f  

unsaturated bonds and ester groups in the SC6/SC16-CDs, their chemical stability should be good. 

The stability studies carried out concentrated on the physical stability o f  the SC16-CD vesicles 

formulated as described previously, rehydrated with different solutions, i.e. DDDW, 0.15M NaCI 

(saline) or 10% w/v serum, followed by sonication but no extrusion. The samples were then stored
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at either 4°C or room temperature (RT) for up to 4 weeics. Physical stability is generally determined 

by the constancy o f  the size distribution (PCS) and the encapsulation efficiency over time. Leakage 

and fusion o f vesicles often occurs as a result o f lattice defects in the membrane and vesicles are in 

general not in a thermodynamically stable state. These studies looked at the change in size and size 

distribution, turbidity and physical appearance over time and used these as indicators o f  the 

stability o f  the SC 16-CD vesicles over time.

2500 

2000 

I  1500

N 1000

500 

0
Dayl Day? Day14 Day21

Days post-formulation

Figure 12.5: The stability o f SCI 6-CD vesicles made up in different diluents and stored at room 
tem perature (RT) and 4°C.

As discussed previously (Table 12.1) the size o f vesicles produced after sonication varied 

depending on the rehydration medium used. The turbidity and appearance o f  these vesicle 

suspensions also differed. The turbidity o f the suspensions was measured at 400nm on day land the 

results are shown in Table 12.2.

Table 12.2 Absorbance at 400nm o f SC-16 vesicle suspensions formulated by rehydration with the 
stated medium and sonicated.

Rehydration M edium Absorbance at 400nm

DDDW 0.495

0.15M N aC l 0.628

10% v/v serum 0.491

All the suspensions appeared opaque, but the suspension formed in NaCl appeared cloudier.

The SCI 6-CD vesicles in DDDW stored at 4°C remained stable over a 4-week period as 

shown in Figure 12.5 and Appendix Xlll. There were fluctuations in size and polydispersity over 

the course o f the study with the size dropping to 340nm at the end o f  the study. Similarly the 

turbidity o f  the suspension dropped only slightly to 0.465 A. In contrast the same vesicles stored at 

RT became unstable after just 2 weeks. The mean size increased significantly, doubling to almost
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800nm with a polydispersity o f 0.814. The turbidity similarly increased after 14 days. A size 

increase generally indicates that the vesicles are either aggregating or fusing over time. 

Aggregation o f neutral vesicles is brought about by Van der Waals interactions and small 

unilam ellar vesicles, as produced here, are prone to fusion as a means o f  relieving stress from the 

high curvature o f the membrane. It is advisable to store vesicles at tem peratures well away from the 

transition temperature, given these fusion phenomenon occur most readily at the Tc

The SCI6-CD  vesicles formed in 10% v/v serum showed a similar trend. When stored at 

4°C the average size stayed around 600nm but the polydispersity increased to 0.74, indicating that 

the range o f  sizes was changing over the course o f  4 weeks. The turbidity o f  the sample also 

remained low. When stored at room temperature, however, the serum degraded and the sample 

colour changed. The average size o f  the vesicles increased and the turbidity at 400nm increased to 

almost 1.5. This effect was to be expected as the recommended condition for storage o f  serum is at 

4°C and the effects seen were most probably due to microbial contamination.

The vesicles formed in NaCl proved unstable over time at both storage temperatures. When 

stored at 4°C the average size o f the vesicles fell highly significantly from 1643nm to only 317nm 

over 4 weeks, with the polydispersity increasing slightly. This decrease in size may have been due 

to the tendency for large vesicles to fuse or undergo osmotic rupture. This effect is more 

pronounced for large vesicles, which provide a larger surface area for contact with each other. The 

same trend was seen with those vesicles stored at RT. They decreased in size down to 526nm.

12.3.4 Characterisation of Aminated CD-vesicles

Having determined the conditions under which the neutral SC6-CD and SCI6-CDs 

successfully formed vesicles, the cationic aminated SC6NH2-CD and SCI6N H2-CD s were 

formulated by rehydrating the dry CD film using DDDW with agitation and sonication in a bath 

sonicator for I hour at RT for both SC6NH2-CD and SCI6NH2-CD. The decreased phase 

transition tem perature for the SCI6NH2-CD compared to SCI6-C D  is because o f  the increased 

solubility due to the presence o f the ionisable amine group. The systems were not filtered. The 

SCI6NH2-CDs produced the smallest vesicles o f I50nm (Table 12.3), which were on average 

smaller than those formed under similar conditions by the neutral SCI6-CD. On the other hand the 

vesicles formed by SC6NH2-CD were larger than those formed by the equivalent neutral CD (SC6- 

CD) with an extremely high polydispersity o f 0.9, indicating that a huge range o f  different sized 

particles was present.
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Diameter (nm) Std devn Polydispersity

SC16NH2-CD 150.0 10.0 0.55

SC6NH2-CD 649.0 230.0 0.90

The polydispersity and size o f the SC6NH2-CD (Fig 12.6) vesicles was greater than for the 

neutral SC6-CD vesicles (Fig. 12.3a), while the vesicles formed by SC16NH2-CD (Fig. 12.7a and 

b) were smaller and more homogenous than those for the neutral SC 16-CD (Fig 12.4a).

m

O
Figure 12.6 SC6NH2-CD vesicles formed in DDDW and sonicated at X40,000 magnification.
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a)

b)

m m

Figure 12.7 EMs o f  SC16NH2-CD vesicles formulated in DDDW and sonicated at a) X30,000 b) 
X40,000 magnifcation.

12.4 Form ulation o f CD vesicles with plasmid DNA

12.4.1 Effect o f Encapsulation Procedures on the Vesicles formed by neutral CDs

The physicochemical properties o f the pDNA/lipid complexes modulate their biological 

activity (Pedroso de Lima et al., 2001). Thus, it is important to characterise the systems formed 

when the CD vesicles are mixed with plasmid DNA. Neutral liposomes, while featuring highly in 

conventional drug delivery, have not yet been widely used in gene delivery. The main disadvantage 

o f neutral vesicles in gene delivery is the poor pDNA encapsulation due to the lack o f electrostatic 

interaction. A number o f different encapsulation techniques were used in this work. The first 

method used is the most common technique for encapsulation o f DNA by cationic liposomes, 

which is simply mixing a solution o f pDNA with a quantity o f  preformed vesicles. The results o f 

this procedure on the size and morphology o f the com plexes formed are shown below in Table 12.3 

and Figures 12.8 and 12.9, where pre-formed (sonicated) SC6-CD and SCI6-CD vesicles (Im g/m l) 

are mixed 1:1 with a plasmid DNA solution (0.1 mg/ml). From PCS data (Table 12.4), the addition
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o f  plasmid DNA had little effect on the size o f  the vesicles formed and from EM s the presence o f  

pD N A  seems to have had little i f  any effect on the m orphology o f  the S C I6 -C D  vesicles, while the 

SC6-CD vesicles tended to c lum p together when pD N A  was added (Fig. 12.8).

The second method used was reconstitution o f  the dry CD ( Im g )  with 2ml o f  plasmid 

DNA solution (0.05mg/ml) in D D D W , followed by sonication for size reduction. This increased 

both the size and the polydispersity o f  the vesicles formed for both SC6-CD and S C I6 -C D  (Table 

12.4). The rehydration o f  the S C I6 -C D  with plasmid DNA solution led to a non-structured system, 

in which individual vesicles could not be defined as compared to Fig 12.9 in which the vesicles are 

clearly evident. In order to improve condensation and encapsulation by lipid-based systems, some 

groups have looked at precondensing DNA with polypeptides or polymers and rehydrating the lipid 

with this solution (Abe et al., 1998; Vitiello et al., 1996). In this study pDNA was pre-condensed 

with sub-optimal (i.e. for transfection) amounts o f  poly-L-lysine (M R  1:1 pD N A :pLL) and then 

used to rehydrate the CD s (0.05mg/ml pDNA). Pre-condensed plasmid DNA, i.e. condensed with 

pLL, when mixed with pre-formed vesicles or used as a reconstituting solution produced similar 

trends to those shown above for non-condensed plasmid DNA, i.e. when used to reconstitute the 

dry CD larger vesicles were formed.

The final encapsulation method used was freeze-drying (Gregoriadis et al., 1998). This is a 

method used to increase encapsulation, given the low percentage o f  between 5-10% o f  total 

aqueous volume added, which is generally entrapped in neutral liposomes. Using this method, 

encapsulation efficiencies o f  between 50-70% efficiency have been quoted (Perrie and Gregoriadis, 

2000). The CDs were rehydrated initially using D D D W  (1 mg/ml) and sonicated to form SU V s and 

then mixed with a solution o f  pD N A  (0.1 mg/ml). The mix was then freeze dried over night and 

rehydrated with a small quantity  o f  D D D W  (200(il). There are two major advantages to this 

method for encapsulation o f  DNA by neutral vesicles. Firstly, pD N A  added to SU V s and then dried 

down together leads to intimate contact between the tw o systems and increased entrapment upon 

rehydration. Secondly, smaller quantities o f  D D D W  are required to rehydrate the C D  as the 

D D D W  has ready access to the C D  in its dried, organised form. These are termed dried 

reconstituted vesicles (DRVs). As can be seen in Table 12.4, the plasmid D N A /S C I6 -C D  particles 

formed by freeze-dtying are significantly smaller than those formed by reconstituting with pD N A  

solution.

287



Chapter 12

Table 12.4 Effect o f method o f neutral CD vesicle and plasmid DNA mixing on the size (nm) and 
polydispersities o f complexes formed.

Method of encapsulation CD Size (nm) Std devn Polydispersity

Mixing SC6-CD 194.7 10.8 0.36

SC16-CD 272.4 1.2 0.53
Reconstituting with 

DNA soln. SC6-CD 1119.2 107.2 0.65

SC16-CD 726.0 33,1 0.90

Freeze-drying SC16-CD 516.0 11.5 0.77

Figure 12.8 EMs o f preformed SC6-CD vesicles mixed with plasmid DNA at X40,000 
magnification

Figure 12.9 EM o f preformed SC16-CD vesicles mixed with plasmid DNA X20,000 magnification
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The cationic charge o f the aminated CDs was expected to increase their ability to interact 

with plasmid DNA based on the findings o f the previous chapters (10 and 11). In order to 

determine the effect o f this interaction on the size o f the complexes formed a range o f MRs (charge 

ratios) o f SC6NH2-CD/SC6NH2-CD:pDNA were made up and their size determined by PCS and 

EM. The sizes o f the complexes over a range o f MRs are shown above in Figure 12.10. Two 

formulation options were tried. The first was mixing o f preformed cationic vesicles with plasmid 

DNA (M ix) and the second was reconstitution o f the dried CD with plasmid DNA solution 

(Recon). The diameters o f the complexes formed by mixing plasmid DNA with preformed 

SC6NH2-CD vesicles were between 65 and 290 nm, a significant decrease in size from the size o f 

the vesicles alone, which was 650nm. The SC16NH2-CD/pDNA complexes, which were based on 

smaller vesicles to start with at 150nm, were not surprisingly smaller in size with a size range over 

the MRs tested o f 60nm to 140nm. The complexes formed by reconstitution with a pDNA solution, 

however, at MR 10:1 CD:DNA were large, disperse particles with diameters in the micron size 

range, but became condensed again as the MR is increased. This trend is seen for both the 

SC6NH2-CD and the SC16NH2-CD/pDNA complexes

5000 

_  4000
E
S  3000I.
0)

I  2000
a  1000 

0

Figure 12.10 Effect o f increasing MR CD:pDNA on the size (nm) o f complexes formed between 
SC6NH2-CD and SC16NH2-CD and plasmid DNA when preformed vesicles are mixed with DNA 
(M ix) or when the dry CD film  is reconstituted with plasmid DNA solution (Recon).

SC16NH2 (Recon) 

- ^ S C 6 N H 2  (Recon) 

- A — SC16NH2 (Mix) 

- A — SC6NH2 (Mix)

MRCD:DNA
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a) b)

Figure 12.11 EMs o f  SC16NH2-CD vesicles mixed with plasmid DNA at MR CD:pDNA 10:1, 
a) X 100,000 b) X200,000 magnification.

EMs o f SC16NH2-CD pre-formed vesicles mixed with plasmid DNA are shown in Figure 

12.11. These EMs correlate well with the PCS data, which showed that small complexes were 

formed when the two systems were mixed. The morphology closely resembles that seen for DC- 

Chol systems in which clusters o f  spherical particles were seen (Sternberg et al., 1994). It should be 

noted that unlike the neutral SC16-CD vesicles (Fig. 12.9) the morphology o f the SC16NH2-CD 

vesicles was significantly affected by the addition o f  pDNA, with significant condensing o f the 

system visible. In Figure 12.1 la  a number o f  isolated vesicles are still present (indicated by the 

arrows on the EM), indicating that there is an excess o f  cationic vesicles at this MR CD:pDNA 

10:1. The EMs o f SC16NH2-CD vesicles reconstituted with plasmid DNA solutions showed large, 

amorphous structures, indicating that the presence o f  pDNA during reconstitution disrupted the 

vesicle-forming process as it did for the neutral CDs.

12.4.3 Zeta Potential o f vesicle-like CD/pDNA com plexes

In order to determine the overall surface charge o f the complexes formed between the 

vesicle-forming CDs and plasmid DNA their zeta size was determined as detailed in section 7.6.4. 

The neutral CDs failed to neutralise the negative charge o f  the plasmid DNA. As shown (Table 

12.5) SC16NH2-CD successfully neutralised the negative charge o f  the plasmid DNA (^ 2 .9 m V ) 

at a very low mass ratio, less than 1:1 CD:pDNA. When larger quantities o f SC16NH2-CD were 

added to the fixed quantity o f plasmid DNA, the complexes became even more positively charged 

with a mass ratio o f 10:1 CD:pDNA producing com plexes with a positive charge o f +40.8mV.
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Table 12.5 Zeta Potential (m V) o f SC 16-NH2 CD:plasmid DN A  complexes over a range o f  MRs

MRSC16NH2-CD:DNA Zeta (mV) Std devn

pDNA alone -42.9 2

0.1 -23.2 8.9

1 2.6 1.1

10 40.8 8.3

12.4.4 Encapsulation Efficiency

Given that the neutral CDs cannot interact electrostatically w ith plasmid DNA, the only 

method o f determining the effectiveness o f their formulation w ith pDNA is to measure how much 

o f the plasmid D N A is encapsulated w ith in  the vesicles. Previous studies based on CD bilayer 

vesicles determined that the vesicles (sim ilar in structure to SC6-CD and SC16-CD) were capable 

o f encapsulation o f  fluorescent dyes in their aqueous interiors (Ravoo and Darcy, 2000). In order to 

examine the effect o f different methods o f encapsulation on entrapment efficiency w ith in  the 

neutral vesicle-forming CDs radiolabeled plasmid DNA was used (see section 7.5.3.3). This 

method involved preparing the CD vesicle/pDNA formulations by either m ixing o f the two 

components (M ix ) or reconstituting the dry CD w ith plasmid DNA solution (Recon) as before, but 

incorporating a small percentage o f '̂ P̂ labelled plasmid into the formulation along w ith cold 

plasmid. The in itia l M R o f CD :pDNA in each case was 10:1. The free pDNA was separated from 

the encapsulated pDNA by centrifugation and the pellet and supernatant read separately in a 

scintillation counter. This method had the advantage that no lysing o f  the vesicles was necessary in 

order to assay for the pDNA. The percentage encapsulation was low (Table 12.6) but was improved 

by reconstituting w ith the pDNA solution and SC16-CD proved more successful as an 

encapsulating agent than SC6-CD. Unfortunately it was not possible to use this method to evaluate 

the effect o f freeze drying, given the safety hazards associated w ith radioactivity.

Table 12.6 Encapsulation efficiency o f  SC6-CD and SC16-CD vesicles o f plasmid D N A when 
preformed vesicles were mixed w ith  D N A (M ix), when the dry CD film s were reconstituted with 
pDNA solution (Recon) as determined using radiolabeled plasmid DNA.

% Encapsulation of DNA

SC6-CD SC16-CD

Recon 3.71 ± 0.5 5.91+ 0.9

Mix 2.92 + 0.6 1.48 ± 0.8
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12.4.5 DNA binding ab ility  

12.4.5.1 Gel B inding A ssay

Gel binding assays were used to determ ine w hether the C D  vesicles were able to interact 

with plasmid DNA, thereby neutralising its charge or forming a large inflexible structure and 

retarding its ability to travel through the gel. U ncom plexed plasmid DNA is free to migrate through 

the gel and the bands formed are visualised under UV light, as the ethidium bromide intercalates 

with the DNA and causes fluorescence (Sam brook et al., 1989). The neutral CD s failed to prevent 

pD N A  migration when used alone (i.e. without p recondensing with poly-L-lysine). M ixing o f  pre

form ed SC6-CD and SC16-CD vesicles with plasmid DNA (Mix), reconstituting CD film with 

plasmid DNA solution (Recon), or freeze-drying the pD N A /C D  (D R V ) at M R  C D :pD N A  100:1 

failed to  retard DNA mobility dow n an agarose gel. The SC16-CD  freeze-dried mix with plasmid 

showed signs o f  pD N A  degradation, with the band o f  supercoiled DNA diminished in intensity, 

while that for open circular pD N A  is increased in intensity. Using pDNA pre-condensed with pLL 

(pLL Recon), to reconstitute the CD s successfully bound the pD N A  within gel wells, for both SC6- 

C D a n d  SC16-CD.

The cationic CDs, on the other hand, successfully  retarded plasmid DNA in the wells o f  the 

agarose gel at very low MRs C D :pD N A  as show n below in Figure 12.12. At mass ratio 1:1 

C D :pD N A  the plasmid DNA is completely  retarded in the well (Lanes 4 and 13), and as the 

concentration o f  cationic CD increases the fluorescence within the wells diminishes as was found 

for other polycations (G ao and Huang, 1996).

L an es :  1 2  3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

F igure 12.12 Gel binding assay for pre-formed S C 6N H 2-C D  and SC16N H 2-C D  vesicles mixed 
with plasmid DNA at increasing m ass ratios (MRs).

Lane 1 = M olecular weight markers 
Lane 2 =  Plasmid DNA alone 
Lane 3 = SC 6N H 2-C D :pD N A  0.5:1 
Lane 4 = SC 6N H 2-C D :pD N A  1:1 
Lane 5 = SC 6N H 2-C D :pD N A  1:3 
Lane 6 = SC 6N H 2-C D :pD N A  1:5 
Lane 7 = SC 6N H 2-C D :pD N A  1:10 
Lane 8 = SC 6N H 2-C D :pD N A  1:20 
Lane 9 = SC 6N H 2-C D :pD N A  1:50

Lane 11 
Lane 12 
Lane 13 
Lane 14 
Lane 15 
Lane 16 
Lane 17

Plasmid DNA alone 
SC 16N H 2-C D :pD N A  0.5:1
SC 16N H 2-C D :pD N A  1 
SC 16N H 2-C D :pD N A  1 
SC 16N H 2-C D :pD N A  1 
SC 16N H 2-C D :pD N A  1 
SC 16N H 2-C D :pD N A  1

1
3
5
10
20
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The interaction between the cationic CD vesicles and plasmid D N A  was also studied using 

a spectrofluorimetric assay (Gershon et al., 1993) in order to determine the kinetics o f the reaction 

and gain more qualitative results fo r their binding ability. The results o f this study are shown in 

Table 12.7 and Figure 12.13. The first point o f note is that these results confirm  those o f the gel 

binding study, i.e. that the cationic CD vesicles are capable o f  binding pDNA and quenching the 

fluorescence associated w ith ethidium bromide intercalation. From both the graph and the kinetic 

parameters shown in the Table 12.7 certain trends can be seen. Firstly, at low concentrations there 

are large differences in the degree o f quenching but once an excess o f cationic CD is present, i.e. at 

MR C D :pD N A 10:1, each o f the systems produces approximately 75% fluorescence quenching. As 

the concentration o f  CD is increased relative to the concentration o f plasmid D N A  SC6NH2-CD 

causes increased quenching, while the SC16NH2-CDs have reached maximum quenching o f 25% 

at MR 10:1 and no further binding appears to take place. Reconstitution o f the dried cationic CD 

film  w ith plasmid D N A solution produced greater quenching at MR CD:pDNA o f  1:1 than simple 

m ixing o f pre-formed vesicles w ith plasmid DNA, however the method o f  m ixing had little  effect 

on the degree o f binding at higher MRs.

Table 12.7 The kinetic parameters o f condensation o f plasmid DNA by cationic vesicle-forming 
CDs formulated by m ixing preformed vesicles w ith pDNA (M ix ) or reconstituting dried CD with 
pDNA solution (Recon) over a range o f mass ratios.

CD Formulation
Method

Max.
Quenching

MR to produce max. 
quenching (CD:pDNA)

ICso
(CD:pDNA)

SC6NH2-CD Mix 10.53% 100:1 < 1:1

Recon 4.54% 100;1 5.6:1

SC16NH2-CD Mix 25.40% 10:1 2.4:1

Recon 25.78% 10:1 <1:1
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Figure 12.13 Ethidium bromide exclusion assay for cationic SC6NH2-CD and SC16NH2-CD 
vesicles when preformed vesicles were mixed with pDNA (M ix) and when dry CD films were 
rehydrated with pDlMA solution (Recon).

12.4.6 Stability o f the CD vesicle/DNA complexes 

12.4.6.1 Stability in the presence o f DNase and serum

Plasmid DNA is open to attack by nucleases both intracellularly and extracellularly and 

complexation with GDVs aims to decrease this lability (Perales et al., 1994). SC16NH2-CD 

vesicles were formulated using sonication and mixed with pCMV/wc at MR o f 10:1 CD;pDNA. 

The CD/pDNA complexes were then challenged with DNase (in the presence o f Mg^^ ions) or 

serum (50%  v/v) or both and the pDNA subsequently extracted using SDS (as described in 7.7.1 

and 7.7.2). The samples were then run on a 1% w/v agarose gel and the results are shown below in 

Fig 12.14. The SDS was used to disrupt the vesicles allowing the plasmid DNA to travel through 

the gel so that the degree o f  degradation could be assessed. As can be seen from Lane 3 SDS was 

able to disrupt the vesicle and displace the plasmid DNA. From Lane 4 it can be seen that the 

SCI6N H 2-CD  vesicle offered little or no protection against DNase but did prevent complete 

degradation by serum nucleases (Lane 5), though the active form o f plasmid was completely 

destroyed (i.e. no supercoiled pDNA remains). Serum nucleases are a more realistic model o f  in 

vivo degradation.
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Lanes

F igure 12.14 Effect o f  presence o f  DNase and serum on stability o f  SC16N H 2-C D :pD N A  
com plexes (M R  C D :pD N A  10:1).

Lane 1 = M olecular  weight markers
Lane 2 = Plasmid DNA
Lane 3 = SC 16N H 2-C D /pD N A
Lane 4 = SC 16N H 2-C D /pD N A  + DNase
Lane 5 = SC 16N H 2-C D /pD N A  + serum
Lane 6 =  SC 16N H 2-C D /pD N A  + serum +DNase

12.4.6.2 E ffect o f  heparin on B inding

The DNA binding affinity o f  a given G D V  can affect transfection ability in several ways. 

Firstly, high affmity for the DNA will create a robust system capable o f  delivering the active 

plasmid DNA to its desired site o f  action. The other factor is the ability o f  the G D V  to release DNA 

when necessary to allow transcription. This is particularly important for cationic lipid delivery 

systems which have been found to inhibit pD N A  delivery if  they remain bound to the plasmid 

DNA too long within the cell (Pollard et al., 1998). The principle behind this method is that 

challenging the com plexes with polyanions provides an indication o f  how easily the cationic CD 

vesicles can be displaced from the plasmid DNA based on the access o f  ethidium bromide to the 

base pairs.

The SC 6N H 2-C D  and SC 16N H 2-C D /pD N A  com plexes were formulated by, a) mixing or 

b) reconstitution with pDNA solution at a range o f  MRs o f  CD :D N A . From Figure 12.15 and 12.16 

it is clear that com plexes formed by reconstitution o f  the dried CD using pD N A  solution are less 

susceptible to heparin  d isplacement that those formed by mixing, no matter what the MR 

CD :pD N A . There w as a small am ount o f  displacement o f  pD N A  from the reconstituted complexes 

but only 25-30%  o f  maximum fluorescence was recovered even when high quantities o f  heparin 

were used (the one exception being SC6N H 2-CD  reconstituted at a M R  C D :pD N A  o f  1:1, which 

only w eakly  bound pD N A  to start with). The mixed complexes were more easily displaced with 

SC 6N H 2-C D /pD N A  complexes a llowing 60-70% o f  the total pDNA to be displaced, while only 

40-50%  o f  added pDNA was displaced from SC 16N H 2-C D /pD N A  complexes. Overall then, the
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mode o f complexation/encapsulation, the length o f side chain (C6/C16) and the MR o f CD:pDNA 

influenced the stability o f the complexes to heparin displacement.
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Figure 12.15 The displacement o f SC16NH2-CD from plasmid DNA at different MRs CD:pDNA by 
heparin. Complexes formed by mixing (open squares) (M ix) and those formed by reconstitution o f 
the dried CD film  using plasmid DNA solution (fu ll diamonds) (Recon). Displacement was measured 
by ethidium bromide fluorescence.
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Figure 12.16 The displacement o f SC6NH2-CD from plasmid DNA at different MRs CDipDNA 
by heparin. Complexes formed by mixing (open squares) (M ix) and those formed by reconstitution 
o f the dried CD film  using plasmid DNA solution (fu ll diamonds) (Recon). Displacement was 
measured by ethidium bromide fluorescence.

The arrows on the titration curves represent the equivalent concentration o f heparin in cell 

culture media. The quantities o f heparin present in vivo in plasma are much lower than this 

approximating 20|ig on the graphs below. When the surfactant SDS was added above its CMC 

(0.2% w/v) to disrupt the vesicles a rapid increase in ethidium bromide fluorescence was seen for 

each o f the formulations.
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12.5 T ransfection  A ctivity

12.5.1 E ffect o f  form ulation  variab les

The transfection activity o f  the neutral, SC6-CD and SC16-CD, and cationic, SC6NH2-CD 

and SC16N H 2-C D , lipophilic CD derivatives were tested using the previously validated 

methodologies. COS-7 cells were seeded on 24 well plates and grown overnight. The C D /pD N A  

com plexes were made up as described previously by either mixing pre-formed vesicles with 

plasmid DNA or reconstituting the dried C D  film with pD N A  solution. The com plexes were then 

added to the wells in serum-free medium so as to provide 1 |J.g o f  pCMV/wc plasmid DNA (3^g/m l 

pD N A ) per well for 4 hours, after which time serum-containing medium was added to give a final 

concentration  ofl|o.g/ml pDNA. 20 hours later the medium was removed and replaced with fresh 

m edium  and expression was allowed to continue for a further 24 hours after which time the 

sam ples were analysed.

The neutral SC6-CD or S C I6 -C D  were com bined with plasmid DNA by reconstituting the 

dried C D  film with plasmid DNA (as this method produced the highest encapsulation efficiency) at 

various M Rs o f  CD :pD N A . The results are shown below in Figure 12.17. There was a slight 

increase in transfection efficiency above control o f  naked pD N A  at M R 10:1 for both SC6-CD and 

S C I6 -C D  but only the rise seen for SC6-CD was statistically significant (p<0.05). There was very 

little increase in transgene expression mediated by these systems and therefore an optimum 

concentration was difficult to determine.
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F igure 12.17 Transfection o f  COS-7 cells using the neutral SC6-CD and SC16-CD  reconstituted 
with pD N A  solution over a range o f  MRs o f  CD :pD N A . Control represents transfection with naked 
pDNA. Data represents the mean +/- S.E. (n=4).

In the case o f  cationic SC6N H 2-CD  and SC 16N H 2-C D  the effect o f  increasing M R  o f  

C D :pD N A  over the range 0 .5 :1 to 5 0 0 :1 C D :pD N A  was assessed for both methods o f  formulation. 

The results are shown below in Figure 12.18 and Figure 12.19. Both CD s and both formulation 

m ethods produced the same bell-shaped curves with a maxim um  around the ratio 10:1 CD:pDNA.
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Each o f the formulations produced a statistically significant (p<0.05) increase in transfection 

efficiency above control o f naked pDNA, with the SCI6NH2-CD vesicles proving to be the 

superior o f the two. There was no significant difference between the transfection mediated by the 

two different formulations o f SCI6NH2-CD but for the SC6NH2-CD, the reconstitution method 

proved significantly (p<0.05) better.
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Figure 12.18 Transfection o f COS-7 cells at different MRs of cationic SC6NH2-CD/pDNA, a) 
when pre-formed vesicles were mixed with plasmid DNA and b) when dry CD was reconstituted 
with DNA solution. Control represents transfection with naked pDNA. Values represent mean +/- 
S.E. (n=4).
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Figure 12.19 Transfection o f COS-7 cells at different MRs o f cationic SC16NH2-CD:pDNA, a) 
when pre-formed vesicles were mixed with plasmid DNA and b) when dry CD was reconstituted 
with DNA solution. Control represents transfection with naked pDNA. Values represent mean +/- 
S.E. (n=4).
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In an effort to improve the efficiency o f the neutral SC6-CD and SC16-CDs different 

methods o f encapsulation o f the plasmid DNA were tried. These included freeze-drying the mix o f 

plasmid DNA and CD vesicles and reconstituting (DRV) before addition to the cells, as well as 

condensing plasmid DNA with pLL and using this system to then reconstitute dried CD (pLL 

Recon). The results are shown in Figure 12.20. Freeze-drying actually decreased the transfection 

efficiency o f the systems, probably due to degradation o f the pDNA during the freeze-drying 

procedure. When the pDNA was precondensed with a cationic peptide and then used to reconstitute 

the CDs, the resulting transfection levels were increased compared to CD alone but produced no 

improvement on the levels achieved by pLL/pDNA complexes alone.
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Figure 12.20 Transfection o f COS-7 cells using neutral SC6-CD or SCI6-CD formulated with 
plasmid DNA at mass ratio 10:1 CD:pDNA by, a) reconstituting with DNA (Recon) b) freeze- 
drying (DRV) c) reconstituting with pLL/DNA solution (pLL Recon). Control represents 
transfection with naked pDNA. Values represent mean +/- S.E. (n=4).
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One o f  the aims o f designing these novel vesicle-form ing CDs for gene delivery was to 

increase the ability o f the CD/pDNA systems to escape from the endosomal compartment o f the 

cells, thereby decreasing the degradation o f plasmid DNA. The lysosomotropic agent, chloroquine, 

can be used to study the mechanism o f endosomal release o f  a GDV complex. Chloroquine 

(lOOfiM) was added to the cells 10 minutes prior to transfection. Chloroquine was present 

throughout the 24-hour transfection period, when the complexes were in contact with the cells. The 

complexes were formed under optimum conditions for transfection, which for the neutral CD 

vesicles involved reconstitution with plasmid DNA and for the SC16NH2-CD involved mixing the 

systems. All the complexes were formed at mass ratio 10:1 CD:pDNA.

The results o f  this study are shown below in Figure 12.21. There was no significant 

(p<0.05) effect on the transfection efficiency o f any o f the systems, except the SC16-CD/pDNA 

system, when chloroquine was used concomitantly. This indicates that the systems are themselves 

capable o f  disrupting the endosomal membrane or avoiding the endosomal route o f uptake.
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Figure 12.21 Transfection o f COS-7 cells with pCM VIuc  using preformed CD vesicles mixed with 
pDNA in the presence (+C1) or absence o f chloroquine (lOOjaM). Control represents transfection 
with naked pDNA. Values represent mean +/- S.E. (n=4).
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12.5.3 Comparison o f neutral, SC6-CD and SC16-CD, and cationic, SC6NH2-CD and 

SC16NH2-CD, vesicular system s with the best o f  the polycationic CDs (A P l-C D )

Due to the inter-experimental variability between transfection experiments it is important 

that comparisons between different vector systems are drawn from within the same experiment. In 

this case each o f  the systems; SC6-CD, SC16-CD, SC6NH2-CD and SC16NH2-CD were 

compared against each other in the same experiment under their given optimum conditions which 

have been described earlier, hi order to compare these vesicle-forming CDs with the polycationic 

CDs, A P l-C D  (the best o f  these CDs, see Chapter 11) was run in the same experiment under 

optimum conditions, i.e. with chloroquine at a mass ratio o f  100:1 CDipDNA (in DDDW) (Fig. 

12.22). The cationic SC6NH2-CD and SC16NH2-CD were highly significantly (p<0.01) more 

effective than both the neutral SC6-CD and SC16-CD. The better o f  the two, SC16NH2-CD 

produced a 20,000-fold increase in transfection efficiency above control o f  naked pDNA without 

chloroquine. This was a significant improvement on the transfection efficiency o f  A Pl-CD either 

with or without chloroquine, which produced only a 4,000-fold increase in transfection levels in the 

absence o f  chloroquine. Thus, the cationic vesicle-forming CDs, SC6NH2-CD and SC16NH2-CD, 

produce better transfection at lower concentrations (MR 10:1) without the aid o f  chloroquine than 

the previous generation o f  CDs tested. The levels o f  expression produced by SCI6NH2-CD/pDNA 

complexes were just over ten-fold lower than the levels for DOTAP™/pDNA complexes.
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Figure 12.22 Comparison o f  transfection efficiency of neutral and cationic vesicle-forming CDs 
(MR 10:1 CD:pDNA) and the cationic, oligomeric A Pl-C D  (100:1 CD:pDNA) in COS-7 cells.+C1 
represents that chloroquine (lOOfiM) present during transfection. The systems were formulated 
under the optimum conditions (as previously determined) for the given CD. Control represents 
transfection with naked pDNA. Values represent mean +/- S.E. (n=4).
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12.6 T oxicity

An M TT assay as described in section 7.9.1 was used to determine the toxicity o f  the 

C D /pD N A  complexes on COS-7 cells. The four different systems were tested over a range o f  

concentrations/M Rs. M Rs o f  10:1 to 1000:1 C D :pD N A  were  tested, as well as the complexes with 

ch loroquine (100|j.M). The M T T  assay was modified and was run as a normal transfection 

experim ent until the end point, when the cells were treated with M T T  and solubilised overnight (as 

in 7.9.1). The optimised transfection conditions were used in order to as closely as possible 

determ ine the toxicity levels o f  the CDs during transfection. The complexes composed o f  l|j,g 

plasmid DNA com plexed with the appropriate quantity o f  C D  was made up in D D D W  and added 

to 200)al o f  Opti-M EM . The transfection complexes were left for 4 hours, at which point each well 

was supplemented with serum-containing media for a further 20 hours. The transfection medium 

was then removed and fresh media added for 24 hours after which time the M TT assay was carried 

out.

The results are shown below in Figures 12.23 and 12.24. The most obvious difference 

between the neutral and aminated vesicles is the much greater degree o f  dehydrogenase activity 

inhibition by the cationic CD vesicles at relatively low concentrations compared to neutral CDs. 

Even at high concentrations the neutral CD vesicles are relatively non-toxic. These differences are 

best exemplified by analysing the LD 5 0  o f  CDs, which are shown below in Table 12.8. While the 

concentration o f  cationic CD vesicles required to cause a 50%  drop in dehydrogenase activity is in 

the |ig CD/ml range, for neutral C D s mg CD/ml are required to  cause a significant decrease in cell 

viability. It should be noted, however, that at the optimum M R/concentration for transfection, i.e. 

10:1 C D :D N A  , there is a relatively low level o f  toxicity  caused by the cationic C D /D N A  

complexes.
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F igure 12.23 Toxicity o f  neutral S C 6 -CD and SC 16-C D /pD N A  com plexes over a range o f  M R s in 
COS-7 cells. Values represent mean +/- S.E. (n=4).
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Figure 12.24 Toxicity o f SC6NH2-CD and SC16NH2-CD/pDNA complexes over a range o f MRs 
in COS-7 cells. Values represent mean +/- S.E. (n=4).

Table 12.8 LD 5 0 o f CD:pDNA complexes at which dehydrogenase activity is reduced to 50% o f 
control (untreated) cells. The concentrations represent the concentration o f the complexes in 
contact with the cells for the first four hours. The concentration is diluted three-fold with media 
after this time.

MRCDrpDNA Concentration

SC6-CD 5875.2 17.8 mg/ml

SC16-CD 1061.8 3.2 mg/ml

SC6NH2-CD 11.1 33.0 |ig/ml

SC16NH2-CD 25.1 76.1 |ag/ml

12.7 Discussion

12.7.1 Characterisation of vesicles

Overall characterisation o f vesicles is an important part o f not only their development as 

drug delivery vehicles but also for their quality control. Some o f the parameters used to 

characterise liposomes include; visual appearance, turbidity, size distribution, lamellarity, 

encapsulated volume, concentration, composition, surface charge and stability to name but a few.

Amphiphilic CDs have been found to be capable o f self-assembly to form micelles, 

vesicles and mono- and multi-molecular layers (Tchoreloff et al., 1995) having been substituted 

with hydrophobic groups. High interfacial tension between water and the hydrophobic portion o f 

the CD amphiphile causes these groups to associate. Both the neutral and cationic SC6 -CD and 

SC16-CD derivatives successfully form vesicles (closed lamellar structures). The bulk o f these 

from TEM pictures appear to be lUVs with sizes in the range o f hundreds o f nm. The size o f the

SC16NH2

SC6NH2

1 10 20 30

Mass ratio CD:DNA
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vesicles formed was dependent on, a) the structure o f  the C D  (cationic/neutral and SC6/SC 16) and 

b) the formulation variables (size reduction method and rehydration medium). These variables, 

along with storage temperature, also affected the stability o f  the C D  vesicles.

SC16-CD and S C 16N H 2-C D  derivatives produced smaller more stable vesicles than the 

SC6-CD and SC 6N H 2-C D  derivatives, indicating that the longer hydrophobic chain improved 

vesicle formation. The longer hydrophobic tail will alter the overall hydrophilic-lipophilic  balance 

(HLB) o f  the molecule, thereby altering its colloidal characteristics. Equally the presence o f  the 

amine functionality appeared to significantly affect vesicle formation, with the cationic SC16N H 2- 

CDs forming even smaller vesicles than their neutral counterparts. This may be due to the increased 

dispersion o f  vesicles in the system due to charge repulsion created by the cationic charges, an 

assumption which is especially  true for non-electrolyte solutions (such as D D D W ) (Lasic and 

Templeton, 1996). Studies have also shown that higher charges on lipids and lower ionic strengths 

make the vesicles formed more rigid.

In order to produce vesicles an energy input is generally required and is generally 

accomplished by sonicating, extruding or homogenising an aqueous lipid dispersion (Lasic and 

Templeton, 1996), each o f  which was used in this study. Sonication o f  the CD s in D D D W  

produced the smallest vesicles. An added filtration step can greatly reduce these sizes but must be 

conducted under carefully controlled temperature conditions in order to be fully effective, 

especially in the case o f  SC 16-CD  vesicles. The effect o f  the diluent on the size o f  vesicle formed 

indicated that the ionic strength o f  the diluting m edium  had a significant effect on vesicle 

formation. The stability o f  these systems is dependent on the surface and interfacial properties o f  

the vesicles. Along with the nature o f  the amphiphile, the surrounding medium will play a major 

role in the degree o f  aggregation and coalescence, as well as the occurrence o f  osmotic shrinkage 

or swelling all o f  which affect vesicle size and shape.

Vesicles are inherently unstable due to, a) the imposed curvature and b) colloidal instability 

Colloidal instability primarily affects the size distribution o f  the vesicles due to aggregation and 

fusion and to some extent O stwald  ripening (aqueous solubility o f  lipids), as well as osmotic 

swelling and shrinkage. The size o f  the SC16-CD vesicles formed in serum and D D D W  did 

increase over a 4 week  period when stored at room temperature, while samples stored at 4°C 

remained stable, indicating that fusion and aggregation are more likely at higher temperatures. The 

stability o f  these systems was improved by the presence o f  the long, hydrophilic oligo(ethylene) 

glycol side chains, the free m ovem ent o f  which on the vesicle surface would prevent interaction 

between tw o particles in close proximity. In the case o f  the vesicles formed in NaCl (15m M ) the 

overall size o f  the samples appeared to decrease with time, perhaps due to breakdown o f  the larger, 

more unstable vesicles, their crashing out o f  solution and/or their osmotic shrinkage. Several
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methods may be used to improve the stability o f  the neutral CD vesicles including annealing, 

grafting o f  co-polymers and including a small quantity o f  negatively charged C D  in the mixture. 

Cationic lipids are generally more stable than neutral lipid-based systems due to their higher 

surface charge but factors such as the inherent instability in the system due to bending are still 

present. The stability o f  such charged systems is often explained using the D LV O  (Derjaguin, 

Landau, V erwey and Overbeek) Theory (Marin. 1993), the most com m only used model for the 

colloidal stability o f  vesicles. The basis o f  D LV O  theory is that if  the electrostatic repulsion 

between two particles is larger than van der W aals attraction, the system is stable.

12.7.2 pDNA Complex Formation

In biological systems DNA is condensed by various proteins, mainly histones and 

polyamines (O lins and Olins, 1971). Surfactants, especially cationic surfactants have been 

extensively studied as models o f  DNA condensation (Behr, 1986; Gershon et al., 1993) as well as 

G D V s (Feigner et al., 1987). The physicochemical param eters o f  these complexes are determined 

by therm odynam ic and kinetic factors. Factors such as the concentration o f  lipids and pDNA, the 

ionic strength and temperature o f  the suspending medium, the order o f  addition and the method and 

rate o f  mixing (Lasic and Templeton, 1996; Zelphati et al., 1998; Caplen, 2000) can influence the 

characteristics o f  the complex formed.

The electrostatic interaction between cationic moieties and DNA, which leads to DNA 

condensation, has been extensively studied (Bloomfield, 1991). In addition, negatively charged and 

neutral polymers, as well as nonaqueous media, can induce condensation due to competition for the 

water molecules that usually cause phase separation (Lasic and Tem pleton, 1996). Thus, both the 

neutral and cationic CD vesicles were complexed with pD N A  and these complexes were then 

characterised.

The choice o f  encapsulation procedure for pD N A  greatly influenced the complexes 

formed. Reconstituting with a pD N A  solution increases both the size o f  the vesicles formed and the 

encapsulation efficiency in the case o f  the neutral C D  vesicles, with the SC16-CD vesicles being 

the most successful (Table 12.6). O ther groups have similarly found that the length o f  the 

hydrocarbon chain o f  a surfactant can influence the ir  reaction with D N A  significantly (Reich et al., 

1991). It should be noted that electrostatic interactions are not solely responsible for the interaction 

o f  DNA with surfactants but hydrophobic interaction and hydrogen bonding whichcan also be 

present play a part.

From the EM s and the size data the presence o f  pD N A  in the reconstituting medium has a 

significant impact on the m orphology o f  the com plexes formed, which contrasts with the simple
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mixing procedure in which very little interaction is seen (Figure 12.9). Given the evidence from the 

studies carried out on the vesicles alone, in which the ionic strength o f  the medium had a huge 

influence over the size o f  the vesicles formed, it is not surprising that the presence o f  a large 

polyelec tro ljte , such as pDNA, influences vesicle formation. The use o f  freeze-drying to dehydrate 

and rehydrate a mixture o f  SC16-CD vesicles (SUVs) and plasmid DNA led to the formation o f  

smaller complexes, which from other studies would tend to encapsulate pDNA within layers o f  

multilamellar vesicles (Perrie and Gregoriadis, 2000). O ther studies have found that the presence o f  

cationic polyamines, metal ions or polyelectrolytes have allowed formation o f  colloidal particles 

between neutral liposomes and DNA (Lasic and Templeton, 1996). A nother potential method for 

encapsulation o f  DNA by neutral C D  vesicles is the use o f  reverse phase methods, which are 

known for producing high entrapm ent efficiencies o f  hydrophilic compounds. This method also has 

the added advantage o f  having an organic phase present, which could aid in the condensation o f  the 

plasmid DNA.

As would be expected  the addition o f  the cationic moiety led to increased pD N A  binding 

by the SC 6N H 2-C D  and SC 16N H 2-C D  vesicles. Perrie and Gregoriadis, (2000) similarly found 

that encapsulation o f  plasmid DNA by negatively charged liposomes was 10-fold lower than by 

cationic liposomes. With up to 80%  o f  plasmid DNA encapsulated and/or bound, the cationic CD 

vesicles were capable  o f  condensing  pDNA to the same extent as poly-L-lysine. In fact these 

cationic C D  vesicles bound pD N A  at lower M Rs than DOTAP™, most probably due to their 

polycationic nature. The ability o f  cationic SC16N H 2-CD  to bind and neutralise plasmid DNA at 

such low M Rs is probably associated with the flexibility o f  the aminated oligo(ethylene) glycol 

side chain, which removes the amine function away from the C D  core and allows effective 

interaction with the polyanionic DNA molecules. The degree o f  binding produced by SC 6N H 2-C D  

and SC 16N H 2-C D  at the optim um  M R C D :pD N A  for transfection, i.e. 10:1, was similar for both 

methods o f  mixing (Figure 12.13) but at higher MRs SC 6N H 2-C D  vesicles produced even greater 

ethidium bromide f luorescence quenching, perhaps due to their  greater instability compared to 

SC16N H 2-C D  vesicles. This instability might allow individual molecules to interact with plasmid 

DNA increasing the ability to intercalate with pDNA but not necessarily increasing encapsulation 

within a vesicle. Reconstitution o f  the cationic CD vesicles with plasmid DNA solution also led to 

increased binding efficiency at high M Rs for both C6 and C l 6 derivatives.

From the EM  studies carried out using the cationic C D  vesicles it was clear that structural 

phase transitions were occurring when the systems were mixed (Figure 12.11). A huge volume o f  

work has been carried out on the morphology o f  cationic lipid-DNA complexes. The type o f  

microscopy and the requisite preparative techniques, as well as the type o f  lipid and the method o f  

formulation have been found to influence the structures visualised (Bloomfield, 1996). These 

studies have come up with a range o f  models and theories including electrostatic interaction
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between intact liposomes and DNA (Feigner and Ringold, 1989), coating o f  DNA by lipid bilayers 

(Gershon et al., 1993) and the so-called “spaghetti-meatballs” model in which there co-exist tubular 

structures o f  DNA coated with a lipid bilayer and aggregates o f  cationic liposomes surrounding 

DNA molecules (beads on string) (Sternberg et al., 1994). The results in this study correlate with 

some o f  the most recent studies (Radler et al., 1997), which have indicated that there is a 

topological transition from the liposomal structure to a liquid-crystalline, condensed and globular 

structure upon addition o f  DNA. The globular structures seen in the negatively stained samples o f  

SC16N H 2-CD  mixed with plasmid DNA would seem to indicate that the vesicular structure has 

collapsed due to the presence o f  plasmid DNA. W hether the plasmid DNA is actually encapsulated 

within the vesicle or is simply bound to the cationic CD s is difficult to discern. The inability o f  the 

CD s to protect plasmid DNA from degradation by DNases would  indicate that a large proportion o f  

pDNA is not encapsulated, i.e. is exposed to the external environment. The SC16N H 2-CD  vesicles 

did, however, show a slightly improved ability to protect pD N A  from degradation by serum 

nucleases compared to the oligomeric CDs, e.g. A P I-C D . The presence o f  the hydrophilic 

oligo(ethylene) glycol moieties may have increased the resistance to the effects o f  serum.

The heparin d isplacement studies indicated that much o f  the plasmid DNA could not be 

displaced easily. It was only when the surfactant SDS was added above its C M C to disrupt the 

vesicles that higher levels o f  ethidium bromide fluorescence were seen. The resistance to 

displacement may have been due to encapsulation and/or the presence o f  the oligo(ethylene) glycol 

side chains, which confer added stability to liposomes (M eyer et al., 1998). Interestingly, it was the 

vesicles reconstituted with plasmid DNA that had the highest resistance to heparin displacement, 

and that responded most dramatically to SDS treatment. SC 16N H 2-C D  vesicles also responded to a 

greater extent than SC 6N H 2-C D  complexes. These results indicated that reconstituted vesicles 

encapsulated more plasmid DNA and that at least a percentage o f  the plasmid DNA is in fact 

encapsulated within the cationic CD vesicles and not ju s t  bound to the CDs. In these studies the 

method o f  formulation, as well as the C D :pD N A  ratio had a major influence on the release o f  

pDNA from the complexes. The increased resistance to d isplacem ent at higher MRs has been 

found for other lipid/DNA systems (Sakurai et al., 2000) and may be another factor in decreasing 

transfection at higher MRs.

Ross and Hui, (1999) have found that the size o f  the fmal DNA-lipid com plex is the major 

determinant o f  biological activity, i.e. the size o f  the com plex  rather than the initial vesicle size. 

The size o f  the cationic CD vesicles when mixed and reconstituted with plasmid DNA, over a 

range o f  MRs, is interesting and mimics the behaviour o f  m any other cationic G D V  systems. The 

fmal size o f  the plasmid D N A /CD  complexes did not appear to be directly related to the initial 

vesicle size, which is probably due to aggregation, vesicle disruption and reformation and the 

heterogeneity o f  DNA complexes (Scheule and Cheng, 1996). The large increase in size and
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heterogeneity around M R  C D :pD N A  10:1 is most significant for the vesicles reconstituted with 

plasmid DNA but is also a factor for complexes formed by mixing. The size o f  the reconstituted 

com plexes rapidly increases to the micron size range around M R C D :pD N A  10:1 and then as 

rapidly condenses back to around lOOnm at higher MRs, while for the com plexes formed by 

mixing o f  the com ponents  there is only a slight change in size at this critical M R but the 

polydispersity increases. This phenom enon has been seen for complexes formed between cationic 

molecules and anionic DNA around neutral zeta potential, which were found to be less stable and 

more heterogeneous in size (Ledley, 1996). Studies by Pires et al., (1999) using the cationic lipid 

DOTAP™ found that this size increase around charge neutralisation was due to fusion between 

liposomes promoted by DNA and from aggregation o f  the complexes. The cause o f  this instability 

has been attributed to  a lack o f  electrostatic repulsive forces between the com plexes (Feigner et al., 

1994; Zelphati et al., 1998; M ahato  et al., 1997b). A ccording to the zeta data the MR C D :pD N A  

10:1 represents a positively charged system, while M R 1:1 is closer to neutrality. This anom aly  

may be explained by the different conditions used for zeta sizing and PCS. A low concentration o f  

NaCl lOmM is required to effectively read zeta size, while the PCS readings were performed in 

pure D D D W  which would allow greater interaction between the pD N A  and the cationic vesicles. 

Given the sensitivity and com plexity  o f  the charges on the CDs, any changes in ionic strength 

could alter the surface charge o f  the particles, thus the point o f  neutrality in D D D W  may be closer 

to M R 10:1 than 1:1 in DDDW .

12.7.3 Transfection

Transfection studies in CO S-7 cells indicate that the neutral C D  vesicles alone, either with 

pD N A  encapsulated by rehydrating with a pD N A  solution or by freeze-drying, fail to cause any 

highly significant increase in transfection above control o f  naked pDNA. Early studies using 

neutral or anionic lipids as G D V s showed a small degree o f  biological activity but nothing as 

significant as that produced by the cationic lipids (M annino  et al., 1979; Dimitriadis, 1979). The 

presence o f  chloroquine during transfection significantly improved the performance o f  the SC16- 

C D  vesicles. Precondensing the pD N A  with pLL leads to high levels o f  transfection, but less than 

the levels achieved by pLL used alone. While these initial results are poor, they did indicate that 

these systems had potential as gene delivery systems if  modified to improve performance. 

Conventional liposomes, i.e. neutral or negatively charged, were originally tested for transfection 

ability but were found to  produce very limited levels o f  transgene expression which led to the use 

o f  cationic liposomes (Lasic, 1997).

The binding and neutralising ability o f  the cationic SC 6N H 2-C D  and SC 16N H 2-C D  led to 

a highly significant increase in transfection ability com pared to the neutral CDs. Thus, the cationic 

nature o f  these vesicles had a huge influence on the transfection ability o f  these systems. The
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length o f  the hydrocarbon chain was also a significant factor with the more stable, smaller 

SC 16N H 2-C D  vesicles producing higher transfection levels than SC 6N H 2-C D  vesicles. The 

SC 16N H 2-C D /pD N A  com plexes were not significantly (p<0.05) affected by the mode o f  

formulation, while the SC 6N H 2-CD s were, presumably because o f  their greater instability. The 

increased encapsulation seen when dry CD film was reconstituted by pDNA solution may be 

negated som ewhat by the degradation o f  plasmid DNA caused by bath sonication o f  the system that 

must follow reconstitution (Kikuchi et al., 1999). The reconstituted SC 6N H 2-CD /pD N A  

com plexes appeared more resistant to heparin displacem ent than the com plexes formed by mixing. 

Equally, the m ore efficient SC16N H 2-C D /pD N A  com plexes were less easily disrupted by heparin 

leading to the conclusion that the more stable com plexes were more efficient. Regelin et al., (2000) 

found that the transfection efficiency o f  lipid/DNA com plexes could indeed be correlated with the 

stability and m em brane fluidity o f  the lipid at transfection temperature. The length o f  the 

hydrocarbon chain in cationic lipid vectors has previously been found to influence transfection. 

Cationic lipids, such as DOTAP™ and D O TM A , have unsaturated alkyl chains o f  18 carbons. 

Feigner et al., (1994) found that increasing the aliphatic chain length from C I 4  (dimyristyl), to C I6  

(dipalmityl) and to C l  8 (disteryl) for saturated chains decreased the efficacy o f  their cationic lipid 

vectors. The efficacy o f  the longer alkyl chains was increased when unsaturated bonds were 

included, thereby reducing bilayer stiffness. This lack o f  unsaturated bonds in the SC 16 side chain 

may be a reason for its decreased efficacy com pared to DOTAP™. These systems have only a 

single-tailed alkyl substituent, which are generally inferior to the dialkyl systems. Novel single

ta iled cationic lipids based on an ornithine head group, which included a double bond in the alkyl 

chain, have been found, however, to produce transfection levels some ten-fold higher than 

DOTAP™ (Tang and Hughes, 1999), so modification o f  the hydrophobic portion o f  the molecule 

may improve efficiency.

The superiority o f  the vesicle-like CDs over the polycationic CDs tested in Chapter 11 

indicates that additional transfection processes are mediated successfully by the vesicles, over and 

above those associated with the cationic charge. The position o f  the cationic charge on a flexible 

side chain produced very efficient charge neutralisation and pD N A  binding at low MRs. In 

addition, the vesicular nature o f  the systems may have enhanced mem brane disruption processes. 

Cationic l ipid/pDNA com plex uptake into cells is thought to be mediated by several processes. 

Recent evidence has suggested that endocytosis is the m ajor m echanism o f  entry (Zabner et al.,

1995; Friend et al., 1996; Xu and Szoka, 1996) but fusion with the cell mem brane due to the lipidic 

nature o f  the system is also thought to contribute (Feigner et al., 1987). The lack o f  effect o f  

chloroquine on the levels o f  transgene expression mediated by the systems would indicate that the 

C D /pD N A  com plexes have a m eans o f  disrupting the endosome, perhaps by the “ flip-flop” action 

proposed by Xu and Szoka, (1996) in which the anionic lipids present on the cytoplasmic edge o f  

cellular m em branes undergo a flip-flop reaction with the cationic lipids to form neutral ion pairs.
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This is thought to lead to  d isplacem ent o f  the DNA from the liposome and into the cytoplasm. The 

cationic CD s have primary amine functions, which have been shown in certain G D V s to be only 

50-60% charged at physiological pH (Zuidam and Barenholz, 1998). Thus, at acidic endosomal pH 

the charge density o f  the CD s may increase, buffering and destabilising the endosom e (Tang and 

Hughes, 1999). The significant increase in transfection o f  the SC 16-CD /pD N A  system in the 

presence o f  chloroquine would indicate that cationic CD s are required in this endosomolytic  

process. Overall then, the chemical structure-activity relationship appears to indicate that the 

synthesis o f  these vesicular cationic CDs was an improvement on the initial oligomeric cationic 

CDs. The longer hydrocarbon chain, SC 16, which allowed formation o f  more stable C D /pD N A  

complexes also proved the more successful o f  the two cationic formulations. The ether linker bond 

between the cationic charge and the C D  may also have contributed to both the toxicity and the 

efficacy o f  the SC 6N H 2-C D  and SC16N H 2-CD s and the use o f  a spacer group, oligoethylene 

glycol, also seemed to improve the interaction o f  these molecules with plasmid DNA, which may 

have contributed to their  efficacy. O ther groups have also found a link between efficacy and the 

type o f  counter-ion present (Aberle et al., 1996) and found that the counter-ion present in the 

cationic CD samples, which was chloride, was one o f  the least efficient.

The inability o f  these CD s to match the transfection efficiency o f  the commercially  

available vector DOTAP™ may be due to several factors; their limited ability to protect plasmid 

DNA from nucleases; the stiffness o f  the alkyl chain, which would decrease lipid mixing.

12.7.4 Effects o f mass ratio on characteristics and transfcction efficiency of the complexes

The chemical nature o f  the G D V  is only one factor in the determination o f  transfection 

ability. The nature o f  the com plex on a colloidal level is also important. In the case o f  the cationic 

CDs very definitive op tim a for M R  o f  C D :pD N A  were found and this proved to be the same 

irrespective o f  the length o f  the hydrocarbon chain or the method o f  formulation. O ther groups 

have similarly found that lipid/DNA mixing ratios have a m ajor influence on the transfection 

efficiency (Sakurai et al., 2000). In order to determine what characteristics o f  the complexes may 

be responsible for this optimum, the transfection efficiency and com plex properties o f  the 

S C 16N H 2-C D /D N A  com plexes were  compared over a range o f  M Rs and are shown in Figure 

12.25-12.27. Just as for the oligomeric, cationic CDs it is also possible to express the ratio o f  

C D :D N A  as an N /P ratio. This a llows the differences in the molecular weight o f  the two cationic 

C D  vesicles (S C 6N H 2-C D  and SC16N H 2-CD ) to be taken into consideration. The num ber o f  

cationic charges does not necessarily correlate with the num ber o f  nitrogen functionalities in the 

molecule and will depend on a num ber o f  factors, including ionic strength and pH o f  the 

environment. A t the optim um  M R for transfection o f  C D :pD N A  o f  10:1, the N /P ratios for 

SC6NH2-CD and SC 16N H 2-C D  are 8.6 N /P and 5.5 N /P respectively. These N/P ratios are
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noticeably lower than those required for optimal transfection with the oligomeric, cationic CDs. 

Ihe best o f  these CDs (API-, A M I - and IM2-CD) required an N/P ratio o f > 200 with pDNA for 

optimal transfection.

In Figure 12.25 the effect o f MR on size and transfection efficiency is compared for 

SC16NH2-CD/pDNA complexes. It is interesting to note that at the optimal MR CD:pDNA for 

transfection, 10:1, the cationic CD vesicles formed by reconstitution with plasmid DNA solution 

formed large disperse particles such as those seen for other gene delivery systems at CRs 

corresponding to charge neutralisation. Complexes formed by mixing o f the two systems at MR 

10:1 CD:pDNA produced small complexes but with a higher degree o f polydispersity than at other 

mass ratios. Many groups have also found that complexes exhibiting larger size (>200nm) are more 

effective in mediating transfection than small complexes (50-100nm) (Templeton et al., 1997; 

Tomlinson and Rolland, 1996; Deshpande et al., 1998; Feigner et al., 1994; Liu and Mounk.es, 

1997). This certainly seems to be the case in this instance where the less stable and more 

heterogeneous complexes are more efficient. This may be due to increased interaction with the cell 

membrane, an increased ability to trigger endocytosis and/or an increased plasmid load mediated 

by these larger, looser complexes (Pedroso de Lima et al., 2001). Other groups have determined 

that lip id/DNA ratios influence the intracellular trafficking o f the complexes which would also 

influence transfection efficiency (Sakurai et al., 2000)

350 
300 
250

200  e "

150 f  
100 
50 

0
-50

Mass ratio CDiDNA

Figure 12.25 Comparison o f the size and transfection efficiency produced by SC16NH2-CD/ 
pCMVluc complexes over a range o f mass ratios.

As can be seen (Figure 12.26), transfection levels are extremely low when neutral or 

negatively charged systems are used. Only when the overall surface charge o f the system is 

positively charged does transgene expression improve significantly. These positively charged 

complexes may interact non-specifically with the negatively charged cell surface and promote 

endocytosis.
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Figure 12.26 Comparison o f the zeta potential (mV) and transfection efficiency (RLU/mg 
protein) produced by SC16NH2-CD/ pCMV/wc complexes over a range o f MRs.

The toxicity o f these surface-active CDs was dependent on the charge o f the molecule. The 

neutral CDs, SC6-CD and SC16-CD, were relatively non-toxic but also failed to promote transgene 

expression. The cationic CDs, SC6NH2-CD and SC16NH2-CD, were more toxic and produced 

excellent transfection. Interestingly, the toxicity o f the cationic vesicle-forming CDs was much 

greater then the polycationic CD. The surface-active properties o f SC6NH2-CD and SC16NH2- 

CD, which can lead to membrane solubilisation, poration and alteration o f membrane and 

membrane protein properties may therefore enhance transfection but also limit the process by 

diminishing cell viability. The increased toxicity o f the vesicular CDs may be due to their 

decreased solubility (due to longer hydrophobic chains) (Hwang et al., 2001) but more likely to the 

more accessible cationic amine on the end o f a long flexible side chain. The ether linker bond 

between the cationic amine head group and the core CD may also increase toxicity as it was found 

that lipids containing stable ether linkages e.g. DOTMA, DMRIE (Feigner et al., 1994; Scheule et 

al., 1997) are more toxic than lipids with less stable linker groups. Micellar systems of dodecyl-, 

teradecyl- and hexadecyl trimethyl ammonium bromide were tested and it was found that these 

detergents were capable o f mediating transfection and that the toxicity decreased and the efficacy 

increased as the alkyl chain was elongated (Pinnaduwage et al., 1989). Single-tailed lipids tend to 

be more toxic than double-tailed lipids.

As can be seen in Figure 12.27 as the MR of CD:pDNA increases beyond the optimum for 

transfection cell viability rapidly decreases and it is more than likely that the presence o f free 

cationic CD in the mixture is causing excessive cell death and limiting transfection.
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Figure 12.27 Comparison o f levels o f toxicity and transfection efficiency produced by 
SC 16NH2CD/ pCMVluc complexes over a range o f mass ratios.

While these MRs were optimum for transfection o f COS-7 cells in vitro, conditions o f 

transfection vary depending on the cell type and route o f administration.

To conclude, the novel amphiphilic CDs appear to be capable o f stable vesicle formation. 

These vesicles when modified to include amine groups highly significantly enhance transfection 

efficiency and appear to have protective and endosomal release properties. While the cationic CD 

vesicles appear to be the most useful o f these novel CDs in terms o f spontaneous transfection 

ability, the difficulties encountered with other cationic lipid systems in vivo would also hinder their 

use. The toxicity and instability o f cationic vesicles and lipids in vivo (Feigner et al., 1987; Lee et 

al., 1996) limits their efficacy. Thus, the neutral CD vesicles may be an interesting starting point 

for future work using pre-condensing agents, targeting ligands, fusogenic agents, NLS signals etc 

in conjunction with the CD vesicles. The use o f helper co-lipids, such as DOPE or cholesterol may 

also improve the stability and transfection ability o f these systems.
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General Discussion

13.1 Differentiated cell culture models

The poor correlation between in vitro  and in vivo gene delivery studies has led to the 

conclusion that more rigorous in vitro models are required for gene therapy studies. In this work 

the well characterised and fu lly differentiated cell culture models CaCo-2, Ht29GlucH and co

culture CaCo-2:Ht29GlucH were used to investigate a range o f the most commonly available non- 

viral GDVs. Their efficiency and mechanism o f transfection o f these differentiated models was 

then compared with transfection o f the non-differentiated COS-7 model, commonly used as a 

primary test for novel GDVs.

The level o f expression o f the reporter gene produced by the range o f GDVs tested in COS- 

7 cells was higher for all the systems than the expression in the three differentiated models; CaCo- 

2, Ht29GlucH and co-culture monolayers. A summary o f the transfection efficiency o f the cationic 

lipid and polymer complexes tested is shown in Table 13.1 for the COS-7 model (section 8.7) and 

for the differentiated cell models (section 9.4 and 9.7).

Table 13.1 Transfection efficiencies o f a range o f non-viral GDVs expressed as RLU/mg protein.

COS-7 CaCo-2 Co-culture Ht29GlucH

Average Std devn Average Std devn Average Std devn Average Std devn

Control 4.53E+01 3.54E+01 1 .OOE+00 1.00E+00 1 OOE+00 1.36E+00 3.25E+00 4.92E+00

DOTAP 8.27E+06 2.08E+06 1.95E+03 8.71 E+00 1.37E+04 2.76E+03 8.21 E+04 2.08E+04

Lipofectin 1.49E+06 9.39E+05 3.65E+03 5.31 E+02 2.74E+03 1.55E+03 2.78E+04 1.65E+04

PEI LMW 3.82E+02 3.34E+02 1.31E+00 1 24E+00 7.84E+00 4.84E+00

PEI HMW 4.49E+07 2.43E+07 1.14E+04 1.22E+03 1.39E+04 8.54E+03 1.17E+04 1.33E+02

Superfect 4.41 E+07 9.67E+06 6.49E+03 1.12E+03 4.98E+03 3.32E+02 5.38E+03 1.21E+03

pLL 5.10E+05 3.10E+05 5.20E+00 4.72E+00 1.29E+01 1.59E+00 4.09E+01 1.03E+01

In COS-7 cells, which are proliferating, the best o f the GDVs produced transfection with 

an order o f magnitude o f lO’ RLU/mg protein, while the maximum levels in the differentiated 

monolayers was around 10“* RLU/mg protein. What these figures mean in reality is that in 

undifferentiated cells there are microgram quantities o f luciferase protein expressed in a well, while 

in the differentiated monolayers only nanograms o f luciferase are expressed by the best o f the 

vector systems. When comparing these figures it must also be remembered that only 2|j,g o f DNA 

were delivered per well for COS-7 transfection, while 6^g o f plasmid DNA were delivered to each 

filter. Thus, the difference in specific activity o f the systems expressed as luciferase per ug DNA
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delivered between non-differentiated and differentiated cell culture models is even greater. Figure 

13.1 shows the luciferase activity o f  each vector system in each o f  the cell culture models 

expressed as RLU/mg protein per jug pDNA.
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Figure 13.1 Transfection efficiency o f each o f the vector:pDNA systems in non-differentiated 
(COS-7) and differentiated (CaCo-2, Ht29GlucH, Co-culture) ceil culture models expressed as 
RLU/mg protein/ug pDNA. The systems were made up at the optimum ratios vector:pDNA for 
each vector in a given model (with the exception o f HT29GlucH). Control represents transfection 
with naked pDNA.

The differentiated cell culture models are more difficult to transfect efficiently and produce 

quantitatively less luciferase/mg protein for each ^g  o f plasmid DNA added to the cells. The 

proliferating, non-differentiated models appear to give a falsely high determination o f  transfection 

efficiency, a problem that is evident in the poor correlation o f these systems with in vivo data. From 

the confocal studies it is clear that this decreased level o f luciferase expression in differentiated 

cells is not due to less cells expressing the transgene but rather to a lower level o f  expression per 

cell. In both COS-7 cells and CaCo-2 cells, xy-sections viewed through the depth o f the cells, 

indicated that FITC-labelled luciferase was present in virtually all cells, but the intensity and 

distribution o f  luciferase was much greater in COS-7 cells.

Low levels o f  expression do not necessarily rule out the usefulness o f  a system, as often 

only tiny quantities o f  a therapeutic protein are required in vivo  to induce the desired effect. If the 

relative efficiencies o f the different vector systems are compared then it can be concluded that the 

COS-7 model did in general predict accurately the vectors which would successfully transfect 

differentiated cells, i.e. the best vectors in the COS-7 model proved to be the most effective in the 

filter culture systems. Interestingly, these GDVs spanned the two m ajor categories o f non-viral
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agent and included the cationic lipids, DOTAP™ and Lipofectin™ and the cationic polymers, 

Superfect™ and PEI HMW. The rank order within this group did change depending on the filter 

culture model in question. Table 13.2 below shows the relative decreases in specific luciferase 

activity for each o f the vectors in each o f the differentiated cell culture models compared to the 

levels o f transgene expression produced in COS-7 cells. It is clear that pLL is the most significantly 

affected in all three differentiated cell culture models. The decreases in transfection efficiency for 

the cationic polymer complexes, PEI HMW  and Superfect™, are o f the same order o f magnitude 

for the three models but interestingly, the degree o f resistance to transfection by the cationic 

lipid/DNA complexes varies considerably between the different models.

Table 13.2 The decrease in specific luciferase activity for non-viral GDVs in differentiated cells 
compared to non-differentiated COS-7 cells

RLU/mg protein(COS-7) / RLU/mg protein(differentiated cells)
CaCo-2 Co-culture Ht29GlucH

DOTAP™ 4240 603 101
Lipofectin™ 407 542 53

PEI LMW 292 49
PEI HIVIW 3933 3237 3842

Superfect™ 6799 8867 8201
pLL 98099 39647 12479

Despite these differences, the levels o f luciferase produced by the 4 best systems (PEI 

HMW, Superfect™, DOTAP™ and Lipofectin™) were within one order o f magnitude o f each other 

in each o f the models. Differentiation o f cells has a significant influence on the level o f transgene 

expression. The non-differentiated cells models commonly used for GDV testing, exemplified here 

by the COS-7 model, overestimate the quantitative expression o f the transgene mediated by a given 

GDV relative to differentiated cells but do seem to be able to qualitatively assess GDVs for use in 

differentiated cells, i.e. determine in general which vectors can efficiently transfect and may 

therefore be o f use in the initial stages o f vector development.

Given the differences in protein content and the amount o f pDNA (and therefore 

radiolabel) added between the non-differentiated and differentiated models a direct comparison o f 

dpm/mg protein o f cell-associated pDNA is d ifficu lt to interpret. The most interesting finding is 

that the overall levels o f pDNA associated with COS-7 cells and with the differentiated monolayers 

(day 21), when corrected for the amount o f pDNA added, are not significantly different after 

incubation o f the cells with a range o f complexes (both lipidic and polymeric) for 4 hours at 37°C. 

A better explanation for the increased resistance o f differentiated cells to transfection may be found 

in the comparison o f results for the pDNA cell-association studies run at 4°C and 37°C in the non- 

differentiated and differentiated cells (Figure 13.2).
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Figure 13.2 The levels o f pDNA actively internalised by non-differentiated (COS-7) and 
differentiated (CaCo-2, Co-culture) cells expressed as dpm/mg protein/|j,g pDNA after 4 hours 
incubation at 37°C with the given GDV/pDNA complex. The levels o f active uptake were 
determined by subtracting the levels o f pDNA bound at 4°C from the levels o f pDNA bound and 
internalised at 37°C.

Figure 13.2 illustrates the levels o f pDNA actively internalised by cells, as opposed to 

simply bound to the cells. It indicates that there is a very significant drop in active internalisation 

by DOTAP™ and PEI HMW /pDNA complexes in the differentiated cell monolayers compared to 

the non-differentiated cells. It is also interesting to note that the level o f active uptake into the two 

differentiated cell culture models differs for the two vector systems. The active internalisation o f 

pDNA complexed with DOTAP remains the same in both CaCo-2 and co-culture monolayers, 

while the levels for PEI HMW complexed pDNA are significantly decreased in co-cultures. This 

decreased level o f active internalisation may explain why differentiated cells, which appear to have 

a significant amount o f pDNA associated with them, are more d ifficu lt to transfect.

Another indication o f the differences in the pDNA binding and uptake mechanisms o f non- 

differentiated and differentiated cells is the differing responses seen when proteoglycan sulphation 

was decreased by pre-incubation o f the cells with sodium chlorate. Proteoglycan-mediated binding 

and internalisation appeared to play an important role in the transfection o f COS-7 cells using 

cationic non-viral vector systems. On the other hand, transfection o f differentiated CaCo-2 

monolayers did not appear to be dependent on the presence o f large anionic proteoglycans on the 

cell surface and transfection levels produced by GDV/pDNA complexes were not inhibited when 

the cells were pre-incubated in sodium chlorate. Further uptake studies in differentiated monolayers 

are required to further elucidate the role o f proteoglycans in their transfection by non-viral carrier 

systems.
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pD N A  is internalised to some degree by differentiated cells, as evidenced by the 

transfection levels achieved. As shown in Figure 13.2 there is a small level o f  active internalisation 

during the initial 4 hour transfection period. Passive transport m echanisms, such as passive 

transcellular absorption, facilitated diffusion and passive paracellular transport, may also be 

involved in pD N A  uptake into the differentiated CaCo-2 and co-culture monolayers. Another 

possibility is that the internalisation process is slower and perhaps more saturable in differentiated 

cells and while high levels o f  binding occur during this short 4 hour period, internalisation may 

require longer than the 4 hour duration o f  these uptake experim ents to internalise the bound pDNA. 

Alternatively, the very low level o f  plasmid DNA associated with the differentiated cells may mean 

that the assay is not sufficiently sensitive to pick up changes in the distribution between bound and 

internalised DNA.

The level o f  expression in day 1 old CaCo-2 cells transfected with DOTAP™ /DNA 

comple.xes is some 13-fold lower than the level o f  expression in day 1 old COS-7 cells transfected 

with the same system. This matches almost exactly the d ifference in |3-galactosidase expression in 

CO S-7 versus CaCo-2 cells produced by D O TA P™ /pRSV /acZ com plexes as studied by Pouton et 

al., (1998). These results indicate that the level o f  transfection efficiency o f  a given G D V  is not 

only related to the degree o f  differentiation o f  the cell but is also cell-type dependent. It has been 

postulated that one reason for this is differences between the com ponents  and nature o f  the plasma 

and endosomal mem brane in different cell types.

DOTAP™ mediated transfection increased in co-cultures and still further in Ht29GlucH 

m onolayers, com pared to the CaCo-2 model, indicating, as does Lipofectin™-mediated 

transfection, that lipid carriers are more successful in transfecting the goblet-like cell type than the 

enterocyte  cell type. This may be due to cell surface properties o f  the Ht29GlucH cells, which 

makes them  more accessible to lipid-mediated internalisation, such as fusion. The goblet cell apical 

m em brane  has sparse and irregular microvilli and the supporting  terminal web and glycocalyx are 

poorly developed. The tight junc tions  formed are not as tight as those formed between the CaCo-2 

cells, as dem onstrated by lower T E E R  values, and allows greater paracellular transport, thereby 

increasing the surface area for internalisation o f  complexes. This leads to the hypothesis that 

polym er-based delivery systems mediate efficient internalisation o f  plasmid D N A  through the 

inflexible apical membrane, while cationic lipids require a more fluid mem brane and/or 

paracellular access to other cellular membranes. O f  course  intracellular differences between the 

tw o cell types will also play a role in the efficiency o f  G D V  delivery. The goblet-like Ht29GlucH 

cells will contain mucins, waiting to be secreted, which may affect the cytoplasmic transport o f  

complexes.
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The transfection  effic iency  o f  DOTAP™ /pDNA com plexes at d ifferen t stages o f  

d ifferentiation  w as m onitored. The decrease in levels o f  luciferase production dropped significantly  

after the first 5 days and continued  to  drop progressively  as d ifferentiation occurred . The 

m onolayers are though t to be confluen t on Transwells™  after about 5 days, continue pro liferating  

until day 9, but do not d isp lay  the ir full phenotype, i.e. reach d ifferentiation  until day 15 

(A rtursson, 1990). A fter 5 days there w as a 2-fold drop in C aC o-2 m onolayers and a 10-fold drop 

in co-culture m onolayers. T here w as a m uch greater drop in expression at day 10, w hen the cells 

had reached confluency. A recent study by Z auner et al., (1999) into the effects o f  cell cycling  on 

transfection  suggests that the reduction in gene expression observed in confluent cells is m ost 

probably due to  the low er num ber o f  cycling cells. B runner et al., (2000) looked at a range o f  

vector system s and determ ined that luciferase activ ity  w as 30- to 500-fold higher in cells 

transfected  during  S or G2 phase (just before the next cell d iv ision), com pared w ith those 

transfected  during  G1 phase (beg inn ing  o f  the cell cycle). C onfluent cell cu ltures becom e quiescent 

due to  contact inhibition  and fail to  go through any fu rther cell d iv ision  cycles (V oet and V oet, 

1990). Factors such as nuclear m em brane perm eability , plasm id uptake, protein synthesis activ ity  

and plasm id inactivation  are all cell cycle phase dependent.

By day 15 the level o f  expression has dropped 100-fold from  day 1 for C aC o-2 m onolayers 

and 25-fold for co-cultures. T his co incides w ith full d ifferen tia tion  o f  the cell m onolayer. S tudies 

using recom binant adenoviral vectors in non-confluent/undifferen tia ted  cultures o f  C aC o-2 cells 

and d ifferen tia ted  cultures dem onstrated  that the undifferentiated  cultures w ere m ore easily  

transfected  (W alte r e t al., 1997b). Sim ilarly  in a study using Ht29 ce lls /c lA 9  cells (a polarised  

colonic carcinom a cell line) p ro liferating  cells w ere found to exhib it a 10-fold higher level o f  

reporter gene expression  than the d ifferen tia ted  culture (W ilke et al., 1996). Batra et al., (1994) 

using viral-based m olecular con jugates also found that there w as a decrease o f  tw o orders o f  

m agnitude in luciferase expression betw een non-differentiated  and differen tia ted  C aC o-2 cells.

There m ay be m any reasons for the increased resistance o f  d ifferen tia ted  cells to 

transfection . O ne theo ry  suggests tha t there is poor nuclear accessib ility  o f  the pD N A . W ilke et al., 

(1996) dem onstrated  that in porcine kidney cells m itotic activ ity  w as a pre-requisite  to  effic ien t 

transfection . C ell d iv ision  w as found to be the only period in the cells cycle during w hich the 

nuclear m em brane w as tem porarily  discontinuous. T his w ould  allow  access o f  the pD N A  to  the 

nucleus. Studies using  o ther tissue types confirm  these results. G ene delivery studies in arterial 

tissue (T akeshita et al., 1994) and rat m uscle (V itie llo  et al., 1996) both suggest a correlation  

betw een m itotic ac tiv ity  and reporter gene expression. In addition , as these are gut cells, the fact 

that m icrovilli a re  present on the apical surface o f  the cells w hen fully d ifferen tia ted  m eans that 

only sm all com plexes o f  less than 30-40nm  are likely to  gain access to  the m em brane surface and 

transfect e ffic ien tly . The presence o f  the g lycocalyx and the brush border enzym es may w ell affect
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transfec tion  levels by com prom ising  the gene delivery system s. It m ust also  be noted that when 

fully d ifferen tia ted  the basolateral m em brane o f  the m onolayers, w hich have a m ore fluid 

m em brane than the apical m em branes are inaccessib le to  com plexes due to  tigh t junc tion  

form ation.

T hus, confluency  can have an effect on transfection  levels, but the levels o f  expression 

dropped even prior to  full confluency  and long before full d ifferen tia tion . This w ould indicate that 

there are b iophysical and b iochem ical changes, w hich occur w ith in  the cell, w hich m ake the uptake 

and /o r expression  p rocesses less efficient. For exam ple, stud ies have show n that the cell surface o f  

lung cells becom es less anionic as d ifferen tia tion  p rogresses (M atsui et al., 1997). M olist et al., 

(1998) found that there w ere d ifferences in glycosam inoglycan (G A G ) com position  depending  on 

the cell type (C aC o-2 or H t29) and degree o f  d ifferen tia tion  o f  hum an colon carcinom a cells. The 

role o f  negatively  charged cell surface proteoglycans appears to  be less sign ifican t in the 

d ifferen tia ted  cell culture m odels than in the CO S-7 m odel, as the inhibition o f  proteoglycan 

sulphation  caused a statistically  (p<0.05) significant increase rather than a decrease in transfection 

effic iency  in the C aC o-2 cell cu ltu re  m odel.

From  the pD N A  cel 1-association studies carried out at day 1 and day 21 in CaCo-2 and co

cu lture  m onolayers, it is c lear that decreased levels o f  cell-associated  pD N A  is certain ly  a 

com ponent in the overall effect o f  differentiation  on transfection . W hile the cationic lipid, 

DOTAP™ , m ediated  the highest levels o f  cell-associated  pD N A  in both C aC o-2 and co-culture 

m onolayers a t day 1, the association  o f  DOTAP™ /pDNA com plexes then suffered the greatest 

im pact at day  21. The cationic polym er/pD N A  com plexes m ediated  less cell-association in day 1 

cells and the  im pact o f  d ifferen tia tion  w as less dram atic on the levels o f  cell-associated  pD N A  

produced by these com plexes at day 21. The decreased negative charge o f  the cell surface, the 

decreased  accessib ility  o f  the basolateral m em brane and the decreased  flu id ity  o f  the apical surface 

m em brane probably  all contribute to  the low er levels o f  ce ll-associated  DNA in d ifferen tia ted  cells. 

But the drop in uptake o f  DOTAP™ /pDNA com plexes o f  10-fold in C aC o-2 m onolayers and 2-fold 

in co -cu ltu re  m onolayers from  day 1 to  day 21 does not account fully  for the huge drop in 

transfection  levels seen in these system s o f  the o rder o f  200 and 300-fold . Thus, o ther factors such 

as nuclear accessib ility  also play a role in the decreased transfection  levels. The less pronounced 

drop in cell-associated  pD N A  seen for co-cultures once d ifferen tia ted  may be due to  the ir low er 

TEER  values and therefore  h igher paracellu lar perm eability , leading to  access to the basolateral 

m em brane.

It is entirely  possible, given the range o f  chem ical m oieties exam ined as G D V s, that som e 

o f  the com plexes m ake use o f  the transporter system s expressed  in the d ifferen tia ted  C aC o-2 cells. 

G iven the m any barriers to  uptake outlined above and the lack o f  tox icity  o f  the com plexes in
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CaCo-2 cells, mechanisms other than membrane solubilisation and poration may be involved. The 

presence o f peptide, amino acid and nucleoside carriers as well as an array o f receptor-mediated 

transport systems (Delie and Rubas, 1997) provides opportunities for GDV/pDNA complexes to be 

internalised, e.g. polypeptide/pDNA complexes.

The differences in which vectors were affected and by how much in the presence o f serum 

in the different cell models w ill depend on the barriers to be overcome in each individual cell 

culture model and the way each vector overcomes them. The lesser effect o f the presence o f serum 

on the transfection o f the differentiated cell culture models may be due to the high resistance o f the 

models themselves, i.e. the differentiated epithelial barriers are more important barriers to 

transfection than serum. The degree o f transfection inhibition by serum for each o f the vectors in 

each o f the models is shown in Table 13.3.

Table 13.3 Magnitude o f the decrease in transfection levels (RLU/mg protein) when the vector 
systems were used in the presence o f serum, compared to the levels when transfection took place in 
the absence o f serum

COS-7 CaCo-2 Co-culture

DOTAP™ 532.6 1.1 2.4

Lipofectin™ 3.1 3.4 1.0

PEI HMW 260.2 1.5 1.5

Superfect™ 50.8 240.0 4.8

pLL 25.6 0.4 27.0

In the COS-7 model, which is easily transfected, the effect o f serum-related decreases in 

transfection was in general more dramatic, indicating that the presence o f serum added greatly to 

the barriers to transfection o f the model. It may also indicate that the colloidal properties o f these 

transfection systems, which are altered by the presence o f serum, e.g. size, surface charge and 

shape, are more important in transfection o f non-differentiated versus differentiated cells.

Another interesting point to note is the fact that the types o f GDV affected by serum varies 

from cell line to cell line. The biological activity o f vector/pDNA complexes is affected differently 

by serum depending on the cell line being transfected. In the COS-7 model, DOTAP™, PEI HMW 

and Superfecf'^ were affected; in the CaCo-2 model only Superfect^^ and Lipofectin’̂ *̂ were 

influenced while in the co-culture system, DOTAP™, Superfect™ and pLL were affected. This 

indicates again that GDVs may mediate transfection differently in different cell types and at 

different degrees o f differentiation. Serum contains a host o f negatively charged proteins, which 

can interact with cationic GDVs (Senior et al., 1991), neutralising the surface charge and/or 

compromising the complex stability (Zelphati et al., 1998a). The amount and type o f serum 

proteins bound has been found to depend, in the case o f lipid vectors, on the lipid structure, the
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formulation and the liposome charge (Chonn et al., 1992). The presence o f  DOPE in the 

Lipofectin™ formulation appears to improve its ability to resist serum inhibition. PEI is only 

inhibited by the presence o f serum when PEI Clean HMW is used at a high N/P o f  10 in COS-7 

cells. In the differentiated models PEI Clean HMW is used at a lower N/P ratio o f  5 and there is no 

significant decrease in the levels o f  transgene expression. Superfect™/pDNA complexes are used at 

high positive surface charges o f (+/-) 3.4, 3.4 and 8.5 for COS-7, CaCo-2 and co-culture 

transfections, respectively. This high net positive charge would tend to interact strongly with the 

anionic serum components and may be the reason for the consistently significant effect o f  serum on 

transfection by this vector.

There was approximately a three-fold decrease in the levels o f  pDNA associated with 

COS-7 cells when serum was present during contact time. The binding o f serum proteins can act to 

neutralise the positive charge o f  the carrier/pDNA complex, thereby decreasing the affinity 

between the complexes and the cell surface. Interaction with serum components has been shown to 

alter the size and surface charge o f  DOTAP™/pDNA complexes (Zelphati et al., 1998a). Both 

serum and BSA were found to decrease both the nuclear uptake and the cell-association o f the 

oligonucleotides, which was thought to be due to not only the decreased cellular interactions 

caused by charge neutralisation, but also due to decreased internalisation o f the larger complexes. 

As has already been stated the binding and internalisation o f  GDV/pDNA complexes by CaCo-2 

and co-culture cells appears to depend on different cell surface properties and mechanisms o f 

uptake than COS-7 cells, thus the impact o f  serum on the internalisation o f complexes may be less 

significant.

As well as the effect on uptake o f complexes, the adherence o f serum components to 

complexes may interfere with endosomal release mechanisms or precipitate premature release o f 

pDNA from the complexes (Xu and Szoka, 1996; Ruponen et al., 1999). Certain components o f 

serum, such as heparin and oleic acid cause complex dissociation, which may lead to premature 

complex instability, e.g. release o f  pDNA from vector before reaching the target cell. PEI HMW 

tends to resist dissociation by polyanions to a greater extent than either DOTAP™ or pLL (Figure 

8.20 and Figure 8.21).

Naked pDNA will be degraded in the presence o f serum and a vector’s ability to protect the 

pDNA from this degradation will have a major influence on the transfection levels produced, as 

plasmid must reach the cells intact in order to be expressed. Resistance to digestion is an important 

parameter for any GDV:pDNA complex in vivo, where the circulation time o f the complexes will 

be dependent on stability o f  the complex in plasma and/or the extracellular matrix. This 

degradation along with rapid blood clearance o f  GDV/pDNA complexes due to opsonisation and 

complement activation leads to extremely short circulation times for GDV/pDNA complexes in the
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bloodstream. The stability studies indicated that the more efficient vectors, DOTAP™ and PEI 

HMW, were better able to protect pDNA from DNase digestion. This degradation is yet another 

reason why serum can act to inhibit efficient transfection.

The effect o f  mucus on transfection efficiency was also studied. It may be an important 

factor in the transfection o f not only the gut but also the lung. While the diffusional and 

electrostatic barrier posed by mucus to drug transport may slow or stop absorption across the 

intestinal epithelium (W ikman Lahred et al., 1998), binding o f  cationic transfection complexes by 

the sialic acid and sulphate groups o f the mucin glycoproteins or immobilisation o f these large 

complexes within the mucus gel network may increase the contact time (transfection time) o f 

complexes with the cells in culture. Transfection condition studies indicated that exposure o f the 

monolayers to transfection complexes for longer periods o f  time increased the level o f  luciferase 

expression (Fig 9.1c). Studies looking at the binding o f  drugs to mucus have found that 

hydrophobic interactions and hydrogen bonding interactions also play a role in drug-mucus 

interactions (W ikman et al., 1993). When the transfection media is removed and replaced by 

serum-containing media, excess complexes are usually removed, but the presence o f  mucus-bound 

complexes may persist and allow further uptake o f  complexes after this time point. Mucus, it has 

been found, slows the transport process to the cell membrane, but for most conventional drugs their 

overall bioavailability was not affected by mucus. The results o f  this work indicate that not only 

does the diffusional barrier posed by mucus not affect transfection levels, the presence o f mucus 

actually enhances the overall gene delivery process. M ucoadhesive drug delivery systems have 

been developed which make use o f  this attachment to mucus in order to slow the G1 transit rate o f 

the drug. The bioadhesive properties o f chitosan have already been exploited for intestinal gene 

delivery (M acLaughlin et al., 1998). The turnover rate o f  mucus will limit the effects o f  any such 

strategy, given that the mucus layer is sloughed o ff every 47-270 (4 and a half hours) minutes 

(M acAdam, 1993). This process doesn’t occur in culture models and may be a source o f  error in 

predicting in vivo behaviour.

Not only does mucus interact with drug molecules but it has also been shown to act as a 

diffusional barrier for nutrients and ions and a more com plete barrier for larger molecules and 

microorganisms. The gel matrix limits diffusion with highly charged and/or large molecules 

becoming immobilised in the mucus (M acAdam, 1993). The diffusion o f a compound through the 

mucus matrix has been shown to be dependent on the charge, hydration radius o f the molecule and 

ability to form hydrogen bonds (Nimmerfall and Rosenthaler, 1980), as well as the glycoprotein 

concentration and the density o f the effective network created (Peppas et al., 1984). Increasing the 

pH o f mucus decreases its viscosity (MacAdam, 1993) and the presence o f  a large number o f basic 

amine groups in the cationic vectors used for gene delivery may decrease the viscosity and thus the 

diffusional resistance o f  mucus to transfection. From the levels o f  pDNA associated with the
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differentiated monolayers (Figures 9.4 and 9.9), the cationic lipid DOTAP™ appears better able to 

overcome this diffusional barrier than the cationic polymer, PEI HMW. This was very evident in 

Figure 13.2 in which the levels o f  active internalisation o f complexed pDNA were compared. The 

level o f  pDNA actively internalised was significantly decreased for PEI HMW but not DOTAP™ 

complexed pDNA, in co-cultures compared to CaCo-2 monolayers. The liposomal nature o f 

DOTAP™ may enable it to more effectively diffuse through the mucus layer o f  the co-cultures.

Another factor, which may be responsible for the effects o f  mucus, is its protective 

function. This may reduce the toxicity associated with chloroquine, used concomitantly with poly- 

L-lysine. This may explain the increase in transfection efficiency o f pLL/pDNA complexes in co

cultures over CaCo-2 monolayers, which have no mucus coverage.

Few studies have looked at the effect o f  gastrointestinal mucus on gene delivery but several 

studies have looked at the effect o f mucus on gene delivery to the airway epithelium. Conflicting 

results are found in the literature. In some studies no significant difference in transfection was 

observed when a mucolytic was used to remove mucus from the cells (Fasbender et al., 1997), 

while other studies have found that removal o f mucus increased liposomal gene delivery but had no 

significant effect on adenoviral gene delivery (Kitson et al., 1997). A study looking at the effect o f 

m ucolytics on gene transfer across a CF sputum barrier in vitro found that N-AC did not 

significantly affect transfection (Stern et al., 1998) The results o f this work would indicate that for 

certain GDVs the presence o f  mucus can enhance transfection efficiency compared to the same 

cells being transfected with reduced mucus coverage.

From the extensive optimisation studies carried out it was clear that in both non

differentiated and differentiated cell culture models positively charged complexes are generally 

required for efficient transfection. The optimum ratios for the given GDVs in the CaCo-2 model 

closely resembled those for the COS-7 model, with the exception o f PEI HMW, which required a 

lower N/P in CaCo-2 cells. W hat is noteworthy is the higher concentration o f both pDNA and 

GDV being used in the differentiated CaCo-2 model. In general a bell-shaped curve for transfection 

efficiency against MR is produced as the ratios increase but the concentration above which toxicity 

appears to limit transfection is much higher in the differentiated cell model. The results for the co

culture model diverge even more from the COS-7 model. There is a broader range o f  optimal CRs 

(+/-) from 1.4 for PEI HMW to 8.5 for Superfect™. There also appears to be an even greater 

resistance to the toxicity o f the cationic complexes as demonstrated by the broad range o f  optimal 

ratios o f Lipofectin™ and pLL and the very high CR o f Superfect™ used. This trend may be due to 

the presence o f a mucus barrier layer on the co-culture monolayer, which can interact with the 

complexes to a lesser or greater extent, altering their ability to interact with the cell surface.
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If the MTT data for the range o f  vectors tested in CaCo-2 cells (Table 9.6) is compared 

with that for the COS-7 cells (Table 8.4) a dramatic difference in the level o f toxicity is seen. In the 

COS-7 cells all the systems caused some degree o f toxicity including naked pDNA, while in the 

CaCo-2 cells the same systems at even higher concentrations caused little if any decrease in 

dehydrogenase activity. The only system, which displayed toxicity on the CaCo-2 cells, was the 

pLL/pDNA complex, which was used in the presence o f  chloroquine. Even when the complexes 

were removed and the cells allowed recover in full media, the toxicity caused by this system 

continued, probably due to the presence o f chloroquine within the cells. It is important to note that 

the MTT assay was performed on CaCo-2 cells in 96 well plates, which were confluent but not 

polarised and differentiated

This increased resistance to the toxicity o f  these commonly used GDVs displayed by non

differentiated CaCo-2 cells goes some way to explaining, a) the higher concentrations required for 

optimal transfection and b) the low levels o f  luciferase expression even in day 1 old CaCo-2 cells 

which are sub-confluent and non-differentiated. CaCo-2 cells increased resistance to the toxicity o f 

the GDVs also indicates a resistance to some o f the processes thought to play a role in gene 

delivery, i.e. membrane disruption and intracellular accum ulation o f  plasmid DNA. It has been 

postulated that a degree o f membrane damage must be affected by the GDV/DNA complex in order 

to achieve transfection (Pouton and Seymour, 2001).

The toxicity in vitro associated with the GDVs used in this study is well documented for 

both the cationic lipids (Feigner et al., 1987; Lee et al., 1996) and cationic polymers (B oussif et al., 

1995; Haensler and Szoka, 1993; Gottschalk et al., 1996). The decreased toxicity o f the GDVs in 

certain cell types would seem to suggest that toxicity would be reduced in certain tissues but 

toxicity in vivo  occurs not only on a cellular level but also on a colloidal level, e.g. inducing 

flocculation, thrombosis, or platelet aggregation in plasma. In vitro predictions also fail to take into 

consideration the rapid clearance o f complexes in vivo by for example the RES or in the lungs by 

the mucociliary systems that reduce contact time. Most reports seem to indicate that non-viral gene 

delivery systems are well tolerated in vivo (Stewart et al., 1992; Boussif et al., 1995).

The best indication o f the predictive value o f  any given cell culture model is its correlation 

or otherwise with in vivo data. The degree o f  correlation will o f  course also be dependent on the 

route o f adm inistration and/or target organ chosen. In this study the in vivo model chosen was one 

o f  the least investigated and most difficult routes for gene delivery, the gut. The transfection 

efficiency o f  the two most efficient and consistent vectors in the differentiated cell culture models, 

PEI HMW and DOTAP™, were compared with the levels o f  luciferase expression in vivo below in 

Figure 13.3.

326



Chapter 13

'o) 1.6E+04

O)

o
“ ■ 1.2E+04

DOTAP PEI HMW  
♦ PEI HMW

I  8.0E+03
♦ CaCo-2 

model^  4.0E+03

?  O.OE+00
♦ DOTAP Co-culture 

model
c 0 1 2  3 4

In vivo (RLU/mg protein)

Figure 13.3 Comparison o f transfection efficiencies o f PEI H M W  and DOTAP™/pCMV/MC 
complexes in vitro, in CaCo-2 and co-culture monolayers, and in vivo, in a rat intestinal loop 
model.

W hile PEI H M W /pD N A  complexes successfully produced transfection in vitro and in vivo, 

DOTAP™ /pDNA complexes failed to produce any significant luciferase expression in vivo despite 

its in vitro efficiency, indicating that success in vitro in differentiated cell models does not 

guarantee success in vivo. Perhaps a better indication o f efficacy is the relative transfection 

efficiency in the cell culture models. In the CaCo-2 model the luciferase expression mediated by 

PEI H M W  was some 6-fold higher than that mediated by DOTAP™. I f  this difference in 

quantitative expression is extrapolated to the in vivo model, i.e. the level o f  luciferase expressed in 

vivo by PEI HM W /pCM V/wc complexes (which is extremely low) is divided by six, the theoretical 

level o f luciferase produced by DOTAP™/pCMV/wc complexes would not be significantly 

different from background, i.e. DOTAP™ would not be expected to transfect e ffic ien tly  in vivo. In 

co-culture, however, the two vectors produce sim ilar transfection levels. This would suggest that 

perhaps the CaCo-2 model versus the co-culture model is a better model for assessing intestinal 

gene delivery. Bragonzi et al., (2000), looking at local in vivo intratracheal injection o f a range o f 

GDV/plasm id complexes, sim ilarly found that the highest levels o f  transfection were obtained w ith 

PE! complexes, w hile DOTAP™ complexes gave no significant luciferase activity. Their results 

suggested that cationic polymers were better able to overcome the surfactant barrier o f the lungs 

than cationic lipids, which tended to co-localise w ith surfactant protein A , form ing aggregates in 

the lumen o f the bronchi. The poor activity o f DOTAP™/pCMV/wc complexes in the intestinal loop 

model may well be due to the instability o f the lipids in the hostile environment o f the gut. The 

presence o f intestinal digestive enzymes, such as lipases, and surfactants, such as bile salts, mean 

that vesicular systems are very unstable w ith in  the digestive tract.

The differentiated cell culture models certainly provide a more realistic prediction o f  the 

ab ility  o f  a vector to transfect non-proliferating, differentiated cells in vivo, but the absence o f 

systemic blood flow , central nervous control, m o tility  as well as a lower turnover rate and 

differences in topology, e.g. absence o f a crypt-villus axis and lumenal contents, e.g. bile acids 

from the in vivo situation in the gut lim it its predictive value. The usefulness o f these models goes
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beyond the prediction o f  gut delivery, however. These well characterised monolayers may also be 

used to simulate gene delivery to differentiated tissues throughout the body, especially  when an 

appropriate and well characterised cell culture model for the given organ/tissue is not available, e.g. 

the lung.

13,2 CDs

13.2.1 Com m ercially available and novel oligom eric CDs

The main aims o f  the work involving the com m ercially  available CD s were to  thoroughly 

investigate the characteristics o f  C D /pD N A  com plexes and to determine if  they were able to 

enhance the transfection efficiency o f  pDNA, either as complexation agents or free excipients. The 

neutral, com m ercially  available CD s were able to increase transfection levels to some degree. 

O ther groups have concluded that P-CD monom ers alone cannot facilitate efficient gene transfer to 

cells (R oessler et al., 2001; G onzalez et al., 1999). Roessler et al., (2001) tried transfecting COS-1 

cells with P-C D /D N A  com plexes but no detectable C A T  expression was found. The luciferase 

reporter assay system used in this study is a particularly sensitive system and thus may have been 

better able to pick up the low level enhancem ent produced by the neutral CDs. Their limited ability 

appeared to be related to their inability to bind (Fig. 10.2 and Fig. 10.6) and neutralise plasmid 

DNA (Table  10.4) and offer it protection from DNases. The neutral CDs appeared unable to 

enhance the level o f  pDNA associated with COS-7 cells (Fig 11.6) to any great extent probably due 

to a low affinity with the cell surface. Cell-surface proteoglycans did not appear to play a role in 

their mechanism  o f  action (Fig 11.8), which is in keeping with the study by Borrajo et al., (1997), 

which found that neutral CDs were unable to bind GAGs. Neutral CD s have been shown to 

stimulate solubilisation o f  cholesterol from cultured cells with high efficiency (Kilsdonk et al., 

1995) and this cell membrane disruption may be sufficient to produce the small degree o f  

enhancem ent o f  transfection efficiency produced by the com m ercially  available, neutral CDs. The 

superiority o f  P-CD and D M -CD  over HP-CD as vector systems may be related to haemolytic 

action o f  p- and DM -CD, i.e. a tendency to cause m em brane perturbation (Irie et al., 1982). Arima 

et al., (2001) conjugated polyam idoam ine dendrim ers with P-CD, a -C D  or y-CD and found that 

these conjugates mediated superior transfection to dendrim er alone. From their mechanistic  studies 

it appeared that neutral CDs altered intracellular trafficking o f  pDNA, possibly by increasing 

endosomal release.

The inability o f  neutral CDs, P-, HP-, and DM -CD, and to some extent M E l-C D  to form 

condensed, positively charged particles with plasmid DNA (as evidenced by binding, size and zeta 

studies) does not prevent them from significantly increasing transgene expression, all be it to a 

much lesser extent than the most successful o f  the polycationic CDs, A P I- ,  IM2-, A M I-C D . This 

indicates that free, i.e. non-complexed, CD has a role in mediating transfection to a lesser or  greater
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extent. This was also demonstrated in the studies, which looked at combinations o f  vector systems, 

in which low concentrations o f  free A P I-C D  were found to enhance the transfection efficiency o f  

PEI/pD N A  (N/P2) complexes in CO S-7 cells.

The enhanced transfection ability o f  the polycationic CDs appears to be related to their 

ability to com plex and neutralise the polyanionic pDNA. The maximum degree o f  binding 

generally occurred at MRs above the optimum M R for transfection (C D :pD N A  100:1). The degree 

o f  binding (>90% ) achieved by A P-CDs at the optim um  M R for transfection o f  C D :pD N A  100:1 

com pared well with the degree o f  binding achieved by the commercially  available vectors 

com plexed with pD N A  at their given optimal ratio for transfection. DOTAP™ (CR +/- 2.4) 

produced circa 86%  binding, while the polymeric vectors, PEI H M W  (N/P 5) and pLL (M R  2:1), 

produced 94%  and 95%  binding respectively. The cationic CDs, which prove less able to bind 

pDNA at low MRs, such as M E l and IM3-CD, produce no greater enhancem ent in transfection 

efficiency above control o f  naked pDNA than the neutral CDs. However, a low degree o f  binding 

does not necessarily correlate with a low level o f  expression. For example, 1M2-CD, which 

produces only 50-60%  binding can produce high levels o f  gene expression. This indicates that 

b inding o f  DNA is only one o f  the factors, which influences the ability o f  these cationic CD s to 

mediate improved transfection.

The varying levels o f  stability o f  the com plexes produced by the different CDs could also 

be another factor in their differing transfection abilities. Hwang et al., (2001) found that the 

cationic C D  polymer, which formed the most stable com plexes with pDNA, as determined by 

heparin displacement, produced the greatest transgene expression. Similarly, A P-CDs showed the 

greatest stability to anionic displacem ent in the heparin displacem ent assays (Fig 10.24) and A P l-  

C D  produced the greatest enhancem ent o f  luciferase expression over control o f  any o f  the CDs 

tested. A com parison o f  the titration curves for A P l-C D /p D N A , DOTAP™ /pDNA, PEI 

H M W /pD N A  and pLL/pD N A  complexes against heparin is shown in Figure 13.4. The titration 

curve o f  the  A P l-C D /p D N A  com plexes indicates that the maxim um  displacement achieved by 

heparin is similar to  that for DOTAP™ /pDNA and pLL/pD N A  with about 70% o f  initial 

f luorescence returning. Higher quantities o f  heparin are required to achieve this degree o f  

d isplacem ent with the A P l-C D /p D N A  complexes. Only PEI H M W /pD N A  complexes proved 

significantly more stable.
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Figure 13.4 Anionic displacement o f  DOTAP™ (CR 2.4), PEI HMW(N/P 5), pLL (MR 2:1) and 
API (MR 100:1) pDNA complexes by heparin measured using the intercalating agent Ethidium 
bromide. The resultant fluorescence was expressed as a percentage o f  that attributed to naked 
pDNA.

The differences in the DNA binding, complex stability and transfection efficiency between 

the various polycationic CDs can be explained not only by the differences in charge but also by 

differences in the stereochemistry and secondary substitution, which will affect their interaction 

with both plasmid DNA and the cell. The alkylimidazole (IM) and aminopyridyl (AP) groups when 

attached to lipid chains were found to transfect cells successfully (Budker et al., 1996). Within the 

AP- and IM-CDs there are differences in efficacy and the trend indicates that those with acetyl 

groups on the secondary side (AP2-, IM l- and IM3-) are less efficient than those, which are 

unsubstituted on the secondary hydroxyl side (API- and IM2-CD). The presence o f  ester groups (- 

O-CO-CH 2 -CH 3 ) on the CDs will influence the electron density in the molecules and may therefore 

interfere with DNA interactions. Their amphiphilic nature will also affect their colloidal behaviour 

and studies have indicated that the amphiphilic CDs (e.g. AP2-CD) are more prone to spontaneous 

aggregation in solution, which may inhibit efficient DNA complexation. While the DNA binding 

ability o f  cationic CDs with the same primary substitution, e.g. API - and AP2-CD, is similar (Fig. 

10.7) it is interesting that slightly greater quantities o f  the acetylated derivatives are required to 

neutralise DNA according to the zeta potential data. M El-CD , a secondary amine, required a 

higher MR than the other cationic CDs to both bind and optimally transfect the COS-7 cells. This 

may be due to a steric effect, since the cationic amine function on this CD is shielded within the 

alkyl chain, while all the other polycationic CDs have at least one cationic functional group 

exposed externally on the molecule. The superior ability o f  AM I-CD, a primary amine, to bind and 

transfect may well be related to the opportunity for close binding between the plasmid DNA and 

the CD, which seems to confer extra stability on these complexes.

The nature o f  the substituents on the CDs also appeared to affect their ability to interact 

with cells. From the mechanistic studies, it is clear that the most successful CDs, API-CD and
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A M I-C D , m ediate  highly effic ien t b inding and in ternalisation o f  pD N A . Up to  25%  o f  pDNA 

added w as associated  w ith the CO S-7 cells after 24 hours incubation  under optim um  transfection  

conditions, a m uch higher percentage than that produced by DOTAP™  com plexed pD N A . The best 

o f  the  novel C D s also m ediated far superio r levels o f  active internalisation o f  pD N A  than the 

com m ercially  availab le vector DOTAP™  (T able 11.9). The larger secondary side chains on the 

acety lated  derivatives may affect the ability  o f  the CD s to  in teract w ith the cell m em brane. B orrajo 

et al., (1997) found that polyam ino C D  derivatives bound to  g lycosam inoglycan (G A G ) sulfates. 

T hey postu lated  that d ifferences in, a) the am ine pendant group, b) the reg iochem istry  and c) 

secondary  face functionalisation  w ould a lter the selectivity  o f  prim ary -O H  substitu ted  polyam ino 

C D s for G A G s. T hose CD s, w hich m ediate effic ien t pD N A  uptake, produced  a m uch greater level 

o f  p ro teoglycan-dependent b inding to cell-surfaces com pared to those C D s that did not m ediate 

transfection  w ell. T hese novel polyam ino C D s appear to have a natural ability  to bind the sulphated 

g lycosam inoglycan  m oieties o f  cell-surface proteoglycans. T heir affin ity , from chlorate studies, 

appears to be g reater than any o f  the o ther non-viral, non-targeted  system s tested  (Fig. 13.5). W hile 

the level o f  cell-associated  pD N A  m ediated by A P l-C D  com plexes dropped 35-fold w hen the 

sulphation o f  G A G s w as inhibited, the levels for DOTAP™ , PEI and Superfect™  dropped only 1.4- 

fold, 3 .8-fo ld  and 4 .8-fold respectively , in C O S-7 cells (F igure 13.5). G iven that the sam e cell line, 

C O S-7 cells, w as used these d ifferences m ust be related  to the carrier system s rather than any 

differences in cell-m em brane com position  or properties.

As w as stated previously, the transfection  and pD N A  cell-association  effic iency  o f  the 

acety lated  derivatives w as less than those o f  the ir non-acetylated  counterparts, e.g. A P2-C D  < A P l-  

C D , IM 3-C D  < 1M2-CD, and both properties (transfection  and uptake) w ere alm ost unaffected  by 

ch lorate  p re-treatm en t o f  cells. T his w ould indicate that they  have a low er affin ity  for the anionic 

G A G s o f  cell surface proteoglycans than the ir non-acetylated  derivatives. The type o f  am ine 

pendant a lso  appears to  influence the in teraction w ith cell surface proteoglycans. A M l-C D  appears 

to  be m ost dependent on in teraction w ith sulphated G A G s, probably  due to  the presence o f  the 

prim ary am ine function. A s w as seen for binding, steric effects w ould also  influence the ab ility  o f  

the cation ic  headgroups to  interact w ith negative m oieties in the cell m em brane. For exam ple, the 

cation ic  n itrogens o f  the im idazoles may be sterically  hindered from  b inding  w ith anionic m oieties 

due to  the presence o f  alkyl substituents on the heterocycle. Thus, deriv itisation  o f  C D s for 

transfec tion  should aim  to utilise th is proteoglycan binding ability  in o rder to  enhance transfection  

efficiency . Polyam ino C D s appear to  have a natural, non-specific  ab ility  to  target cell surface 

p ro teoglycans but close attention  m ust be paid to  the effect o f  all the substituen ts on th is b inding 

affinity.
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Figure 13.5 The effect o f sodium chlorate 35mM (striped columns) incubation on the level o f  cell- 
associated radio labelled plasmid DNA in COS-7 cells mediated by commercial vectors and novel 
API-CD. The controls were transfected without sodium chlorate pre-treatment. Values are 
expressed as mean ± S.E. (n=4).

The significant increases in transfection mediated by the polycationic CDs in the presence 

o f chloroquine indicate that a) the complexes are endocytosed and b) that they are incapable o f 

efficient escape from the endosome. The superiority o f  A PI-C D  over IM2-CD and A M I-CD  (with 

its superior ability to enhance pDNA binding and uptake) may be linked, along with its high 

binding affinity with DNA, to an increased ability by the aminopyridyl functions to buffer the 

endosome, as evidenced by the fact that A Pl-C D /D N A  complexes were less significantly affected 

by the presence o f chloroquine (Fig. 11.11). Vectors such as PEI and DOTAP™, which have 

mechanisms o f  buffering or escaping the endosome, are unaffected by the presence o f  chloroquine. 

It was interesting to note that the presence o f  chloroquine had no significant effect on the 

transfection efficiency o f neutral DM-CD/pDNA complexes, which would agree with the theory 

postulated by Arima et al., (2001) that neutral CDs can facilitate the release o f pDNA from the 

endosome. The A PI-CD  would be expected to have a lower intrinsic pKa than the 1M2-CD leading 

to increased protonation at acidic pHs, such as those in the endosome. The intrinsic pKa o f  the 

imidazole heterocycle is higher with both amine functions being protonated at higher pHs and they 

may therefore not possess the same buffering capacity. Budker et al., (1996) suggested that within 

the endosomal compartments these polar headgroups become more strongly positive leading to an 

increase in the size o f the headgroup due to charge repulsion and enhanced interaction with the 

negative components o f the endosomal membrane.

The presence o f serum caused a significant decrease in transfection levels, as was found by 

Gonzalez et al., (1999) using cationic, polymeric CDs. The degree o f inhibition o f transfection by 

serum, however, was relatively small for the polycationic CD systems compared to the effect o f 

serum on many o f  the commercially available vectors, such as DOTAP™. While the level o f
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luciferase expression decreased 3.5-fold and 4.5-fold for A P I-C D  and A M I-C D  complexes 

respectively, the drop for D OTAP™ /pDNA com plexes was over 500-fold when used under the 

same conditions. This m eant that A P l -C D  and A M l-C D  com plexes were equally as effective as 

DOTAP™ /pDNA com plexes when used in the presence o f  serum, a result which bodes well for 

their future use in vivo. A M l:p D N A  complexes, however, proved more resistant to the effects o f  

serum relative to the other CDs, probably  due to its ability to enhance the stability o f  plasmid DNA 

as determined in the stability studies using nucleases. O ther groups have shown that the presence o f  

serum can decrease the positive charge o f  com plexes and prevent the size increases required for 

effective com plex uptake and subsequent transfection (Ross and Hui, 1999).

13.2.2 Vesicle-forming CDs

Addition o f  hydrophobic  chains to the C D  molecule a llowed the formulation o f  small, 

stable vesicles. The presence o f  oligo(ethylene) glycol groups on the secondary side o f  the 

molecule improved the w ater solubility o f  these hydrophobic CDs. SC16-CD  and SC16N H 2-CD  

produced smaller more stable vesicles than the SC6-CD and SC 6N H 2-C D  derivatives, indicating 

that the longer hydrophobic chain improved vesicle formation. Given the success o f  the oligomeric 

cationic CDs and polymeric systems including a CD moiety (Gonzalez et al., 1999), it was felt that 

a lipid-system (by far and away the most widely used group o f  vectors in gene delivery) would 

further enhance their efficiency.

The inability o f  the neutral derivatives, SC6-CD and SC16-CD, to significantly improve 

transfection would indicate that the hydrophobic chains and/or vesicular structure som ehow 

interfered with the transfection m echanism , e.g. solubilisation o f  cholesterol from cell membranes, 

utilised by |3-CD, HP-CD and DM -CD . Encapsulation o f  small quantities o f  DNA was possible but 

these systems require both improved encapsulation m ethods and the use targeting ligands in order 

to produce any levels o f  transfection efficiency. CD bilayer vesicles, similar in structure to SC16- 

CD, have previously been shown to be capable  o f  encapsulating the fluorescent dye 

carboxyfluorescein (Ravoo and Darcy, 2000).

The addition o f  cationic charge to  the molecules a llowed them to neutralise and complex 

pDNA. The lower mass ratio (and lower N /P  ratios) required to neutralise the polyanionic charge o f  

plasmid DNA and form highly positively charged com plexes (Table 12.5) by the cationic 

SC 6N H 2-C D  and SC 16N H 2-C D  com pared to the polycationic CD with the same cationic head 

group, A M l-C D , indicates that the location o f  the amine function on the end o f  a long flexible 

oligo(ethylene) glycol side chain improves the interaction. O ther groups have similarly found that a 

spacer group between the am ino head group and the hydrophobic anchor o f  3-6 atoms can enhance 

transfection efficiency (Farhood et al., 1992). It is interesting to note that the complexes formed by
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the vesicle-forming cationic CD s more closely resemble the morphology o f  liposomal-based 

systems, while the polycationic CD s previously tested produced polymeric-like complexes. Thus, 

the presence o f  the hydrocarbon chain not only alters the properties o f  the CDs themselves but also 

their  interaction with DNA.

The m echanism o f  transfection differed depending on the C D  used. The superiority o f  the 

vesicle-like C D s over the polycationic and commercially  available CD s (Chapter  11) indicates that 

additional or alternative processes are mediated successfully by the vesicles over and above those 

associated with the cationic charge. Because o f  the vesicular structure o f  the cationic SC6N H 2-CD  

and SC16N H 2-C D  derivatives they w ould be expected to utilise some or all o f  the transfection 

m echanism s o f  the cationic lipids. Cationic lipid/DNA com plex  uptake into cells is thought to be 

mediated by several processes. Recent evidence has suggested that endocytosis is the major 

mechanism  o f  entry (Zabner et al., 1995; Friend et al., 1996; Xu and Szoka, 1996) but fusion with 

the cell m em brane due to the lipidic nature o f  the system is also thought to contribute (Feigner et 

al., 1987). The vesicular nature o f  the SC 6N H 2-C D  and SC 16N H 2-C D  systems may have 

enhanced mem brane disruption processes. The lack o f  effect o f  chloroquine on the levels o f  

transgene expression mediated by the systems would indicate that the C D /D N A  complexes did 

indeed have a means o f  disrupting the endosome, perhaps by the “ flip-flop” action proposed by Xu 

and Szoka, (1996) in which the anionic lipids present on the cytoplasmic edge o f  cellular 

m em branes undergo a flip-flop reaction with the cationic lipids to form neutral ion pairs. This is 

thought to lead to d isplacement o f  the DNA from the liposome and into the cytoplasm. The cationic 

CD s have primary amine functions, which have been shown in certain G D V s to be only 50-60% 

charged at physiological pH (Zuidam and Barenholz, 1998). Thus, at acidic endosomal pH the 

charge density o f  the C D s may increase, buffering and destabilising the endosom e (Tang  and 

Hughes, 1999). The significant increase in transfection o f  the SC 16-C D /pD N A  system in the 

presence o f  chloroquine would indicate that cationic C D s are required in this endosomolytic 

process.

The SC16N H 2-C D  vesicles proved significantly more effective in promoting transgene 

expression than the SC6NH2-CD, a result that was clearly linked to the length o f  the hydrophobic 

chain and the nature o f  the vesicles formed. A range o f  studies has been carried out on lipid-based 

transfection vectors to determine the influence o f  their structure on activity. Regelin et al., (2000) 

found that the transfection efficiency o f  lipid/DNA com plexes correlated with the stability and 

m em brane fluidity o f  the lipid at transfection temperature and the length o f  the hydrocarbon chain 

in cationic lipid vectors has also been found to influence transfection. Cationic lipids such as 

DOTAP™ and D O TM A  have unsaturated alkyl chains o f  18 carbons. Feigner et al., (1994) found 

that increasing the aliphatic chain length from C14 (dimyristyl), to C16 (dipalmityl) and to C l 8 

(disteryl) for  saturated chains decreased the efficacy o f  their  cationic lipid vectors. The efficacy o f
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the longer alkyl chains was increased when unsaturated bonds were included, thereby reducing 

bilayer stiffness. This lack o f unsaturated bonds in the alkyl chains o f the CD derivatives may have 

decreased their efficacy compared to DOTAP™. In addition these systems have only a single-tailed 

alkyl substituent, which are generally inferior to the dialkyl systems. Novel single-tailed cationic 

lipids based on an ornithine head group, which included a double bond in the alkyl chain, were 

found to produce transfection levels some ten-fold higher than DOTAP™ (Tang and Hughes, 

1999), so modification o f  the hydrophobic portion o f the molecule may improve efficiency.

The toxicity o f  the cationic vesicle-forming CDs was much greater then the polycationic 

CD. The surface-active properties o f  SC6NH2-CD and SCI6NH2-CD, which can lead to 

membrane solubilisation, poration and alteration o f membrane and membrane protein properties 

may enhance transfection but may also limit the process by diminishing cell viability. The optimum 

mass ratio for transfection o f  the polycationic CDs (e.g. A Pl-C D ) was 100:1 CD:DNA, which is 

10-fold higher than that for the vesicle-form ing CDs. The SC16NH2-CD/pDNA complexes are 

more positively charged at CD:DNA 10:1 (+40mV) than the polycationic CD/pDNA complexes, 

which are only slightly positively charged for optimum transfection. Interestingly, the degree o f 

toxicity caused by the best o f  each category, i.e. A Pl-C D  and SCI6NH2-CD, at their optimal ratios 

for transfection was approxim ately the same, circa 30% decrease in cell viability (see Fig. 11.16 

and 12.27). The increased toxicity o f the vesicular CDs may be due to their decreased solubility 

(due to longer hydrophobic chains) (Hwang et al., 2001), their vesicular nature and also possibly 

due to the more accessible cationic amine on the end o f a long flexible side chain. The ether linker 

bond between the cationic amine head group and the core CD may also increase toxicity as it was 

found that lipids containing stable ether linkages, e.g. DOTMA, DMRIE (Feigner et al., 1994; 

Scheule et al., 1997), are more toxic than lipids with less stable linker groups. M icellar systems o f 

dodecyl-, teradecyl- and hexadecyl trimethyl ammonium bromide were tested and it was found that 

these detergents were capable o f mediating transfection and the efficacy was found to increase as 

the alkyl chain was elongated (Pinnaduwage et al., 1989). Single-tailed lipids tend to be more toxic 

than double-tailed lipids.

Several methods may be used to improve the stability o f the neutral CD vesicles including 

annealing, grafting o f co-polymers and including a small quantity o f negatively charged CD in the 

mixture or perhaps using a helper co-lipid, such as cholesterol or DOPE. There are several other 

avenues that could be explored with regard to encapsulation. Reverse phase procedures would be 

an option for neutral liposome formulation with DNA, given that the presence o f an organic phase 

would also serve to condense the DNA. Utilising neutral co-lipids may improve the encapsulation 

efficiency o f the cationic vesicle CDs, thereby increasing the protection o f  plasmid against DNases. 

The current trend in using cationic lipids has many disadvantages including toxicity and poor 

distribution control in vivo. Neutral vesicles are more biocompatible and by modifying their
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structure to include targeting ligands, their distribution can be tightly controlled and toxicity 

reduced. Another possibility is the use o f  fusogenic peptides in the vesicle to improve uptake into 

the cell.

In conclusion, neutral, com m ercially  available CDs, despite a lack o f  DNA complexation 

ability, have a low level o f  intrinsic transfection ability. The novel polycationic CD s bind and 

condense pDNA to produce small (100-200nm), spherical, neutral/cationic particles depending on 

the mass ratio C D :D N A  used and significantly increase transgene expression with levels o f  

luciferase produced some 1000-fold above control. The most effective polycationic CDs proved to 

be IM2-, API - and A M I-C D . Their superiority would appear to be linked with an increased ability 

to bind cell-surface proteoglycans, thereby increasing the active cellular internalisation o f  plasmid 

DNA. In the presence o f  serum, these polyamino CD s were as efficient as DOTAP™ at mediating 

transgene expression. Further manipulation o f  the core CD molecule to produce cationic vesicle- 

forming CDs, led to further improvements in transfection efficiency, especially in the case o f  

SC16N H 2-CD . The m echanism o f  transfection was independent o f  the endosomolytic agent, 

chloroquine, and produced luciferase expression o f  the same order o f  magnitude as the 

commercially  available cationic lipid-based formulation, Lipofectin™. Both the oligomeric and 

vesicular CDs would appear to have great potential for use as DNA condensing and transfecting 

agents, as well as acting as the core molecule for further chemical modification to incorporate 

targeting ligands or nuclear localization signals.
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Appendix I 

Restriction map for pCMVluc

SspI 5396
Xmnl 5189. 

Sea I 5072 J
704 SnaB I 
726 Ncol 
726 Sty I ,

1069 P»«R7| 
1069 Xhol

pCMV-luc

5581 bas« pairs 
Uniqua Sitss 1S34 Spll

2037 BstEII 
2042 Bsu36l 

2206 XcmlSail 3324. 
Ace I 3324

Kpnl 3098 
Asp718 3098 

SgfA I 2997 
Clal 2934 
EooRV 2863 

P»Cl 2847

CMV: 427
Luciferase: 1323
P-Lactamase (Am p’̂ ): 4523
PolyA: 3138

949
3080
5381
3310
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Appendix II

Loading Buffers

Electrophoresis Loading Buffer 5X

0 .25%  Bromoplienol Blue 
0 .25%  Xylene cyanol FF 
15% Ficol! (type 400, Pharmacia)

Electrophoresis Loading Buffer 5X

0.2%  Bromoplienol Blue 
50%  Glycerol 
6 .7%  Disodium EDTA 
1.0% Sodium dodecyl sulphate



Appendix III

M olecular W eight M arkers

For agarose gel electrophoresis, the marker used was EcoR I/Hond III cut A, DNA (Promega)

1 . 21226

2 . 5148

3 . 4973

4 . 4268

5 . 3530

6 . 2027

7 . 1904

8 . 1584

9 . 1375

1 0 . 947

1 1 . 831

12 . 564

13 . 125
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Appendix IV

Plasmid Purification

The reporter gene plasmid used in all transfection studies was the pCMV/wc plasmid, 

which contained a codon for firefly luciferase under the control o f the promoter/enhancer CMV. 

The plasmid contained a bacterial origin o f replication and a P-lactamase resistance gene, which 

allowed it to be propagated in D H 5a E.coU and isolated and purified using alkaline lysis and anion 

exchange chromatography. The plasmid is 5,581 base pairs in size and in order to confirm the 

identity o f the plasmid the plasmid was digested using H indlll endonuclease, for which the 

plasmid has a restriction site. The results are shown below o f  a digest carried out on two different 

plasmid preparations.

m m

Digest o f  Plasmid DNA pCM Vluc 
Lane 1 = M olecular Weight Markers 
Lane 2 = Plasmid pCMVluc (Prep. 1)
Lane 3 = Plasmid pCMVluc digested

Lane 6 = M olecular Weight Markers 
Lane 7 = Plasmid pCMVluc (Prep. 2)
Lane 8 = Plasmid pCMVluc digested

The linearised plasmid shown in Lanes 3 and 8 is compared with the molecular weight markers 

(Appendix 111) and is found to be ju st above the second band o f the markers, which represents a 

size o f  5,148bp. Run alongside the linearised plasmid in Lanes 2 and 7, are the undigested 

plasmids. The purity o f the plasmid was determined to be good from this gel as only bands for 

supercoiled (lower band) and open circular (upper band) could be seen. There is no evidence o f 

genomic DNA contamination.

In order to quantify the DNA uv spectrophotometric assay was used as described in section

7.4.5. The samples were diluted so that they gave readings within the optimum range o f

absorbance i.e. between 0.1 and 1.0 Absorbance when read at 260nm. Examples o f  the 

absorbances and ratios produced by samples o f purified plasmid are shown below.
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Absorbance at 
260nm

Absorbance at 
280nm A260/A280 Ratio

0.120 0.061 1.94
0.110 0.055 2.00
0.105 0.056 1.86
0.134 0.073 1.83

The ratio o f Absorbance at 260nm to Absorbance at 280nm was consistently between 1.8 and 2.0.

Agarose gel electrophoresis was used to identify the plasmid and to determine its purity. 

UV spectrophotometry was used to confirm  the purity and determine the concentration o f  the DNA 

solutions. These quality control tests were performed on each batch o f plasmid prepared. The 

results shown are representative o f the plasmids used throughout this thesis. Plasmid preparations, 

which had A260nm/A280nm ratios outside the range 1-8-2.0, were deemed unsuitable for 

transfection studies. Higher ratios are often due to RNA contamination and lower ratios can be due 

to the presence o f proteins (Schleif, 1987). Agarose gels act as sieves. The rate o f  migration o f 

DNA through a gel is dependent on both size and conformation. From the plasmid restriction site 

map in Appendix I, there is only one restriction site for Hind III on the pCMVluc plasmid, thus 

digestion by this enzyme w ill produce a linear form o f the fu ll plasmid, w ith an identical molecular 

weight. Thus, the difference in migration seen in the gel between the digested and control plasmid 

is due to the differences in their conformation. S im ilarly in the undigested plasmid, the supercoiled 

plasmid fraction travels more rapidly down the gel than the open circular form. Some o f the 

impurities that can be identified using gel electrophoresis include denatured supercoiled DNA 

(when an additional band is evident below that fo r supercoiled), multimeric forms o f supercoiled 

plasmid (a th ird band above the open circular band) and denatured chromosomal D N A (a strong 

third band above the open circular band, which forma a smear on digestion. Pure plasmid must be 

used in order to obtain consistent results (Tang and Szoka, 1997). Plasmid D N A to be used in 

animal studies was prepared using an Endo Free K it, as the presence o f lipopolysaccharide has 

been shown to attenuate transfection to primary cells (Gotten and Saltik, 1997). The plasmid D N A 

was stored in sterile water rather than TE buffer, because the EDTA present in the buffer could 

affect the cationic charge on many o f the vector systems used.
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Appendix V 

Luciferase Calibration Curve

a) b)

9000 
8000 
7000 
6000 
5000 

3  4000
3000 
2000 
1000 

0
-1000 0 20 40 60 80 100 120

Luciferase ug/L

Calibration curve o f  RLU against ug/L o f luciferase

Calibration curve for firefly luciferase (Promega) as a standard and the Promega Luciferase assay 

kit, read in the TD 20/20 Luminometer. Concentrations from Ipg/L (lO '^M) to lOmg/L (lO'^M) 

luciferase were used in triplicate and light intensity was found to be proportional to luciferase 

concentration in the range lOpg/L to 100p,g/L. The linear portion o f  the curve is shown above in a) 

(Seven different concentrations are represented on the graph a) but due to the magnitudes o f 

difference they cannot all be seen, hence graph b) shows some o f  the lower concentrations and 

their corresponding RLU values). Any samples which produced light intensity outside this range 

were diluted with lysis buffer before being read.

m(gradient)=75.002 

c(intercept)=43.358 

r(correlation coefficient)=0.9991

30 
20 
10 

0
0 1 2 

Luciferase (ug/L)

342



I

Appendix VI

Calibration Curve for protein using bovine serum albumin (BSA)

0.6

0.5
0)uc
(Q

0.4

0.3 o
 ̂ 0.2 <

0 50 100 150

Amount of BSA in sample(ug)

Calibration curve o f  uv absorbance at 750nm against the am ount (ug) o f  BSA in a sample

Calibration curve for protein serum albumin (BSA) as a standard using the Bio-Rad Dc protein 

assay kit.

m(gradient) =  0.003 

c(intercept) =  0.0274 

r(correlation coefficient) =  0.9822
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Appendix VII

HPA calibration curve for ELLA analysis

Ec
CM
Oi

to
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1.4
1.2

1
0.8
0.6
0.4
0.2

0
0 10 20 30 40

Concentration of PPPM (ng/ml)

Calibration curve o f  absorbance at 492nm against tiie ng/ml o f  PPPM

Calibration curve for the enzyme linked lectin assay using horseradish peroxidase linked-He/ix  

Pom atia  ^ P A )  lectin. Partially purified porcine mucus (PPPM ) was used as the standard for the 

calibration curve. Standards were made up made up in HBSS in the range 0-40ng/ml and there was 

found to be a linear correlation between absorbance at 492nm  and the concentration o f  PPPM 

within this range.

m (slope) = 0.0426 

c (intercept) =  0.0564 

R" (correlation coeficient) =  0.99
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Appendix VIII

Calibration curve of COS-7 seeding density for MTT

I
§ 0.8 
U)

0.6ns
0)oc
ren

0.4

0.2
o
(0

5 35  6 5  100

No. of cells/well (10E3)

Calibration curve o f  absorbance against seeding density o f  COS-7 cells for M T T  assay. COS-7 

cells were seeded at a density in the range 5,000-100,000 cells/well in D M EM  m aintenance 

medium onto 96 well plates. The range o f  cell num ber that was linearly correlated with 

dehydrogenase activity was between 5,000 and 65,000 cells/well. The linear portion o f  this graph 

had:

m (slope) = 0.0105 

c (intercept) =  0.2425

(correlation coefficient) =  0.98
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Appendix IX

H anks B alanced Salt Solution  (H B SS)

The appropriate quantity o f  ingredients i.e. one tub o f  HBSS powder (Gibco), Glucose 

(Sigma) 3.7 g/l and HEPES lOmM sodium salt (Sigma) 2.6g/l were m ade up to a litre using freshly 

double distilled deionised water (D D D W ), and adjusted to pH 7.35. The solution was then 

aseptically filtered through a 0.22)nm filter (Gelm an) in the laminar flow hood (LFH), using a 

peristaltic pump.

A m picillin

Ampicillin sodium (Sigma, UK) was prepared as a lOOmg/ml solution in water and filter sterilised 

using a 0.22(im pore m em brane (Gelman) and stores at -20°C for up to 3 months.

C hloroquine

C hloroquine (Sigma) was prepared as a lOmM aqueous stock solution, filter sterilised via a 

0.22|j,m pore m embrane (G elm an) and stored at -20°C for up to one month.

D N ase I

Bovine pancreatic Dnase I (Sigma, UK) was dissolved in 150M m  N aC l/50%  glycerol to give a 

final concentration o f  0 .25U/|il  and stored at -20°C.
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Appendix X

Antibody titrations fo r Confocal Laser Scanning Microscopy (C LS M )

Result
Primary Antibody Dilution Secondary Antibody Dilution Control Transfected
1 to 100 none Blank Blank
none 1 to 50 Blank

FITC
Blank

1 to 100 1 to 50 +++ FITC++++
1 to 100 1 to 500 FITC ++ FITC+++
1 to 100 1 to 1000 FITC + FITC++
1 to 200 1 to 50 FITC ++ FITC+++
1 to 200 1 to 500 FITC + FITC++
1 to 200 1 to 1000 FITC FITC+
1 to 500 1 to 50 Blank FITC+
1 to 500 1 to 500 Blank FITC

1 to 500 1 to 1000 Blank
FITC(Traces
)

Result
Primary Antibody Dilution Secondary Antibody Dilution Control Transfected
1 to 200 none Blank Blank
none 1 to 100 Blank Blank
1 to 200 1 to 100 FITC++ FITC+++
1 to 200 1 to 500 FITC+ FITC++
1 to 300 1 to 100 Blank FITC++
1 to 300 1 to 500 Blank FITC+
1 to 400 1 to 100 Blank FITC+
1 to 400 1 to 500 Blank FITC

All antibody titrations were carried out on COS-7 cells 

Legend:

Control = non-transfected cells (i.e. no luciferase present) 

Transfected = cells transfected using Y>OJk?IpCMVluc complexes 

Blank = no green FITC fluorescence above background 

FITC = level of FITC fluorescence in sample 

+ : small spots of FITC present

++ : areas of low intensity FITC present

+++ : areas of high intensity FITC present

-(-+++ : whole sample fluoresces
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Appendix XI

Surface activity o f neutral and cationic CDs

E
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%w/v CD

Effect o f CDs on surface tension over a range o f concentrations was measured using a Lauda 

Tensiometer
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Appendix XII

Transfection o f COS-7 cells using non-optimised CD/DNA formulations

_c
'55
o
L .

Q.
O)
E
D
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1.E+08

1.E+07

1.E+06

1.E+05

1.E+04

1.E+03

1.E+02

1.E+01

1.E+00

cf> c? , N \

CD

Transfection o f  COS-7 cells using CD s complexed with pC M V luc at optimum mass ratios as 
determ ined from Table 11.1. The  complexes were formed in HBSS pH 7.4 and added to the cells 
in O pti-M EM  so as to give a final DNA concentration o f  lug/ml. Transfection time was for 4 
hours, after which the transfection medium was removed and replaced with fresh serum-containing 
m edium  for a further 24 hours.
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Appendix XIII

The influence of diluent and storage temperature on the stability of SC16-CD vesicles with 

time

Stabilit) of S C I6 liposom es in DDDW stored  at 4 C
Size (nm) Std devn Polydispersity

Day1 413 9.5 0.573
Day7 392 4.7 0.541

Day 14 275 10 0.634
Day21 339 7.2 0.529

Stabilit)f of SCI 6 liposom es in 0.15M NaCI stored at 4C
Size (nm) Std devn Polydispersity

Day1 1643 30.6 0.403
Day? 1049 13 0.454
Day14 273 12.7 0.696
Day21 317.2 5.2 0.654

Stabilit) of SC16 liposom es in 10% serum  stored at 4 C
Size (nm) Std devn Polydispersity

Dayl 590.6 9.5 0.573
Day? 604.7 11.2 0.765
Dayl 4 624.3 6.6 0.741
Day21 606.3 14 0.741

Stabilityf of SCI 6 liposom es in DDDW stored at RT
Size (nm) Std devn Polydispersity

Day1 385.1 4.8 0.607
Day? 353.5 4.8 0.562
Dayl 4 778.6 393.4 0.814
Day21 800 400 0.82

Stability of SC16 liposom es in 0.15M NaCI stored at RT
Size (nm) Std devn Polydispersity

Day1 2100 126.12 0.568
Day? 1686 78.1 0.464

Day14 526.4 10.66 0.353
Day21 500 15 0.3

Stabilityf of SC16 liposom es in 10% serum  stored at RT
Size (nm) Std devn Polydispersity

Dayl 416.5 1.7 0.564
Day? 597.8 7.3 0.471

Day14 674.4 58.9 0.311
Day21 710.1 61 0.321
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Appendix XIV

NMRs for novel CDs from Dept of Chemistry, U.C.D.

Heptakis( 6-deoxy-6-pyridylam ino)-p-CD  (A P l-C D )

M olecular weight 1666g/mol

'H  N M R (270M H z, DjO) 5 = 7.88 (d, J= 7.15Hz, 2H, H-2 o f  pyridine), 6.83 (d, J=7.15H, 2H, H-3

o f pyridine), 5.15 (d, J=3.2 Hz, IH, H-1), 4.36 (m, IH, H-5), 3.99 (m, 

3H, H6/H61, H-3), 3.62, (dd, IH, H-2), 3.46 (t, IH, H-4).

'^C N M R (68M Hz, DiO) 5 = 158.847 (C-4 o f  aminopyridine), 148.267 (C-3 o f  aminopyridine),

143.795 (C-2 o f  am inopyridine), 101.904 (C-1), 82.724 (C-4), 72.22 (C-

3), 71.87 (C-2), 69.99 (C-5), 58.23 (C-6)

C77H98N,40,8 Theory C 54.46%, H 5.88%, N 11.76%

Found C 55.18%, H 5.91%, N 12.23%

Heptakis (2 ,3-di-0-acetyl-6-pyridylainino-6-deoxy)-p-C D  (AP2-CD)

M olecular weight 2290 g/mol

'H  N M R (270 MHz, DMSO) 5 = 8.66 (d, J= 5.9Hz, 2H, H o f  pyridine), 8.00 (d, J= 5.7 Hz, 2H, H o f

pyridine), 5.21 (t, IH, H-3), 5.18 (d, J= 3.1Hz, IH, H-1), 4.78 (dd, J= 3.2 

Hz, IH, H-2), 4.51 (m, IH, H-5), 4.20 (m, 2H, H -6/6 '), 3.96 (t, J= 7.9 

Hz, IH, h-4), 1 .98(s, 6H, OAc).

'■'C N M R (68 MHz, D 20) 5 = 174.001 (CO), 173.302 (CO), 159.232 (C-4 o f  aminopyridine),

147.878 (C-3 o f  aminpyridine), 142.642 (C-2 o f  aminopyridine), 100.878 

(C-1), 82.331 (C-4), 71.77 (C-3), 71.26 (C-2), 70.34 (C-5), 57.77 (C-6), 

24.34 (OAc).

C ,o5H,62N|4042 Thcory C 55.9%, H 5.59%, N 8.69%

Found C 56.97%, H 6.67%, N 7.92 %

Heptakis |2 ,3-di-0-acetyl-6-(2-m ethylim idazolyl)-6-deoxy|-P-C D  (IM l-C D )

M olecular weight 2170g/mol

'H N M R  (500 MHz, D ,0 )

13 C N M R (5 0 0  MHz, D 20)

C g g H n e N  1 4 O 4 2
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5 = 7.73 (s, IH , H-4 o f  imidazole), 7.53 (s, IH, H-5 o f  imidazole), 5.05 

(t, J= 8.61 Hz, IH, H-3), 5.05 (d, J=  3.8 Hz, IH, H-1), 4.62 (dd, 

J i,2=J3,4=3.3 Hz, IH, H-2), 4.22 (m, IH, H-5), 3.68-3.61 (m, 4H , H -6/6 ', 

Me o f  imidazole, H-4), 1.90 (s, 6H, OAc)

5 = 173.955 (CO), 172.212 (CO), 142.261 (C-2 o f  imidazole), 127.646

(C-4 o f  imidazole), 127.236 (C-5 o f  imidazole), 101.34 (C -1), 81.865 (C-

4), 73.486 (C-3), 73.368 (C-2), 72.985 (C-5), 53.082 (C-6), 40.125 (Me 

o f  imidazole), 24.596 (OAc).

Theory C 56.0%, H 5.81%, N 9.03%

Found C 56.21%, H 5.94%, N 9.36%



Heptakis |6-deoxy-6-(2-butylim idazolyl)|-P-C D  (IM 2-CD)

M olecu lar w eight 1876 g/m ol

'H N M R (2 7 0  M H z, D 2 0 )  5 =  7.68 (s, IH , H-5 if  im idazole), 7 .64 (s, IH , H -4), 4 .86  (d, IH , J , 2 =

2 .4H z, H I), 5 .34 (m , 2H , H -6 , H -6 ') , 4 .107  (m , IH , H -5), 4 .05 , (m , 2H , 

C H 2-im idazo le), 3 .87  (d, 1H, H -3), 3.51 (dd , 1H, H -2), 3.11 (t, 1H, H -4), 

1.57 (m , 2H , C H , o f  im idazole), 1.07 (m , 2H , -C H ,-), 0.701 (t, 3H , - 

C H 3 ).

'^C N M R  ( 6 8  M H z, D 2 O ) 5 =  141.429 (C -2 o f  im idazole), 127.572 (C -5 o f  im idazo le), 126.496 (C-

4 o f  im idazole), 105.839 (C -1), 86 .288  (C -4), 76 .227  (C -3), 75 .563 (C - 

2), 72 .826  (C -5), 52 .579 (C - 6 ), 52 .576  (C l o f  im idazo le), 35.433 (C 2 o f  

im idazo le), 22 .873 (C3 o f  im idazo le), 17.369 (C H 3 o f  im idazole)

C „ H , 4 oN | 4 0 2 8  T heory  C 58 .21% , H 7.46% , N 10.45%

Found C 58.39% , H 7 .86% , N 10.67%

H eptakis|2 ,3-d i-0-acetyl-6-(2-butylim idazolyl)-6-deoxy|-P-C D  (11VI3-CD)

M olecu lar w eight 2464 g/m ol

'H  N M R  (500 M H z, D M SO ) 5 =  7 .977 (s, IH , H -4 o f  im idazo le), 7.83 (s, IH , H-5 o f  im idazole), 5.22

(t, J= 8 .70  Hz, IH , H -3), 5 .14  (d, J=  3.2 Hz, IH , H -1), 4 .76  (dd, J ,,2 =J 

3,4 =  3.4 Hz, IH , H -2), 4 .40  (m, IH , H -5), 4.21 (m , 4H , -N C tb - , H -6 / 6 '), 

3 .88  (t, IH , H -4), 1.98 (s, 6 H, O A c), 1.73 (m , 2H , -C H 2 -), 1.22 (m , 2H , - 

C H 2 -), 0 .88(t, 3H , -C H 3 ).

'^C N M R  (500  M H z, D ,0 )  5 =  172.867 (C O ), 172.028 (C O ), 141.349 (C -2 o f  im idazole), 127-989

(C -4 o f  im idazole), 127.333 (C-5 o f  im idazole), 104.678 (C -1), 85.865 

(C -4), 74 .486 (C -3), 73 .368  (C -2), 72 .985  (C -5), 53 .082  (C - 6 ), 41 .225 

(N C H 2 o f  im idazole), 35.221 (-C H 2-), 24 .596  (O A c), 23 .162  (-C H 2), 

17.668 (-CH 3).

C ,i 9 H ,5 8 N | 4 0 4 2  T heory  C 57 .95% , H 6 .81% , N  7 .95%

Found C 58 .19% , H 7 .05% , N 7 .84%

Heptakis (6-deoxy-6-niethoyethylam ino)-p-CD (M E l-C D )

M olecu lar w eight 

'H  N M R  (270  M H z, D 2 O)

1 3 C N M R (6 8  M H z, D 2 0 )

C 6 3  H 11 9 N  7 O 3 5 . 5  H 2 O

1623 g/m ol

5 =  5.11 (d, IH , J= 3 .5H z, H -1), 3 .87  (m , 2H , H -3, H -5), 3 .63 -3 .42  (m, 

4H , H-2, H-4, O C H 2 ), 3 .35 (s, 3H , O C H 3 ), 2 .97  (m , 2H , H 6 /H 6 ') , 2 .86  

(b r s, 2H , N C H ,)

6  =  102.9 (C -1), 84.1 (C -4), 73 .6  (C -3), 72.5 (C -2), 70 .89 (O C H 3 ), 71.01 

(O C H 2 ), 70.52 (C -5), 49 .7  (C - 6 ), 48.5 (N C H ,)

T heory  C 46 .00% , H 7 .50% , N 6 .05%

Found C 45 .62% , H 7 .67% , N 6 .11%
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Heptakis | 6-deoxy-6-hexylthio-2-oligo(ethylene glycol)|-P-cyciodextrin (SC6-CD)

M olecular weight 2483.285 g/mol

'H NM R (CDCI3 ); 5 = 0.89 (t, 21 H, CH 3 ), 1.30 (br s, 42 H, CH ,), 1.57 (m, 14 H, CH ,), 2.60 (m, 14

H, SCH ,), 2.95 (m, 14 H, H 6 ), 3.35 (m, 7 H, H4), 3.70 (m, 21 H, H2 and CHjO), 

3.5-4.0 (m, ca. 56 H, H3, H5, and O C H , CHjO), 5.05 (br, 7 H, H I). 

'^C N M R (C D C l3 ): 5 = 14.1 (CH 3 ), 22.6 (CHj), 28.7 (CH .), 29.8 (CH 2 ), 31.6 (CH ,), 33.7 (CHjS),

33.7 (C 6 ), 61.6 (CH .O H ), 71.0-72.5 (C3, C5, CHjO), 80.8 (C2, C4), 101.0 (C l). 

(C i6 H 3 o0 6 S ) 7  Theory C 54.86%, H 8.57%, S 9.14%

Found C 54.28%, H 8.85%, S 8 .8 8 %

Heptakis 16-deoxy-6-hexadecylthio-2-oligo(ethylene glycol)|-P-cyclodextrin (SC16-CD)

M olecular weight 3434.93 g/mol

'H NM R (CDCI3 ): 5 = 0.88 (t, 21 H, CH 3 ), 1.30 (br s, 182 H, CH.), 157 (m, 14 H, CH ,), 2.00 (br,

OH), 2.60 (m, 14 H, SCH.), 3.00 (m, 14 H, H6 ), 3.3-4.0 (m, ca. 84 H, H2-5 and 

O CH .C H .O ), 5.05 (br, 7H, HI).

' T  NM R (CDCI3 ); 5 = 1 4 . 1  (CH 3 ), 22.7 (CH.), 29.2 (C H .), 29.4 (CH .), 29.5 (CH .), 29.7 (C H .), 29.8

[ (C H .)n ], 32.0 (CH .), 33.7 (CH .S), 34.1 (C 6 ), 61.2 (CH.OH), 71.0-72.5 (C3, C5, 

CH .O), 81.2 (C2, C4), 100.9 (C l).

(C .4 Hso0 6 S ) 7  Theory C 63.67%, H 10.20%, S 6.53%

Found C 62.90%, H 9.47%, S 6.77%

H eptakis|2-((a-am ino-oligoethylene glycol)-6-deoxy-6-hexylthio|-p-cyclodextrin(SC 6NH 2-C D )

M olecular weight 2702.189 g/mol

'H -N M R (DM SO-d 6 ): 5 = 8.2 (br s, 21H, NH3), 5.09 (br, 7H, H-1), 3.45-4.00 (m, ca. 77H, H-2, H-3, H-

5, 0C H 2), 3.36 (m, 7H, H-4), 2.98 (m, 14H, H-6 ), 2.58 (m, 14H, SCHj), 1.55 (m, 

14H, C H .), 1.25-1.32 (m, 42H, CH .), 0.85 (t, 21H, CH 3 ).

'^C-NM R (DM SO-d 6 ): 5 =  14.1 (CHj), 22.9 (CH2), 28.9 (CH2), 29.6 (CH2), 31.3 (CH2),

33.7 (C-6 , SCH.), 39.9 (CH 2N H 3 ), 70.5-73.0 (C-3, C-5, OCH 2 ),

80.1 (C-2, C-4), 101.7 (C-1).

C 1 1 2 H2 2 4 O 3 5 N 7 S7 CI7  Theory C 49.87%  H 8.36% N 3.63%  S 8.31%  Cl 9.18%

Found C 48.94%  H 7.58%  N 3.80%  S 8.03%  Cl 8.21%. 

H eptakis|2-(a)-am ino-oligoethyleneglycol)-6-deoxy-6-hexadecylthio|-P-cyclodextrin (SC16NH 2-CD) 

M olecular weight 4204.23 g/mol

H ' N M R (C D C l3 ) 5 = 0.88 (t, 21H, CH 3 ), 1.3 (br s, 182H, CH 2 ), 1.57 (m, 14H, CH 2 ), 2.6 (m, 14H,

SCH 2 ), 2.9(m, 14H, H6 ), 3.34 (m, 7H, H4), 3.45-4.00 (m, ca. 77H, H2, H3, H5, - 

OCH 2 CH 2 O-), 5.05 (b rs , 7H, HI) ,  8.1-8.35 (br, 14H ,N H .)

C'^ NM R (CDCI3) 5 = 14.1 (CH3), 22.7 (CH2), 29.3 (CH2), 29.4 (CH2), 29.5 (CHj), 29.5 (C H .), 29.7

(CH 2 ), 29.8 [(CH 2 )n], 32.0 (CH2), 33.7 (CH 2 S), 33.7 (C 6 ), 39.9 (CH 2 N H 2 ), 70.2- 

72.9 (C3,C5, CH 2 O), 80.9 (C2, CH), 100.7 (Cl)

C 18 .H 3 5 4 O 3 5 S 7N 7C 17, Theory C 59.34%  H 10.50% S 6.09%  N 2.64%  Cl 6.73%

Found C 57.61%  H 9.55%  S 6.07%  N2.94%  Cl 5.93 %.
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