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Abstract

Strategies for gene delivery are comprised of a diverse range of live and synthetic 

approaches; DNA delivery for the purposes of immunisation in turn covers a large part of 

this research. This work aimed to investigate a number of synthetic systems for application 

in the delivery of plasmid DNA vaccines, mainly focusing on chitosan followed by PEI 

complex and PLGA and combination delivery systems with the aim to attempt to address 

the weaknesses of these systems and develop novel modified carriers/ vectors.

The use of cationic polymers and biodegradable polymer particles as vehicles for DNA 

vaccine delivery has now been established. These systems, however, have limitations in 

the form of size control, instability or strong stability in the biological medium, low DNA 

loading efficiency, as in the case for PLGA, or potential toxicity as related to PEI 

complexes. Investigations of the mechanism of complex formation based on 

poly(methylacrylamide) (PMAA) derivatives with different cationic side-chains indicated 

that the interaction between polymers and DNA increases with increasing the cationic 

strength of the polymers, and polycation/DNA complexes are better formed at acidic pH.

In this work, low molecular weight (llkD a) chitosan and PEI-biodegradable particulate 

combined delivery systems generated with improved in vitro and in vivo stability and 

transfection properties.

To obtain low molecular weight (M r , weight average) chitosan fractions with molecular 

weights around lOkDa, higher molecular weight chitosan were put through the degradation 

process using the sodium nitrite method. The DNA/chitosan polyplexes prepared with this 

fraction resulted in complex sizes smaller than lOOnm.

In order to determine which of the carrier formulations that were produced was the most 

suitable for DNA vaccine delivery, the high M r chitosan and low M r chitosan, DNA 

polyplexes were evaluated further, initially in cell culture for their transfection abilities and

11



then as vaccine carriers in the mouse model. Cell culture was carried out to evaluate the in 

vitro effect of the investigated systems by growing several cells lines, 293, CHO-Kl, B16 

F 10, A549 and HeLa. Cell culture studies showed that the low M r chitosan/ DNA 

polyplexes gave the highest and most reproducible transfection efficiencies. However, 

when tested in vivo, the chitosan/DNA polyplexes were not as effective. Nevertheless, it 

was the chitosan polyplexes/gWIZ that were successful in eliciting an immune response, 

suggesting that they hold promise in the field and warrant further investigation. Plasmid 

gWIZ is a superpure and supercoid plasmid with the cytomegalovirus promoter.

In vivo studies in this project included mucosal DNA vaccine delivery (oral, nasal) and 

comparative non mucosal delivery (i.m. and i.v.) as a promising approach, in preventing 

mucosally transmitted diseases. Besides eliciting both local and systemic immunity, 

mucosal vaccination which is non-invasive in nature, increases the patient compliance and 

reduces the need for vaccine application by trained personnel. Conclusively, chitosan/DNA 

nano system will be potential for the development of novel DNA vaccines.
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Abbreviation

ABTS 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)

AMP adenosine monophosphate

Amp ampicillin, an antibiotic

Amp^ gene relative to ampicillin resistance properties

A FC  antigen presenting cell

ATP adenosine triphosphate ATP is a nucleotide that performs many essential roles in 
the cell

ATCC American type Culture Collection, a Biotechnique company in American.

B16 FIO a murine cell line by ATCC 

B A L T bronchus associated lym phoid tissue

bp base pair in a DNA molecule, as a unit o f the molecular weight of DNA 

CA citric acid

CHO an epithelial cell line, from Chinese hamster ovary 

Co company

C p G  dinucleotide sequence cytosine-phosphate diester-guanine 

C T L s cytotoxic T-lym phocytes 

DCM methylene dichloride

DMEM Dulbecco’s modified Eagle’s Medium, a cell culture medium

DNA deoxynucleotide acid, a double-stranded helix o f nucleotides which carries the 
genetic information of a cell. It encodes the information for the proteins and is able self- 
replicate.

ssDNA single-stranded DNA 

dsDNA double stranded DNA

cDNA strong, cloned copies o f otherwise fragile mRNA- the essential messenger 
element o f the genes in the DNA which help in the coding of proteins.

E.Coli Escherichia colL, a bacterium, most strains of which are harmless and live in 
the intestines o f healthy humans and animals.

EDTA ethylenediaminetetraacetic acid 

ELISA enzyme linked immunosorbent assay

EPP polymethacrylamide polymers with various side chains from Dr. Elisa Redone 

F12-K a cell culture medium 

FCS fetal calf serum

f l  ori filamentous phage origin in a plasmid vector 

F T -IR  Florry transfer infrared spectrophotography
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g gram, unit o f weight 

mg mili gram, 10'^ gram 

\ig micro gram, 10"̂  gram 

G A unit for expressing ascentric force in centrifugation 

p-Gal P-galactosidase

X-Gal a chromogenic substrate o f P-galactosidase. They contain the indoxyl 
compounds (or X-substrates), which can be made to either a) fluoresce or b) give an 
intense black colouration that binds tightly to the bacterial colony.

GALT gut associated lymphoid tissue

GFP green fluorescent protein

GPC gel permeation chromatography

gW IZ vectors represent a new series of plasmids that have been engineered to produce 
the highest levels of transgene expression in a wide range of mammalian cells and 
tissues. It contains a proprietarily modified promoter followed by the intron A from the 
human cytomegalovirus (CMV) immediate early gene and a high-efficiency artificial 
transcription terminator. The expression vector is constructed in the context of a 
plasmid backbone extensively modified to achieve the enhanced levels of transgene 
expression in mammalian cells as well as high efficiency o f plasmid production in E. 
coli.

HEK 293 a epithelial cell line from human embryo kidney transformed with 
adenovirus 5 DNA

HEPES N-(2-Hydroxyethyl)piperazine-N’-(2-ethansulfonic acid)

h hour

IFN interferon

sig secretory immunoglobulin 

IgG Immunoglobulin G 

IL interlukine cytokine
in vitro outside the living body and in an artificial environment. 

in vivo in the living body o f a plant or animal. 

lU  international unit

kDa Kilo Dalton, unit o f molecular weight 

L litre, unit o f volume 

mL mili litre, 10'  ̂ litre 

pL micro litre, 10’̂  litre 

LAR luciferase assay reagent 

L m r  low molecular weight 

Ltd limited 

lue luciferase gene 

M mole, unit o f concentration



m meter, unit o f length

mm mili meter, 10'^ metre 

|xm micro meter, 10'^ metre 

M H C  m ajor histocom patibility com plex 

min minute

M PEG-SPA Methyl-Polyethylene glycol-succinimidyl propionate 

MPS mononuclear phagocyte system

M T T  3-(4,5-dim ethylthiazol-2-yl)-2,5-diphenyltetrazolium  brom ide 

Mw molecular weight 

NaCl sodium chloride

N/P ratio the number of nitrogen residues o f cationic polymer per DNA phosphate in 
polyplex

OD optical density 

ori Origin of replication 

PAA Poly(aspartic acid)

PAMA Poly(alkyl m ethylacrylate)

PDI polydispersity index, or polydispersity 

PBS phosphate buffered saline

pC H llO  a plasmid DNA reporter vector coding P-galactosidase for monitoring and 
normalizing expression in eukaryotic cells

PCR polymerase chain reaction, a molecular biological technique 

PCS photon correlation spectroscopy

pCMVIuc a plasmid with cytomegalovirus coding segment as promoter and luciferase 
code as reporter gene

PEG  polyethylene glycol

PEGylation a chemical process by which chemical materials are coupled with PEG to 
improve the hydrophilicity and stability

PEI Poly(ethylene imine)

pGL3-C a plasmid DNA reporter vector coding luciferase for monitoring and 
normalizing expression in eukaryotic cells

pH logarithmic hydrogenic ion concentration. Hydrogen ion potential, which is the 
logio of the reciprocal o f hydrogen ion, H^, concentration. Mathematically, pH = logio 
( l / [H l)

PLGA Poly(lactic-co-glycolic) acid

PEL Polylysine

pp Peyer’s patch

PVA poly-vinyl alcohol

RES the reticulaoendothelial system
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RLU relative light unit

RNA ribonucleic acid, an information encoded strand of nucleotides, sim ilarjo DNA, 
but with a slightly different chemical structure. There are three main forms of RNA, 
each a slightly different function.

mRNA (messenger RNA) the mediating template between DNA and_proteins. The 
information from a particular gene is transferred from a strand o f DNA by the 
construction o f a complementary strand o f RNA through a process known as 
transcription.

tRNA and rRNA (transfer RNA and ribosomal RNA) are attached to specific_amino 
acids, match up with the template strand o f mRNA to order the amino acids correctly. 
These amino acids are then bonded together to form a protein. This process, called 
translation occurs in the ribosome, which is composed o f proteins and rRNA.

rpm  rotation per minute

SC sodium citrate

sec second

SEM scanning electron microscope 

PSTP penta sodium tripolyphosphate 

SV40 simian virus 40

TAE buffer a buffer used in agarose gel electrophoresis, composed of Tris base, 
acetic acid, and EDTA

TE buffer a buffer with pH 8.0 composed of Tris-HCl and EDTA

TEM  transmission electron microscope

Th helper T cells

Thl type 1 helper T cells

Th2 type 2 helper T cells
Tris Tris(hydroxymethyl)-aminomethane

TNF tumor necrosis factor
W HO World Health Organisation

w/o/w water in oil in water composite emulsion
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1.1 Aims of this dissertation

The aim of this work is to gain an insight into crucial steps involved in polymeric 

transgene techniques for their potential for the development o f DNA vaccines and to 

identify DNA vaccine formulations for delivery by the various routes.

DNA vaccines can produce both humoral and cellular immune responses which are 

absent or difficult to induce with current protein subunit vaccines. Effective delivery and 

transfection o f DNA plays a key role in the DNA vaccine research. Delivery vectors for 

DNA are necessary to protect biological fragile DNA molecules and help DNA 

overcome extracellular and intracellur obstacles to transfect target cells, especially in the 

event of mucosal route delivery. Even though injection of naked DNA into the muscle 

produces transient gene expression, many other routes of administration lead to rapid 

degradation and inefficient gene transfer (Lew et al., 1995). Viral vectors are currently 

used as delivery vehicles in clinical trials. Unfortunately, duration o f immune response 

to DNA vaccines based on viral vectors is short and difficult to produce effective 

protection due to viral proteins stimulating T and B lymphocyte responses that generate 

anti viral antibodies and cytotoxic T lymphocytes (CTLs), and kill the transfected cells 

(Verma and Somia, 1997, Benihoud et al., 1999). The basic idea underlying this project 

is that non-viral vectors have much potential for gene delivery and could be a versatile 

tool in the clinical realisation of DNA vaccine and gene therapy. In this present work, 

the investigated transgene delivery systems were composed o f cationic polymers and 

plasmid DNA. The major work is concentrated on the use of the natural cationic 

polysaccharide chitosan and the evaluation of the efficiency of a chitosan/DNA gene 

delivery system for in vitro and in vivo transfection. Chitosan is biocompatible and has 

low immunogenicity and therefore is a potentially acceptable pharmaceutical material 

for clinical use. In addition, the cationic properties confer chitosan the possibility to be 

used in order to prepare a gene delivery system.

The preparation of the polymer/DNA complexes is fundamental for transfection 

research because carriers meeting the physicomechanical, physicochemical and 

biological requirements can transfer and target transgenes efficiently. Only a complete 

understanding of the particle system can result in the production o f powerful particulate 

transgene systems and in vitro and in vivo data allow the system to be evaluated.
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The size of the transgene carriers plays a key role in the gene transfer in order to mediate 

endocytosis -  the main barrier for gene transfer. Small particles with sizes lower than 

100 nm are preferred to larger particles for cellular entry. Size control is, therefore, a 

major content of this subject. The molecular weights of both chitosan and plasmid 

DNA influence the size o f polyplexes. Chitosan was degraded in order to reduce its 

molecular weight and thus played a key role in the project. For comparison, other 

polymers were also used to complex DNA and investigate the mechanism of 

transfection in this work.

1.2 Outline of polymeric DNA vaccine systems

Target delivery o f DNA and the intracellular expression of encoded antigen can produce 

a whole spectrum of immune responses which can efficiently protect the host. The 

effective expression of genes is based on an optimal combination of promoter/enhancer, 

intron and polyadenylation sequences (Davis and McCluskie, 1999).

DNA molecules themselves, however, are usually big and susceptible to DNase I and II 

which exist everywhere in body, and abandunt along the enteric route (Sheu et al., 

2003). It is an inefficient process for DNA to gain entry into cells alone, especially 

administered via a mucosal route, and then go on to access the nucleus for expression. 

Non-viral vectors as alternatives o f viral vectors show promise because compared to the 

viral system toxicity is much lower. Many materials have been assessed for delivery of 

DNA. The most commonly used polymers are cationic PEI and chitosan, both of which 

exhibit excellent competence for DNA transfection. Cationic polymers can complex 

DNA by electrostatic interactions forming particles in nano scale, which can enter 

mammalian cells by endocytosis. The escape of transferred DNA fi*om the 

endosome/lysosome pathway is also another limiting step for the gene to interact with 

RNA polymerase and engender effective transcription. Polymers with primary, 

secondary and tertiary amine groups that can be protonated are able to escape from the 

endosome/lysosome pathway, therefore, these polymers have potential to be used as a 

vector to transfer DNA (Behr, 1997). PEI contains all these amine groups and has the 

ability to be protonated at a pH range pH 4 -  7 (Boussif et al., 1995). The relative high 

cytotoxicity of PEI, however, limits its use to in vitro applications. Chitosan, composed 

of P-1,4 linked N-acetylglucosamine and glucosamine is a natural polysaccharide with 

primary amino groups with a pKa = 6.5. It is protonated at pH lower than 6.5 exhibiting
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positive charge properties which confers the ability to complex DNA and form 

nanoparticles. Biodegradability and biocompatibility o f chitosan make it a prospective 

material for clinical gene transfection.

Additionally using a slightly different strategy of DNA microencapsulation, mucosal 

delivery and APC targeting may realised (Alpar and Bramwell, 2002). Poly(-D,L- 

lactide-co-glycolide) (PLGA) can be prepared into microspheres by a double emulsion 

technique and effectively encapsulate biomacromolecules. Combined with PLGA 

microspheres, DNA can be delivered orally or nasally to mucosal immune inductive 

areas.

1.3 DNA vaccines

This recently described method of immunisation arises from the discovery that the 

injection o f pure plasmid DNA (naked DNA) into muscles o f mice resulted in induction 

of potent humoral and cellular immune responses against the encoded genes (Wolff et 

al., 1990, Tang et al., 1992, Ulmer et al., 1993). Later experimental data showed that 

DNA vaccine has the potential to induce strong and broad immune responses, including 

cytotoxic lymphocytes (CTLs) generally not induced by protein vaccines. The 

advantages of DNA vaccine include also: i) the sustained in vivo synthesis o f antigen 

(Davis et al., 1997); ii) antigen expression, mostly in antigen-presenting cells (APCs) 

that allows presentation in conjunction with major histocompatability class I and II 

molecules (Casares et al., 1997, Condon et al., 1996); iii) the potent adjuvant effect of 

unmethylated immunostimulatory CpG motifs present in the DNA backbone (Krieg et 

al., 1995, Sato et al., 1996); iv) the expression of antigens in their native form, which 

leads to efficient generation o f both cytotoxic and helper T cells; and v) the potential to 

reduce the number of doses of vaccine required to generate a protective immune 

response. Recent studies with DNA vaccines have shown positive results for the 

prevention o f diseases caused by viruses, bacteria and parasites (Table 1-1, 1-2 and 1-3, 

The original source o f these tables: Kowalczyk and Ertl, Cellular and Molecular Life 

Sciences, 1999, 55, 751-770).

To understand the immune response from DNA vaccines, there are some basic 

immunological processes which are fundamental.
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Table 1-1 DNA vaccines in recent animal experiments

Virus Antigen Route o f immunization Animal model
NP i.m. Mice
NP i.m., gene gun Mice
NP i.d. Mice
HA i.m. Mice
HA Gene gun Chicken
HA Gene gun Pigs
HA Mice
HA i.m., i.v., i.n. Mice, ferrets
NP, HA, matrix i.m. Ferrets
HA, NA, M, NP, N Sl Gene gun Mice

Env i.m. Mice
Env Mice
Env i.v., i.m., gene gun Mice
Env i.m. Rhesus monkeys
Env i.n. Mice

Intravaginal Mice
Mice

Gene gun Mice
i.m. Rhesus monkeys
i.m. Chimpanzees (HIV+) 

Humans (HIV+)

Env i.m. Mice

Multiple i.v., i.m., gene gun Rhesus macaques
Env, gag Rhesus macaques

Env i.m. Cats
multiple i.m. Cats

Env, rex i.m. Mice

HBsAg i.m. Mice
HBsAg i.m. Mice

Env Mice

Env i.m. Chimpanzees

HBsAg i.d., i.m. Aotus monkeys 
Neonatal chimpanzees

C, E2
C Mice

0RF3 i.m. Mice

GP i.m. Mice
GP i.m. Neonatal mice

GP Gene gun Mice

GP i.d., gene gun Cynomolgus monkeys

influenza

HIVl

HIV-2

SIV

FIV

HTLV-1 

Hepatitis B

Hepatitis C

Hepatitis E 

Rabis
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Pseudorabies IE 180 Gene gun Mice
IE 180 Gene gun Pigs
GD (env) i.m. Mice
GC or gD

Dengue 2 preM+env Mice

Measles HA,NP i.m.Gene gun Mice

Encephalomyocarditis VPl i.m. Mice

LCMV NP i.m. Mice

Rotavirus VP6 i.m., i.d. Mice
Vp4, vp6, vp7 Gene gun Mice
VP6 Oral Mice

Simia virus 40 T-Ag i.m. Mice

Bovine herpesvirus 1 GD i.m., i.d. Cattle

Bovine RSV GD i.m., i.d. Cattle

Coxsackievirus VPl or multiple i.m. Mice

Ebola NP, GP Guinea pig
NP, GP Gene gun Mice

HSV-1 GB i.m. Mice
ICP 27
ICP 27 Guinea pig
GB Ocular Mice

HSV-2 GD2

Parvovirus VPl i.m. Dogs

CRPV LI i.m. Rabbits

RSV M i.m., i.d. Mice

St. Louis encephalitis
HIV, human immunodeficiency virus; SIV simian immunodeficiency virus; FIV, feline immunodeficiency 

virus; HSV, herpes simplex virus; LCMV, lymphocytic choriomeningtis virus; RSV, repiratory syncitial 

virus; CRPV, cottontail rabbit papilloma virus; NP, nucleoprotein; HA, hemagglutinin; M, matrix protein; 

NA, neuraminiase; NS, nonstructural protein; ORF, open reading frame; IE, immediate early; HBsAg, 

hepatitis B virus surface antigen; C, Core protein; i.m., intramuscular; i.d., intradermal; GP, glycoprotein; 

* Animals were vaccinated with DNA plasmids encoding the appropriate antigen(s) and then tested for a 

response against the protein.

Table 1-2 Vaccines to bacteria
Bacteria Antigen Route o f immunisation Animal model

Mycobacterium tuberculosis Hsp65 Mice

Mycobacterium tuberculosis Ag85A,B,C I.m. Mice

Mycobacterium tuberculosis 19kDa, AhpC Mice

Borrelia burgdorfei OspA i.m., i.d. Mice

Clostridium tetani Tetanus toxoid Mice

Mycoplasma pulmonis all (ELI) Gene gun Mice

Clamydia trachomatis MOMP, CTP I.m. Mice

Salmonella typhii OmpC
MOMP, major outer membrane protein; CTP, cytosine triphosphate synthetase

6
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Table 1-3 Vaccines to parasites*
Antigen Route o f  immunisation Animal model Parasite
MAPI i.m. Mice C ow dria  ruminantium

gp63 i.d. Mice Leisham ia m ajor

Trans-sialidase Mice Trypanosom a cruzii

all (ELI) i.m. Mice
CSP i.m. Mice Plasm odium  y o e ii

CSP, PyHEP17, PySSP2 i.m. Mice
CSP i.m. Mice Plasm odium  berghei 

Schitosom a japonicum
MAPI major antigen protein 1; CSP, circumsporozoite protein; PyHEP17, 17 kDa hepatocyte erythrocyte 
protein. * Animals were vaccinated with DNA plasmids encoding the appropriate antigen(s) and then 
tested for a response against the protein.

1.3.1 B cell response - humoral immune responses

B cells start their life in the bone marrow as pre-B cells. These cells do not have 

antibody on their surface. A maturation step then occurs which involves gene 

rearrangement of the immunoglobulin genes in the B cell and results in surface 

immunoglobulin (sig) being made and transported to the surface of the cell. The B cell 

with surface IgM and IgD has now become a mature but '‘naive” cell (since it has yet to 

see antigen). The B cells are activated when a specific antigen binds to the antibody, 

which is located on the surface of the B cells (Microbiology, edited by Strohl et al., 

2001) (Figure 1-1).

B cell receptor ,----- ,
(BCR) ^ [ L J j  □

CD 4

osom e
Antigen

MHC II molecule 
Peptide

T cell receptor 
(TCR)

Figure 1-1 B cell antigen-stimulation (Adapted from B cells and T cells: 
http//:users.rcn.com/jkimball.ma.ultranet/BiologyPages/B/B_and T_cells.html)
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This activation results in the production of memory B cells and plasma B cells that are 

specific for that antigen. Memory B cells express the antibody on their surfaces and 

become important for the secondary immune response. The antibody-secreting plasma 

B cell, along with help from T cell cytokines, produces antibody, which binds to the 

free antigen and ultimately leads to its destruction (Figure 1-2). The remainders of the 

activated B-cells become memory cells, which are mobilised to secrete antibody in the 

event that the antigen appears in the host at a later date. These cells are the main cells 

of the humoral immune response.

M atures into 
plasm a cell

Virus

Binds

> >
Antibody

Figure 1-2 The production of antibody from differentiated B cells (Adapted from B 
cells and T cells: http//:users.rcn.com/jkimball.ma.ultranet/BiologyPages/B/B_and 
T_cells.html)

1.3.2 T cell response - cell-mediated immune responses

Unlike B cells, which can recognise unmodified antigen via cell surface 

immunoglobulins, T cells only recognise antigen presented on the surfaces of antigen 

presenting cells (APCs) by MHC glycoprotein surface molecules (Figure 1-3). When the 

free antigen is phagocytosed by professional APCs, it is degraded inside these cells and 

the peptide fragments bind to MHC class II molecules. This leads to the activation of 

CD4^ T cells. CD4^ are also known as ‘helper’ T (Th) cells. These cells may be split 

into two types, Thl and Th2 cells. In response to antigen, Th cells secrete cytokines that 

are involved in regulatory functions or can mediate direct activity on invading viruses. 

Th2 cells secrete IL-4, IL-5, IL-6 and IL-10. These cytokines promote the activation and 

differentiation of B cells in order to produce antibody. Th2 cells are mainly involved in
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the enhancement of allergic and anti-inflammatory immune responses (Abbas et ah,

1996).

Antigen Antigen
I presenting cell J I presenting cell J

CDS

Cytotoxic T cell 
fCDSA

MHC 1 
molecule 
Peptide 

T cell receptor

MHC II 
molecule

34H ■ lir~
cell receptor

Figure 1-3 T cell responses to APC’s antigen presentation (adapted from Web lecture 
series Microbiology 161- Immunology and Protein Chemistry, University of Hawaii, 
Kapiolani Community College, Department of Microbiology)

MHÇ1 with 
louna peptide

Granzyme

CTL

Virus infected 
cells

Perforin

CDS
TCR

Figure 1-4 Cellular adjusted immune responses: MHC-I activates CD8+ T cell 
responses. Cytotoxic T-lymphocyte (CTL)-Induced Apoptosis of a Virus-Infected Cell, 
step 1 Binding of the CTL to the infected cell triggers the CTL to release pore-forming 
proteins called perforins, proteolytic enzymes called granzymes, and chemokines. 
Granzymes pass through the pores and activate the enzymes that lead to apoptosis of the 
infected cell by means of destruction of its structural cytoskeleton proteins and by 
chromosomal degradation. As a result, the cell breaks into fragments that are 
subsequently removed by phagocytes. (Adapted from Doc Kaiser's Microbiology Home 
Page http://www.cat.cc.md.us/~gkaiser/goshp.html)

http://www.cat.cc.md.us/~gkaiser/goshp.html
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Thl cells secrete IL-2, IFN-y and TNF-p, These cells are the main effectors for pro- 

inflammatory reaction and cell-mediated immunity against intracellular pathogens. The 

main Thl cytokine IFN-y enhances the differentiation o f CD8^ T lymphocytes into 

activated CTL and activates macrophages to phagocytose and destroy microbial 

pathogens (Mahon et al., 1997). CTLs cause the lysis o f the infected cells (Figure 1-4). 

Some CTLs also become memory cells, killing any cell that subsequently becomes 

infected with the same pathogen. These cells are the main components of the cell- 

mediated immune response.

1.3.3 The new concept for induction of immunity to DNA vaccines

The immune system requires three signals for activation of antigen-specific immune 

responses (Kowalczyk, 1999). Signal 1 is the antigen; in the case of DNA vaccines, the 

antigen is encoded by the transcriptional unit o f the expression vector. Signal 2 is a 

costimulatory signal provided primarily by determinants of the B7 family, that is B7.1 

(CD80) or B7.2 (CD87) molecules (Figure 1-5), which are expressed on mature, 

activated antigen-presenting cells (APCs) (Schwartz et al., 1992).

Certain cytokines such as interleukin-2 can also provide signal 2 to B cells. Research 

indicates that signal 2 molecules function to facilitate interaction between T cells and 

APCs. Signal 0, also called the danger signal (Matzinger, 1994), is a molecule yet to be 

identified or a multitude o f redundant factors that cause activation o f professional 

antigen-presenting cells, mainly dendritic cells, that in their immature (resting) stage are 

highly efficient at digesting and processing antigen but are fairly inefficient at 

stimulating T cells. In general such signals are of bacterial origin such as liposaccharide 

(LPS) and even bacterial DNA itself can act as a danger signal due to the presence of 

unmethylated CpG motifs (Steinman, 1991). The danger signal supposedly activates 

resting dendritic cells, which then upregulate expression of MHC determinants and 

costimulatory molecules. Upon activation, dendritic cells also start synthesis of 

cytokines and chemokines and gain the ability to migrate to lymphatic tissue, where 

stimulation of T and B cells takes place. Antigen taken up by APCs without signal 0, 

such as proteins released from apoptotic cells, is thought to remain immunologically 

silent or to induce tolerance.

10
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DNA vaccines provide signal 2 by direct (i.e. transfection ) or indirect (i.e. reprocessing) 

antigen expression on the surface of APCs, signal 0 with CpG sequences present in the 

bacterial part of expression vectors. The CMV promoter in most expression plasmid 

contains a CpG motif and the ampicillin resistance gene also contains these motifs. 

Therefore, DNA vaccination is able to provide the 3 signals which are required to 

induce a whole spectrum of immunological reactions. The most important component, 

which determines the level of signal 1, 2 and 0 is the expression cassette of protein 

antigen, plasmid DNA.

B7-1 o r  -2

LFA-1 ICAM-1 o r  2 APC
(B Cell, M(t),TCell

D endritic Ceil)C 0 2  [ C  LFA-3

CD40L CD40

Figure 1-5 Signal 2 molecules are those like B7.1 and B7.2 molecules, which enhance 
the interaction between APCs and T lymphocytes. A naive T8-lymphocyte uses its TCR 
and CD4 molecule to bind to a complementary shaped MHC-I molecule with attached 
peptide epitope on an APC. This interaction, along with the binding of co-stimulatory 
molecules such as CD40, B7, LFA-3, and ICAM-1 on the APC with their 
complementary ligands on the T8-lymphocyte, activates the naive T8-lymphocyte 
enabling it to differentiate into an effector cell called a cytotoxic T-lymphocyte (CTL). 
(Adapted from Frontiers in Bioscience 9, 3156-3162, September 1, 2004, Stephen 
Laroux)

1.4 Plasmid vectors

Plasmids are circular double stranded DNA molecules that are autonomously replicating 

extra-chromosomal DNA molecules, distinct from the normal bacterial genome and are 

not essential for cell survival under nonselective conditions. They usually occur in 

bacteria, sometimes in eukaryotic organisms (e.g., the 2-micrometre-hng in 

Saccharomyces cerevisiae). Some plasmids are capable of integrating into the host 

genome.
11
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Figure 1-6 The basic plasmid DNA structure: 1: Promoter, 2: Transgene, 3: Poly(A) 
sequence, 4: Origin of replication, 5: Resistance gene.

Their size varies from 1 to 250 kilo-base pairs (kbp). Artificially constructed plasmids 

(produced from bacteria) contain heterologous genes (transgenes) inserted under the 

control of a eukaryotic promoter, allowing protein expression in mammalian cells 

(Davis, 1997). An important consideration when optimising the efficacy of DNA 

vaccines is the appropriate choice of plasmid vector. The basic requirements for the 

backbone of a plasmid DNA vector are a eukaryotic promoter, a cloning site, a 

polyadenylation sequence, a selectable marker and a bacterial origin of replication 

(Figure 1-6) (Gurunathan et al., 2000). A strong promoter may be required for optimal 

expression in mammalian cells. For this, some promoters derived from viruses such as 

cytomegalovirus (CMV) or simian virus 40 (SV40) have been used. A cloning site 

downstream of the promoter should be provided for insertion of heterologous genes, and 

inclusion of a polyadenylation (polyA) sequence such as the bovine growth hormone 

(BOH) or SV40 polyadenylation sequence provide stabilisation of mRNA transcripts. 

The most used selectable marker gene is bacterial antibiotic resistance gene, such as the 

ampicillin resistance gene. However, since the ampicillin resistance gene is precluded 

for use in humans, a kanamycin resistance gene is more suitable. Finally, the 

Escherichia coli ColEl origin of replication, which is found in plasmids such as those in 

the pUC series, is most often used in DNA vaccines because it provides high plasmid 

copy numbers in bacteria enabling high yields of plasmid DNA on purification.

1.5 Mucosal delivery

1.5.1 Mucosal and systemic immune systems

Two distinct compartments of the immune system have been identified (McCluskie and

12
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Davis, 1999): i) the systemic, which comprises the bone marrow, spleen, and lymph 

nodes, and ii) the mucosal, which comprises lymphoid tissue associated with mucosal 

surfaces and external secretory glands (Staats et al., 1994). Mucosal surfaces are 

associated with the gastrointestinal (GI), genitourinary, and respiratory tracts. Each 

compartment is associated with both humoral and cell-mediated responses; however, the 

nature of the immune responses induced in each compartment is different. Antibodies 

associated with the systemic compartment are mainly o f the IgG isotype, which function 

to neutralize pathogen antigens in the circulatory system. In contrast, antibodies in the 

mucosal system are primarily secretary IgA (S-IgA), which function to prevent entry of 

the pathogen antigens into the body via the mucosal surfaces (Lamm et al., 1997). 

Systemic immunity cannot prevent entry o f pathogenic organisms at mucosal surfaces. 

Thus, the development of an effective local immune response is essential for the 

prevention of most infectious diseases.

1.5.2 Why mucosal route?

The potential o f DNA vaccines to induce potent systemic immune responses even with 

transfection of few cells, has now been demonstrated in many species, including man 

(Donnelly et al., 1997, Davis et al., 1999). The vast majority of DNA vaccines have 

been delivered parenterally (e.g., by intramuscular or intradermal injection), and 

although these can induce potent systemic immune responses, they do not induce 

mucosal immunity. DNA-based immunization at a mucosal surface, such as that of the 

respiratory system, might induce both systemic and mucosal immune responses. 

Mucosal immunity can prevent pathogen entry, whereas systemic immunity can only 

deal with pathogens once in the body (McGhee et al., 1992). Furthermore, mucosal 

immunisation at one site (e.g. lung) with antigen-based approaches has been shown to 

induce immunity at distant mucosal sites (e.g. vagina) (Gallichan et al., 1995, Haneberg 

et al., 1995). In recent years there has been a considerable increase in reports of 

successful mucosal immunisation using DNA vaccines.

Development of vaccines which could induce protective mucosal immunity would

greatly reduce morbidity and mortality world wide. Furthermore, mucosal immunisation

is highly desirable for mass vaccination, since it is fast, administration is comparatively

easy requiring minimal trained personnel, and carries no risk o f needle stick injury or

cross-contamination. However, due to the protective barriers of mucosal surfaces,
13
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traditional antigen-based vaccines are largely ineffective unless given with specific 

mucosal adjuvants. One o f the earliest reports on DNA immunisation demonstrated that 

protective immunity could be induced by parenteral, mucosal, and gene-gun 

immunisation using plasmid DNA expressing influenza (Fynan et al,, 1993).

1.5.3 The mechanism of mucosal immunisation

The mucosal immune system can be divided into inductive sites, where antigens (Ag) 

are encountered, endocytosed and presented to B and T cells, and effector sites where 

antibody is secreted (Tomasi, 1994). The principal inductive sites are in the i) GI tract, 

the gut-associated lymphoid tissue (GALT), e.g., Peyer’s patches (PP), appendix, 

mesenteric lymph nodes, small solitary lymphoid nodules and intraepithélial 

lymphocytes; ii) respiratory tract, the bronchisa-ssociated lymphoid tissue (BALT) and 

nasal-associated lymphoid tissue (NALT), e.g., palatine, lingual and nasopharyngeal 

tonsils, and iii) genitourinary tract, the less well characterised rectal-associated 

lymphoid tissue of the large intestine. These highly specialised lymphoid tissues are 

collectively termed the mucosa-associated lymphoid tissue (MALT) (Tomasi, 1994). In 

addition to lymphoid tissue, APCs, such as macrophages and dendritic cells, in both 

male and female reproductive tracts and in the GALT may also act as inductive sites 

(Tomasi, 1994).

The most highly studied mucosal lymphoid tissue is the PP of the small intestine, and 

despite functional differences between different tissues, it serves as a good model for the 

functioning o f the mucosa-associated lymphoid tissue. The PP contains a dome-shaped 

region highly enriched for lymphocytes, macrophages and plasma cells. This is covered 

by an epithelial layer, which contains follicle-associated epithelial or microfold cells, 

and is highly specialized for the uptake and transport o f intact lumenal Ags, such as 

proteins, bacteria, viruses, and small parasites, into the underlying lymphoid tissue. 

Beneath the dome of the PP are distinct follicles which contain germinal centers where 

B-cell division occurs. The majority of slgA^ B cells are found here. Well-defined T-cell 

areas are adjacent, which provide functional cytotoxic T-lymphocyte (CTL) and T 

helper (Th) cells to support IgA responses. Also present within the inductive sites are 

APCs, i.e., macrophages, dendritic cells, and B cells (Saqbbaj, 1997).

14
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1.5.4 The characteristics of mucosal routes

Following antigenic stimulation in the inductive sites, Ag-specific B and T cells leave 

the PP via the efferent lymphatics, reach the systemic circulation via the thoracic duct, 

and hence disseminate to the effector sites. These are the lamina propria of the 

respiratory, GI and genitourinary tracts, and the excretory glands (lacrimal, salivary and 

mammary). Under the influences of Ag, T cells and cytokines, the B cells clonally 

expand and become mature IgA plasma cells. The distribution pathway of cells from 

IgA inductive sites (e.g. BALT, GALT, NALT) to IgA effector sites (e.g., lamina 

propria regions of GI, genitourinary, and respiratory tracts) is termed the common 

mucosal immune system (Tomasi, 1994, Brandtzag et al., 1996, 1998).

The hallmark of mucosal immunity is local production of s-IgA antibodies which 

constitute >80% of all antibodies in mucosal-associated tissues and which are induced, 

transported, and regulated by mechanisms distinct from those of systemic responses. 

SIgA is of primary importance to host defense and acts not only to resist mucosal 

pathogens but also those causing systemic diseases, many o f which initially colonize 

mucosal surfaces. There appear to be three sites of IgA-mediated mucosal defense: i) in 

the lumen, where S-IgA can neutralize viruses, bacterial toxins, and enzymes and 

prevent viral attachment, microbial adherence, and adsorption of Ag; ii) within 

epithelial cells, where dimeric IgA can bind to intracellular Ag; iii) within the lamina 

propria, where dimeric IgA can complex with Ag, and immune complex thus formed 

can be transported to lumen (Saqbbaj, 1997).

1.6 The mechanism of DNA vaccines at mucosal surfaces

1.6.1 Antigen presentation with DNA vaccines

The inductive sites of mucosal immune system contain large numbers of specialized

microfold cells which are capable o f taking up antigen and delivering it to the

underlying lymphoid tissue (Gebert, 1997). In the case o f DNA vaccine, plasmid DNA,

(or complexed with polymers etc.) is transported in a similar fashion after mucosal

immunization (by oral or pulmonary). After administration (such as orally), DNA will

reach the enteric area, where they should overcome the mucous layer, permeate through

the epithelium of the intestine, where the epithelial cells and M-cells could be

transfected (if the plasmids are intact). M-cells are the entrance port to the Peyer’s

patches and reach the gut associated lymphoid tissues (GALT). (In the case of
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intramuscular route, somatic cell myocytes appear to be the predominant cell type 

transfected). Within the subepithelial lymphoid tissues, various cell types may be 

transfected, and these most likely include APCs (in particular dendritic cells, in mucosal 

route mostly the macrophage) which can present antigen in a class I and II restricted 

manner along with appropriate costimulatory molecules to local CD4^ and CD8^ T 

lymphocytes (Figure 1-7).

T cell helper

CD4+

IFN-tJ
TN F-p.

DC CD8+

1 1 ,-4 . 5 , 6 .  Kj

.Antigen

Plasmid DNA

BceU
K eratinocy te Antibodies

Figure 1-7 The mechanism of DNA vaccination: following transfection (I) of APCs 
(such as DC) or kératinocytes via i.d. injection (or myocytes after i.m. injection) plasmid 
DNA is translated into antigen by both cell types. In the APC the default pathway for 
endogenous protein is presentation on MHC class I molecules as indicated (2). Antigens 
produced by kératinocytes (3) are available for B cells (4) and DCs (5) thus entering the 
MHC class II pathway (6) via endosomes and the MHC class I pathway via cross
priming (7). T helper cells act as stimulators for both CD8+ cells (8) and B cells (9). In 
addition, DCs may also take advantage of their own antigen production (10). (adapted 
from Thalhamer Josef et ah, Endocrine regulations, 2001, Vol. 35, pl45)

The mucosal epithelium of the GI, respiratory, and reproductive tracts contains a large 

number of intraepithélial lymphocytes with a predominance of CD8^ T cells (Beagley et 

ah, 1998). In addition, the lamina propria contains many lymphocytes which serve as 

regulatory T cells for humoral immune responses which are predominantly Th2-like but 

also include IgA production (Aberu-Martin et ah, 1996). Local production of cytokines.
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in particular IL-4 and TGF-p, arc thought to promote class switching from slgM^ to 

slgA^ B cells. Subsequently, antigen-sensitized precusor slgA^ B cells CD4^ Th cells 

and CD8  ̂ CTLs leave the inductive sites via the efferent lymphatics and migrate to 

regional lymph nodes and into the thoracic duct to reach the bloodstrem. These 

migrating cells then enter the IgA effector cells, where terminal differentiation, 

synthesis, and transport of sIgA occurs.

Several studies have shown that antigen presentation after DNA vaccination were from 

non-APCs, such as epithelial cells and kératinocytes. The ability o f antigens produced 

by non-APCs to prime CTLs in the context o f MHC molecules present only on 

“professional” APCs, termed cross-priming, has been demonstrated in parental -^Fj 

mouse bone marrow chimeras (Huang et al., 1994). The antigens presented to CD8^ T 

cells are firstly produced and secreted out from epithelial cells, or other non-APCs. 

APCs endocytose these secreted antigens and ultimately present them via MHC calss I 

molecules to act CTL responses (John et al., 2000).

1.6.2 The duration of antigen production

DNA delivery to lungs or nasal epithelium results in high levels of gene expression for 

only a limited period (2 to 4 days after gene transfer) (Klavinskis et al., 1999, Meyer et 

al., 1995, McCluskie et al., 1998), although very low levels of gene expression persist 

for at least several weeks (Stribling et al., 1992, Tsan et al., 1995). The reason for the 

transient expression is thought to be a combination o f cell turnover which is possibly 

enhanced by vaccine delivery, and promoter turn-off in response to the elevated levels 

of cytokines such as IFN-y and TNF-a (Schedule et al., 1997, Lee et al., 1996) which 

are known to down regulate viral (e.g. CMV) (Xiang et al., 1997) as well as some 

nonviral promoters (Yew et al., 1997). Spark and Sorgi (2001) had systematically 

discussed reasons for the short duration of expression o f transgenes. Nevertheless, 

despite the relatively brief period of antigen expression, mice can develop long-lived 

immune responses with i.n. immunisation of DNA vaccines (Okada et al., 1997). This is 

not surprising, since a single intramuscular injection with a DNA vaccine can induce 

life-long immune response in mice (Davis et al., 1996), even though antigen-expressing 

muscle fibers are destroyed between 10 and 20 days after gene delivery (Davis et al.,

1997).
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1.6.3 Role of CpG immunostimulatory sequences

Immunostimulatory unmethylated CpG dinucleotides in particular sequence contexts 

(i.e. CpG motifs) are found frequently in bacterial but not mammalian DNA, and may 

therefore be an evolutionary adaptation to augment innate immunity in response to 

bacterial infection. In vitro effects o f CpG DNA include B-cell proliferation and 

immunoglobulin secretion as well as direct activation o f monocytes, macrophages, and 

dendritic cells to upregulate their expression of costimulatory molecules and to secrete a 

variety of cytokines, which in turn stimulate natural killer (NK) cells to secrete IFN-y 

and have increased lytic activity (Linman et al., 1996, Halpem et al., 1996, Chace et al., 

1997, Cowdery et al., 1996). Plasmids contain immunostimulatory CpG motifs and it 

has been demonstrated that DNA vaccines are dependent on the presence of such motifs 

to be effective (Sato et al., 1996, Klinman et al., 1996). Overall, CpG DNA induces a 

Thl-like pattern of cytokine production dominated by IL-12 and IFN-y with little 

secretion of Th2 cytokines and are thought to account for the strong CTL responses 

frequently seen with DNA vaccines (Krieg et al., 1998). Although such responses are T- 

cell-independent and antigen nonspecific, the B-cell activation by CpG DNA synergizes 

strongly with signals delivered through the B-cell antigen receptor for both B-cell 

activation and Ig secretion (Krieg et al, 1995). This synergy promotes antigen-specific 

immune responses and accounts for the strong Thl-like adjuvant effect of CpG- 

containing oligonucleotides given with a protein vaccine after i.m. or i.n. administration 

(Davis et al, 1998, McCluskie et al, 1998). Thus it is possible that the CpG content of 

the vector may infiuence whether immune responses are biased towards a Thl- or Th2- 

type and explain, at least in part, why different plasmids induce predominantly Thl 

(Kuklin et al., 1997, Ishii et al., 1997), Th2 (Sasaki et al, 1998, Okada et al., 1997, 

Asakura et al., 1997), or mixed Thl/Th2 (Klavinskis et al., 1999) responses when naked 

DNA is delivered to the lungs. Other factors which may determine whether a Thl or 

Th2 response predominates after mucosal immunisation include: i) the antigen, ii) the 

dose of antigen, iii) the route and method of DNA administration, iv) coexpression of 

cytokines and vi) whether another adjuvant was used.

1.7 Vaccine or therapy vehicles

The application of expression vectors as vaccines was a serendipity during preclinical

gene therapy trials. In the same way, El-deleted adenoviral recombinants that produce

strong immunological responses were originally defined for gene therapy of genetic
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diseases such as cystic fibrosis. Both types of the constructs can induce strong B and T 

cell responses which led to rapid cytolytic T ccll-mcdiatcd destruction of infected or 

transfected cells and, in the case of adenoviral recombinants, impaired uptake of the 

gene therapy vehicle upon subsequent reapplication (Yang et al., 1995, a, b, c). Both of 

above mentioned structures were highly suitable for the vaccine application and 

therefore embraced by vaccinologists (Xiang et L., 1996). Gene therapy is aimed at the 

long-term replacement of missing or faulty genes, whereas vaccinology has the 

objective to induce a potent immune response. While inoculation of plasmid vectors 

resulted in a strong local inflammatory reaction, methylated CpG vectors failed to 

induce such a response (McMahon et al., 1998). Similarly, one report described that 

methylated DNA vaccines do not stimulate an immune response to the transgene 

product (Klinman et al., 1997). This would be exploited by gene therapists for long term 

replacement of potentially immunogenic proteins.

1.8 The relationship between gene and protein

1.8.1 Protein production from genes

The production and structure of proteins are completely determined by the 

corresponding genes.

Start Lysine Alanine Serine Valine Phenolalynine Stop
Codon Codon Codon Codon Codon Codon Codon

A C T A G A G C T  A A C T A G A T G T A C  

Figure 1-8 A gene and its coded amino acids

Physically, a gene is a sequence of DNA bases that specify the order of amino acids in 

an entire protein or a portion of a protein. Genes, carried on chromosomes, are the basic 

physical and functional units of heredity. Usually, an individual amino acid is 

determined by a certain triplet of DNA bases, also called a codon in which three certain 

bases in a certain sequence correspond for a certain amino acid. One gene codes for one 

protein, and a triplet of three bases determines the corresponding amino acid in a linear 

fashion. The specific sequences of bases on the gene encode instructions on how to
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make proteins (Figure 1-8). The production of a protein from DNA relies on 

transcription from DNA to RNA, and translation from mRNA to produce protein 

(Figure 1-9). In this procedure, the genetic information is transferred from DNA to the 

protein.

Replication mRNA , Translation
DNA (protein synthesis)

\
— » "OCT ►

'l-'330V

Transcription Ribosome 
(RNA synthesis) 

Protein

D N A  I ....................   — ..... ...  RNA I r  P ru te w i j

Figure 1-9 The procedure of antigen protein production (adapted from Protein Synthesis 
website: ttp//:www.emc.maricopa.edu/faculty/farabee/BIOBK/BioBookPROTSYn.html)

1.8.2 Proteins perform  life functions

Although genes get a lot of attention, it is the proteins that perform most life functions. 

Proteins can act as enzymes, catalysing chemical reaction, e.g. those involved in 

metabolism providing energy or those replicating or transcribing DNA, as scaffolding 

proteins giving the cell shape and order or as motor proteins enabling motility of the cell 

or within the cell, e.g. along scaffolding proteins for transport. Another important role of 

proteins is that of signaling. They are required to receive, integrate and distribute 

signals. There are many levels of regulation. In principle, the amount of a certain protein 

can be regulated first by the amount of production (here any of the stages from 

transcription to translation can be influenced) and second by its stability. The activity of 

the protein can be modified and represents another level of regulation. It is the failure or 

misordering of the proteins and the regulations that are the causes of various diseases 

and the insufficiency of immune response.
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1.9 Gene therapy

In addition to ‘genetic immunisation’ gene transfer is also an ideal basis for the therapy 

of other diseases and genetic disorders. Gene therapy is a technique for correcting 

defective genes responsible for disease development. Researchers may use one of 

several approaches for correcting faulty genes:

• A normal gene may be inserted into a nonspecific location within the 

genome to replace a nonfunctional gene. This approach is most common.

• An abnormal gene could be swapped for a normal gene through 

homologous recombination.

• The abnormal gene could be repaired through selective reverse 

mutation, which returns the gene to its normal function.

• The regulation (the degree to which a gene is turned on or off) of a 

particular gene could be altered.

On the whole, gene therapy can be defined as the treatment or prevention of diseases by 

gene transfer. Alternatively, gene therapy is an approach to treatment of diseases based 

on the gene transfection. The whole process from gene transfer to the production of 

therapeutic protein is called gene transfection.

1.10 The obstacles to gene therapy 

Table 1-4 The obstacles for gene therapy
The extracellular barriers The intracellular barriers

Degradation o f DNA in plasma Endosomal escape of DNA

Uptake of DNA by reticuloendothelial system Lysosomal degradation of 
DNA

Inability to target DNA to specific 
organs

Cytoplasmic stability of DNA

Largely ineffective via the oral route Translocation o f DNA to the 
nucleus

Transfection inhibited by mucus

(adapted from Schatzlein and Uchegbu 2001).

The barriers to effective gene transfer are both intracellular and extracellular (Table 2- 

4). Some of these barriers are physiomechanical, some are physicochemical and some 

are biological. A vector able to overcome these barriers, therefore, is needed to carry the
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desired genes into the mammalian cells.

1.11 Other factors affecting gene therapy

Except for the obstacles mentioned above, there are also some other factors hindering 

the clinical application of gene therapy as listed as the following, (adapted from Human 

Genome Project Information website: http//: www.oml.gov/sci/techresources/human_

Genome/medicine /genetherapy.shtml).

1.11.1 Short-lived nature of gene therapy

Before gene therapy can become a permanent cure for any condition, the therapeutic 

DNA introduced into target cells must remain functional and the cells containing the 

therapeutic DNA must be long-lived and stable. Problems with integrating therapeutic 

DNA into the genome and the rapidly dividing nature of many cells prevent gene 

therapy from achieving any long-term benefits. Patients will have to undergo multiple 

rounds of gene therapy.

1.11.2 Immune response

Anytime a foreign object is introduced into human tissues, the immune system is 

designed to attack the invader. The risk of stimulating the immune system in a way that 

reduces gene therapy effectiveness is always a potential risk. Furthermore, the immune 

system’s enhanced response to invaders it has seen before makes it difficult for gene 

therapy to be repeated in patients.

1.11.3 Problems with viral vectors

Viruses, while the carrier o f choice in most gene therapy studies, present a variety of 

potential problems to the patient—toxicity, immune and inflammatory responses, and 

gene control and targeting issues. In addition, there is always the fear that the viral 

vector, once inside the patient, may recover its ability to cause disease.

1.11.4 Multigene disorders

Conditions or disorders that arise from mutations in a single gene are the best candidates 

for gene therapy. Unfortunately, the combined effects o f variations in many genes cause 

some of the most commonly occurring disorders, such as heart disease, high blood 

pressure, Alzheimer’s disease, arthritis, and diabetes. Multigene or multifactorial
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disorders such as these would be especially difficult to treat effectively using gene 

therapy.

1.12 Current situation of gene therapy

Gene therapy is now progressing in clinical trials. For reasons of efficiency, most 

approaches use viruses as vectors for gene transfer. However, the immunogenicity 

against the virus and viral virulence are major safety issues and have resulted in recent 

adverse cases including the death of 18-year-old Jessy Gelsinger in 1999 (Thompson, 

2000) and the development of a leukemia-like condition of a French child in January 

2003 (Marshall, 2003). Both cases were in gene therapy trials using viral vectors. FDA’s 

Biological Response Modifiers Advisory Committee (BRMAC) met at the end of 

February 2003 to discuss possible measures that could allow a number o f retroviral gene 

therapy trials for treatment of life-threatening diseases to proceed with appropriate 

safeguards. FDA has yet to make a decision based on the discussions and advice of the 

BRMAC meeting (Cometta, 2003).

However, the adverse effects showed risk to the patients. A safe and efficient vector for 

gene transfer is strongly desired and much effort for the development of a practical 

transgene vector has been put into non-viral transgene vectors.

Non-viral strategies demonstrate adequate safety profiles, however their rather low 

transfection efficiency remains a major drawback. Recently, several cationic polymers 

have presented excellent ability for complexing DNA and transfection in mammalian 

cells, such as polyethylenimine (PEI) and polyamidoamine dendrimers (Superfect™). 

They are, however, still highly cytotoxic and therefore limited to in vitro experiments.

There have also been many reports on the development o f the liposome/DNA system as 

a non-viral system for gene therapy. Commercial reagents for gene transfer are only 

used in vitro (e.g. je tP E F ^ (PEI) and Superfect™). The lipids for gene transfection are 

efficient but still have problems of toxicity and instability.

1.13 Gene transfection

1.13.1 The cellular entry mechanism of particulate vehicles

Different vectors have their own mechanisms for cellular entry. In the case of particulate
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vectors, endocytosis is the main mechanism to transfer foreign genes into cells.

In endocytosis, the cell engulfs some of its extracellular fluid (ECF) including material 

dissolved or suspended in it. A portion of the plasma membrane is invaginated and 

pinched off forming a membrane-bounded vesicle called an endosome (Figure 1-10).

Endocytosis has three main types: pinocytosis, phagocytosis and receptor mediated 

endocytosis. In addition, there are also two types of clathrin-coated pits and caveoli 

(Rejman et al., 2004). The endocytosis of particles is a continuous procedure: the first is 

the uptake of the particles, at this time the particles are entrapped in primary endosomes. 

Then particles are transported into sorting endosomes, and then probably a fraction of 

the particles is sent back to the cell exterior through recycling endosomes while the 

remaining fraction is transported to secondary endosomes which then fuse with 

lysosomes (Panyam et al., 2003).

o
D ° 0
Extracellular fluids^

) o  ‘

o

o
.........

Membrane

Cytoplasm

Figure 1-10 An illustration of endocytosis. During endocytosis the cell membrane 
folds into a pouch (step 1) that encloses the particles (step 2). The pouch pinches off 
inside the cell to form a vesicle (endosome, step 3). The vesicle can then fuse with other 
organelles (lysosomes) or release its contents into the cytoplasm, (adapted from 
Anatomy & Physiology 1, Lecture Note Home Page, Endocytosis: 
http//:www.octc.kctcs.edu/ gcaplan/anat/Notes)
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1.13.1.1 Pinocytosis

Pinocytosis is also called “cell drinking”. In pinocytosis the drops of ECF and solutes 

are taken up by cells by specific and non-specific mechanisms (Conner and Schmidt, 

2003). Pinocytosis itself can also be subdivided into three categories: fluid-phase 

pinocytosis, non-specific adsorptive pinocytosis and receptor-mediated pinocytosis. 

Fluid-phase pinocytosis is characterised by the constitutive uptake o f non-diffusible 

molecules in the extracellular environment, and non-specific binding o f solutes to the 

cell membrane via ionic and hydrophilic/hydrophobic interactions with the cell 

membrane. The substances engulfed by pinocytosis are relatively small but still in a 

wide size range of 50 -  500 nm. Pinocytosis occurs in almost all cells and occurs 

continuously.

A cell sipping away at the ECF by pinocytosis acquires a representative sample o f the 

molecules and ions dissolved in the ECF. But pinocytosis also provides a much more 

elegant method for cells to pick up critical components of the ECF that may be in scant 

supply. Pinocytosis, however, provides pathway for uptake o f polymeric vehicles of 

bioactive macromolecules.

1.13.1.2 Receptor mediated endocytosis

Receptor mediated endocytosisis based on the following mechanism: Some of the 

integral membrane proteins that a cell displays at its surface are receptors for particular 

components of the ECF (Gao et al., 2005). For example, iron is transported in the blood 

complexes to a protein called transferrin. Cells have receptors for transferrin on their 

surface. When these receptors encounter a molecule o f transferrin, they bind tightly to it. 

The complex o f transferrin and its receptor is then engulfed by endocytosis. Ultimately, 

the iron is released into the cytosol. The strong affinity of the transferrin receptor for 

transferrin (its ligand) ensures that the cell will get all the iron it needs even if 

transferrin represents only a small fraction o f the protein molecules present in the ECF. 

Receptor-mediated endocytosis is many thousand times more efficient than simple 

pinocytosis in enabling the cell to acquire the macromolecules it needs.

1.13.1.3 Phagocytosis

Phagocytosis is also known as “cell eating”. Phagocytosis results in the ingestion of

particulate matter (e.g., bacteria) from the ECF. Phagocytosis, however, occurs only in
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certain specialized cells (e.g., neutrophils and macrophages), and occurs sporadically. 

Figure 1-11 is an electron micrograph (Dr. Robert J. North) showing a guinea pig 

phagocyte ingesting polystyrene beads.

Figure 1-11 An electron micrograph showing a guinea phagocyte ingesting polystyrene 
beads made by Dr. Robert J. North. Several beads are already enclosed in phagosomes 
while the others are in the process of being engulfed.

1.13.1.4 Clatherin and non-clatherin mediated endocytosis

There are numerous reports describing the process of endocytosis involves a transport 

protein-clatherin. In this procedure, clatherin forms coated membrane invaginations on 

the plasma membrane that recruit cell-surface receptors and then, through a series of 

highly regulated steps, pinch off to form clathrin coated vesicles (Kirchhausen 2000). 

The pinched off-vesicles are then processed via a classical route in the interor of the 

cell, that is an early endosome to recycling endosome route.

Non-clathrin mediated endocytosis does not use the transport protein coat complexes for 

cargo recruiement and budding of transport intermediates. Instead, they might exploit 

lateral heterogeneity in plasma membrane lipid and protein composition to select cargo 

as well as scallffolding components into dynamic membrane microdomains that bud 

into the cell (Nichols and Lippincott-Schwartz 2001). A typical example for this is the 

caveolea process.
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Caveolae are flask shaped, non-coated plasma membrane invaginations present in many 

cell types, especially abundant in endothelial cells, where they are implicated in 

transcytosis and endocytosis of blood components. Biochemically, caveolae are 

characterized by their association with a family of cholesterol-binding proteins called 

caveolins, which function to create and/or maintain these structures (Kurzchalia and 

Parton, 1999). A typical characteristic o f the caveolae mediated endocytosis is suggested 

as a procedure not envolving endosome entrapment.

1.13.2 Escape of DNA from the endo-lysosomal pathway

Endocytosis o f targeted polymer/DNA complexes will result in the complexes being 

processed in the endosomal-lysosomal pathway, leading to degradation o f the complex 

and the therapeutic DNA in the lysosome. Endosomes deliver their contents to 

lysosomes, the membranes o f the two organelles fuse and the contents of the endosome, 

e.g. ingested bacteria, are destroyed by the degradative enzymes of the lysosome. 

Efficient escape from the endo-lysosomal trafficking is necessary for effective DNA 

delivery. There are three strategies, applicable depending on the properties of the 

substances, for vectors to escape from processing by endosome-lysosome system: 

Strategy 1: Lipid mixing between endosomal and cationic lipid membranes, which

leads to membrane disruption and release of DNA. This strategy is suitable for the lipid 

gene vectors.

Strategy 2: A physical disruption of the endosomal membrane occurs on direct

interaction with the cationic polymer. This strategy is mainly suitable for cationic 

polymeric vectors.

Strategy 3: The “Proton Sponge” Hypothesis (Behr, 1997): An ionisable polymer, such 

as PEI, will be protonised (“Donnan effect”) on proton flux into the endosomal lumen 

and pulls chloride ions and water in as well resulting in an increased flux o f protons into 

the endosome, which causes swelling and, ultimately, osmotic lysis. Ionisable polymers 

are not limited to amino group bearing polymers. Some anionic polymers are also 

ionisable such as polyacrylic acid (PAA) and its derivatives. This protonisable 

mechanism is exploited to design transfection systems and explains the process of 

transfection by many polymeric delivery systems.

The “Proton Sponge” hypothesis is the most plausible mechanism for polyplexes to

escape endo-lysosomal degradation. Polymers exhibiting high transfection efficiency
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such as PEI, polyamidoamine dendrimers and imidazole-containing polymers are all 

highly protonisable. On the other hand, cationic polymers with strong basic residues, 

such as poly(L-lysine) or polymers without titerable groups, such as quaternary amines, 

exhibit very low transfection efficiency (Merdan et al., 2002) because of the lack of 

protonable groups between pH 5-7. Another finding supporting the proton sponge 

hypothesis is that complexes with improved packaging and thus a higher density of 

amine groups possesses a greater buffering potential, which results in higher transfection 

efficiencies (Godbey et al., 1999).

Great efforts have been undertaken to abolish the endosomal bottleneck. The most 

important strategy is adapted from viruses, which have evolved sophisticated methods to 

escape the harsh environment of this compartment and deliver their genetic information 

safely into the nucleus.

One approach is the use of short amino acid sequences derived from the N-terminus of 

Haemophilus Influenza Haemagglutinin-2. These amino acid sequences are responsible 

for enabling endo-lysosomal escape during the acidification process. Several sequences 

with approximately 20 amino acids have been identified and used successfully. It has 

been discovered that all sequences follow a similar scheme (Wagner et al., 1992). For 

example, the 1NF7 peptide with the sequence GLFGAIAGFIENGWEGMIDGGGC 

exhibits a hydrophobic side chain, such as leucine, isoleucine or tryptophan (underlined) 

at nearly every fourth amino acid. The rest of the sequence consists of variable amino 

acids, although it is important that no helix breaking amino acids are present and several 

glutamic acids are included. The P-carboxyl groups o f these glutamic acids play the key 

role in the activation o f the fusogenic activity of the peptide.

At neutral pH the P-carboxyl groups are deprotonated, thus, leading to electrostatic

repulsion and thereby conferring to the sequence a random coil structure without

fusogenic activity. When the pH drops, however, the carboxyl groups are protonated and

the charge repulsions diminish. This process leads to a transition from the random coil

to an a-helical structure, which displays the above-mentioned hydrophobic residues on

one side, thus making the helix amphipathic. The hydrophobic side o f the helix may be

able to insert itself into the vesicular membrane and disturb the membrane geometry,

eventually leading to release of the vesicle contents. Furthermore, inserted helices may
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aggregate and form pores, which result in vesicle leakage. The recent reports on the 

anionic polyacrylic acid (PAA) and its dérivâtes used in gene transfection is a good 

example of making use o f this mechanism (Hoffman et ah, 2003).

1.14 Vectors for gene delivery

1.14.1 Viral vectors

Currently, the most common vectors are viruses that have been genetically altered to 

carry normal human DNA. Viruses have evolved a way of encapsulating and delivering 

their genes to human cells in a pathogenic manner. Scientists have tried to take 

advantage of this capability and manipulate the virus genome for the delivery of 

therapeutic genes. The viral vectors used in the laboratory and clinical trials now are the 

following:

1.14.1.1 Retroviruses

A class of RNA viruses that can create double-stranded DNA copies of their RNA 

genomes. These copies of its genome can be integrated into the chromosomes of host 

cells. Human immunodeficiency virus (HIV) is a retrovirus. Most retroviruses infect 

actively dividing cells during mitosis (Lewis et ah, 1994, Miller et ah, 1994).

1.14.1.2 Adenoviruses

Composed of double-stranded DNA genomes and usually causing respiratory, intestinal, 

and eye infections in humans. The virus that causes the common cold is an adenovirus. 

They infect both dividing and non-dividing cells (Li et ah, 1993, Quantine et ah, 1992).

1.14.1.3 Adeno-associated viruses (AAV)

Small, single-stranded DNA viruses. Similar to adenoviruses, AAVs can infect both 

dividing and non-dividing cells. Their DNA, however, can integrate into the host 

chromosome similar to retroviruses. AAV vectors pose little toxicity since their wild 

type version does not cause any pathologic effects in humans and they integrate 

specifically in chromosome 19 of the human genome where no important gene is 

encoded. The main drawback of this system is the need for helper viruses (adenoviruses 

or HSV) for AAV production (Buller et ah, 1981).
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1.14.1.4 Herpes simplex viruses (HSV)

A class of double-stranded DNA viruses that infect neurons (Corey and Spear 1986). 

HSV naturally infects humans in the eye or the oral and vaginal mucosa causing lytic 

curable effects. HSV 1 is a common human pathogen that causes cold sores.

1.14.2 Non-viral systems

1.14.2.1 Naked DNA

The simplest method is the direct introduction of therapeutic plasmid DNA into target 

cells (Wolff et al., 1990). This approach is limited in its application because it can be 

used only with certain tissues such as muscle and requires large amounts of DNA.

1.14.2.2 Cationic lipids

A liposome is an artificial lipid sphere composed of amphiphilic molecules 

(phospholipids); structurally phospholipids contain one or two fatty acid chains (acyl or 

alkyl), a linker and a hydrophilic amino group (Feigner et al., 1987). The hydrophobic 

end of the molecule avoids contact with water, while the positively-charged head group 

seeks contact with water. In order to protect their hydrophobic tails from water and 

expose the hydrophilic heads, the molecules self-assemble in water to form micelles.

A typical example is cationic lipid l,2-dioleoyl-3-trimethylammonium-propane 

(DOTAP) (Figure 1-12), which consists of two unsaturated diacyl side chains (oleoyl), 

ester linker and propyl ammonium group (Lasic, 1997).

T ' - ' l
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N* OH
O le o y l

Figure 1-12 Chemical structure of lipid DOTAP

The hydrophobic part can also be cholesterol-derived moieties (Gao and Hui, 2001).
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Multivalent cationic lipids (which can condense DNA more efficiently and successfully) 

have been evaluated for liposomal-mediated gene transfer (Ewert et ah, 2002), The 

mechanism of the liposome transfection of the mammalian cells is mostly endocytosis 

and fusion pathways (Almoffi et al., 2003, Farhood et al., 1995).

It was also reported that the addition of neutral lipids (colipids) will increase the 

transfection ability of lipoplexes both in vitro and in vivo, such as for Lipofectin 

(Feigner et al., 1987). Lipofectin is a cationic lipid N[l-(2,3-diioleyloxy)propyl]-N,N,N- 

trimethylammoniumchloride) (DOTMA) and the colipid dioleylphosphatidylethanol- 

amine (DOPE). The most used colipids are cholesterol (chol) and DOPE. Neutral lipids 

such as DOPE facilitate conformational changes from a bilayer structure into a 

hexagonal arrangement at the endosomal level (Hafez et al., 2001, Litzinger and Huang, 

1992) and subsequently trigger the release o f the encapsulated DNA into the cytoplasm. 

Other commonly used cationic lipids include 2,3-dioleyloxy-N-[2- 

(sperminecarboxylamido)ethyl]-N,N-dimethyl-1 -propanaminium trifluoroacetate

(DOSPA), 1,2-dimyristyloxypropyl-3 -dimethylhydroxyethyl ammonium bromide 

(DMRIE), and 3|3-(N,N-dimethylaminoethane) carbamoyl] cholesterol (DC-Chol).

1.14.2.3 Cationic polymer polyplexes

The electrostatic attraction between the cationic polymer and the negatively charged 

DNA results in a particulate complex - the polyplex, most of which are nano sized, and 

able to transfect mammalian cells (Trobetskoy et al., 1999).

1.14.2.3.1 Foly-L-Lysine (PLL)

This was the first polycation for gene delivery (Wu and Wu, 1987). Much o f the early

work involving the use of polyplexes utilised ligands to facilitate cellular uptake, e.g.

Asialoorosomucoid, transferrin, folate, monoclonal antibodies and basic fibroblast

growth factor. The gene transfer activity of poly-L-lysine polyplexes is poor (Brown et

al., 2 0 0 0 ) unless endosomolytic or lysosomolytic agents (e.g. chloroquine) are added

(Wadhwa et al., 1997). PLL has a sufficient number o f primary amines with positive

charges (Figure 1-13-1) to interact with the negatively charged phosphate groups of

DNA. However, most nitrogen amino groups of PLL have a high pKa value (pH 10.2)

(Merdan et al., 2002), and are less protonisable than secondary amino groups such as

those in PEI which are protonisable at pHS.O, the transfection activity is low and
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protonisation agents (e.g. chloroquine) are needed to assist transfection.
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Figure 1-13 Polycations often used in studies for gene transfer

1.14.2.3.2 Polyethylenimine (PEI)

PEI is divided into two subclasses in structure - branched and linear. Unlike PLL, PEI 

shows efficient gene transfer without the need for endosomolytic or lysosomotropic 

agents or any agents facilitating receptor-mediated uptake. PEI/DNA complexes are 

endocytosed by cells and are also believed to facilitate endosomal escape (Boussif et al., 

1995, Klemm et al., 1998). The superior transfection capacity o f PEI is probably due to 

its high protonisable properties and high charge/mass ratio. PEI has a buffer capacity 

virtually at any pH value (proton sponge) due to every third amino nitrogen atom being
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protonated (Figure 1-13-2). The activity of PEI is reportedly influenced by its molecular 

weight. An optimum molecular weight exists some-where between 11.9 and 70 kDa 

based on the reports of an increase in gene transfer activity with a decrease in molecular 

weight (from 100 to 11.9 kDa) (Fischer et al., 1999) and a decrease in activity with a 

decrease of the molecular weight (from 70 to 1.8 kDa) (Godbey et al., 1999). There 

were, however, reports on the toxicity o f linear PEI (22kDa) in a therapeutic window 

(Chollet et al,, 2002). To reduce the toxicity and make use of its transfection ability, 

PEGylation of the PEI/DNA complexes has proved a useful approach (Kircheis et ah,

1999).

1.14.2.3.3 Polyamidoamine dendrimer

This is a commonly used polymeric transfection reagent. The dendrimer is a star-like 

structure polymer with surface amino groups and internal tertiary amines (Figure 1-13- 

3). DNA appears to interact with the surface primary amines only, leaving the internal 

tertiary amines available for the neutralisation o f acid pH (Lee at ah, 1996) within the 

endosomal/lysosomal compartment once the dendrimer/DNA complexes are 

internalized by endocytosis. An increase in the level of terminal amino groups was 

supposed to enhance gene delivery (Toth et ah, 1999). After internalisation, the release 

o f polyamidoamine/DNA complexes by the endosome has been attributed to the 

protonation o f the internal tertiary amine nitrogens by endosomal protons that then 

produce a swelling of the endosome and the release o f the DNA to the cytoplasm (Tang 

et ah, 1996). Moreover, amide groups o f amidoamine dendrimer can be hydrolytically 

degraded in water or ethanol, which results in an increase of transfection efficacy up to 

50-fold.

1.14.2.3.4 Chitosan

Chitosan is a natural polysaccharide composed o f p-l,4-linked D-glucosamine and 

acetylglucosamine (Figure 1-13-4) that can be naturally degraded by general lysozyme 

(Chandy and Sharma, 1990). Lysozyme in the body degrades chitosan into a common 

amino sugar, N-acetyl glucosamine, which is subsequently excreted as carbon dioxide. 

Even though the amino groups o f chitosan are predominantly primary amine, they have 

a pKa o f 6.5 and therefore it is protonated in an almost neutral aqueous condition. After 

being protonated chitosan is positively charged and can interact electrostatically with 

DNA forming complexes that are then endocytosed by mammalian cells. The major
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advantage of chitosan as a gene transfection system is the safety property. Because of 

the non-protonisable property o f chitosan in an acidic condition such as at pH 5, the 

escape o f chitosan/DNA complexes from endo-lysosomal pathway is unlikely to abide 

by the “proton sponge” mechanism. A possible mechanism of escape o f chitosan/DNA 

complexes from endo-lysosomal trap is proposed to be the degradation of chitosan 

followed by swelling and eruption of the endosomes. The degradation products, oligo 

and monosaccharides, increase the osmolarity in the endosomes which then induce 

water influx, swelling and in the end, rupture of the membranes and release of the 

plasmid (Romoren et al., 2003, Koping-Hoggard et al., 2001). Chitosan is able to open 

epithelial tight junctions because its cationic characteristic interacts with the anionic 

surface protein o f cells. The stable coupling of DNA to chitosan is another advantage 

for gene delivery because unstable interaction between DNA and carriers will result in 

short expression and reduction of the transfection efficiency.

Another advantage of chitosan is the mucosal adhesive property that can facilitate non- 

parenteral administration for the delivery o f DNA. The mucous layer is a physical 

barrier for the DNA to traverse. One of the physiological function of mucous is to 

prevent o f toxin and also act as a barrier to bacterial DNA, prevent it from reaching the 

cell surface. The strategies being considered to enable DNA to traverse this physical 

barrier include reduction in the size of the carrying particles, use of adhesive material to 

prolong the residence time of the carrier in the mucous layer. The mucosal adhensive 

chitosan, therefore, is advantageous for the cellular DNA delivery. Roy et al., (1999) 

have reported an effective immunological response of mice by oral vaccination against 

peanut-allergic anaphylaxis using chitosan/pCMVArah2 particles.

1.14.2.3.5 Imidazole containing polymers

Polymers of the heterocyclic imidazole have shown promising transfection capabilities 

(Figure 1-13-5). In several approaches modification of amino groups of PLL using 

histidine or other imidazole containing structures showed a significant enhancement of 

reporter gene expression compared to unmodified PLL (Fajac et al., 2000, Benns et al.,

2000). The imidazole heterocycle displays a pKa o f around pH6  thus possessing a 

buffering capacity in the endo-lysosome and possibly mediating vesicular escape by a 

‘proton sponge’ mechanism. Support for this assumption is the fact that endosomal 

acidification is required for the efficiency of these polymers in gene transfer (Midoux et
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al., 1999). A sophisticated approach is the optimization o f the balance between ffee- 

amino groups of lysine moieties that enable effective complex formation with DNA and 

the amount of imidazole heterocycles responsible for endolysosomal escape of the 

complexes. With this approach a polymer has been developed that mediates a 

transfection efficiency equal to PEI and demonstrates little toxicity due to its optimized 

charge density (Putnam et al., 2001). The incorporation of imidazole moieties represents 

a promising option for the improvement o f endolysosomal escape and enhancement of 

the efficiency of polymers without increasing toxicity.

1.14.2.3.6 FoIy(N-n-alkylamino)ethyI-methacrylate family (pNMAEMA)

PDMAEMA is a water-soluble cationic polymer that can efficiently bind and condense 

DNA and can mediate transfection into a variety of cell types (Zuidam et al., 2000). It 

was found that evaluation of the effect of tertiary amine groups (pKa~ 7.5) versus 

quaternary amine groups by comparing pDMAEMA with its quaternary amine analogue 

poly(2-trimethylaino)ethyl-methacrylate (pTMAEMA) (Figure 1-13-6) indicated that 

the pDMAEMA is more efficient than pTMAEMA in the cellular interaction and 

transfection (Arigita et al., 1999). The pTMAEMA does not have an intrinsic endosomal 

escape property, in contrast to the “proton sponge” effect seen with pDMAEMA or PEI. 

Fluorescence and CD spectroscopy as well as gel electrophoresis all demonstrate that 

pDMAEMA is similar to PLL in DNA association/dissociation characteristics, whereas 

pTMAEMA tightly condenses DNA, but is unable to fully dissociate plasmid DNA 

inside cells, which might explain the lower transfection efficiency of pTMAEMA 

compared with pDMAEMA. The transfection efficiency of the complexes was not 

affected by the presence of serum proteins (Chemg et al., 1996). Optimal transfection 

efficiency was found at a pDMAEMA/DNA ratio of 3/1 (w/w), a ratio at which 

homogeneous complexes o f ~150 nm in diameter could be formed. The chemical 

structure o f N,N' -diethylaminoethyl methacrylate (DEAEMA) is similar to that of 

DMAEMA, tertiary amine groups of 4-vinylpyridine (4VP) and DEAEMA have pKa 

values o f pH5.45 and 9.5, respectively, copolymerisation o f 4VP with DEAEMA 

produces pH-sensitive polymer, which could enhance membrane fusion (Parket et al., 

1999).

1.14.2.4 Other non-cationic polymers used for delivering genes

In addition to cationic polymers, some other non-ionic polymers or anionic polymers are
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also used for gene delivery.

1.14.2.4.1 Poly(D,L-lactide-co-glycolide) (PLGA) nanoparticles

PLGA (Figure 1-15) is a material permitted for in vivo use because it is biodegradable 

and biocompatible.

\ O

Figure 14 The structure of PLGA

PLGA as a drug delivery carrier has been widely used during the last 30 years. PLGA 

can be easily prepared into microparticles and submicron particles with active 

biomacromolecules such as protein and DNA encapsulated in it. The advantages of 

PLGA particles for gene delivery are not only the safety issues but PLGA also forms 

solid particles that are stable in physiological surroundings and able to resist the harsh 

acidic, alkaline conditions and destructive enzymes from the body. There have been 

reports that DNA encapsulated in PLGA nanoparticles produced in vitro transfection 

(Cohen et al., 2000). More recently a PLGA-PEG-PLGA triblock copolymer was used 

as additive resulting in an apparent increase of transfection efficiency of PEI/DNA 

polyplexes (Jeong et al., 2004). At this moment, even though most polymeric gene 

delivery systems use cationic polymers, PLGA nanoparticles are still investigated as a 

promising non-viral approach. DNA is, however, fragile to the acidic environment in the 

PLGA particles due to the degradation o f PLGA (Walter et al., 1999)

1.14.2.4.2 Poly (alkylacrylic acid)

This type o f polymer can be incorporated into drug formulations in order to enhance 

delivery of “fragile” biomolecular drugs out of the endosome and into the cytoplasm, 

thus avoiding the lysosomal degradation pathway. One of these polymers is 

poly(propylacrylic acid) (PPAA, Figure 1-16) (Cheung et al., 2001) which can be 

hydrophobic and disrupt cell membranes when a sufficient fraction of carboxyl groups 

are protonated within the acidic endosomal environment.
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Figure 1-15 The structure of poly(propylacrylic acid)

PPAA is very effective in transfection in vitro, even in the presence of serum and also 

enhances in vivo transfection in mice. Another type of polymer is designed with a 

hydrophobic backbone that is disruptive to lipid membranes. This polymer can be 

rendered soluble to mask it from lysing non-targeted cells by grafting hydrophilic PEG 

via an acid-labile, acetyl linker. Drug molecules and ligands can be linked ionically or 

chemically to the grafted PEG molecules, or they may be linked directly to the 

backbone. It was found that these polymer carriers bypass the lysosomal targeting of 

oligonucleotides (ODNs) that have been internalised through the asialooglycoprotein 

receptor of hepatocytes (Jones et al., 2003, Lackey et al., 1999, Mourad et al., 2001, 

Murphy et al., 1999, Stayton et al., 2002).

1.15.2.5 47*'' (artificial human) chromosome

Non-viral approaches include the induction of the 47*'' chromosome (Basu and Willard, 

2005). This chromosome would exist autonomously alongside the standard 46 -  not 

affecting their workings or causing any mutations. It would be a large vector capable of 

carrying substantial amounts o f genetic code, and scientists anticipate that, because of 

its construction and autonomy, the body’s immune systems would not attack it (Somia 

and Verma 2000, Williams and Baum, 2003). A problem with this potential method is 

the difficulty in delivering such a large molecule to the nucleus of a target cell.

1.15 Biocompatibility of polymeric gene delivery systems

Biocompatibility can be defined as the ability o f a material to perform with an

acceptable host response in a specific situation without apparently adverse effect when

exposed to body or bodily fluids (Remes et al., 1992). Blood clotting, the immune

response and/or the protective mechanism by the host against invasion by foreign
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organisms, is a particular biocompatibility concern for “foreign” polymeric gene 

carriers. Biocompatibility accounts for a host’s response to foreign material as well as 

the physiological environment effects on the material. Many factors, such as chemical 

composition and or physical properties, influence the biocompatibility of polymeric 

gene carriers. PLL contains abundance o f e-amino groups, and it is likely that these are 

involved with the interaction with plasma proteins (Mohammad et al., 1997). Several 

cationic polymeric gene carriers, such as PLL and PEI, activate the complement system, 

making complement activation a limiting factor for these gene delivery systems. The 

complement activation properties of various cationic polymers, such as PLL of various 

chain length, transferrin-PLL, fifth-generation PAMAM dendrimers, PEI and several 

cationic lipids or liposomes, such as DOTAP, DC-Chol/DOPE, DOGS (N,N- 

dioctadecylamidoglycylspermine)/DOPE and DOTMA/DOPE have been investigated 

(Plank et al., 1996). Strong complement activation was shown with long-chain PLL, 

dendrimer, PEI and DOGS, whereas the other cationic lipids were relatively weak 

complement activators. Complement activation can be reduced by complex formation 

between the cationic polymer and plasmid DNA. In addition, PEGylation of PLL/DNA 

complexes has been shown to significantly reduce complement activation, as mentioned 

previously. Linking of hydrophilic polymers such as PEG reduces not only complement 

activation, but also the binding of other plasma proteins, such as IgM, fibrinogen and 

fibronectin (Lemkine et al., 1999).

1.16 Biodegradable microspheres for mucosal delivery

In the last decades PLGA has been intensively investigated for the potential of oral

delivery of antigen. As mentioned in previous paragraphs; targeting to APCs is a key

factor in the production of humoral and cellular immune responses and therefore

particles with APC tropic properties may be good selections. The data obtained are

evidence that micron sized PLGA particles have potential to target the most potent

APCs; macrophages (MO) and dendritic cells. The APC targeting of PLGA

microparticles accounts for the superior immunogenic effect o f PLGA particles

(Raychaudhuri and Rock, 1998, Johansson et al., 2000). Early work showed that

particles with sizes in 1-10 pm are able to enter Peyers’ patches after oral

administration. Following uptake of particles into PP, particles smaller than 5 pm

migrate through the mesenteric lymph node within the phagocytic cell while particles of

5-10 pm remain in the PP (Eldridge et al., 1990, Ebel, 1990). Immunological data
38



Chapter 1 Introduction

related to microparticle sizes were also published by other authors such as Gutierro et 

al., (2002), Uchita and Goto (1994).

GALT is an important mucosal inductive area for the immune system, and can be 

targeted by oral delivery of microspheres. The trend of accumulation of microparticles 

in the GI tissues after oral administration has been well documented. The use of PLGA 

microparticles is particularly promising for mucosal immune stimulation (Eldridge et 

al., 1991, Jenkins et al., 1995, O'Hagan, 1996). PLGA microparticles show ability for 

the protection o f orally administrated antigens against enzymatic degradation, increased 

antigen uptake by the M cells and PP, enhancement o f mucosal immune responses and 

finally potential for a long and slow antigen release.

DNA vaccines have similar considerations in that mucosally administered (e.g. oral and 

nasal) DNA must reach mucosal inductive sites. Combining the mucosal route and APC 

targeting properties with the advantages of DNA immunisation, the microencapsulation 

o f DNA for DNA vaccines could be a promising approach in new vaccine development. 

In recent years, several studies have focused on the potential of DNA-loaded 

microparticles for the induction of effective immune responses (Jones et al., 1997, 

Hedley et al., 1998, Singh et al., 2000). It was found that DNA vaccines associated with 

PLGA microparticles elicit cytotoxic T cell responses and the main cause for this is 

probably the direct transfection of professional APC.

Even though PLGA particles have potential advantages o f effective oral administration, 

accumulation in APC and the mucosal immune system, there are some disadvantages 

accompanying this system. A major problem is related to the preparation and 

encapsulation o f DNA in the PLGA particles. Most PLGA microparticles are prepared 

by a water-in-oil-in-water double emulsion process that is accompanied with a harsh 

high shear homogenisation which damages DNA. The protection o f DNA against 

degradation during microparticle preparation and the subsequent release o f intact DNA, 

therefore, is a difficult task. Various approaches have been designed to reduce the 

damage to DNA such as the addition o f suitable excipients (Mao et al., 1998, Walter et 

al., 1999, Barman et al., 2000), use of cryopreparation (Ando et al., 1999) and the 

formation of hollow microparticles (Tinsley-Brown et al., 2000). Furthermore, 

complexation o f DNA with cationic molecules such as PLL has been utilized to stabilize
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DNA prior to encapsulation and protect encapsulated DNA from enzymatic degradation 

(Capan et a l, 1999, Howard and Alpar, 2003). Another approach is the adsorption of 

DNA onto the surface o f cationic microparticles instead of incorporation into the 

microparticle matrix (Esposito et al., 1999, Singh et al., 2000).

Interestingly, there was a report on transfection with PLGA/DNA particles that found 

the most pronounced gene transfer efficiency in non-phagocytic 293 cells when 

compared to a macrophage (MO) cell line and primary MO (Walter et al., 2001). 

Microscopic observation of fluorescent-labeled DNA in primary MO revealed large 

amounts of DNA entering the cells, but no detectable DNA inside the nuclei. Therefore, 

phagocytic professional APC represent a group of cells, which is especially difficult to 

transfect when compared to other cell types. The administration of DNA in vivo may 

result predominantly in the transfection of non-lymphoid cells unless there is a 

possibility to provide efficient targeting and tracking o f the DNA to nucleus of 

professional APC.

To summed se, DNA vaccination based on effective trangene systems is potentially a 

highly valuable and extremely complex research area that holds the promise of 

significant improvement of the treatment and prevention of disease in humans. 

However, to achieve this goal numerous hurdles have to be overcome which will require 

much effort.
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2.1 Apparatus

2.1.1 General laboratory equipment

Homogenisation was carried out with a Silverson L4RT homogeniser from Silverson 

Equipment Limited (East Longmeadow, America). Stirring o f emulsions and 

evaporation of organic solvents were carried out with a Magnetic Stirrer, Hotplate SM6  

(Stuart Scientific, UK). Sonication and dispersion were carried out with a Soniprep 150 

(Sanxo Gallenkamp PEG, Leicester, UK). A CFC-free Denley Freezer (-70 °C) 

(Denley, UK) was used for storing bioactive samples (plasmids, protein antigens, and 

sera). The fume hood is standard safety equipment setting based on Good Performance 

Order in the School o f Pharmacy. Air bath culture shaker was a Gallenkamp Orbital 

Incubator shaker produced by Gallenkamp Instrument Inc., and purchased from 

Cambridge Scientific Products (MA, USA) and this was used for incubation of samples 

at constant temperatures. Centrifugation was carried out with a Sorvall® Ultraspeed 

Centrifuge (Sorvall Combi Plus, Kendo, USA) for centrifuge power ^ 10 kG, or a 

Heraeus Sepatech, Megafuge 10 (Heraeus Instruments, UK) for centrifuge power < 

5000 g, and an lEC Micromax (lEC, USA) for Eppendorf scale samples. Centrifuge 

tubes, Eppendorfs, non-sterile polystyrene 96-well microtiter plate (clear) for general 

use and for fluorescence measurements (black) were purchased from Fisher Scientific 

UK Ltd. (Leicestershire, UK). A Platform Rocker STR6  (Bibby, UK) was used for 

mixing of samples. An Edwards Freeze Dryer (Micro Modulo, Edwards High Vacuum, 

England) was used to freeze-dry particulate and bioactive macromolecule samples. 

Agarose gel electrophoresis was carried out using a Bio-Rad wide Mini-sub cell G7 

electrophoresis box combined a Bio-Rad Power PAC200 power supply (Bio-Rad, UK). 

Viva spin 20 ml and 5 ml filter columns from VivaScientific Apparatus (Hanover, 

Germany) with a lOOkDa molecular weight cut off was used for concentration of 

polyplexes particles. A sonicator Soniprep 150 was used for dispersion and cleaning 

(Sanyo Gallenkamp PLC, Leicester, UK).

2.1.2 Microscopy equipments

An optical microscope was used for general observations o f particles in laboratory. 

Regular monitoring of cell culture and counting was carried out using a Leica Inverted 

Light Microscope from Leica Microsystems Wetzelar GmbH (Wetzlar, Germany).

The expression of GFP gene from transfected cells was viewed with a fluorescent 

microscope (Nikon-Micro photo FXA, Blue filter. Emission at 488-560 nm) equipped 

with Qimaging Retiga 1300 monochrome, colour digital CCD camera and a mercury

42



Chapter 2 Materials and Methods

vapour compressed-arc lamp as source for excitation, while a Paint version 6.2 software 

was used for recording the fluorescence pictures. Microscopy slides are from Fisher 

Scientific UK Ltd. (Leicestershire, UK).

The size, size distribution and morphology of the polymer/DNA complex particles were 

observed by transmission electron microscopy. Philips CM 12, Philips Co. (Eindhoven, 

Netherlands).

PLGA microspheres were examined using a scanning electron microscope. Philips XL- 

30, Philips Co. (Eindhoven, Netherlands). The samples were dried with Samdri 780 

critical point dryer (Maryland, USA) and gold-coated using an Emscope gold sputtering 

coater (Ashford, UK) before examination.

A Zeiss Axiovert 100 M microscope coupled to a Zeiss LSM 510 scanning device was 

used for all confocal microscopy experiments.

2.1.3 Cell culture equipments

Cell culture procedures were carried out in a class II microbiological safety cabinet 

from Walker Safety Cabinets Limited (Glossop, UK). The CO2 incubator for incubation 

o f cell culture was purchased from Heraeus Electronic Ltd (Hertford, UK) Sterile 

vented (filter 0.2 pm) culture flasks (25 cm^ and 75 cm^) and sterile plates (6 -well, 12- 

well, 24-well, 48-well and 96-well) (Nunc) were purchased from Fisher Scientific UK 

Ltd (Leicestershire, UK). Serological pipettes were purchased from Elkay (Hampshire, 

UK). Cell counting was carried out using a Neubauer improved bright-line 

haemocytometer slide from Superior Company (Marienfeld, Germany). The auto 

pipette pump, Eppendorf Easyjet, was purchased from Brinkman Instruments, Inc 

(Westbury, USA). A water bath for pre-warming of media was a product of Grant 

Instruments (Cambridge) Ltd. (Herts, UK). Regular monitoring o f cell culture and cell 

counting were carried with a Olympus CK40-F200 invert light microscope from 

Olympus Optical.Ltd. (Japan)

2.1.4 Analytical instruments

A Triple Gel Permeation Chromatogram Detector SEC3 which included a four-capillary 

differential viscometer, right angle laser light scattering detector, and differential 

refractometer (Triple Detector Array, Viscotek, UK) and Waters Ultrahydrogel 1000 

Columns were used for the determination of molecular weight and molecular weight
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distribution o f polymers. The SEC system operated with modular TM-based 

OmniSECTM software.

A Cannon-Fenske viscometer (Size C) manufactured by PSL and purchased from 

Fisher Scientific UK Ltd (Leicestershire, UK) was also used for the determination of 

the intrinsic viscosity o f the fractions of degraded chitosan.

The structure analysis of degraded and chemically modified chitosan was carried out 

using an infrared (IR) spectrophotometer Nicolet Avatar 360 operated with OMNIC 

v.5.0 software and fitted with a germanium crystal and an Avatar-OMNI-sampler Smart 

accessory from Nicolet Instrument Corporation (Madison, USA)

The quantification of DNA produced from bacterial culture propagation was performed 

by UV spectroscopy using a DNA/RNA Calculator Genespec I (GeneQuant, Pharmacia, 

USA) and IBM-compatible computer assembly running the GeneSpec I software 

(Program No: 7A00541-02) produced by Naka Instruments Co. Ltd. (USA) and a paired 

set o f quartz 50 |il cuvettes with a 1 cm light path (Web Scientific Ltd, UK) according 

to the manufacturer’s instructions.

The determination o f zeta potential o f samples was carried out with a Malvern 

Zetamaster 3000 (Malvern, UK) and a software Master S data type 1 256. The sizes of 

the nano-particles were determined with a Malvern 4700 photon correlation 

spectrometer (Malvern, UK). Sizes of micron scale particles were determined with a 

Malvern Laser Sizer, Malvern 2600C Particle Size Analyser and data analysis was 

carried out with software Master Sizer S version 2.18 (Malvern, UK).

Fluorescent and luminescent data representing luciferase activity and P-galactosidase 

activity of samples after adding the substrate-containing assay reagents were 

determined with a multiple ftinction chemiluminescent and fluorescent 

photospectrometer Wallac Victor2 microplate reader (1420 Multilabel Counter, Wallac 

Oy, Turku, Finland) and a Wallac 1420 Workstation software version 2.0 release 1 was 

used for the analysis o f data.

A Shimadzu UV-VIS Spectrophotometer 120-02 form Shimadzu Equipment Co (Tokyo, 

Japan) was use to determine the turbidity of the chitosan particle gelation.
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A Dynex MRXII Microplate Absorbance Reader from Dynex Technologies (UK) was 

used for the determination o f absorbance of ELISA and the data analysis was carried 

out using MRX Revelation Version 3.04 software.

Agarose Gel Electrophoresis was carried out for qualification of plasmids using a Bio- 

Rad Mini-Sub Cell GT and PowerPac 200 assembly (Bio-Rad, UK). The image view of 

gel electrophoresis was carried out with a White/Ultraviolet transiluminator (UVP 

Laboratory Products Co Ltd., UK) and densitometry analysis of bands on the gel was 

carried out using Scion Image software based on NIH Image for Macintosh modified 

for Windows by Scion Corporation.

2.2 Materials and Methods

2.2.1 Materials

Chitosan was purchased from Fluka BioChemie Co. The molecular weight was ISOkDa 

and the deacetylation was 75%. Sodium nitrite was a product o f Fluka Chemie. 

Polyethylenimine (PEI, 25 kDa) was purchased from Fluka (Buche, Switzerland) as a 

50 % (w/v) solution. The solution was titrated with HCl solution to pH 7.4 and used as 

a 5 mg/ml stock. Methoxy-PEG-succinimidyl propionate 2000 (m-PEG-SPA) with a 

molecular weight of 2 kDa was a product of Shearwater Polymers (Huntsville, USA). 

Poly(D,L-lactide-co-glycolide) (PLGA, 50/50) with a molecular weight of 23 kDa was 

purchased from Alkermes, Inc. (Alkermes, USA). Poly-L-lactic acid (PLLA) with an 

average molecular weight of 2kDa was purchased from Polysciences, Inc (USA). 

Polymers with poly(methacrylamide) backbone and cationic side groups were 

synthesised by Dr. Elisa Pedone (Pedone, 2003). In these polymers, the side chains to 

adjust the cationic speciality are:

I: 3(dimethylamino) propylamine (DMAPA)

II: histamine (His)

III: 2-propanol

IV: trimethylammonium hydrochloride (TMA)

V: polyethylene glycol (PEG)

Sixteen different polymers with different cationic property and different hydrophilicity 

were synthesised based on different ratios of these groups (Appendix B).

2.2.2 The main reagents used in the work

SuperFect™Transfection Reagent kit was a product composed of polyamidoamine
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dendrimer from Qiagen Co. (Qiagen GmbH, Germany). Lipofectin™ transfection 

reagent was a product composed of liposomes from Life Technologies (Invitrogene, 

USA). The PEGylation reagent Methoxy-PEG-SPA was from Shearwater Polymer Co. 

(Mw = 2kDa, Shearwater Polymers, USA). Bio-Rad (Bradford) Protein Assay Kit was a 

product of the Bio-Rad Laboratories Ltd.(MD, USA). EndoFree Plasmid Giga kit was a 

product of QIAGEN Company (QIAGEN Ltd, West Sussex, UK). Concert™ Rapid 

Plasmid Midiprep System was from GibcoBRL Company (GibcoBRL, UK). Steady- 

Glo Luciferase Assay System was purchased from Promega Company (Madison, USA). 

X-gal (5-bromo-4-chloro-3-indolyl—D-galactoside) was from Sigma Chemical Co., (St 

Louis, USA). DNA molecular marker Lambda DNA/Hindlll marker (range 125- 

23130bp) and GeneRuler™ lOObp DNA ladder (range 80-1031 bp) were from 

Fermentas AB (Vilnius, Lithuania) and purchased from Helena BioSciences (Tyne & 

Wear, UK). KOD Hot Start DNA polymerase kit was purchased from Novagen Inc. 

Goat-anti mouse IgG peroxidase horseradish conjugate and IgA peroxidase horseradish 

conjugate were purchased from Sigma Co. Puregene™ DNA Purification System Trial 

Kit was purchased from Centra Systems, Inc. PicoGreen® dsDNA Quantification Kit 

from Molecular Probes (Eugene, USA) was used for the quantitation of DNA in the 

individual sample. Label IT® Tracker™ CX-Rhodamine Reagent Kit from Mims 

Corporation (Madison, USA) was used for fiuorescently labelling plasmid DNA to 

investigate the location o f the DNA in the transfection. Oligonucleotides as primers for 

PCR flanking DNA segment of 457 base pairs of SV40 poly (A) late signal were 

synthesized by Thermo BioSciences GmbH, Germany. The sequences of the 

oligonucleotides are: 5’- ATG ACG CCG GTG AAC TTC-3’ (forward) and 5’- GCT 

TTA AAA AAC CTC CCA CAC-3’ (reverse). Eagle’s minimum essential medium 

(EMEM) (Life technologies) was supplemented with 10% fetal calf semm (FCS) 

(Hyclone Laboratories, Logan, UT). Succinct anhydride and l-[3- 

(dimethylamino)propyl] -3 -ethylcarbodiimide hydrochloride were products of Sigma- 

Aldridge Co. Ltd. and purchased from Gillingham, UK. The other chemicals are 

commercially available. Deionized water was used in all the experiments.

2.2.3 Plasmid DNA

Plasmid DNA is a key component in this thesis work. Several plasmid DNAs have been 

used to investigate the transfection and immune response. Their stmctures are 

illustrated in the Appendix C. A description of the individual plasmids is listed below:
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2.2.3.1 pGL3-Control

The plasmid encoding luciferase with control o f simian virus 40 promoter and enhancer 

was a product of Promega Biosciences, Inc. (Southampton, UK). The pGL3 family 

contains a modified firefly luciferase cDNA designated luc+ and a redesigned vector 

backbone. The modified reporter vectors have resulted in luciferase expression levels 

dramatically higher than those obtained with the pGL2 reporter vectors while 

maintaining relatively low background luciferase expression. The combination of 

promoter and enhancer resulted in strong expression o f luc+ in many types of 

mammalian cells.

2.2.3.2 pCMV/i#c

The plasmid is a recombinant of pCMV/? and pGL3-Control by replacing the p- 

galactosidase gene segment from a pCMV-p backbone (Clontech, USA) with luciferase 

gene excised from pGL3-Control. pCMV^ is a mammalian reporter vector and 

contains an cytomegalovirus IE promoter, an intron (splice donor/splice acceptor; 

Okayama, 1983) and polyadenylation signal from SV40, and the full-length E, coli 

beta-galactosidase gene with eukaryotic translation initiation signals (MacGregor, 

1987).

2.2.3.3 pCHllO

The plasmid encoding p-galactosidase was purchased from Amersham Pharmacia 

Biosciences (Milwaukee, USA). pCHllO contains a functional lacZ gene which is 

expressed from the SV-40 promoter in eukaryotes and from the E.coli promoter in 

prokaryotes (Figure 2-3). The beta-galactosidase coded for by pCH llO  is a fusion 

protein containing 41 N-terminal amino acids from the E.coli gpt gene and 29 N- 

terminal amino acids from the E.coli trpS gene. The polyA signal from the SV40 early 

region provides polyadenylation of the beta-galactosidase transcript.

2.2.3.4 pGFP

pGFP encoding green fluorescent protein (a gift from Dr Walter, Swiss Federal 

Institute of Technology Zurich, ETHZ) was a recombinant plasmid from vector 

VR1012 backbone inserting a GFP gene excised from pNGFP-N3 (Promega). VR1012 

backbone was from Vical Incorporated (San Diego, USA). This plasmid expresses 

particularly well in mouse skeletal muscle, although also very well in lung and tumor 

cells. pEGFP-N3 encodes a red-shifted variant o f wild-type GFP which has been 

optimized for brighter fluorescence and higher expression in mammalian cells
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(Excitation maximum = 488 nm; emission maximum = 507 nm).

2.2.3.S gWIZ

This plasmid coding luciferase was purchased from Gene Therapy Systems, Inc., (San 

Diego, USA). gWIZ vectors contain a proprietarily modified promoter followed by the 

intron A from the human cytomegalovirus immediate early gene and a high-efficiency 

artificial transcription terminator. This plasmid is suitable for in vitro and in vivo gene 

expression studies and applications. Kanamycin selection was used to grow the 

plasmid in E. coli.

2.23.6 pAgSSB

This plasmid containing the cDNA for the M. Tuberculosis mycolyl-transferase, 

constructed from pUC19, was a gift from Prof. Kris Huygen, Pasteur Institute, Brussels, 

Belgium. Ag85B is an epitope protein from a mycobacterial enzyme, encoding a 

mycolyl-transferase, used by the mycobacteria in the synthesis o f cord factor and 

assuring cell wall integrity. In the event of human expression o f the protein, it is 

anticipated that it will have no deleterious effect. The plasmid encodes the Ag85B gene 

under a mammalian CMV promoter and intron.

2.2.4 The cell lines and the media for cell culture

Chinese hamster ovary cells (CHO-Kl), an epithelial cell line, and 293 cells, a human 

embryonic kidney cell line, were both from the American Type Culture Collection 

(ATCC, Manassas, USA). B16 FIO cells were a murine cell line from the ATCC. 

Ham's F12-K medium with 2 mM L-glutamine adjusted to contain 1.5 g/L sodium 

bicarbonate; 90%; fetal calf serum 10% and Dulbecco’s modified Eagle’s medium 

(DMEM) (Life Technologies, Rockville, USA) supplemented with 10% fetal calf serum 

(FCS, HyClone Laboratories, Logan, USA).

The cell lines used in the experimental work are described below:

2.2.4.I. 293 ceils

These are embryonic human epithelial kidney cells transformed by: adenovirus 5. 

Properties / uses: virology; transformation; virus titration; Susceptible to: adenovirus, 

astrovirus, grown as a continuous culture monolayer. Karyology: contains and 

expresses the transforming genes of Ad5. Availability in cell line catalogues: ATCC 

CRL 1573; ECACC 85120602.
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2.2A.2, CHO-Kl cell

These are hamster epithelial-like ovary cells originally from CHO cells.

Properties / uses: genetics; nutrition; transfection; toxicity screening; cell biology; 

virology; cytotoxicity; bacterial cytotoxicity; gene expression; Grown as a continuous 

culture monolayer. Karyology: hypodiploid, modal number 20. Availability in cell line 

catalogues: ATCC CCL 61; ECACC 85051005.

2.2.4.3. B16 FIO cell

Mouse (C57BL/6J) epithelial melanoma cells

Properties / uses: pigment production; adhesion; antitumour testing; metastasis; cell 

cycle. Grown as a continuous culture monolayer; Availability in cell line catalogues: 

ATCC CRL 6475; ECACC 92101203.

2.2.4.4. HeLa cell

These are human epithelial-like cervix epitheloid carcinoma cells.

Properties / uses: antitumour testing; transformation; tumorigenicity; cytotoxicity; cell 

biology; bacterial invasiveness; virology. Susceptible to: adenovirus 3, measles, 

poliovirus 1, echovirus, vaccinia, arbovirus, respiratory syncytial virus, reovirus 3, 

rhinovirus, Coxsackie. Grown as a continuous culture monolayer; Availability in cell 

line catalogues: ATCC CCL 2; ECACC 85060701.

2.2.4.5. A549 cell

These are epithelial-like human lung carcinoma cells.

Properties / uses: fatty acids synthesis; tumor markers; factor dependent; replication; 

enzymology; virology; lecithin synthesis. Susceptible to: adenovirus. Grown as 

continuous culture monolayer; Availability in cell line catalogues: ATCC CCL 185; 

ECACC 86012804.

2.3 Preparation and procedures

2.3.1 Amplification of plasmids

The propagation of the plasmid DNA was out using a conventional microbiologie 

technique. Briefly, pCMVlive, pAg85B and pGFP were individually grown in 

Escherichia coli DH5a (Invitrogen, UK) incubated in a suitable volume of LB broth 

(Sigma, UK) supplemented with ampicillin (100 mg/ml. Sigma for pCMV/wx) or 

kanamycin (50 mg/ml. Sigma, for pGFP and pAg85B) and grown at 37 C overnight on 

a shaker at 270 rpm. The time for culture did not exceed 16 h. After culture
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propagation, the bacteria harbouring the copies of plasmid DNA were harvested by 

centrifugation at 4000 x g for 15 minutes. The plasmid DNA was extracted and 

purified with an EndoFree Qiagen Qiafilter plasmid Giga kit (Qiagen Co., UK) 

according to manufacturers' instructions and stored in TE buffer (Sigma). The plasmid 

quality was determined by 1 % m/v agarose gel electrophoresis using a BioRad Mini- 

Sub Cell GT and PowerPac 200 assembly (Biorad, UK). DNA concentration and purity 

were determined by UV spectroscopy using a GeneSpec I DNA/RNA Calculator 

(USA), IBM-compatible computer assembly running the GeneSpec I software and a 

paired set o f quartz 10 ml cuvettes with a 1 cm light path (Web Scientific Ltd, UK) 

according to the manufacturer's instructions. The integrity and the quality of the 

prepared plasmid were determined by agarose electrophoresis.

2.3.2 The preparation of the polyplex

2.3.2.1 Cationic group substituted polymethacrylamide (PMAA)/DNA complexes

Firstly, polymers and DNA were separately dissolved in diluted buffer (HEPES, 0.01 M, 

pH7.4, or HAc-NaAc, O.OIM, pH4.5) in a 1.5 ml expender. Each has a volume of 1 ml 

and the concentration o f each solution was based on the N/P (protonable nitrogen of 

PMAA to phosphorus of DNA) ratio of the complex. The solutions were mixed together 

on a vortex mixer. The final volume of the complex solution was 2 ml. The final 

concentration o f DNA was 20 pg/ml.

In the polymers the molecular weight related to a protonable nitrogen (which can 

contribute a proton in solution) was calculated from the graft ratio of each side chain 

and the molecular weight of the polymer.

The Mw of side group 3 (dimethylamino) propylamine (DMAPA) is 8 6  Daltons.

The Mw of side group histamine (His) is 95 Daltons.

The Mw of side group 2-propanol is 58 Daltons.

The Mw of side group trimethylammonium hydrochloride (TMAC) is 123.5 Daltons. 

PEG: 44 units, Mw is 1936 Daltons.

PEG: 113 units, Mw is 4972 Daltons.

Average Mw of a nucleotide in a DNA is 329 Daltons

Assuming every nitrogen in the side group (not including the nitrogen in amide groups) 

is protonable, the average molecular weight o f each unit containing a protonable or a 

cationic ammonium nitrogen of individual polymer was able to be calculated (Appendix 

D). Subsequently, the N/P ratio of the polymer/DNA complexes could be calculated.
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The complexes were prepared at N/P ratio 1, 2, 3, 5 and 10. Some polymers with weak 

cationic groups complexed DNA with a highest N/P ratio o f about 200.

23.2.2 Labelling plasmid DNA with rhodamine

The labelling of plasmid DNA with fluorescent rhodamine was carried out using pGFP 

and Label IT® Tracker™ Reagent according to the manufacturer’s description.

The tube containing the Label IT® Tracker™ Reagent was brought to room temperature 

and quick spin to collect the pellet. The pellet was reconstituted in the tube with the 

tracker reconstitution solution at a ratio of 50 pi of the solution to the pellet and mixed 

by gently shaking to ensure complete reconstitution o f the pellet.

The labelling reaction was then carried out by adding molecular biology-grade (i.e. 

Dnase and Rnase-free) water 37.5 pi, lOX Labeling Buffer A 5 pi, plasmid pGFP (1 

mg/ml) 5 pi and Label IT® Tracker™ Reagent 2.5 pi in a 1.5 ml Eppendof. The mixture 

o f reagents was incubated at 37 °C for 1 h. During the labeling reaction, the Eppendof 

was performed a quick spin after 30 minutes of incubation to minimize the effect of 

evaporation and keep the concentration o f reaction components at the appropriate 

levels. Unreacted Label IT® Tracker™ Reagent from the labeled plasmid was removed 

by ethanol precipitation. 0.1 volume of 5 M sodium chloride and 2 volumes of ice cold 

1 0 0 % ethanol were added to the reaction mixture which was then mixed well and place 

in a -20  °C (or colder) freezer for at least 30 minutes. The eppendorf was centrifuged at 

frill speed in a refrigerated microcentrifuge for 10 minutes to pellet the labelled DNA. 

The ethanol was gently removed with a pipette to avoid to disturb the pellet.

The pellet was washed once with 500 pi 70% ethanol at room temperature. After an 

additional centrifugation at full speed for 1 0  minutes, all traces of ethanol was removed 

with a micropipette. The labelled plasmid sample was not allowed to air dry 

extensively, as the pellet might become extremely difficult to resuspend, the labeled 

plasmid was resuspend in 10 pi of IX  labelling buffer A (or sterile water). The 

concentration o f the purified, labelled plasmid was quantified using DNA/RNA 

Calculator Genespec I spectrophotometer. Finally the labelled plasmid pGFP was stored 

at -20  °C and protect from light.

2.3.2.3 PEI/DNA complexes

PEI/DNA complexes were prepared by mixing the two individual solutions of PEI and
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DNA. After mixing, the complexes were formed instantaneously and precipitated out 

from the solution. The detalis of the procedure is summarised below:

PEI stock solution (50 mg/ml, pH7.4) 10 times diluted with deionized water into 

5mg/ml, plasmid pGL3-Control (2.83mg/ml), a stock HEPES buffer (IM, pH7.4) 

10 times diluted with deionised water into lOOmM and NaCl solution (IM ) were 

used.

Deionised water (8.861 ml) was added to a 50 ml capacity sterile tube. 1 ml of 

HEPES (100 mM) and 139 pi o f plasmid pGL3-Control solution (2.88 mg/ml) were 

added. In another 50 ml tube, 8.947 ml of deionised water, 53 pi o f PEI solution 

(5mg/ml) and 1 ml of HEPES were added.

The two tubes were gently shaken and the contents mixed followed by gentle 

shaking for 30 seconds. The final volume of the mixture (Polyplex) was 20 ml with 

the DNA concentration at 20pg/ml and the PEI concentration at 13.25 pg/ml. The 

polyplex suspension was left for 1 h at room temperature.

In this preparation, some parameters chosen for the complex formulation are as follows: 

The N/P ratio of the polyplex DNA/PEI = 5/1,

The average molecular weight of one deoxynucleotide unit o f the DNA = 330 Daltons

The average molecular weight of one unit o f the PEI = 43 Daltons

The theoretical weight ratio of the polyplex DNA/PEI = 330/43 x 5 = 1.51.

2.3.2.4 PEGylation of PEI/DNA complexes

PEI/DNA complexes were stabilised by coupling polyethylene glycol (PEG) improving 

the static stability of the complexes. M-PEG-SPA was a reactive chemical due to the 

end SPA group which easily reacts with a primary amino group forming an amide bond 

(Scheme 2-A).

mPEG -O  -CH^CH^ -C O 2 - N H S^PE I-N H ^
mP EG  -  SPA

- ^ P E G  -O  -CH2CH2 - C O N H -P E I

Scheme 2-A The PEGylation o f PEI/DNA complexes

The amount of M-PEG-SPA used in the reaction was dependent on the requirement of 

the stability. In this experiment, a ratio of PEG/PEI was selected at 1:1, 5:1, 10:1 and 

60:1.
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Before coupling, M-G-SPA was freshly dissolved in water to a 10 mg/ml solution. 

Immediately this solution was added in the tube of PEI/DNA suspension. After a 

shaking, the suspension was kept at room temperature overnight. The process and 

product of the coupling is shown as the scheme 2-A. PEG was coupled on the PEI with 

an amide formation.

2.3.2.5 Chitosan/DNA complexes

2.3.2.5.1 The preparation of chitosan particles

Chitosan (150 kDa, Fluka) was dissolved in 6 % (v/v) acetic acid to a 3% (w/v) solution 

as a stock. The stock solution was diluted with deionized water into a working solution 

with a concentration of 200 pg/ml. Penta sodium tripolyphosphate (PSTP) was 

dissolved in deionised water to a 5% (w/v) solution. In a 20 ml glass universal, 10 ml of 

chitosan solution was added. A bar spin was placed in the glass universal which was 

then placed on an electro-magnetic stirrer for stirring at a speed of 200 rpm. Under 

stirring, 20 pi o f PSTP was added to the chitosan solution. Chitosan particles were 

collected after stirring for 60 minutes. The size and the morphology was assessed by 

TEM and PCS. The original aqueous particle suspension was kept at ambient condition, 

or at 4 °C in a fridge for later use.

The chitosan particles were also prepared by using sodium citrate (NagCeOvHg ) and 

sodium hydroxide (NaOH), respectively, by the same preparation procedure. The 

stabilities of these chitosan particles were determined by reducing the pH to 3 of the 

particle system. The apparent degree of the particles was changed with changing the 

pH of the particle systems. Particle formation o f chitosan solution were estimated at 4 

levels, which were -: clear solution; +: opalescent solution; ++: emulsion; +++: 

coalescence precipitation.

2.3.2.5.2 DNA complexing of chitosan particles

Plasmid pCMV/wc stock solution (2 mg/ml) was diluted with deionised water into 

working solution of 40 pg/ml. 10 ml of DNA working solution was added in a 50 ml 

sterilised polyethyl (PE) tube. 10 ml o f prepared aqueous chitosan particle suspension 

(500 pg/ml) was taken using a serological pipette and added to the DNA working 

solution. The mixture of DNA and chitosan was shaken by hand or on a vortex for 1 

minute. The mixture was allowed to stand for 60 minutes at ambient conditions. Then 

particles were kept at 4 °C.
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For comparison, polymeric particles of various polymers, poly(methyl methacrylate) 

(PMMA)-graft-PEI, PMMA-g-chitosan, and PMMA-g-casein, were also used to couple 

DNA at the same condition (concentration, time, temperature).

2.3.3 Degradation of chitosan

Chitosan was dissolved in 100 ml of 6 % (v/v) acetic acid into a 2% solution (w/v, 2 

gram = 0.0124 moles) in a 200 ml beaker with a size 5 Teflon wrapped spin bar. After 

stirring with a magnetic stirrer the chitosan was completely dissolved in 2 h. Then the 

chitosan solution was treated at 20 °C with a solution (about 0.855 ml) containing 

0.0855 gram of sodium nitrite (0.00124 moles), i.e. 10 % of the theoretical amount for 

complete degradation. The sodium nitrite was added in small increments over a half 

hour period under vigorous mechanical stirring with a magnetic stirrer. It was stirred for 

an additional half hour and then neutralized with dilute sodium hydroxide solution. The 

degradation was investigated at different time period, e.g., 1, 2, 3, 4, and 6  h. The 

degradation o f chitosan was also investigated by using different amounts of the sodium 

nitrite, e.g., 0.00031, 0.00062, 0.00124, 0.00248, 0.00372 moles at a constant 

degradation time 4 h. It was noted that whereas untreated chitosan is completely 

precipitated at pH 6.5, only partial precipitation of the sodium nitrite reaction product 

occurred at pH 7.4. After collection of the flocculent precipitate on a filter and washing 

with water, alcohol and ether and final freeze drying under vacuum in an Edwards 

Freeze Dryer for 48 h. The product is a white coloured powder. A yield of about 60 

percent of theoretical yield was obtained. The product was kept in a desiccator at room 

temperature for later use and determination of molecular weight. The preparation of 

degraded chitosan/DNA complexes was carried out under the same conditions as 

undegraded chitosan.

2.3.4 Chemical modification of chitosan

Chitosan (150 kDa, deacetylation 85%, Fluka) was prepared in a solution o f 2 % (w/v) 

in 3 % of acetic acid. Then the pH o f this solution was adjusted to pH5.0. 50 ml of 

chitosan solution (1 g, 5.7 mMole) was added with 500 mg o f succinic anhydride ( FW 

= 100.07, 5 mMole). After stirring for 30 minutes at room temperature, 400 mg o f water 

soluble carbodiimide hydrochloride (EDC, Mr = 191.71 Da, 2.08 mM) was added. The 

reaction was kept for 24 h at room temperature. After that, the reaction precipitation 

was seperated by centrifugation. Washed with d.d. water 3 times and the reaction 

product was freeze dried with an Edwards Freeze Dryer for 3 days. The product was a 

transparent insoluble crystalline product.
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2.3.5 The preparation of PLGA nanoparticles

Nano scale PLGA particles were prepared by a non-solvent precipitation evaporation 

technique. The operation was carried in a fume cupboard to evaporate the organic 

solvents. PLGA (Mr=21kDa, 50:50) was dissolved in acetone (100 mg in 100 ml). The 

dissolved polymer solution was added to a 2 0 0  ml o f water/ethanol under stirring with a 

magnetic stirrer. The addition o f polymer solution was dropwise over 10 minutes. The 

mixture of organic/aqueous solution was continuously stirred overnight to evaporate all 

the organic solvents. The particles were collected by filtration with a filter paper. The 

morphology and size were assayed by TEM and PCS techniques, respectively.

PLA particles were prepared with a method described by Coombes et al. (1999). 

Poly(L-lactic acid ) was dissolved in acetone with a concentration o f 40 mg/ml in 5 ml 

o f acetone. After being completely dissolved, 10 ml of deionized water was quickly 

added to the solution o f under vigorous stirring with a magnetic stirrer. The mixture 

was allowed to stir overnight and the organic solvent completely evaporated off. The 

particles were then kept at 4 °C for later use and particle size determination.

2.3.6 Cell Culture

2.3.6.1 Preparation of the cell culture media

All the procedures were carried out in a sterilized cell culture cabinet.

Before the preparation of working media, fetal calf serum, antibiotics, glutamine, 

trypsin were portioned from the commercial products into small aliquots in individual 

tubes for a preparation on a scale o f 500 ml of culture medium. The sizes of these small 

aliquots are: 56 ml o f fetal calf serum (FCS), 5.6 ml o f antibiotics (penicillin 

lOOOOunits/ml and streptomycin lOmg/ml) and 5 ml of glutamine solutions (400 mM), 

10 ml o f 10 X Trypsin (2.5%) / EDTA(0.3%). The small aliquots were kept at -20  °C. 

When the preparation was carried out, 1 aliquot of each component was added into 500 

ml o f DMEM + Hepes. The resultant medium contained penicillin 100 unit/ml, 

streptomycin 100 pg/ml and 10% FCS.

The preparation of the trypsin solution: 1 part of trypsin solution + 9 parts of water.

2.3.Ô.2 Thawing of stored stock cells

Cell stock was usually made in a cryoampule with 1 ml stock medium (10^ cells) stored 

under liquid nitrogen. When making the cell culture, flasks were labelled with cell line 

name, passage number and date. An ampule of cells was taken from the liquid nitrogen 

and quickly thawed in a water bath at 37 °C by shaking, submerging only the lower half
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of the ampule. When the frozen medium was warmed until a small amount of ice 

remained in the vial, usually 1 minute, the ampule was taken out from the bath, sprayed 

with 70% ethanol thoroughly and wiped dry with clean tissue. The cell stock medium 

was transferred into the cell culture cabinet and then completely thawed. The content of 

the stock cell was transferred into a 75 cm^ flask with about 15 ml of pre-warmed 

culture medium to dilute the DMSO. The flask was slightly shaken to let cells 

homogenously distribute in the flask and then put in the cell culture incubator at 37 °C 

with 5% CO2. The cells were examined with an inverted microscope (phase contrast) 

after 24 h.

2.3.Ô.3 The subculture

The following procedure was performed in a sterile cell culture cabinet. Removal of the 

cell culture medium from a flask was undertaken when over 85% confluency of cell 

growth was reached. The flask was washed with 10 ml PBS without Ca^^ and Mg^^. 0.6 

ml of trypsin/EDTA solution was added to the flask. The flask was then incubated at 

37°C with 5% CO2 for 3-5 minutes. The cells were detached from the bottom of the 

flask by gentle tapping after which, 1 0  ml o f culture medium was added, and the cell 

suspension mixed. 1 ml of the homogeneously mixed cell culture mixture was taken 

into a new flask, and about 20 ml of pre-prepared medium was added. The flasks were 

incubated (37°C, 5% CO2) for 3-5 days.

2.3.6.4 Cryopreservation of cell lines

The cultured cells were viewed with an inverted microscope to assess the degree of cell 

density and confirm the absence of bacterial and fungal contaminants. The cells were 

detached by adding 0.6 ml Of trypsin/EDTA and resuspended in a volume of fresh 

medium at least equivalent to the volume of trypsin (suspension cell lines can be used 

directly). Cells were counted and viability confirmed as at least 90% for a good 

recovery after freezing. The suspended cells were transferred to a 15 ml sterile tube. 

The remaining culture was centrifuged at 150 g for 5 minutes and resuspended at a 

concentration o f 2-4 X 10  ̂ /ml in freeze medium. A 1 ml aliquot o f cells was placed 

into a cryoprotective ampule and then inside a passive freezer e.g. Nalgene Mr. Frosty. 

The freezer was filled with isopropyl alcohol and placed at -80  °C overnight before the 

sample was be transferred to the vapor phase of a liquid nitrogen storage vessel and the 

location recorded.
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2.3.7 Cellular transfection

One day prior to transfection, cells (293, CHO-Kl, HeLa, A549 or B16 FIO) were 

seeded, in 48-well plates at a ratio o f 20,000 cells/well. For exact control of cell 

numbers, cells were counted with a hemocytometer. Cells were diluted with medium to 

give a concentration o f 40,000 cells/ml, 500 pi of the diluted medium containing cells 

was added to each well.

At 70% cell confluence, the medium was discarded and the cells were washed with PBS 

which was then removed. 2 0 0 pl of the cell culture medium was added to each well,

50 pi of the polyplex containing 1 pg o f reporter plasmid was added to each well and 

each sample prepared in triplicate. These cells were incubated at 37°C and 5% CO2 for 

3-5 h. The medium was removed and plates were washed with PBS, 500 pi of fresh 

medium was then added to each well. The cell culture plate was incubated at 37°C and 

5% CO2 for another 48 hours or longer,

2.3.8 Preparation of the PLGA microspheres containing PEI/DNA complexes

2.3.8.1 Method 1:

This was according to Wang’s (1999) method with minor modifications, 0,5 ml o f the 

PEI/DNA complex was used (average size was 70 nm, 400 pg of pCMV/wc and 265 pg 

of PEI (Mw = 25 kDa), 265 pg of mono-methoxy-PEG-SP A),

PLGA 200 mg of (Medi Sorb, L:G = 50:50, Mw = 26 kDa, Alkermes, Inc,) was 

dissolved in 7 ml o f chloroform. The aqueous complex suspension was added to the 

dissolved PLGA and the mixture was homogenized with the Silverson TL2 

homogenizer at 10,000 rpm for 2 min at ambient temperature. The water-oil (w/o) 

emulsion was poured into a beaker containing 50 ml of 1.0% (w/v) PVA (poly (vinyl 

alcohol), 13-23 kDa, 8 8 % hydrolysed. Sigma-Aldrich Co, Ltd,) and homogenized at 

2500 rpm performed for 10 seconds. The resultant water-oil-water (w/o/w) emulsion 

was poured into a second beaker containing 100 ml of 0,05% (w/v) PVA solution. The 

organic solvent was evaporated by magnetic stirring o f the solution at room temperature 

for 2 h. The microspheres were centrifuged, washed with 50 ml Milli Q water three 

times, freeze-dried and stored in a desiccator at room temperature. Examination of the 

mean size, size distribution and the morphology of the microspheres were carried out 

using Master sizer and scanning electronic microscopy,

2.3.8.2 Method 2:

This was carried out according to Barman’s method (Barman, 2000) with some
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modifications. 200 mg of poly(D,L-lactide-co-glycolide) (PLGA, 50/50, MEDISORB, 

Alkermes, Inc.) was dissolved in 5 ml o f dichloromethane. 0.5 ml o f PVA (5%) solution 

and 0.5 ml o f concentrated polyplex (containing 400 pg o f plasmid DNA) was added to 

the organic solution o f PLGA. Immediately, the mixture was homogenised (Silverson 

TL2, 1 cm probe) at a speed of 5000 rpm for about 5 minutes. 10 ml of the PVA 

solution (5%, w/v) was added to the mixture and this was then further homogenised at 

the same speed for a further 5 minutes. The homogenized w/o/w composite emulsion 

was stirred on an electromagnetic stirrer for 4 h to allow DCM evaporation. After the 

DCM was removed from the emulsion, the particles were washed with deionised water 

by centrifugation (Beckman J2-21) at 13000 x G for 20 minutes. Washing was repeated 

twice. The supernatant was discarded and the pellet was lyophilised using an Edwards 

Freeze Dryer (Micro Modulyo, Edwards High Vaccum, England) for 2 days and stored 

in a desiccator under vacuum.

2.3.9 Extraction of DNA from PLGA microspheres

10 mg of fi'eeze-dried PLGA microspheres encapsulating PEI/DNA complex were put 

in a 1.5 ml Eppendorf tube, and then 1 ml of chloroform was added to dissolve the 

PLGA microspheres. 0.5 ml of TE buffer (10 mM Tris, 1 mM EDTA, pH8.0) was 

added. The mixture was then turbulated in a turbulator (Turbula T2C, System Schatz, 

Switzerland) for 90 min at room temperature. The mixed aqueous/organic phases were 

centrifuged at 10,000 x g for 10 min. The aqueous supernatant was carefully removed 

and collected with a micro-tipped pipette (200 pi). 0.5 ml o f fresh TE buffer was added, 

and then the turbulation of the aqueous/organic mixture was repeated. This extraction 

was repeated 4 times. The extracted aqueous phases were individually stored. For the 

calibration, 10 mg of blank PLGA microsphere sample was used as a negative control.

2.3.10 The release of PEI/DNA complexes from the PLGA microspheres

PLGA microspheres encapsulating PEI/DNA complexes were resuspended in PBS 

(pH7.4, O.OIM) ( 10 mg in 0.5 ml) in triplicate. The microsphere suspensions were put 

on a shaker at 37 °C to mimic dynamic conditions. The suspensions were centrifuged at 

days 1, 2, 3, 5, 8 , 13, 18, 25, 35 and 50 pi of the supernatants were collected. After 

sample collection, the same amount o f PBS as the sample was supplemented back in the 

Eppendorf. The Eppendorfs were vortexed to re-suspend the PLGA microsphere pellets. 

The eppendorfs were put back in the shaker again for shaking. The amount of DNA in 

the release samples was assayed by the PicoGreen technique after addition of PAA, 

which was used for displacement of DNA from the complexes. The cumulative release
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curves vs time were generated.

2.3.11 Displacement of DNA from the polyplexes

For the quantitation of DNA complexed with PEI, the PEI/DNA complexes can not be 

directly used as a sample because only free DNA can be determined using the DNA 

quantitation reagent, PicoGreen, DNA can be displaced from the polyplexes using 

anionic compounds such as poly-L-aspartic acid and heparin by a competitive reaction 

between PAA and DNA. Before carrying out this procedure, PAA solution was 

prepared to a concentration of 200 pg/ml. 100 pi o f PAA solution was added to an 

Eppendorf containing one ml o f PEI/DNA complex suspension in TE buffer containing 

20 pg/ml DNA. After tightly sealing with an Eppendorf clip, the Eppendorfs were then 

placed in a rotated constant temperature incubator at 37 °C for 1 h.

2.3.12 Identification of the DNA released from the PLGA microspheres

The DNA released from the microspheres was identified by agarose gel electrophoresis. 

The electrophoresis was carried out under the following conditions: gel concentration 

was 1% of agarose, in TAE buffer with 0.01% ethidium bromide. The electrophoresis 

medium was TAE buffer and the electrophoresis was carried at 120 mA for 40 minutes. 

Visualization o f the DNA fragments was accomplished using a short wavelength UV 

light box and video capture. The gels were photographed using a Polaroid camera.

2.3.13 in vivo procedures

2.3.13.1 Immunisation scheme

Groups of 7-8 week old female BALB/c mice (n = 3) were immunized with 100 pi 

volumes of chitosan/DNA nanoparticles in sterile PBS, receiving 50 pg of DNA by 

intravenous (tail vein) or intramuscular (quadriceps o f both legs) injection. Intranasal 

instillation was carried out with 50 pg of DNA in 50 pi o f PBS. Booster doses with the 

same amount o f complexes were administered two weeks following primary 

immunisation.

2.3.13.2 Tissue sample collection

Mice administrated polycation/DNA complexes by various routes were killed by CO2 

inhalation according to Home Office regulations. Tissues of several organs were 

collected immediately after death. Lung, heart, liver, spleen, intestine and muscle were 

separately put in individual 5 ml universals and frozen in a liquid nitrogen dewar for 

about 10 minutes. The frozen tissues were then stored at a -70  °C for later use.
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2.3.13.3 Cryosection of tissues

For cryosection, tissues freshly collected were embedded in a plastic mold with about 1 

ml o f Sakura Tissue Teck® cream (Sakura-Finetek, Europe BV, The Netherland). The 

embedded tissue was then frozen in liquid nitrogen. The frozen embedded tissue 

samples were stored in a -20  °C freezer for later use. Immediately prior to cryosection, 

frozen tissues were taken out from the freezer and mounted on an aluminium cylinder 

stem with the Tissue Tek® by quickly freezing in liquid nitrogen. The aluminium 

cylinder was then placed in cryosection equipment (Maskold Cryostats and 

Microtomes) at -  50 °C. The embedded frozen tissue was then trimmed as a diamond 

shape with a blade. The top o f the diamond was toward the knife and touched on the 

blade of the knife. The tissue was then cut by control of the movement o f the cylinder 

which was connected to a roll plate, and the sectioned tissue was made into a narrow 

strip on the blade. A microscopy slide was used to touch the tissue section which was 

then transferred on the slide. The slide was fixed with methanol, then soaked in a 

mixture of glycerol/PBS (50:50) and covered with a glass cover slide. The tissue section 

slide was observed under a fluorescence microscope with a halogen lamp fitted with a 

blue light filter with an excitation wave-length at 488 nm for the observation of the 

green fluorescent protein.

2.3.13.4 Homogenisation of the tissues

Before homogenisation, tissues were taken from the freezer and then quickly a piece of 

the tissue about 50 mg was cut with a sharp blade and weighed on an accurate balance. 

The tissues were homogenised at -4  °C (in an ice bath) with a Silverson homogeniser at 

12000 rpm for about 10 seconds in 2 ml o f Promega lysis buffer. The homogenised 

tissue suspensions were then centrifuged in an eppendorf at 4 °C and 10000 x g force. 

50 |il o f supernatant was taken carefully without disturbing the sediment at the bottom 

and the lipid layer on the surface of the suspension for luciferase determination.

2.3.13.5 Bleeding of mice

A mouse was held in a polymethyl methacrylate transparent cylinder by closing the 

cover with the tail left outside. The tail was wiped with an ethanol-soaked cotton ball, 

and then warmed under an infrared lamp for about 10 seconds. The tail was pierced at 

the tail vein with a blade at the middle of the tail. The blood was then taken with a 

capillary tube with heparin treated surface and collected in an Eppendorf. About 100 pi 

was taken. The tail was wrapped with a piece o f autoclave tape to help stop bleeding. 

The blood collected was then centrifuged at 2000 G for 5 minutes. A transparent serum
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layer was left in the upper part of the blood sample and collected into another 

eppendorf. The collected sera were then stored in a -7 0  °C for later IgG determination.

2.4 Determination, assay and characterisation

2.4.1 Turbidity of the chitosan particle gelation

The turbidity value is the quantitative statement o f the qualitative phenomenon of 

turbidity. The objective of measuring turbidity is to obtain information on the 

concentration o f scattering particles in a medium (solids concentration). The scattered 

light intensity o f a light beam from the light source through the medium in the sample 

cuvette would be affected by the substance in the cuvette. The strength of this scattered 

light is a function of the concentration of the substance in the cuvette. After being 

amplified, the scattered light becomes an electrical signal delivered as the absorption 

reading.

Before the determination, chitosan (Pronova, Mr = 150 kDa) solution was prepared to a 

concentration o f 0.1 mg/ml in an acetic acid solution (O.OIM, pH5.0). The solution o f 

chitosan was added in several vials with an amount of 2 ml per vial. Then ionic 

chemicals PSTP, SC and NaOH (10% concentration) were added in individual vials 

with various volumes of 1, 2, 3, 4, 5, 6 , and 7 pi, respectively. The vials were shaken 

with a plate shaker for 30 minutes and then stood on the bench for 10 minutes at room 

temperature before determination. The samples were determined in a cuvette (light path 

1 cm) and a UV-Vis Spectrophotometer 120-02, (Shimadzu Co., Kyoto, Japan) at a 

fixed wavelength 420 nm. The absorption optimal density (OD) reading was recorded 

for each sample.

2.4.2 Viscosity determination

A solution of chitosan with an exact concentration o f 2 mg/ml in 1 % (v/v) acetic acid 

solution was prepared in a 25 ml volumetric flask. All the solutions with various 

degrees o f depolymerisation were prepared at this concentration by the same method. A 

Cannon-Fenske viscometer was used that gave an efflux flow time about 100 seconds, 

utilising a size 100 Cannon-Fenske viscometer for all solutions used. The viscometer 

was cleaned with suitable solvents (water and acetone) and dry, clean, and filtered 

nitrogen gas was pumped through to remove all traces o f solvent. The fluid sample was 

introduced from the working cup into the viscometer by pipetting 10 ml into the Tube L 

(Figure 2-1). The viscometer was placed upright in the bath to keep Tube L vertical. 

Time was allowed for the sample fluid to attain bath temperature and become free of air
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bubbles. Suction was applied to tube N or pressure to tube L to force the fluid sample 

into Bulb D about 2 cm above upper timing Mark E. The pressure or vacuum was 

removed and the fluid sample was allowed to flow down through Capillary R by the 

force of gravity. The efflux time was measured, to the nearest 0.1 second, required for 

the leading edge of the fluid meniscus to pass from timing Mark E to timing Mark F. If 

the efflux time is less than the minimum (80 seconds for the No 100 viscometer), a 

smaller size capillary viscometer is selected and steps a through e repeated. The efflux 

procedure was repeated 3 times and the reading should agree to within 0 .1% of the 

average flow time. If flow time variation was noted, the efflux time measurement was 

repeated six times and the average of the three readings that are within 0 .1% of each 

other was taken. The efflux times were recorded.

PH

I >0

3R0

9 0

Figure 2-1 A Cannon-Fenske viscometer

This determination was repeated for the all samples and the standard polymer and the 

solvent (water). The viscosity p of the sample was calculated following the equation:

p i / p 2 =  Pi t] /p2 t2
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Here we use pHzo and pHzo of water which are 0.997 g/cm^ and 0,8904 cp (centipoise). 

The p of the sample was a known data from the preparation. The tH2 0  and tg were the 

determined data from these studies.

2.4.3 Characterisation of modified chitosan by infrared (IR) spectrum

Chitosan samples degraded and chemically modified were purified by ethanol 

precipitation and water washing and dried by a freeze drying process for 3 days. About 

1 mg of the sample was used for the determination o f IR spectrum with the IR 

spectrometer DTGS machine.

2.4.4 Gel permeation chromatography

This is defined as liquid chromatographic separation of oligo- or polymeric 

multicomponent systems by size-exclusion in macroporous gels; if  (almost) no 

interaction to the stationary phase exists, the components are separated with respect to 

their hydrodynamic volumes; retention times (elution volumes) can be converted into 

molecular weight by use of calibration standards or molecular weight sensitive 

detectors.

The depolymerised chitosan was prepared at 4 mg/ml in a solution with 0.1 M 

AcH/NaAc. The volume o f the sample for determination was 50 pi. The column was 

from Waters Columns and the apparatus of the GPC was a Triple Detector 

Chromatogram (Triple Detector Array, Viscotek ).

2.4.5 Agarose gel electrophoresis

Agarose gel electrophoresis was employed to check the coupling o f DNA with 

polymers. Agarose was dissolved in TAE buffer to a 1% (w/v) concentration by boiling 

on an electric heating plate. When the solution of agarose cools down to 50 °C, 5 pi of 

ethidium bromide ( 1 0  mg/ml) was added in 1 0 0  ml of the agarose solution and the 

warm gel solution was then poured into a gel casting tray with a sample comb. 

Ethidium bromide included in the gel matrix is to enable fluorescent visualization of the 

DNA fragments under UV light. Agarose gels were submerged in electrophoresis buffer 

( I X  TAE) in a horizontal electrophoresis apparatus. About 10 pi o f polymer/DNA 

complexes containing 0.2 -  0.4 pg of DNA were mixed with sample loading buffer and 

loaded into the sample wells. Electrophoresis was at 200 mA for 40 minutes at room 

temperature. After electrophoresis, the gel was observed by a transilluminator under UV

63



Chapter 2 Materials and Methods

light, and pictures o f the fluorescent ethidium bromide-stained DNA separation pattern 

were taken.

2.4.6 Photon correlation spectroscopy

The sizes of the complexes were determined by Photon Correlation Spectroscopy 

(PCS). The Z average sizes and the polydispersity index were recorded. The 

concentration of the complexes were 100 pg/ ml. Samples with different N/P ratio (or 

polymer/DNA ratio) were used. 1 ml of sample for every prepared polymer/DNA 

complex was added in each cuvette with 4 transparent sides. The cuvette was put in the 

PCS chamber (Malvern Instruments, UK) to determine the size and size distribution. 

The determination was repeated 10 times. The data on the average size, the standard 

deviation (SD) and the polydispersity of the complexes were collected.

2.4.7 The quantitation of DNA by the PicoGreen method

PicoGreen is an unsymmetrical cyanine dye that exhibits > 1000-fold increase in 

fluorescence upon binding to double-stranded DNA (dsDNA) with relatively little 

reactivity toward RNA or single stranded DNA (Molecular probes, product literature). 

Quantitation o f dsDNA is linear from 25 pg/ml to 1 pg/ml when fluorescence is 

measured by a spectrofluorometer at emission wavelengths o f 520 nm. Linearity is 

maintained in the presence of many salts, ethanol, detergents and organic solvents such 

as chloroform, although the signal is affected. The dye has been used to quantify DNA 

from PCR reactions (Ahn, 1996) in plasmid/lipid complexes (Ferrari et al., 1998) and 

in microspheres (Walter et al., 1999) The exquisite sensitivity o f PicoGreen allows for 

the detection o f DNA at concentrations as low as 25 pg/ml. The sensitivity of 

PicoGreen potentially renders it an attractive analytical tool for quantifying dsDNA 

encapsulated within and released from PLGA microspheres.

The PicoGreen working reagent was prepared by dilution of stock reagent to a ratio of 

1:200 with deionized water. With a black 96-well microtiter plate, 50 pi of sample (the 

extracted supernatant) and 50 pi of PicoGreen work reagent were added into each well. 

The plate was then incubated at room temperature for 5 min. The samples were 

assayed with a Victor II multilabel spectrophotometer at 520 nm at a reading speed of 

one well/0.1 second. In parallel, a series o f standard DNA solutions with concentrations 

o f 0, 1, 10, 50, 250, 500, 700, 1000 ng/ml were prepared for calibration. When the 

samples were abstracted from PLGA microspheres, the standard DNA concentrations 

were prepared with the extraction medium from blank PLGA microspheres treated in
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the same way as the DNA encapsulated PLGA microspheres. The samples and the 

standard concentrations were prepared in triplicate. The calibration curve o f pCMV/wc 

in water is shown in Appendix E.

2.4.8 Luciferase gene expression assay

Firefly luciferase is a 61 kDa monomer that catalyzes the mono-oxygenation of beetle 

luciferin (Scheme 2-B). Beetle luciferin is a relatively stable molecule found only in 

luminous beetles (which include fireflies). The enzyme uses ATP as a cofactor, 

although most of the energy for photon production comes from molecular oxygen. The 

quantum yield is about 0.9, the highest of any known luminescent reaction.

tA M P tP P U C O ztL igh t

OxyluciferinBeetle Luciferin

Scheme 2-B The mechanism that luciferase catalysis the luciferin

The gene encoding firefly luciferase (/mc) is a cDNA clone that has been incorporated 

into a number o f reporter vectors. When expressed in mammalian cells, luciferase 

molecules produce luminescence in direct proportion to their number, provided that the 

substrate luciferin, and ATP are present. The transfection of the plasmid coding the 

luciferase gene in mammalian cells was identified by determination of the luciferase 

activity, i.e. a reading o f the relative light units (RLU) o f the luminescence resulting 

from the reaction between the luciferase and its substrate.

The assay o f luciferase gene expression is carried out with Promega luciferase assay 

reagent kit as summerised below:

Luciferase Assay Reagent (LAR) was prepared by adding Luciferase Assay Buffer 

(10ml for E l52A) to the vial of lyophilized Luciferase Assay Substrate. The prepared 

working reagent was dispensed into working aliquots and stored at -20°C  or -70°C. 

Before each use of the reagent, LAR was allowed to equilibrate to room temperature. 

(Do not thaw LAR at temperatures above 25°C.) Lysis reagent was prepared by adding 

4 ml o f DD water to 1 ml of 5X lysis reagent (Cell Culture Lysis Reagent, Cat.# 

E1531).
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Growth medium was removed from cultured cells. The cultured cells were rinsed with 

PBS without dislodging cells. The final wash PBS was removed as much as possible. 

100 pi of lysis reagent was added in each well of the 48-well plate. Attached cells were 

scraped from the well using the pipette tip and the cells and the solution were 

transferred to eppendofs. The debris of lysed cells was pelleted by brief centrifugation 

and the supernatant was transferred to a new eppendorf.

The cell lysate 20pl was mixed with 50pl of Luciferase Assay Reagent. The sample 

mixture was measured for the light produced using a multilabel microplate reader 

(Victor 2, Norway).

2.4.9 Green fluorescent protein expression determination

2.4.9.1 The principle of the determination

The picture (Figure 2-2) illustrates the principle of GFP in that the green fluorescent 

emission is induced by blue light excitation.

£

Figure 2-2 The green fluorescence excitation of GFP by a blue light at wavelength 488 
nm. This picture was taken from the work of Armand Tepper from the métallo protein 
group (MetProt) at Leiden University.

The GFP molecule is composed of a chromophore which can be excited by blue light at 

wavelength of 488 nm emitting green fluorescence. The molecular structure illustration 

(Figure 2-3) shows that the chromophore is represented by spacefill atoms which are 

located in the centre of a beta barrel of thin ribbons. The viewing of this green 

fluorescence was realised with a fluorescent microscope fitted with 488 nm blue light
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emission. The determination was carried using a normal fluorescent microscope and a 

confocal scanning microscope.

Figure 2-3 The molecular structure of green fluorescent protein; the overall shape of 
the protein and its association into dimers. Eleven strands of (3-sheet (green) form the 
walls of a cylinder. Short segments of a-helices (blue) cap the top and bottom of the 'b- 
can' and also provide a scaffold for the fluorophore which is near geometric centre of 
the can. This folding motif, with p-sheet outside and helix inside, represents a new class 
of proteins. Two monomers are associated into a dimer in the crystal and in solution at 
low ionic strengths. This view is directly down the two-fold axis of the non- 
crystallographic symmetry. The figure was produced with ribbons (Carson, 1987)

Green fluorescent protein is comprised of 238 amino acids. Its wild-type absorbance/ 

excitation peak is at 395 nm with a minor peak at 475 nm with extinction coefficients of 

roughly 30,000 and 7,000 M'^ cm'% respectively (Kahana, 1996). The emission peak is 

at 508 nm. Interestingly, excitation at 395 nm leads to a decrease over time of the 395 

nm excitation peak and a reciprocal increase in the 475 nm excitation band (Cubitt, 

1995). This presumed photoisomerization effect is especially evident with irradiation of 

GFP by UV light. Analysis of a hexapeptide derived by proteolysis of purified GFP led 

to the prediction that the fluorophore originates from an internal Ser-Tyr-Gly sequence 

which is post-translationally modified to a 4-(p-hydroxybenzylidene)- imidazolidin-5- 

one structure (Cody, 1993).
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2.4.9.2 Fluorescence microscopy assay

For these experiments, the transfection o f GFP reporter plasmid to 293 cells was carried 

out as the standard process o f transfection with chitosan particles. After transfection, the 

cells were viewed on 2 days, 6  days, 9 days and 20 days with a fluorescent microscope 

(Nikon-Microphot FXA, blue filter, excitation wave length, 488 nm). Pictures were 

taken with a computer supported camera and image software (Photo Shop 5.1).

2.4.9.3 Living cell confocal laser scanning microscopy

The 293 cells transfected with pGFP labelled with Rhodamine fluorescent reagent 

complexed chitosan particles were viewed with a confocal LMS510 microscope. An 

argon laser was used to excite green fluorescence at 488 nm and a helium neon laser 

was used for red fluorescence at 543 nm. Images were taken using a band pass filter of 

505-530 nm for green fluorescence and a long pass filter o f 560 nm for red 

fluorescence. The cells observed were live cultures in a 35 mm petri dish. The view was 

detected using a 20 and 63 fold objective lens. A multitrack function was selected 

allowing viewing both GFP and rhodamine fluorescence at emission wavelength 488 

nm and 543 nm.

2.4.10 The assay of protein in cell lysates

The cell lysates from step 6 of the protocol for luciferase assay (paragraph 2.4.8) were 

centrifuged at 15000 g for 15 minutes at 4 °C. 20 pi o f the supernatant was taken and 

put in an Eppendoff, 800 pi of the Bio-Rad (Bradford) Protein Assay Reagent was 

added. The Eppendoff contents was homogenised by an up-down movement 3 times. 

The tubes were incubated at room temperature for 30 minutes and then the assay 

mixture put in to a cuvette. The cuvettes were assayed at 485 nm for their absorbance. 

Firstly a calibration (Appendix F) was made with the standard bovine serum albumin 

(BSA) in a concentration range of 0 - 100 pg/ml in deionized water (DDW) and in lysis 

buffer. This was correlated with the experimental values to give their protein 

concentration.

2.4.11 Polymerase Chain Reaction (PCR)

2.4.11.1 Principle of PCR

The PCR technique is basically a primer extension reaction for amplifying specific 

nucleic acids in vitro. A thermostable polymerase allows the dissociation of newly 

formed complimentary DNA and subsequent annealing or hybridisation of primers to 

the target sequence with minimal loss o f enzymatic activity. After a PCR procedure, a
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short stretch of DNA (usually fewer than 3000 bp) was amplified about a million fold 

so that it is possible to determine its size, nucleotide sequence, etc. The particular 

stretch of DNA to be amplified, called the target sequence, is identified by a specific 

pair o f oligonucleotides o f about 2 0  nucleotides in length, the oligonucleotide is also 

called a primer.

2.4.11.2 The designation of the primers

Before the PCR process, primers should be selected based on the sequence of the target 

nucleotide segment (Innis and Gelfand 1990). When designing the primer, the following 

rules should be considered:

• Try to keep the primer 50% G-C give or take 15%. If overly G-C rich add a 

string of As or Ts at 5' end; If overly A-T rich, do the same with Gs and Cs.

• Try to avoid Gs and Cs at 3' end of the primers. This may increase the chance of 

forming primer dimers.

• Avoid self-annealing regions within each primer.

• Compute Tm as sum of 4 C for G/C and 2 for A/T, then subtract 5 C from this 

value and that is our annealing temperature. Naturally, the annealing 

temperature will be that of the primer with the lower value. Differences o f 4-6 

°C do not seem to affect the yield of PCR. Ideally the Tm for each primer to 

match should be within the 70-75 degrees C range.

The primers (forward and reverse) were designed using a web primer designation 

software (Primer3) and based on the sequence of a fragment o f the SV40 late poly(A) 

signal gene pGL3-Control and pCMV/wc contained.

2.4.11.3 The extraction of whole DNA from cells

The whole DNA of the cells was extracted using Puregene DNA purification Kit 

(Genetra Systems, Inc). Firstly, Cell Lysis Solution 100 pi was add to a well of cultured 

cells. The cells were scrapped with pipette tips and pipet up and down to lyse. After 

mixing, cells were incubated at 37°C until the solution is homogeneous. The lysate of 

cells was transferred to 1.5 ml Eppendorf. Secondly, RNase A Solution 0.50 pi was 

added to the cell lysates in the Eppendorf. The sample was mixed by inverting the tube 

25 times and incubated at 37°C for 15-60 minutes.

Then samples were cooled to room temperature. Protein Precipitation Solution 33 pi 

was added to the RNase A-treated cell lysate. The Eppendorf was vortexed vigorously 

at high speed for 20 seconds to mix the Protein Precipitation Solution uniformly with
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the cell lysate followed by centrifuge at 13,000-16,000 x g for 3 minutes. The 

precipitated proteins formed a tight pellet.

The supernatant containing the DNA was poured into another 1.5 ml Eppendorf tube 

containing 100 pi 100% Isopropanol (2-propanol) and 0.5 pi Centra Glycogen Solution 

(20 mg/ml). The sample was mixed by inverting gently 50 times followed by centrifuge 

at 13,000-16,000 x g for 1 minute and then a small white pellet o f DNA was visible. 

The supernatant was removed using a pipette and the Eppendorf was drained on clean 

absorbent paper. 100 pi of 70% Ethanol was added in and the tube was inverted several 

times to wash the DNA pellet. The Eppendorf was centrifuged at 13,000-16,000 x g for 

1 minute. The ethanol was carefully poured off. The tube was inverted and drained on 

clean absorbent paper. Air dry 10-15 minutes. DNA Hydration Solution 10 pi was 

added. DNA was rehydrated by incubating 1 hour at 65°C and/or overnight at room. 

DNA sample was finally stored at 4°C for immedially PCR process.

2.4.11.4 The process of the PCR

There are three major steps in PCR (Figure 2-4), which are dénaturation, annealing, 

extensions which are repeated for 30 or 40 cycles on an automated cycler, which can 

heat and cool the tubes with the reaction mixture over a very short time.

During the dénaturation, the double strand melts open to single stranded DNA, all 

enzymatic reactions stop (for example: the extension from a previous cycle).

Annealing is carried out at 54 °C: The primers are jiggling around, caused by the 

Brownian motion. Ionic bonds are constantly formed and broken between the single 

stranded primer and the single stranded template. The more stable bonds last a little 

longer (primers that fit exactly) and on that a small piece of double stranded DNA 

(template and primer), the polymerase can attach and starts copying the template. Once 

there are a few bases built in, the ionic bond is so strong between the template and the 

primer that it does not break anymore.

Extension is carried out at 72 °C : This is the ideal working temperature for the 

polymerase. The primers, where there are a few bases built in, already have a stronger 

ionic attraction to the template than the forces breaking these attractions. Primers that 

are on positions with no exact match, get loose again (because o f the higher 

temperature) and don't give an extension of the fragment.
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PCR : Polym erase Chain Reaction
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Figure 2-4 The mechanism of the polymerase chain reaction for the DNA 
clone(adapted from Dr. W elcom e to the Hom epage o f  Andy Vierstraete 

http : //users .ugent.be/~avi erstr/principles/pcr.html)

Figure 2-4 shows the different steps in PCR. Because both strands are copied during 

PCR, there is an exponential increase of the number of copies of the gene. One copy of 

the wanted gene before the cycling starts, after one cycle, will produce 2 copies. After 

two cycles, there will be 4 copies, three cycles will result in 8 copies and so on (Figure 

2-5).

In this work, the total DNA of the cells were extracted and purified from the transfected 

cells. The extracted DNA was then reacted with the primers in the tubes of Ready-to-Go 

PCR Beads Kit (Amersham Pharmacia Biotech Inc., USA) in the Eppendorf Gradual 

cycler (Hot Cycler, German). The temperatures for denaturing, primer annealing and 

extension were 95 °C, 55 “C and 72 °C, respectively. The thermal procedure of the 

extension was repeated for 35 cycles. For calibration, free plasmid pGL3-control and 

the extract from non-transfected cells were used as positive and negative controls. The 

PCR products were assayed by agarose gel electrophoresis.
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Figure 2-5 An illustration of exponential amplification of the DNA segments by the 
PCR process (adapted from web biochem 2Gen recombinant DNA technology 
www.bi.umist.ac.uk/ users/mjfssps/2GEN/PCR.GlF).

2.4.12 X-Gal staining for P-Gal gene expression

The mechanism of the determination of the expressed p-galactosidase is as Scheme 2- 

C. The X-gal (5-bromo-4-chloro-3-indolyl-D-galactoside) can be cut by P- 

galactosidase and then a chromogenic “X” moiety of 5-bromo-4-chloro-3-indoxyl can 

be released free and two indoxyl molecules from a blue dimer which can be used as an 

indicator. So if the transfection of a DNA encoding p-galactosidase is successful and 

the P-galactosidase has been expressed, the cells would be a blue colour after a staining 

with X-Gal.

The CHO-Kl cells were seeded in the ratio of 50,000 cells/well on a 24 well plate one 

day before transfection. When the cells reached 80% confluence, the cells were 

transfected with chitosan/DNA complex, PLA and PLLA particles coupling DNA. 

Lipofectin was also used as a positive control. The transfected cells with chitosan- 

pCHllO or pCHllO loaded PLA particles and PLLA lamellae were cultured for 1-2 

days after replacing media. After washing cells with PBS (containing 1 mM MgCb) the 

cells were fixed with a solution of 0.2% glutaraldehyde at 4 °C for 30 minutes. Cells 

were washed 2 times with PBS (+MgCl2) for 10 minutes each time. The cells were 

stained with 100 pi of X-Gal working solution which was composed of 100 pi of X-Gal 

stock solution (20 mg/ml in DMSO), 20 pi of potassium ferricyanide (0.5 M made in

72

http://www.bi.umist.ac.uk/


Chapter 2 Materials and Methods

sterile d.d. H2O), 20 pi of potassium ferrocyanide (0.5 M made in sterile d.d. H2O), 4 pi 

of MgCl2 (IM ) and 1.856 ml o f PBS, prepared just before the staining. The stained 

cells were incubated at 37 °C in a humidified incubator over night. The cells were 

washed 2 times with PBS, the stained cells were counted for the evaluation of the 

transfection efficiency and also photographed.

5-bromo-4-chloro-3-indolyl-beta-D-galactoside

C lCH^O

OHHO B e t a - G a l a c t o s i d a s e
OH

G a l a c t o s eBr,

N onenzym atic  
dim erization  
'aqd oxidation5-brom o-4-chioro-lndoxy!

Blue precipitate

Br,

C l

5,5'-dibromo-4,4'-dichloro-indigo

Scheme 2-C The principle of the X-Gal staining technique for the p-galactosidase 
assay

2.4.13 MTT assay of cell viability and evaluation of cytotoxicity of polymers

The tétrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), is taken up into cells and reduced by a mitochondrial dehydrogenase enzyme to 

yield a purple formazan product (Scheme 2-D) which is largely impermeable to cell 

membranes, thus resulting in its accumulation within healthy cells. The ability o f cells 

to reduce MTT provides an indication of the mitochondrial integrity and activity which, 

in turn, is interpreted as a measure of viability of cells. Comparison of results between 

control and test cultures provides an indication of the cytotoxic effect of test 

compounds.

Sterile, flat bottomed 96-well plates were seeded with Chinese Hamster Ovary (CHO- 

K l) cells to a density of 10"̂  cells/well and incubated at 37 °C and 5% CO2 for 24 hours. 

The wells in the plate were only used in the central part ( 6 X 1 0  wells) because the
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media in the peripheral wells easily evaporates affecting cell growth. The peripheral 

wells are filled with medium only. The positive controls were put at both sides o f the 

wells because of the effect of the order o f addition of the materials, humidity and/or 

temperature on the obtained results.

.C H g

N A D H /N A D P H

Mitochondrial enzyme

HN.

Scheme 2-D Metabolism o f MTT by viable cells to a water-insoluble formazan salt.

Polymers, including PEI, EPP 11 - 16 cationic substituted polyacrylamides and 

chitosan, were dissolved in the cell culture media F-12 (Hams) to give a concentration 

o f 5 mg/ml and then added to the cells to give a concentration range o f 0 - 5 mg/ml as 

shown in Table 1. Each sample was prepared in triplicate. After incubation for 72 h, cell 

viability was assessed using the MTT assay. MTT (20 pi o f a 5 mg/ml solution in PBS) 

was added to each well and the plates were subject to a further incubation o f 5 h at 37 

°C in 5% CO2. The plates were gently tipped and the media aspirated, taking care not to 

disturb the layer o f formazan crystals at the base o f each well. Spectrophotometer grade 

DMSO 100 pi was then added to each well and the plates incubated at 37 °C for 30 

minutes to dissolve the crystals. The plates were read spectrophotometrically at 570 nm 

using a Wallac Victor II multilabel counter (Perkin-Elmer, Inc).
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Table 2-1 The concentrations of polymers in cell culture plate

Concentration 5 1 0.5 0 .1 0.05 0 .0 1 0.005 0
of polymers
(mg/ml)

Cells incubated in cell culture medium alone were used as a control to assay 100% 

viability. Viability o f cells exposed to test polymers was expressed as percentage of the 

viability seen in control untreated cells (Mean ± S.D., n = 3). Normally, the ID50 value 

(i.e. concentration of chemical resulting in 50% inhibition o f cell growth or reducing 

cell survival by 50%) can be obtained from the viability plots (percentage of viability of 

the cells tested over a range o f concentrations of the test chemicals).

2.4.14 Immune response analysis

Antigen-specific antibody endpoint titers in sera were determined by enzyme linked 

immunosorbent assay (ELISA). Sera were serially diluted to 1/50 with PBS containing 

0.5% v/v Tween (Sigma) and 1 % m/v of bovine serum albumin (BSA, Sigma) (PBS- 

TB). Flat-bottomed, 96-well microplates (Fisher) were coated overnight at 4°C with 100 

pi volumes of 1% m/v antigen (luciferase (Sigma) or GFP (Sigma)) in PBS. Following 

double washing with PBS supplemented with 0.5% v/v Tween (PBS-T) using a 

microplate washer (Dynatech MRW), wells were blocked with 50 pi volumes of 4% 

m/v BSA in PBS-T by incubation at 37°C for 1 h. Following washing, two-fold serial 

dilutions of 1/50 serum diluents in PBS-T were prepared on the ELISA plates and 

incubated for 1 h at 37°C. Plates were washed and 50 ml volumes of goat anti-mouse 

IgG horseradish peroxidase conjugate diluted 1/1000 in PBS-T (Sigma) were added for 

another 1 h at 37°C. Following washing, 50 pi volumes o f fresh enzyme substrate 

solution consisting of three 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid 

(ABTS) tablets dissolved in citrate buffer supplemented with 0.025% v/v H2O2 was 

incubated at 37°C for 1 h, and absorbance was read at 405 nm using a Dynex MRXII 

Microplate Reader (Dynex, UK). Endpoint titers were determined as the dilution at 

which sera o f immunized mice gave absorbance readings 5% higher than the 

absorbance of sera of naive mice.
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Chapter 3 The Mechanism of Complex Formation

3.1 Interaction between polycations and DNA

3.1.1 Complexes

DNA delivery can be achieved with a particulate system which is capable o f cellular 

entry via endocytosis. Successful DNA loading of a particulate system depends upon 

either a complexation with DNA by prepared particles - surface adsorption, a chemical 

coupling, or an encapsulation by a double emulsion formulation procedure. These 

procedures are, however, highly variable in terms of loading efficiency, size control of 

particles and protection o f DNA integrity, ultimately resulting in a low transfection 

efficiency and loss of bioactivity o f the delivered DNA.

DNA is an extremely large molecule. The chromatin of a typical human chromosome 

would be about 1 mm in length if it was extended and would therefore span the nucleus 

more than 100 times, in its normal state, DNA is condensed by various cellular proteins, 

such as the histone proteins that allow such a large molecule to fit inside the cell 

nucleus (Phillips, 1971). Even a plasmid DNA molecule o f around 6  kb in size has an 

extended structure several hundred nanometers in diameter. In order to efficiently 

deliver plasmid DNA into cells it is, therefore, necessary to condense the delivered 

DNA to a much smaller size (Polymer Vectors, DNA condensation in web site of Gene 

delivery Group, University o f Birmingham, http://www.bham.ac.uk/can4psd4/nonviral/ 

condense.html.)

Endocytosis o f plasmid DNA can be achieved if the DNA is condensed to 100 nm or 

less in diameter (Ogris et al., 1998), while access to tumour tissue from the vasculature 

is limited to particles less than 70 nm in diameter (Cupars et al., 1994). It is therefore 

important to condense plasmid DNA to as small a size as possible to facilitate gene 

transfer, and indeed the size o f the condensed DNA complex may be one of the most 

important factors for successful in vivo gene delivery.

DNA condensation by cationic polymers results in nano scale complex particle 

formation. Moreover, DNA in the complexes is intact and therefore biologically active, 

and also can be freed from the complexes following cellular entry by pinocytosis and 

phagocytosis. The condensation of DNA is an ionic interaction between anionic DNA 

and cationic polymers in a mild aqueous surrounding. Therefore, cationic polymer/DNA 

complexes (polyplexes) are valuable and attractive approaches for gene transfer 

research.
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O f the preparation of polyplexes, therefore, size control is a primary subject. Sizes of 

polyplexes are a consequence of co-contribution o f physicochemical properties o f the 

components o f the polymer and DNA. The properties o f materials, such as the charge 

density, and hydrophilicity o f a polymer play an absolute key role in the formation of 

polyplexes. In this chapter the use o f a biomedical polymer library, which was 

synthesised with different cationic side chains, to investigate the mechanism of polyplex 

formation, the effect of cationic properties on the complexation and the modification of 

hydrophilicity of polymers will be discussed.

3.1.2 The cationic characteristics of the polymethacrylamide family

PMAA were synthesised with cationic side chains to form cationic copolymers (the 

synthesis o f the polymers were carried out by Dr. E Redone in the Medical Polymer 

Material Group, London School of Pharmacy). There are now reports showing the 

potential of these polymers to complex DNA and transfect mammalian cells (Konak et 

al., 1998, Dubruel et al., 2000). The advantages of these polymers are the 

biodegradability and adjustable cationic charge density which can readily control the 

sizes and the charge o f the complexes.

Nucleophiles Nomenclature Comment
\ / ^ n /

3-(Dimethylamine)Propyl (DMAP) p K a 7 .4 -6 .1

(2-Aminoethyl) trimethylammonium 
ethylamine chloride (TMAE)

Permanent cationic group

N = ^
Histamine (His) pKa ~ 6.0, Biocompatible

2-Propanol (PA) Hydrophilic/biocompatible

A: Data from Dr. Elisa Redone (2003)

Of the PMAA polymers used in this work, there were 4 side groups, 3(dimethylamino) 

propylamine (DMAP), histamine (His), 2-propanol (PA), trimethylammonium 

ethylamine hydrochloride (TMAE) which were chemically linked to the PMAA 

backbone. From these four side groups, 2-propanol is a non-ionic group. His and DMA 

are protonable groups, and TMA is a permanent ionic group. The charge properties of
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these polymers are listed in Table 3-1. The cationic degree o f these groups should be in 

the following order, from strong to weak: TMAE > His > DMAP > PA. The cationic 

characteristics of these polymers were described in Dr. Pedone’s work (2003). 

According to her work, the titration o f polymers with hydrogen chloride (O.OIN) in pH 

range of 10 -  2 at 25 ° C showed that polymers with different side groups presented 

different buffering ability (Figure 3-1).

11

10 -o -E P P O l 
-O -E P P 03 
— EPPl l  
 water

9

8

5
4

3
2

640 2

Volume o f HCl 0.01 N (ml)

Figure 3-1 Titration curves for EPP polymers (from Dr Elisa Pedone, in Journal o f  
Materials Chemistry, 2003, 13: 2825-2837).

Polymer EPP-1 with DMAP (46%) and PA (54%) groups showed the strongest 

buffering ability, which buffered the solution from pH 10 to 2. EPP- 2 with His group 

(34%) and PA (6 6 %), Polymers EPP-3 with His group (44%) and DMAP group (56%), 

and EPP-8  with DMAP group and a 5 kDa PEG block, following polymer EPP-1, also 

presented relatively strong buffering ability, although the EPP-2 polymer showed a 

small drop on the titration plot at pH 4.5. Polymers EPP-14 with the TMAE group and 

His group presented a medium buffering ability and the increased slope o f its titration 

plot at an area adjacent to pH 8 indicating that there is a pKa of pH 8  for this polymer. 

The pKa of EPP-11 is similar to EPP-14. These data confirmed that polymers with 

TMAE groups have apparent cationic characteristics. Polymers with only DMAP and 

His are weakly cationic but their cationic characteristics were increased with the 

decrease of the surrounding pH.
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3.1.3 The preparation of PMAA copolymers/DNA complexes

The ability o f polymers to complex DNA is related to the ratio of the polymer to DNA 

in terms of whether this is a mass ratio or a molar ratio, in addition to the cationic 

strength of the polymer. In the EPP polymers, the molecular weight of a protonable, or a 

cationic unit is different between individual polymers due to the difference o f the 

components and the ratio of the components. The molecular weights for individual 

substituted methacrylamide units calculated based on the data o f components of 

individual polymers (Appendix C) are listed in Table 3-2.

Based on the data shown in Table 3-2, complexes of EPP polymers with plasmid DNA 

pCMV/wc were prepared in different ratios of polymer/DNA at pH 7.4 which is a 

physiological pH and pH 4.5 which is the lowest pH in many cellular organelles. The 

preparation was carried out on the basis o f weight ratio of polymer to DNA, However, 

for the evaluation of charge density of the complexes, a N/P ratio, or a charge ratio, may 

be an advantage. N/P ratio describes the ratio of nitrogen atoms in various amino groups 

of polymers to phosphorous atoms in nucleotide of DNA in molecule number. The 

comparative weight ratios are shown as N/P ratios and listed in Table 3-3.

The degree and stability o f the complexation of each of the polymers to DNA were 

evaluated using agarose gel electrophoresis and particulate characteristics analysed 

using the photon correlation spectroscopy (PCS), which measures the size of colloidal 

particles by observing their Brownian motion. This is achieved by illuminating the 

particles with a laser and by observing the rate of change of the speckle pattern 

produced. Polymer/DNA complexes are colloidal dispersions. The PCS technique is the 

best methods to determine their sizes and now became a widely accepted method for 

determination of the sub-micron dispersions (emulsion and suspension). In this 

experiment, a Malvern 4700c sub-micron detector (Malvern Instruments) was used and 

the Z average diameters were detected (Rawle, Malvern Instruments Limited).

It was found that complexation and the formation of particles were achieved with the 

substituted PMAA polymers and plasmid DNA pCMV/wc, a luciferase reporter plasmid 

DNA. The ratio of PMAA/pCMV/wc, the pH in the preparation media, the cationic 

groups and the degree of PEGylation of PMAA were all factors affecting the degree of 

complexation of DNA with these polymers.
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Table 3-2 The basic stoichiometric data o f PMAA family used in the work

Polymer® M n/
Dalton

PEG,
%

Mr of an 
average unit Side groups
containing a 2-PA, 
protonable molar 
nitrogen" ratio, %

DMAP, HIS, 
molar molar 

ratio, % ratio %

TMAE, 
molar 

ratio %

EPP-1
(AP)r(DMAP)y 22,900 0 332.35 54 46

EPP-2
(AP)x-(His)y 25,900 0 2 2 0 6 6 34

EPP-3
(DMAP),-(His)y 23,200 0 119.42 56 44

EPP-4
P EG2ooo"b-( AP )x" 
(DMAP)y

37,900 6 408.53 61 39

EPP-5
P EG2ooo"b"(DM AP )x 33,400 6 175 1 0 0

EPP-6
P EG2ooo"b”(TMAE)x- 
(His)

33,200 6 138.73 69 31

EPP-7
P EG2ooo"b-( AP )x-
(His)y

40,710 5 264.5 70 30

EPP-8
P EG 5ooo'b"( AP )x” 
(DMAP)y

32,860 15 583.44 70 30

EPP-9
P EG5ooo'b-(DM AP )x 26,000 19 208 1 0 0

EPP-10
PEG5ooo"b"(DMAP)x-
(His)y

33,000 15 162.31 78 24

EPP-11
(DMAP)x-(TMAE)y 24,300 0 196.9 23 77

EPP-12
P EG2ooo"b"(DM AP )x- 
(TMAE)y

35,500 5.6 202.27 50 50

EPP-13 PEGsooo-b- 
(DMAP)x-(TMAE)y 28,700 17.4 227.48 47 53

EPP-14
(His)x-(TMAE)y 26,500 0 160.83 23.4 76.4

EPP-15
P EG 2ooo"b- (His)x- 
(TMAE)y

39,600 5 152.54 35 65

EPP-16
PEG5ooo"b-(His)x-
(TMAE)y

31,300 16 198.15 2 0 80

a: The percentage contents of each side chain were based on the FT-IR analysis.
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b: Number average molecular weight from GPC analysis.
c: In these polymers the molecular weight of a unit related to a protonable nitrogen 
(which can contribute a proton in a solution) was calculated from the graft ratio o f each 
side chain and the molecular weight of the polymer. The calculation of these data is 
according to the percentage o f individual content and the molecular weight of each unit 
containing the side group. The detailed calculation is listed in Appendix C.

Table 3-3“ The weight ratio of individual EPP polymer complexing DNA at various
N/P ratio__________________________________________________________________

Polymer N/P Ratio

1 2 3 5 10 Mw of one unit

EPPOl 1 .0 1 2 .0 1 3.02 5.04 10.07 332.4

EPP02 0.67 1.33 2 .0 0 3.33 6.67 2 2 0 .0

EPP03 0.36 0.72 1.09 1.81 3.62 119.4

EPP04 1.24 2.48 3.71 6.19 12.38 408.5

EPP05 0.53 1.06 1.59 2.65 5.30 175.0

EPP06 0.42 0.84 1.26 2 .1 0 4.20 138.7

EPP07 0.80 1.60 2.40 4.01 8 .0 1 264.4

EPP08 1.77 3.54 5.30 8.84 17.68 583.4

EPP09 0.63 1.26 1.89 3.15 6.30 208.0

EPP 10 0.49 0.98 1.48 2.46 4.92 162.3

EPPl l 0.60 1.19 1.79 2.98 5.97 196.9

EPP 12 0.61 1.23 1.84 3.06 6.13 202.3

EPP 13 0.69 1.38 2.07 3.45 6.89 227.5

EPP 14 0.49 0.97 1.46 2.44 4.87 160.8

EPP 15 0.46 0.92 1.39 2.31 4.62 152.5

EPP 16 0.60 1 .2 0 1.80 3.00 6 .0 0 198.0

a: Data were calculated based on the data of Table 3-2. The weight ratio was according 
to the molecular weight o f a unit of protonable nitrogen and the molecular weight o f a 
nucleotide, 330.
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3.1.4 The effect of substitute groups

3.1.4.1 W eak cationic substitutes

The first group of EPP polymers was EPP 1-5. These polymers contained DMAP, His 

and PA groups at different ratios. Considering that the pKa of the DMA group is 

expanded in a range of pH 6.1- 7 and the pKa of the His group is also nearly 6.0, these 

polymers should be most protonated in a medium at pH lower than 6. The results of 

analysis using agarose gel electrophoresis showed a failure of these polymers to 

complex DNA at pH 7.4 (Figure 3-2).

EPPl EPP2 EPP3 EPP4 EPP5

Nicked plasmid DN A

Supercoiled p lasm id  
D N A

P olyp lexes with a N /P ratio =  5/1

Standard Supercoiled
supercoiled and nicked
D N A  DN A

Figure 3-2 Agarose gel electrophoresis with pCMV/wc plasmid bands using samples of 
complexes of EPPl, EPP2, EPP3, EPP4 and EPP5/pCMVlue prepared at pH 7.4.

The results showed that none of EPPl, EPP2, EPP3, EPP4 and EPP5 was able to retard 

the migration of plasmid DNA on the gel. It means that these polymers did not interact 

with anionic DNA when the N/P ratio was 5/1 at pH 7.4.

To obtain a reasonable complexation of the cationic polymer with anionic DNA, the 

effect of the ratio of polymer to DNA was then evaluated because it can be used to 

determine the possible effect of the charge density on the interaction. By using different 

ratios including a N/P ratio as high as 10, samples of polymer/DNA complexes were 

extensively evaluated by agarose gel electrophoresis. The results showed that DNA 

bands still appeared at the positions distant from the sampling wells, indicating that the 

polymer/DNA ratios in these samples, including the N/P ratio of 10/1, were still low 

and not able to couple DNA. The ionic interaction between the polymers and DNA was
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weak (Figure 3-3).

EPPl is a PMAA with pendent side group DMAP (46%) and 2-Propanol (54%). The 

pKa of the DMAP is in pH 6.1 - 7.4. This polymer is slightly positively charged at a 

neutral medium condition. The inability of EPPl in the complexation of DNA probably 

suggests an insufficiency of cationic charge at these N/P ratios. In addition to the low 

positive charge level, low hydrophilicity of this polymer at pH 7.4 may be another 

reason for failing to retard DNA.

I N.'P= 3 N.P= 10 I
I EF'Pl-5 EPPl-5 ' I

PEIDNA
Staiidaid N.'P= 5

DNA

ChitosarONA 
N/P = 5

Figure 3-3 The agarose gel electrophoresis of mixtures of polymers EPPl, 2, 3, 4, 5 
and plasmid pCMV/wc in a HEPES buffer (0.01 M, pH7.4). The amount of DNA used in 
each sample was 0.4 pg. PEI/pCMV/wc and chitosan/pCMV/wc were used as positive 
controls.

EPP2 is a copolymer with pendent side groups Histamine (34%) and 2-propanol (66%). 

The situation in terms of the charge characteristics of this polymer is similar to EPPl. 

Even though the His group contains 2 protonable amino nitrogens, the pKa value is 

lower than DMAP. Moreover, the percentage amount (34%) of His in EPP2 was lower 

than that (46%) of DMAP in EPPl. The charge density of EPPl and EPP2 should be 

almost the same.

EPP3 is a copolymer with pendent side groups His (44%) and DMA (56%). The 

percentage amount of protonable nitrogen of EPP3 is higher than EPPl and EPP2. 

Therefore, charge density of this polymer should be higher than the previous two. The 

hydrophilicity of this polymer (based on the information from the manufacturer) is 

however too poor to dissolve completely in the medium and consequently the 

interaction between the polymer and DNA was significantly obstructed (The structural 

details of the molecular contents of EPP polymers are illustrated in Appendix C).

84



Chapter 3 The Mechanism of Complex Formation

EPP5, is a PEGylation form of EPP polymers containing DMAP. Even though this 

polymer was modified to improve the hydrophilicity with 44 units of PEG, it was still 

not able to couple plasmid DNA. The cationic charge mediated by this polymer was 

again not enough. In consideration of factors including the molecular weight (EPP5 had 

a higher molecular weight than EPPl, 2, 3) and lack of His groups, the effect of 

modification to increase the hydrophilicity by PEGylation was insufficient. The lack of 

His group may reduce the positive charge density.

Therefore, it is not surprising that polymer EPP4 composed of an only 39 percent of 

DMAP groups was also unable to couple DNA. The density of positive charge was not 

enough for EPP 4 to interact with DNA and in the agarose gel electrophoresis, DNA 

was pulled away from the polymer by the force mediated by electrophoresis.

Polymers EPP 1-5 were also tested for their potential to complex DNA in a medium at 

lower pH (pH 4.5) and various increased N/P ratios, even as high as 200/1. 

Documented pKa values of the pendent groups suggested that the cationic 

characteristics of the polymers will be enhanced at pH lower than 6.0. Therefore the 

complexation of polymer/DNA will be improved if carried out at a low pH of 4.5. 

However, DNA bands were still seen where DNA had migrated away from the sample 

wells on the agarose gel (Figure 3-4, 3-5). These polymers were completely unable to 

couple DNA due to the weak positive charge density and poor solubility.

EPP 1-5/pCMVlac mixtures, 
N/P=10, pH4.0

Standard
DNA

Figure 3-4 The agarose gel electrophoresis of complexes composed of EPP 1-5 and 
plasmid pCMV/wc at pH4.5, N/P = 10, DNA in each sample: 0.4 pg.
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Figure 3-5 The agarose gel electrophoresis of complexes EPPl (A), EPP2 (B), EPP3(C), EPP4 (D), EPP5 (E) with plasmid 
pCMV/wc.
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3.1.4.2 Strong cationic substitutes

In contrast to the weakly interactive cationic polymers, polymers with the permanent 

cationic group TMAE exhibited the capability of complexation with DNA. Agarose gel 

electrophoresis (Figure 3-6) showed that polymers E PP ll, 12, 13, which are TMAE 

substituted copolymers, retarded pCMV/wc well at pH 7.4 and a N/P ratio 8/1.

TMAE is a quaternary amino group usually found in an ammonium salt of 

hydrochloride due to its strong ionic characteristics. In these polymers, EPPll is a 

copolymer composed of 77% TMA and 23% DMAP; EPP 12 is a copolymer composed 

of 50% of TMAE and 50% DMAP with a block of PEG2000; EPP 13 is a copolymer 

composed of 53% of TMA and 47% of DMAP with a block of PEG5000. Even though 

EPP 12 and EPP 13 have lower TMAE content, there was no sign showing a reduction in 

the coupling of DNA in the electrophoresis experiments. Therefore, it is suggested that 

a lower amount of TMAE may be enough to complex DNA. PEG blocks in these 

polymers can improve the hydrophilicity of these polymers and enhance the 

complexation. Details will be discussed in later paragraphs.

12, 13
Standard
DNA Dégradée

DNAPEI/E)NA

Figure 3-6 E P Pll, 12, 13 polymer/DNA have a N/P ratio 8/1 prepared in 2 ml of 
buffer with pH 7.4.

Conclusively, with the stronger cationic TMAE groups, PMAA polymers became much 

improved in their capacity of interacting with anionic DNA. Enhanced hydrophilicity 

of polymers by PEGylation can also improve the interaction between cationic polymers 

and DNA.
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3.1.5 The effect of pH on complexation

As discussed above, complexing DNA with a polymer is compulsively based on an 

interaction between cationic substitute groups and anionic DNA. Only polymers with 

sufficient cationic strength can stably complex DNA. However, many polymers are 

weak cationic molecules with protonable groups like His and DMAE. These polymers 

can be cationic only after being protonated at pH lower than their pKa. Therefore, it 

could be reasonably deducted that the pH of the buffers used in the preparation of 

complexes is one of the factors to affect complexation. Agarose gel electrophoresis 

experiments were used in order to confirm the pH effect on complexation (Figure 3-7). 

The experimental results indicated that the effect of pH on the complexation o f DNA 

only happened in the case o f weak cationic polymers. It can be seen that DNA bands 

from EPP6 /pCMV/wc and EPP7/pCMV/wc complexes occurred at the positions distant 

from the sample wells only at pH 7.4, Otherwise, at pH 4.5 no bands of DNA occurred 

on the gel and DNA remained in the sample wells of these two complexes. On the other 

hand, samples from cationic EPPl 1, EPP 12, and EPP 13 did not present bands on the gel 

whether at pH 7.4 or pH 4.5, except at the sample wells,

EPP6  is composed of 69% of DMAP and 31% of His plus 44 units of PEG. EPP 7 is 

composed of 30% of His and 70% 2-propanol plus 44 units of PEG. EPP 6  and EPP 7 

have groups with a pKa at pH 6  and are protonated at pH values lower than 6 . These two 

polymers are similar with each other in that they contain nearly the same content of His 

group and PEG units. Compared to similar weak cationic polymers EPP2 and EPP3, 

which have His group as well, PEGylated EPP 6  and EPP 7 have better hydrophilicity. 

Compared to EPP4 and EPP5, which have been modified with 44 units of PEG, EPP 6  

and EPP 7 with His groups have stronger cationic properties. Therefore, in a lower pH 

surrounding, there was no difference in the electrophoresis at between pH 4.5 and pH

7.4 in the case o f cationic E P P ll, EPP 12 and EPP 13 because of the permanent cationic 

group TMAE in these polymers. The polymers EPPl 1, EPP 12 and EPP 13 have not only 

tertiary amine groups but also quaternary ammonium groups, trimethylammonium. Even 

at pH 7.4, it is still positively charged. So the polymer showed a good ability in the 

coupling of DNA.
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Figure 3-7 Agarose gel electrophoresis showing the effect of pH of the buffer on the complexation of polycations/DNA (pCMVluc). 
The code on the gel present the code of the EPP polymer. DNA used in each well: 04 pg.

9  
I
q
w

5̂ft

ft
B-

I
o-h
o0
1 
s
"DO



Chapter 3 The Mechanism of Complex Formation

Polymers EPP 12 and EPP 13 have some PEG block segments. Agarose gel 

electrophoresis did not elucidate a difference in the coupling o f DNA between 

PEGylated polymers (EPP 12, 13) and non-PEGylated polymer (EPP 11) in the case of 

polymers with strong cationic groups. Based on these findings, it can be concluded that 

the effect of pH on the complexation of polymer and DNA is due to the adjustable 

ability of the cationic characteristics, or the density o f positive charge o f the polymers, 

and consequently results in an enhancement o f the ionic interaction between polymers 

and DNA. In the case of strong cationic polymers, the effect o f PEGylation on the 

complexation is not significant.

3.1.6 The effect of N/P ratio of the complexes

N/P ratio means the ratio of the amount o f protonable amino nitrogen, including primary 

amine, secondary amine and tertiary amine in a polymer, to the amount of phosphorous 

in the phosphate groups of the deoxyribonucleic acid (Behr et al., 1998, Boussif et al., 

1996). The N/P ratio is usually used as a mark o f the ratio o f possible positive charge to 

negative charge in a complex system due to a positive charge o f protonated nitrogen 

after protonation in a medium at pH lower than the pKa o f these groups. The higher the 

N/P ratio, the higher the positive charge of the system is.

Experiments showed that the complexation of polycations to DNA could be improved 

by an increase o f the N/P ratio. Figure 3-8 shows the agarose gel electrophoresis with 

samples o f polycation/DNA complexes using polycations EPP8 , 9, 10, 14, 15, 16 and 

plasmid DNA pCMV/wc. Cationic polymers EPP8 , 9 and 10 are polymers with 

protonable groups DMAP and His. On the other hand, polymers EPP 14, 15, 16 are 

composed of permanent cation trimethyl ethyl ammonium. It can be seen that there were 

always bands o f DNA shifted from the sample wells fi*om samples composed of EPP8 , 9 

or 10, whether with a N/P ratio 1/1 or N/P ratio 5/1, at pH 4.5 or pH 7.4. There was no 

difference in electrophoretic mobility with complexes composed of EPP8-10 between 

pHs and N/P ratios which indicated that polymers with weak cationic groups were not 

able to couple DNA, similar to the results from complex samples using EPP 1-5. In cases 

of samples composed of cationic EPP 14, 15 or 16, DNA movement out from the sample 

wells occurred at the lower N/P ratio 1/1. The retardation o f DNA bands in the sample 

wells indicates a complete complexation of DNA with TMAE substituted polymers 

EPP 14, 15 and 16 at N/P ratio of 5/1. It could be concluded that even in the case of 

strong cationic polymers, suitable N/P ratio is necessary for the polymer to complex
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Figure 3-8 Agarose gel electrophoresis results showing polycation/pCMVlue complexes 
with different pH and N/P ratio. Sample in each well contained 0.4 pg DNA.
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Chapter 3 The mechanism of complex preparation

DNA stably. In another word, the complexation of DNA with polycations is built on the 

basis of the ratio of positive to negative charges.

Furthermore, the shift style of the DNA bands of samples composed of EPP 14, 15 and 

16 at N/P ratio 1/1 was not the same as DNA bands from samples composed of EPP8, 9 

and 10. Usually if DNA was not complexed with polycations, the shift distance of DNA 

band is the same as the free DNA. Therefore, a different model can be deduced from the 

results of this agarose gel electrophoresis. At the N/P ratio of 1/1, cationic polymer 

EPP 14, 15 and 16 complexed DNA by interaction with only parts of the DNA, not the 

whole DNA molecule shown due to insufficient cationic charge. The resultant 

complexes were then negatively charged due to the remaining uncomplexed element of 

the DNA molecules (Figure 3-9) and because of this, the components of the bands on 

the agarose gel were negatively charged complexes rather than the sole free DNA 

molecules. Because the molecular weight of the complexes (polycations + DNA) were 

larger than the original free DNA, the distance of migration of the bands from these 

negative partly complexed complexes were shorter than those of uncomplexed free 

DNA. (A normal model of DNA bands without complete complexation with polycations 

will be presented in Chapter 5 Chitosan Complexes).

v m .-
RasrtiidDNA

+

Cationic EPP

Partly oonçilexed DNA with EPP polymers

Figure 3-9 An incomplete complexation of DNA molecules with cationic EPP 
polymers.
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Chapter 3 The mechanism of complex preparation

The agarose gel electrophoresis experiments indicated that DNA could not be 

completely complexed by polycations at a low N/P ratio. To complex DNA completely, 

a N/P ratio higher than 1/1 is needed, even though the polymer is permanently cationic.

3.2 Formation of particles

3.2.1 Integrity of particulate complexes

In addition to the ability to complex DNA, polymers complexing DNA to form stable 

particles is the ultimate aim for the study on the complexes. By determination of particle 

formation with these polymers and DNA, information about the complexation, such as 

the ability o f polymers to interact with DNA and the mechanism of the complexation, 

can be obtained. Data from agarose gel electrophoresis indicated that only polymers 

with enough positive charge density could stably couple DNA against the pulling force 

imparted by the electrophoretic action. Therefore, stable complex particles are still 

based on the premise that enough positive charges exist to interact and condense DNA. 

Except the quaternary ammonium is a permanent cation, primary, secondary and tetra 

amine are all protonable amino groups and their cationic properties are based on pH in 

the solution. Moreover, pKa values of these protonable amino groups are even affected 

by the structure and conformation and the molecular weight o f the polymers. The buffer 

abilities of these protonable groups are therefore affected by the components and the 

structures o f the compounds. To explain this point, the difference of isoelectronic points 

between alanin and glycine is an example. Both alanin and glycine are a-amino acids 

with one carboxyl group and one primary amine group. With a more methyl group, 

alanin differs from glycine in the pKa and isoelectric point. The pKa and isoelectric 

point of alanin are pH 2.35, pH 9.87 and pH 6.00. In contrast, the pKa and isoelectric 

point of glycine are pH 2.21, pH 9.15 and pH 5.97, respectively. Conclusively, a 

suitable ratio, whether a weight ratio or a N/P ratio, o f polymer to DNA for a perfect or 

effective complexation should be dependent upon the individual polymer.

The sizes o f these polyplexes composed of EPP 1-16 were examined with a Malvern 

Photon Correlation Spectrophotometer. The results are listed in Table 3-4 and Table 3- 

5. In the determination of the particle sizes o f the polymer EPP 1-5 complexing DNA, 

there were no recognised data for K counts, which represents the signal level of the 

particulate sample, reasonable Z average size and size distribution from these samples. 

It was indicated that, like the results from agarose gel electrophoresis, there was no
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Chapter 3 The mechanism of complex preparation

particle formation. The integrity and measurability of a discrete particle size distribution 

data is also a standard to evaluate the complexation o f the polymers and DNA.

3.2.2 Complexes from  weak cationic polymers

PCS data (Table 3-4) from polyplexes composed o f polymers EPP06, 07, 08, 09 and 10 

presented recognized particle sizes, even though some of them were yet to be optimum. 

The data shows that good sizes and polydispersity were obtained from complexes of 

EPP6 /pCMV/wc and EPP7/pCMV/wc at pH 4.5. EPP6  consisted o f 69% of DMAP 

groups and 31 % of His groups plus hydrophilic PEG of 44 units of ethylene glycol, 

which accounts a weight percentage 6 % of the block polymer EPP6  with a molecular 

weight o f 33200. EPP7 consisted o f 70% of 2-propanol and 30% of Histamine side 

groups plus a hydrophilic PEG block of 44 units o f ethylene glycol, which counts a 

weight percentage of 5% of the polymer. At pH 4.5, the polymer EPP 6  and EPP 7 were 

positively charged and then capable o f interaction with DNA. Because EPP 6  contained 

100% of protonable groups of DMAP and His, but only 30% of protonable Histamine 

for EPP 7, the cationic charge density o f the first one was higher than the latter. The 

sizes were 55.5 nm with a polydispersity of 0.87 at N/P ratio 10, 60.8 nm with a 

polydispersity o f 0.528 at N/P ratio 5, 62.1 nm with a polydispersity of 0.21 at N/P ratio 

2 in the case of EPP6 /pCMV/wc complexes. These results are indicative that the size of 

the complexes decreases with an increase in cationic density. The polydispersity of 

these complexes, however, increases in this situation. This trend in the size and size 

distribution for the EPP 7/pCMV/wc complexes was the same as that observed from 

EPP6  /pCMV/wc complexes. The difference between EPP 6  and EPP 7 was that EPP 6  

resulted in smaller size complexes than EPP 7 and the EPP 7 resulted in markedly better 

size distribution in that they were less polydisperse. In the main, in the environment o f 

lower pH medium, both of EPP6  and EPP7 gave complexes with sizes smaller than 100 

nm, which is desirable for effective gene transfer.
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Table 3-4 Sizes and polydispersities of protonable EPP polymer/DNA complexes

VO

Sampl pH4.5 pH7.4

e N/P=10 N/P=5 N/P=2 N/P=10 N/P=5 N/P=2

Size,
nm

Polydis
persity

Size,
nm

Polydis
persity

Size,
nm

Polydis
persity

Size,
nm

Polydis
persity

Size,
nm

Polydis
persity

Size,
nm

Polydis
persity

EPP06 55.5 0.807 60.8 0.528 62.1 0.216 96.6 0.931 963 0.614 912.1 1

EPP07 67.7 0.156 78.8 0.117 158.9 0.188 143.4 1 851 1 443.3 0.402

EPP08 800 0.361 3065 0.362 653.1 1

EPP09 0 1 5552 1 212.9 1 526.5 1

EPPIO 114.8 1 0 0 3.94 0.377 657.6 0.927
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Chapter 3 The mechanism of complex preparation

When the situation changes, by way of an increase o f pH in the preparation media, the 

results of particulate DNA complexation were changed. At pH 7.4, PCS data showed a 

dramatic increase o f the sizes of the complexes. Both EPF 6  and EPP 7 demonstrated 

resultant larger sized complexes; the sizes are larger than 500 nm, except at N/P ratio 

10, where EPP6 /pCMV/wc was 97 nm and EPP 7/pCMV/wc was 143 nm. The 

polydispersity of both complexes, however, were 0.931 and 1, respectively for 

EPP6 /pCMV/wc and EPP7/pCMV/wc. Usually if  the polydispersity of the complexes is 

higher than 0.5, the complexes should not be considered as well formed because too 

broad size distribution reflects a heterogeneous disperse system. The polydispersities of 

these formulations are considered a signal of incomplete complexation. It could be 

inferred that at pH 7.4, EPP 6  and EPP 7 were not protonated and did not have the 

necessary positive charges for complexation, or with a low degree o f protonation and 

few positive charges, were not able to interact with anionic DNA.

Sizes and polydispersity o f complexes composed of EPP8 , 9 and 10 were not as good as 

EPP 6  and EPP 7. From Table 3-2 it is clear that EPP8-10 were very similar to EPP6 , 7 

in their composition. The difference between these 2 groups was the PEG content. 

EPP8-10 have a higher percentage content of PEG than EPP6  and EPP7. It seems that 

the high PEG content was not beneficial for the interaction between polymer and DNA. 

This will be further discussed later (section 3.2.4).

3.2.3 Complexes from strong cationic polymers

PMAA polymer became a cationic polymer after conjugating cationic 

trimethylammonium groups, which are a typical cationic group at any pH. Data from 

agarose gel electrophoresis indicated a good ability o f EPP polymers with 

trimethylammonium groups to interact with DNA and retard DNA against the force o f 

electrophoresis. PCS data (Table 3-5), however, showed that particles did not exhibit 

desirable particle formation with regards to complexes produced from these polymers. 

Except for individual preparations presenting desirable data such as 80 nm with a 

polydispersity of 0.3223 from EPPl 1/pCMVluc, with charge ratio of 2 at pH 4.5; 85.6 

nm with a polydispersity of 0.221 form EPP 12/pCMVluc, with charge ratio of 5 at 

pH4.5; 42 nm with a polydispersity of 0.342 from EPP13/pCMVluc with a charge ratio 

of 5 at pH 4.5; 100 nm with a polydispersity of 0.073 from EPP 15/pCMV/wc, with a 

charge ratio o f 5 at pH 4.5; and 118 nm with a polydispersity o f 0.126 from
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Chapter 3 The mechanism of complex preparation

EPP16/pCMV/wc with a charge ratio o f 5 at pH 4.5; the other preparations, most of 

complexes prepared from EPP 11-16, did not show desirable size and size distribution. 

Therefore, it could be reasoned that polymers with too strong cationic characteristics 

may still not be beneficial for complexation in terms o f the particle formation because 

of a heterogeneous product. A qualified preparation of cationic EPP polymer/DNA 

complexes can be obtained only by a particular protocol with a suitable charge ratio, pH 

and PEGylation. The idea that the stronger the cationic characteristics o f an agent, the 

better the polymer is for complex preparation should not be considered as correct 

without a suitable protocol for preparation. In the case o f cationic EPP polymers, it 

seemed that polyplexes should be prepared in a buffer o f pH 4.5 and at a charge ratio of 

5 because it can be seen that most o f the satisfactory preparations of the complexes were 

carried out under these conditions.

From the cationic EPP polymers, there were not only the permanent cationic group, but 

also protonable DMAP (EPPl 1-13) or histamine (EPP 14-16), which became cationic 

and allowed the charge density to increase at pH 4.5. Furthermore, the hydrophilicity of 

these polymer was also improved by protonation so that the complexation of DNA can 

be more homogenous. The ‘too high’ charge ratio of the system, however, resulted in an 

inferior polydispersity, like EPPl 1-13 at a charge ratio 10. The reason for this 

phenomenon is yet to be investigated.
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Table 3-5 Sizes and polydispersity of cationic EPP polymer/DNA complexes

VO
OO

Samples

pH4.5 pH7.4

N/P==10 N/P==5 N/P:-2 N/P==10 N/P:=5 N/F•=2

Polydis
persity % Polydis

persity % Polydis
persity % Polydis

persity % Polydis
persity

Polydis
persity

E P P ll 128.4 0.591 233 0.243 80.3 0.3223 138. 0.745 700 0.31 95.1 1

EPP12 1060.8 1.000 85.6 0.221 730.6 0.561
- -

110.5 1

EPP13 101.2 0.862 41.8 0.342 1.696 0.350 62.8 1 120.9 1 114 0.639

EPP14 350.2 1 198.2 0.36 202.2 0.634

EPP15 99.5 0.073 120.8 0.625 724.1 0.442 103.1 1

EPP16 117.6 0.126 119.7 0.582 40.7 1 69.8 0.0587
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Chapter 3 The mechanism of complex preparation

3.2.4 Effect of PEGylation

It was a main characteristic of the EPP polymers that most polymers contained a 

polyethylene glycol block. Polyethylene glycol is a well-known hydrophilic polymer. It 

is a neutral, water-soluble, non-toxic polymer comprising any number o f repeating units 

o f ethylene oxide. PEG has now been used for polymers not only to improve their 

hydrophilicity and aqueous solubility but also most importantly to give particulates 

sufficient colloidal stability and reduce interaction with blood components in vivo (Mori 

et a l 1991, Ogris et a l  1999). PEGylation was also reported to be potentially useful for 

micellar DNA delivery systems (Kakizawa and Kataoka 2002) and development o f a 

particulate associated vaccine (Hanes et al., 1997). Most EPP polymers are protonable 

group substituted polymers, in which solubility was increased in a medium at pH lower 

than 6.0. Some o f them are cationic polymers with permanent cationic groups such as 

EPP 11-16. They are, however, still o f poor hydrophilicity to some degree and not 

ideally amenable to interaction with anionic DNA at the molecular level. Therefore, the 

formation o f particles was not complete and not homogenous, exemplified in the 

complexes from EPPl 1-16, which presented larger sizes and a wide size distribution 

and polydispersity (Table 3-5).

PEGylation o f these polymers allowed for the improvement of their hydrophilicity. 

Consequently, the size and polydispersity of the complexes from these polymers were 

significantly improved. EPP 14 was a copolymer with His (23.4%) and TMAE (76.4%) 

side groups. When complexing plasmid pCMV/wc at pH4.5, the Z average diameter of 

the particulate complexes was 350.2 nm with a polydispersity o f 1 at charge ratio of 5; 

and the Z average diameter was 198.2 with a polydispersity o f 0.36 at charge ratio 2. In 

contrast, polymers EPP 15 and EPP 16 have a similar content of His and TMAE to 

EPP 14 but with a PEGylation block. In the same conditions as EPP 14, the size and 

polydispersity of complexes composed o f EPP 15 and 16 were improved: the Z average 

size were 100 nm with a polydispersity of 0.073 and 118 nm with a polydispersity of 

0.126, respectively for EPP 15 and EPP 16 at pH4.5 and charge ratio o f 5.

3.2.5 A conditioned issue of PEGylation

The data showed, however, that the degree o f PEGylation of EPP polymers is a 

conditioned issue. That means the content of PEG in these polymers was dependent 

upon the content of the cationic and protonable groups. In the protonable polymers
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EPP6-10, all these polymers were PEGylated. However, the degrees o f the PEGylation 

were different. EPP6  and EPP7 had a 5% PEGylation but EPP 8-10 had a PEGylation of 

over 15%. EPP6  and 7 produced better particles and effective coupling o f DNA. In 

contrast, too high contents of PEGylation of EPPS - 10 resulted in ineffective coupling 

DNA and unstable particles. The content o f protonable side groups was similar between 

these polymers. The products o f these polymers complexing plasmid DNA pCMV/wc, 

therefore, became different. EPP6  and EPP 10 had the same content of side group DMA 

and His with a relatively similar percentage of these components but the contents of 

PEG block were 5% and 15%, respectively. EPP6  produced a smaller size range (61 

nm, pH 4.5, N/P=5; 62 nm, pH 4.5, N/P=2) and better polydispersity (0.528, N/P=5; 

0.216, N/P=2; pH 4.5) than those from EPP 10 (115 nm, N/P=5, size and polydispersity 

were not determinable, N/P=2; pH 4.5).

Similar situations can be seen in the case of EPP7, EPP8 and EPP9. These results 

indicated that the higher PEGylation (15%) was not as good as a lower PEGylation 

(5%) for the EPP polymers to complex DNA to form particles. The possible reason 

could be that too high content of PEGylation resulted in a screening layer, which 

blocked the interaction between polymers and DNA molecules in a spatial manner. In 

aqueous environments, PEG blocks will be stretched out of the whole polymer because 

o f its strong hydrophilicity. Polymethacrylamide with AP, or DMAP, or His side chains 

will be located in the middle of the polymer due to their relatively inferior 

hydrophilicity. When meeting DNA molecules, polymers with too many PEG chains 

will be difficult to interact with DNA molecules due to the obstacle o f PEG chains. If 

the PEG content is suitable, the spatial obstruction will be reduced to a level that only 

improves the hydrophilicity of the polymer but is not able to obstruct the interaction 

between the polymer and DNA molecules.

Therefore, PEGylation o f cationic polymers should be only to a suitable degree in that 

PEGylation can only improve the hydrophilicity of the polymers and subsequently 

improve the ability of the polymer for the coupling of DNA. A too high content of 

PEGylation, however, will be harmful for the complexation and particle formation in 

the polymer/DNA formulations.
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3.3 Conclusions

Cationic polymers are able to complex DNA due to the ionic interaction between 

cationic polymers and anionic DNA. The complexes o f polycation/DNA were in 

particulate form and the sizes can be in nano-scale with a narrow polydispersity (0 .1  -  

0.2). The formation of the complexes is due to the neutralisation of the charges of both 

polycations and DNA after an ionic interaction. The complexation of polycation with 

DNA is charge density dependent and therefore N/P ratio dependent, pH dependent, and 

also, hydrophilicity dependent due to the aqueous environment. The N/P ratio reflects 

the cationic level of a complex. The pH value affects the protonation of weakly cationic 

groups o f polymers. In the case o f weakly interactive cationic polymers, the N/P ratio 

should be 5-10 for the preparation o f the complexes. In the case o f permanently cationic 

polymers, the charge ratio can be small (2-3) for the preparation o f complexes. 

PEGylation can improve the hydrophilicity of the polymers and subsequently improves 

the complexation and homogenicity o f the complexes. On the other hand, too high a 

degree o f PEGylation can form spatial obstruction adversely affecting the interaction 

between polycations and DNA and adversely influencing the formation of complexes.
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Chapter 4 Chitosan/DNA Complex Particles

4.1 The advantages of chitosan/DNA complex nanoparticles

Chitosan as a material matrix for gene transfection is an optimal selection whether in terms 

of safety, or charge properties, because of its glucosamine structure (Weiner et al., 1991, 

Domish et al., 1999). There have also been many reports on the low toxicity and 

biocompatibility of chitosan (Knapczyk et al., 1989, Paul et al., 2000, Hirano et al., 1991). 

One of the biggest issues for the widespread utilization of chitosan is its safety (Shayne et 

al., 1997). Chitosan is also reported to have the feasibility for particle formation (Alonso et 

al., 1997, Dodane et al., 1998). The structure of the glucose units of chitosan issues the 

polymer with an affinity to some cells upon which there are sugar receptors and proteins 

resulting in interactions between the carbohydrate backbone of chitosan and the cell 

surface proteins (Venkatesh et al., 1998). The acetyl groups of the polysaccharide chains 

are transferred into amino groups which contribute positive charges to the polymer because 

o f the deacetylation. This cationic characteristic allows chitosan to interact with negatively 

charged molecules and to effectively couple these molecules. Especially at lower pH, such 

as exists in the endosome, they became protonated and have the strongest ionic 

characteristics. Based on the advantages mentioned above chitosan has been utilized in 

gene delivery research by many groups (Leong et al., 1998, Erbacher et al., 1998, Koing- 

Hoggard et al., 2001).

Chitosan can be prepared into particles by several methods, including ionic gelation 

(Berthold et al., 2001), desolvation (Mumper et al., 1995), ionic complexation 

(McLaughlin et al., 1998, Ohya et al., 1994), covalently cross-linking (Ohya et al., 1999) 

and self-assembly (Lee et al., 1998) by chemical modification. In these preparations, many 

are concerned about chemical modification and exposure to chemical substances. Even 

though these modifications may result in some improvement in DNA loading and cell 

targeting, for the consideration of safety, we are still interested in that chitosan is used 

without a change of structure, and the particles are prepared just in mild preparation 

conditions.

A complex can be formed solely by the ionotropism of the two oppositely charged 

macromolecules for one another, e.g. cationic polymer and anionic DNA, as confirmed in 

the previous chapter. It is obvious that this complex is more advantageous in the 

consideration of safety than other types of particles formed by modification or related to
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more chemical changes. However, the size distribution and the stability of the complexes 

may not be satisfactory which results in lower transfection efficiency in vitro and in vivo 

(McLaughlin et al., 1998). To increase the stability of the chitosan particles and to avoid 

exposure to more chemicals, the ionic gelation technique is advantageous in the 

preparation of chitosan particles. There are two salts that have been used in the preparation 

o f chitosan particles in ionic gelation which are penta sodium tripolyphosphate (PSTP) 

(Calvo et al., 1997) and sodium sulphate (Na2S0 4 ) (Mao et al., 1996). We are interested in 

chitosan particles prepared with PSTP because it results in a narrow size distribution and 

requires low amounts o f salt. Since this preparation technique was reported, no data has 

been seen on the application of the chitosan particles prepared by ionic gelation with PSTP 

for coupling DNA for the purposes of gene transfection, even though it was mentioned in 

this initial work that this chitosan particulate system is able to couple DNA molecules and 

has potential as a gene transfection vector.

4.2 The mechanism of ionic gelation technique

4.2.1 Ionic gelation technique and chitosan

The ionic gelation technique has been used for the preparation of chitosan particles for 

protein delivery since the late 1980s due to the advantage that the preparation can be 

carried out under very mild conditions (Bodmeier et al., 1989, Shiraishi et al., 1993). The 

sizes of these particles were 1 ~ 2 mm. Later the sizes of chitosan particles were reduced 

down to the nano scale (Ohya et al., 1994) by a cross linking reaction with glutaraldehyde. 

After that, in 1997, nano scale chitosan particles prepared by an ionic gelation technique 

were reported by Calvo. The principle o f the method is that an ionotropic gelation is 

induced for the cationic polyelectrolyte chitosan by controlling its interaction with the 

counterion penta sodium tripolyphosphate (PSTP) as illustrated in Figure 4-1. Since 

chitosan particles were obtained spontaneously under exceptionally mild conditions 

without involving high temperature, organic solvents, or harmful shear forces fi-om high 

speed homogenisation, this method is valuable for the preparation o f carriers o f bioactive 

macromolecules such as protein, peptide and especially DNA.

The gelation of chitosan can also be achieved with other chemicals such as sodium 

hydroxide and other organic salts. To clarify the mechanism of this gelation technique, 

several ionic compounds were used to prepare the particles. Therefore, not only was PSTP
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used, but also sodium citrate (SC) and sodium hydroxide (NaOH) were used to prepare 

the particles and investigate the conditions of the particle formation for comparison.

©
Gelation

PSTP chitosan Chitosan particles

Figure 4-1 The production of chitosan particles using PSTP as counterions by an
ionotropic gelation

4.2.2 Particulate formation with ionic chemicals

The experimental results showed that when a certain amount of sodium tripolyphosphate 

NasPsOg, or sodium citrate(SC) NasCeOyHg, or NaOH was added into the chitosan 

solution, the solution changed to an opalescent suspension from a clear solution. Thus, 

according to the appearance of the suspension, it could be observed that the chitosan 

solution became gelated and particles were formed. The experimental data of turbidity 

measurement with a spectrophotometer (Shimadzu 120-02 UV-VIS) at a visible light 

wavelength (420 nm) showed that with increasing the amount of the salt or base, the 

turbidity of chitosan solution increased (Figure 4-2). The appearance of the solution of 

chitosan changed gradually from a clear solution to an opalescent suspension, an emulsion, 

agglomeration and finally, precipitation concomitant with the increase of ionic compounds 

added.

The different appearances represent different physical states of the chitosan in buffer, 

which are free dissolved molecules (solution), nanoparticles (clear suspension without 

observing turbidity), microparticles (opalescent suspension) and aggregates of the particles 

(turbid suspension and even coarse precipitates). Homogenous nanoparticles of chitosan 

can be prepared by controlling the amount of PSTP. Figure 4-3 was a TEM of the chitosan 

nanoparticles prepared by adding PSTP. The micrograph showed chitosan particles with a
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narrow size distribution.

Citrate
NaOH

100 200 300 400

Concentration (|ag/ml)

Figure 4-2 Turbidity of a chitosan solution (1%, w/v, in an acetic acid buffer, 0.0 IM, 
pH5.0) versus the concentration of ionising compounds.

Figure 4-3 A TEM of chitosan particles prepared with PSTP (chitosan/PSTP = 10/1, 

w/w)

The experiments showed that both SC and NaOH addition resulted in particle formation. 

However, further experiments showed that particles produced with SC or NaOH were not 

stable and disappeared when the pH of the preparation media was reduced. It may suggest
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that even though penta sodium tripolyphosphate, sodium citrate and sodium hydroxide 

were all able to induce particle formation in chitosan solution, the mechanisms and 

conditions were different.

PSTP is a salt composed of strong acidic tripolyphosphate ions and strong basic sodium 

ions. The anionic characteristics of the tripolyphosphate groups are stable and difficult to 

change with the pH of the solution. Chitosan particles, therefore, formed on the basis of the 

ionic gelation with PSTP, are stable. The experimental results showed that the turbidity of 

the chitosan solution resulting fi*om PSTP will not disappear if  HCl was titrated in to 

reduce the pH of the solution.

4.2.3 Weak acidic anionic groups result in unstable gelation

PSTP and SC are strong basic salts in an ionic form in an aqueous phase condition. When 

PSTP or SC was added into the chitosan solution, the linear chitosan molecules would be 

coiled and aggregated into particles due to the interaction between the NH2H^ of chitosan 

and the multivalent anions (tripolyphosphate ions or citrate ions) as Scheme 4-A and 

Figure 4-1 show. The multivalent anions acted as cross-link agents.

+

nU

Scheme 4-A The chemical equilibrium of citric acid with the change of pH of 
medium.

However, unlike PSTP, which is a strong acidic and strong basic salt and which has ionic

characteristics that are hardly influenced by the pH of solution, ionic characteristics of

trivalent citric acid (CA) are susceptible to the pH value of the solution (Scheme 4-A). CA

has three pKa values which are 3.13, 4.76 and 6.4, respectively for its three carboxyl

groups. The ionic characteristic of SC is the strongest when the pH of the solution is higher

than the third pKa (pH 6.4) of carboxyl groups of the CA. Therefore, when citrate salt is

used as a gelation agent, the pH of the medium is important to the formation of chitosan

particles because citrate salt is a weakly acidic salt and in the aqueous medium there is an

equilibrium as shown in Scheme 4-B. At low pH, lower than pH 6.4, especially at pH 2-3,

the balance moves towards the non-ionic phase and the number of anions are fewer.

Consequently, the ionic characteristics of the citrate salt would be reduced. This means that
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at low pH and with sodium citrate as counterions the chitosan solution would not be 

gelated forming particles because there are no anions, or, the concentration of anions is not 

high enough to form particles. Otherwise at a higher pH (higher than pH 6.4) with the loss 

of protons from CA, there would be enough citrate anions to interact with chitosan and 

particles can be formed.

4.2.4 The effect of concentration of chitosan and pH on the gelation process

The experiments of gelation with SC showed that the gelation of chitosan to form particles 

was not only related to concentration of gelation reagents, but also to the concentration of 

chitosan. It suggests that the gelation of chitosan solution is concentration related.

Table 4-1 The effect of pH and concentration of chitosan in the media on the formation 
of chitosan particles with sodium citrate (0.05mg/ml) as counterion source 

pH Concentration of chitosan (mg/ml)

Ï 2 3 4 5 6  7 8  V

2 _ _ _ _ _ _  _ _ _
4 + +

6     + + + + + + + + + +
8 + + + ++ ++ ++ ++ ++

10 ++ ++ ++ ++ +++ +++ +++ +++ +++

12 ++ ++ +++ +++ +++ +++ +4-4- +++ +++

14 ++ +++ +++ +++ +++ +++ 4-++ +++ +++

: solution; +: opalescent solution, nanoparticles; ++: emulsion, microparticles;
+++: coalescence precipitation.

The relationship between pH and the concentrations of chitosan was determined by the 

turbidity and the appearance of the chitosan solution which showed a phase transition 

between solution and gelation. From the experimental results it could be seen that when 

sodium citrate was used as anion source, the gelation of chitosan to form particles was a 

function of both the pH and the concentration of chitosan in a solution. When pH is fixed, 

the tendency of particulate formation is increasing with the increase of the concentration 

of chitosan. This suggests that the gelation of chitosan is sensitively initiated at a high 

concentration of chitosan. With higher chitosan concentration, the gelation of the chitosan 

solution would happen at lower pH, even pH 4. On the other hand, if  the concentration of 

chitosan is low, e.g., 1 mg/ml, the gelation will only happen at higher pH (e.g. pH 8 -  

Table 4-1). This phenomenon was observed because at low pH, even though the anionic
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groups were few, they were enough to interact with sufficient chitosan molecules to form 

particles.

4.2.5 The effect of NaOH on gelation

NaOH also enabled gelation of the chitosan solution. The solution of chitosan became 

opalescent or emulsified when NaOH was added to the solution. This phenomenon 

indicated that a gelation process occurred and there were particles formed. The gelation or 

the opalescence disappeared when the suspension was titrated with HCl and the pH of the 

aqueous medium was adjusted below pH 6.5. Apparently the mechanism of the gelation or 

particle formation of chitosan with NaOH was different fi"om that with the multivalent 

anions.

OtJ NH2H+ % MHz
0H~. 0  —  + H2 o

Hydrophilic Hydrophobic

Scheme 4-B Chitosan protonation affected by acid-base equilibrium

In the case of NaOH, anions were only the mono-valent OH', which cannot act as a cross- 

linking agent in such a manner as multivalent tripolyphosphate PsOio^' and citrate CeHgO? '̂ 

ions. The opalescent phenomenon of the chitosan solution resulting fi-om NaOH was solely 

because the solubility of the chitosan was reduced with increased NaOH concentration, 

which led to an increase of pH, and consequently the hydrophilicity of chitosan molecules 

were so reduced that it could not be able to freely expand itself among the H2O molecules 

and then precipitated out fi-om the aqueous solution as Scheme 4-B shows, but not because 

of ionic gelation between cationic amino groups and multivalent anions.

With the increase of pH o f the solution the protonated primary groups in the chitosan

chains lost their protons. Consequently, positive charges were lost leading to a reduction of

hydrophilicity of chitosan molecules. The precipitation of the chitosan out fi-om the

solution occurred because of the change of the structural geometry of chitosan from

extended single chains to contracted coils in solution. At this time, there were particles
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formed due to the collapse of the chitosan chains with reduced hydrophilicity. These 

particles were not stable and easily aggregated with the increase in pH of the media due to 

hydrophobic interaction. This change of structural geometry was reversible depending on 

the amount of NaOH added, or the pH of the suspension since chitosan molecules can be 

recharged. In these experiments, the turbidity of the chitosan solution disappeared with the 

decrease in pH because of the increased hydrophilicity of chitosan in the buffer at low pH.

4.3 Complexing DNA to the polymer particles

4.3.1 Effect of polymers

As discussed in Chapter 3, the ability of polymers to couple DNA is dependent on their 

cationic characteristics. The stronger the cationic properties of polymers are, the stronger 

the ability of them to couple DNA, based on an ionic interaction. The DNA coupling of 

chitosan still obeyed this rule and it was confirmed by agarose gel electrophoresis (Figure 

4-4).

Figure 4-4 Agarose gel electrophoresis of polymer particles coupling plasmid DNA 
pGL3-control. Lane 1 : free pGL3-control 0.5 pg; Lane 2: PLA particles coupling pGL3- 
control; Lane 3: Casein-PMMA particles coupling pGL3-control; Lane 4: PEI-PMMA 
particles coupling pGL3-control; Lane 5: Chitosan particles coupling pGL3-control; Lane 
6: Chitosan-PMMA particles coupling pGL3-control.

In the experiments to investigate interaction between chitosan and DNA, non cationic 

polymers PLA and PLGA, copolymers PMMA-g-PEI, PMMA-g-chitosan and PMMA- 

g-casein, which had been prepared into particles, were also used to couple plasmid 

DNA pGL3 in addition to chitosan. The results from agarose gel electrophoresis 

showed that positively charged polymers including chitosan have better abilities in the 

coupling of DNA than the other non-positively charged polymers, as demonstrated by 

agarose gel electrophoresis. In contrast, the PLGA copolymer and PLA were not able to 

couple DNA and this resulted in DNA migration. This was thought to have been due to 

the lack of positive charge of these agents affecting their ability to form an ionic

interaction with the negatively charged DNA.
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Each particle-DNA sample had a ratio 10/1 of partiele/DNA in which the amount of the 

DNA was 0.5 pg. The results of the agarose electrophoresis showed that the positively 

charged polymers had the ability to couple DNA. PEI and chitosan are both cationic 

polymers. So DNA bands from these two polycation/DNA complexes were retarded in the 

sample wells without shift. There was no DNA band from the sample of PEI- 

PMMA/DNA particles because DNA molecules were condensed too small by PEI to allow 

ethidium bromide to insert. Consequently, DNA molecules would not present fluorescent 

light without ethidium bromide insertion. In addition to chitosan and PEI, commercial 

transfection reagent Lipofectin composed of cationic lipid also showed an ability to retard 

the electrophoretic mobility of DNA (Figure 4-5). PLA is a negatively charged polymer 

and the casein is a neutral protein. The DNA bands from samples composed of the two 

polymers apparently shifted out of sample wells indicating that both of these polymers 

cannot form an ionic interaction with the negatively charged DNA.

Figure 4-5 Gel retarding experiment showing the coupling ability of various polymer 
particles in complexation of plasmid DNA pGL3.
Lane 1 : a free DNA pGL3 control, 0.5pg;
Lane 2 and 3: chitosan particles 5 pg coupling pGL3 control 0.5 pg;
Lane 4 and 5: PLA particles 5 pg coupling pGL3 0.5 pg;
Lane 6 and 7: PLLA particles 5 pg coupling pGL3 control 0.5 pg;
Lane 8: Lipofectine 5 pg coupling pGL3 control 0.5 pg;
Lane 9: PLA particles 5 pg coupling pGL3 promoter 0.5 pg;
Lane 10: PLLA particles coupling pGL3 promoter 0.5 pg.

4.3.2 The effect of the ratio of chitosan/DNA

The experimental data indicated that complexation of chitosan/DNA was a function of the 

ratio of chitosan/DNA. The higher the ratio of the chitosan/DNA, the more DNA coupling 

there is (Figure 4-6).

When the ratio of the chitosan/DNA was higher than 4/1, DNA was completely coupled 

onto the particles as the DNA retardation gel shows. The result of this agarose gel
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electrophoresis indicated an optimal mass ratio for chitosan to flilly couple DNA. 

However, it was necessary that the positive charge of chitosan was much higher than the 

negative charge present on the DNA. In the case of the chitosan derivative used in this 

experiment, chitosan (from Pronova Co. - Protasan 211) is a macromolecule with a 

molecular weight of 150 kDa and with a deacetylation degree of 75 %. The molecular 

weight of a unit of glucosamine is 160 and the molecular weight of N-acetyl glucosamine 

is 203. The average Mw of a unit of chitosan should be 160 (glucosamine unit) x 0.75 + 

203 (acetyl glucosamine unit) x 0.25 = 170.75 (deacetylation 75% of chitosan). Therefore, 

the average molecular weight of a unit containing a primary amino nitrogen in this 

chitosan has a corresponding molecular weight of 170.75/0.75 = 227.27 Da (Detailed 

calculation of the molecular weight of various units in chitosan is described in the 

Appendix G). The average molecular weight of a unit of DNA related to a negatively 

charged phosphorus is 330 Da. If the ratio of positive/negative charge of chitosan/DNA 

complex is 1:1, the weight ratio of chitosan/DNA should be 227/330 = 0.69. Therefore, the 

mass ratio of 4/1 of chitosan/DNA corresponded to a N/P ratio of 5.8/1. This means that 

for chitosan to completely complex a negative phosphorus of DNA, as many as 5.8 

protonable amino nitrogens are needed. It was apparent that not every protonable nitrogen 

contributed a functional positive charge in the complexation of DNA.

Figure 4-6 Agarose gel electrophoresis of the chitosan particles coupling plasmid DNA 
pGL3-control at different weight ratios of chitosan to pGL3-control.
Lane 1 : chitosan/DNA=0/l ; Lane 5: chitosan/DNA=l/l ;
Lane 2: chitosan/DNA=0.125/1; Lane 6: chitosan/DNA =2/1;
Lane 3: chitosan/DNA= 0.25/1 ; Lane 7: chitosan/DNA=4/l ;
Lane 4: chitosan/DNA= 0.5/1 ; Lane 8: chitosan/DNA=8/l.

There was no DNA movement out from the sample wells of the agarose gel when the mass 

ratio of chitosan/DNA was 8/1 and only a small amount of DNA was determined at a mass 

ratio of 4/1, or a N/P ratio of 5.8/1. Therefore, a N/P ratio above 6/1 was necessary for 

chitosan particles to couple DNA completely. The explanation for this may be that by the
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gelation of chitosan with triphosphate anions, the free amino groups of the chitosan 

particles are less than that o f the original chitosan chains due to interaction of part of amino 

groups with the tripolyphosphate anions which was used in a negative to positive charge 

ratio of 1/1 -  7/1 in the chitosan gelation process. In addition to the coupling of chitosan 

and tripolyphosphate groups, some amino nitrogens of the chitosan were not protonated 

(Bossif et al., 1995). That means not every primary amino group contributes a positive 

charge. Therefore, a higher N/P ratio is required to couple DNA in the complexation of 

chitosan/DNA.

The electrophoresis model of DNA bands of chitosan/DNA samples is different from that 

o f PMAA/DNA samples. DNA bands from a low chitosan/DNA ratio which was not able 

to complex all DNA are presented at the same position as the free DNA control samples. In 

the agarose gel electrophoresis of PMAA/DNA samples, DNA bands from a low 

PMAA/DNA ratio are presented at a delayed position which suggested a partly 

complexing of DNA with PMAA (See 3.1 .6  The effect of N/P ratio of the complexes).

4.3.3 The interaction between chitosan and DNA and a possible reason for 
delayed transfection and sustained expression

Chitosan used in the experiments is a copolymer of 75% mole of glucosamine and 25%

mole of N-acetyl glucosamine. Most of primary amine groups provide a positive charge. 

DNA is a macromolecule composed o f large number o f phosphates, sugar and organic 

bases. DNA is negative due to the phosphate groups. Therefore, the main interaction 

between chitosan and DNA is the ionic interaction. Because o f N-acetyl groups, sugar 

units and organic bases in the chitosan and DNA, hydrophobic interaction may occur 

between the two polymers.

A displacement experiment was carried out to determine the strength of the interaction 

between chitosan and DNA. Anionic chemicals PAA and heparin were used in the 

experiment as substituendum. The results of the displacement showed that DNA was 

difficult to displace from the chitosan/DNA complexes. In contrast, DNA was 

displaced from PEI/DNA complexes (Figure 4-7), and polyamidoamine/DNA 

complexes (Figure 4-8). The stable interaction between chitosan and DNA was 

confirmed by the difficulty to displace DNA from chitosan even at high concentrations 

o f PAA and heparin. DNA was displaced from PEI/DNA, SuperFect/DNA and 

Lipofectin/DNA complexes at a concentration o f 50 pg/ml of PAA, or 50 units/ml of
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heparin. DNA could not be displaced from chitosan/DNA complexes even at a 

concentration of 500 pg/ml of PAA, or 500 units/ml of heparin.

The difficulty of displacement of DNA from the chitosan/DNA complexes suggests a 

possible hydrophobic interaction between DNA and chitosan because polyions can 

displace another ionic chemical but are not able to interact with non-ionic coupling. 

The stable interaction would sustain the release of DNA from the complexes and 

subsequently delay the transfection of cells with the genes in the complexes.

M olecular 
marker — PEI/DNA complexes C hitosan/D N A  com plexes

Standard D N A Standard D N A

Figure 4-7 Comparison of displacement experiments with PEI/pCMV/wc (N/P=5/l) 
and chitosan/pCMV/wc (mass ratio 5/1) by PAA 50, 100, 500, 2500pg/ml (Lane 4-7, 
11-14) and heparin 2000, 4000 units/ml (Lane 8, 9, 15, 16).

2 3 4 5
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Figure 4-8 A displacement experiment showed that DNA complexed with Superfect (S) 
(Lane 3) can be displaced by adding the polyanion agent polyaspartic acid (PAA) 
(Lane 5) and heparin (Lane 7). DNA coupled on chitosan ( C ) (Lane 2), however, is 
difficult to be displaced by adding PAA (Lane 4) or heparin (Lane 6). The 
concentrations was 500 pg/ml of PAA or 500 units/ml of heparin. This suggests that

114



Chapter 4 Chitosan/DNA Complex Particles

complexation between DNA and chitosan may also be due to hydrophobic interaction 
and hydrogen bonding.

4.4 The sizes of the chitosan/DNA particles

4.4.1 Complexes are nano scale particles

After complexing DNA with the chitosan particles, the morphology of chitosan/DNA 

complexes has various shapes depending upon the preparation conditions. They could be 

solid aggregates, spheres, tiny particles and even resembling single molecular aggregates, 

as assayed by transmission electron microscopy shown in Figure 4 - 9 .  TEM analysis 

indicated that the chitosan/DNA particles were about 200 nm and were in a solid and 

stable form (A and B). Homogenously dispersed particles smaller than 50 nm (C and D) 

could also be visualised.

The size control of the chitosan/DNA particles has a significant impact on their application 

in the biomedical area, such as a biodistribution of particles after administration. Chitosan 

has facets such as a positive charge and the glucose components, which are naturally 

uptaken by cells via transport proteins in the cell membranes (Stryer, 1995). A main factor 

for transfection with particulate systems is cellular uptake. The positive charge and the 

glucose structure of chitosan would help the chitosan particles enter cells by increasing the 

interaction between particles and the cellular membrane due to an interaction of membrane 

proteins with the carbohydrate backbone of chitosan (Venkatesh and Smith, 1998). The 

size of the particles, however, play a key role in cellular entry, even though there are 

several pathways, including phagocytosis, pinocytosis, caveo-mediated endocytosis and 

clathrin-mediated endocytosis. Except for phagocytosis which can engulf particles as large 

as 1 0  pm in size, all other mechanisms of cell entry require particles smaller than about 1 

pm in size (Shiratory, 1993). It may be, therefore, advantageous that the sizes of the 

particles carrying DNA are as small as possible for an effective DNA delivery because of 

the size requirement of cellular entry (Ogris, 1998, Seymour, 1992). The main pathway for 

extracellular substances to enter cells is pinocytosis, which occurs firequently and in almost 

every cell type. However, the sizes of such extracellular substances should not exceed 100 

nm. Phagocytosis only occurs in some cell types and is less frequent. Therefore, the size 

control of particulate drug carriers is so important that such drug carriers may be markedly 

less useful unless they meet such requirements as optimal carrier size.
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Figure 4-9 TEM micrographs of chitosan/DNA complexes: (A) chitosan/pCMV/wc, (B) 
chitosan/pAg85B, (C) chitosan/pGFP, (D) chitosan/gWIZ. Chitosan: Mw = 11000 Da; 
chitosan/DNA mass ratio: 5/1.
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4.4.2 The ratio of chitosan/DNA on the sizes of the complexes

Chitosan/DNA complexes were prepared in different ratios of DNA/chitosan. The sizes of 

these complexes were determined by PCS. It was found that the sizes of the complexes 

were not significantly affected by the ratio of DNA/chitosan as Figure 4-10 showed.
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Figure 4-10 The relationship of the sizes of chitosan/DNA particles with the ratio of
DNA/chitosan (w/w) determined by DLS technique. Chitosan: 150,000 Daltons; DNA: 
pCMV/wc.

In this work, commercial chitosan Protasan (Pronova) was used and the sizes of the 

chitosan/DNA complexes were about 150 nm at a DNA/chitosan ratio of 1/5 (equals to a 

N/P ratio of 6/1). The amount of DNA was gradually increased until a DNA/chitosan ratio 

of 1.3/1. The size data o f these particles, however, did not increase with the increase of 

amount of DNA. The K counts of the determination of the samples were also recorded as 

corroboration of the sample quality. The K counts should be as high as 10 (the 

requirement for samples to be tested using the Malvern PCS by the manual protocol), or 

the determination would be sub-optimal for accurate size determination. The K counts is a 

function of both the amount and the size of the particles and monotonically increasing with 

the two parameters. Therefore, the trend shown by K count data reflects the trends in the 

change of the particle size and concentration in the samples.

The data showed that with the increase of DNA and a constant amount of chitosan in the

sample, the sizes of the complexes were almost not changed. The K counts of the samples,

however, were gradually and apparently increased. This indicated an increase of the
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number of the particles. It could be reasonably assumed that the preparation of 

chitosan/DNA particles would result in some chitosan molecules being spared without 

being coupled with DNA at a mass ratio of DNA/chitosan lower than 1.3/1, such as 1/9 as 

used in this experiment. With the increase of DNA, the spared chitosan interacted with 

newly added DNA to form new particles resulting in the increase in the amount of 

particles. When the amount of DNA was increased to a DNA/chitosan ratio 1.3/1, the 

excess chitosan was mostly or completely consumed in the coupling of DNA to form new 

particles. Above this ratio of DNA/chitosan, a continuous increase in DNA produced more 

spared DNA molecules uncomplexed to chitosan. Consequently, the spared DNA 

molecules resulted in aggregation of the chitosan/DNA particles in a role similar to that of 

a cross-linking reagent which resulted in the aggregation of the system. This is the likely 

cause of the fact that when the ratio of DNA/chitosan was over 1.3, the sizes o f the 

particles were dramatically increased. In the curve of the size - ratio o f DNA/chitosan 

complexes an acute slope occurred at this point (Figure 4-10). This characteristic of the 

chitosan/DNA particulate system has not been seen from the other polycation/DNA 

particulate systems. Obviously the dramatic increase of particle sizes indicated an 

aggregation of the particles. Moreover, this aggregation phenomenon of chitosan/DNA 

from PCS determination was similar to the result from other's work on chitosan/DNA 

complexes.

A sedimentation experiment to determine the density of chitosan/DNA complexes showed 

that the degree of sedimentation of chitosan/DNA complexes increased with decrease of 

N/P ratio. The sedimentation is the highest and the chitosan/DNA particles become 

heterogeneous in size when the N/P ratio was reduced down to between 1-2. (Erbacher, 

1998). The findings from this work indicated that chitosan/DNA polyplex system 

remains stable for DNA/chitosan mass ratios under 1.3 (equal to a N/P ratio 1.11, 

deacetylation of chitosan is 75%). The chitosan/DNA complexes were homogeneously 

formed with aggregation occurring at higher DNA/chitosan mass ratios. It can be said 

that the peak sedimentation of DNA and the appearance of heterogeneous particles are 

just due to the aggregation of the chitosan/DNA particles in similar fashion to the result 

that was determined by PCS determination in this work.

Therefore, a conclusion can be drawn that for the preparation of homogeneously 

dispersed chitosan particles, the mass ratio of DNA/chitosan should not be higher than
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1.3, to avoid possible aggregation. It would be an optimal condition that the mass ratio 

of DNA/chitosan is lower than 1 (or N/P ratio higher than 1.5). In addition, the sizes of 

chitosan/DNA complexes are not affected by the ratio of the chitosan/DNA, except when 

the ratio of DNA/chitosan is over 1.3.

4.4.3 The effect of preparation medium

Even though the DNA/chitosan ratio did not affect the size of chitosan/DNA particles 

significantly, the sizes of chitosan/DNA complexes will be affected by many other factors. 

In these experiments it was found that the sizes of the complexes were dependent on the 

pH and ionic strength of the preparation media and the molecular weight of both chitosan 

and plasmid DNA

Table 4-2 PCS data of chitosan/DNA particles

Samples Z average 
(nm) Medium Kcounts (SD) Polydispersity 

index (SD)

Protasan/pGFP 138.3 H2O 61.1 0.295

Protasan/pGFP 339 PBS 521.2 0.272

Protasan/pCMVluc 141.2 H2O 56.4 0.281

Protasan/pCMVluc 321.2 PBS 321.2 0 .2 2 2

Chitosan/DNA=5/l. Protasan: Mw=150kDa, 75% deacetylation. PBS: 0.01 M, pH7.4. 

n=3

.Firstly, Chitosan/DNA particles were found to be smaller when prepared in water than in 

PBS (Table 4-2). It can be assumed that PBS affects the size o f chitosan/DNA 

complexes by the increase of ionic strength and pH in the preparation medium.

Usually a higher ionic strength of solution will impose a larger electrostatic interaction on 

the polyelectrolytes therein and allow these polyelectrolytes to aggregate. A medium with 

a higher ionic strength (a higher electrolyte concentration) requires a higher surface charge 

density for colloids in its field to balance the impact o f the electrostatic interaction fi-om the 

electrolyte solution. At this point, complexes have to compile themselves into a large 

particles to reduce the specific systemic surface area and increase the surface charge 

density to balance the impact fi-om the electrolyte solution because complexes composed 

of polycations and DNA are a kind of colloid suspension which stables themselves against
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the impact from the electrolyte surrounding by the surface charge.

The effect o f pH was apparent because the hydrophilicity and the cationic characteristics of 

the chitosan are a function of pH. The hydrophilicity and cationic characteristics of 

chitosan are better at low pH and consequently fine particles can be formed. In PBS buffer, 

the pH is, however, about 7.4 which resulted in larger particles of chitosan/DNA 

complexes.

4.4.4 The effect of molecular weight of chitosan

The size of chitosan/DNA particles was affected by the pH and ionic strength of the 

preparation medium. These factors, however, were not able to reduce the size of 

chitosan/DNA complexes down to lower than 100 nm when Protasan, a commercial 

chitosan product with a molecular weight of 150 kDa, was used. In consideration of the 

possible influence of molecular weight on the size characteristics, a higher molecular 

weight may conceivably lead to the formation of larger particles, the size of the 

chitosan/DNA complexes may therefore be reduced down by the use o f lower molecular 

weight chitosan derivatives.

The experimental results confirmed this postulation as illustrated in Figure 4-11. By using 

different plasmid DNA, pGFP, pCMV/wc, pAg85B and gWIZ, chitosan/DNA complex 

particles prepared with both Protosan (Mr=150 kDa) and degraded chitosan (Mr = 11 kDa, 

from GPC determination). The sizes were determined using photon correlation 

spectroscopy technique. It can be seen that chitosan/DNA particles which were composed 

of any plasmid with Protasan always presented larger sizes than those with degraded 

chitosan. More importantly, the sizes of chitosan/DNA particles composed of degraded 

chitosan were almost all lower than 100 nm. The significance o f this reduction of sizes 

indicated that the reduction o f the molecular weight of chitosan is an efficient approach for 

the size control of chitosan/DNA particles.

The effect of molecular weight on the sizes of chitosan/DNA has attracted much interest in 

the area of chitosan/DNA particle research recently. A few reports on this subject 

published in academic journals presented almost the same results as those revealed in this 

work. (Maclaughlin et al., 1998, Koping-Hoggard et al., 2003). In addition, data from this 

work also indicated that the sizes of chitosan/DNA complexes were not only related to the
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Figure 4-11 Sizes (Z average diameter) and size distribution of chitosan/DNA 
complexes assayed by PCS. Dotted line: Protosan with a molecular weight 150,000 
Dalton. Solid line: Degraded chitosan with a molecular weight 11,000 Dalton, (A) 
Chitosan/pGFP. (B) Chitosan/pCMV/wc. (C) Chitosan/pAgSSB. (D) Chitosan/gWIZ.

molecular weight of chitosan, but also the molecular weight and the structure of plasmid 

DNA. Plasmid DNA with low molecular weight and supercoiled structure always
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produced smaller size ranges than the others. By comparison of the complexes prepared 

with different plasmids, it could be seen that the sizes o f these chitosan/DNA complex 

particles were in a monotonie increase tendency with the increase of the sizes of plasmids 

as listed in Table 4-3.

Table 4-3 The Z average diameter (PI) and the molecular weight of 
chitosan/DNA complexes

Plasmid pGFP pCMVluc pAg85B gW IZ

Molecular
weight

4915 bp 5012 bp 5827 bp 6732

Chitosan of 11 49.9 nm 6 6 .8  nm 83.2 nm 82.9 nm
kDa (0.307) (0.252) (0.297) (0.284)

Protasan of 125.5 nm 125.5 nm 137.2 nm 148.8 nm.
150 kDa (0.171) (0.352) (0.402) (0.174)

The mass ratio of chitosan/DNA was 5/1.

Compared to pAg85B, the molecular weight of gWIZ is 6732 bp bigger than 5827 bp of 

pAg85B. However, in the case of low molecular weight chitosan, the Z average size of 

chitosan/gWIZ particles was 82.9 nm. In contrast, that of chitosan/pAg85B particles was

83.2 nm. The smaller size of complexes composed of gWIZ was very probably resultant 

from the higher level of its supercoiled structure component. In a view of statistics, these 

two size data of complexes made from gWIZ and pAg85B plasmids are not significantly 

different. It is, therefore, reasonably assumed that a higher degree of supercoiled form of 

gWIZ reduced the effect o f the high molecular weight on the sizes of chitosan/DNA 

complexes.

4.5 The degradation of chitosan

4.5.1 The structural characteristics of chitosan

Many factors affect the sizes of chitosan/DNA complexes, such as pH, electrolyte 

concentration of preparation media and concentration o f chitosan and DNA. The sizes 

o f chitosan/DNA complexes can be, however, reduced down to lower than 100 nm only 

by a reduction of molecular weight of chitosan. It could be presumed that the molecular 

weight of chitosan is a key factor in the control of sizes of the chitosan/DNA system.

Chitosan is derived from the natural carbohydrate polymer chitin, the structural material

in crustacean shells such as crab, lobster, shrimp, prawns, crayfish, etc. Chitin is also
122



Chapter 4 Chitosan/DNA Complex Particles

found in insect skeletons and wings and in some fungi. The primary building unit in the 

chitin polymer is 2-deoxy-2-(acetyl amino) glucose, such units being combined by beta, 

1-4 glycosidic linkages into a linear polymer with a degree of polymerisation of 

hundreds of units, quite analogous to cellulose in terms of the glucose units (Figure 4- 

12). Chitosan is soluble in dilute aqueous solution of many organic acids, forming 

highly viscous solutions and being amenable to formation into films and fibres for many 

uses.

-OH OH

IK) HO
NH
C=0
CH3

Chilin

OH

on. 011

HO HO'
OH OH

Figure 4-12 The chemical structures of chitin, chitosan and cellulose.

As a structural material owning a high molecular weight is necessary to provide enough 

strength. In the application of drug delivery carriers, chitosan with a high molecular 

weight is not necessary because it results in a higher viscosity solution and, 

consequently, it is difficult to form homogenous and low viscosity systems which are

123



Chapter 4 Chitosan/DNA Complex Particles

able to form fine particles. It is desirable to reduce the chain length o f the chitosan 

molecules so as to reduce the viscosity of its solutions, and/or to increase its solubility, 

and/or generate its molecular character as a poly-electrolyte material. In general, 

however, this has not been easily accomplished, particularly since chitosan is quite 

resistant to hydrolysis by acids. Partial hydrolysis was accomplished in one study by 

treating a one percent chitosan solution in 3.3 Normal (12%) hydrochloric acid at 100 

°C for 35 h (Barker et al., 1957). In this case, a series o f oligosaccharides with one to 

seven building units per molecule was obtained, as described, for example, in “Isolation 

of a homologous series of oligosaccharides from a chitin”(Barker et al., 1957). 

Recovery o f products from such a strongly acid solution, however, is a difficult and 

costly procedure, and it would be desirable to accomplish equivalent cleavage of the 

chitosan with far better economy o f reagents and under less drastic and tedious 

conditions.

4.5.2 The mechanism of the degradation of chitosan

The degradation of chitosan to provide a low molecular weight product was especially 

necessary for the chitosan/DNA system. Therefore, the methodology o f the degradation 

and principle of the preparation of the particles is a subject to discuss here. The process 

will be described with reference to the amount of NaNOz added and the data of viscosity 

determined with Canon-Fenske viscometer reflecting the change of molecular weight of 

chitosan. The reduction of viscosity o f chitosan solutions accompanying the increase of 

NaNÛ2 added was seen because the process o f the degradation involves a NaNÛ2 

induced deaminative cleavage of chitosan into reduced chain-length molecules 

(Anthonsen, 1993).

The degradation of chitosan in this manner has been accomplished for some time. The 

degradation was based on the following mechanism: one of the characteristic reactions 

of free aliphatic primary amines is their reaction with nitrous acid. While aromatic 

amines form more or less stable diazonium compounds, aliphatic amines are in general 

deaminated by treatment with nitrous acid. The reaction is thought to be achieved by the 

formation of an amine salt with the nitrous acid, followed by decomposition with 

evolution of molecular nitrogen and replacement of the original amino group by a 

hydroxyl group. In some instances, olefins are formed or rearrangements may occur 

(Reynold et al., 1954).

124



Chapter 4 Chitosan/DNA Complex Particles

This study investigated the effect o f partial deamination on the polyelectrolyte character 

of chitosan based on the mechanism mentioned above. A moderately viscous two 

percent solution o f chitosan in 6  % (v/v) acetic acid was treated with sufficient sodium 

nitrite to react with about 20 percent o f the amino groups. The sodium nitrite solution 

was added in small increments dropwise over a 30 minute period. After reaction, an 

expected decrease in viscosity occurred. Since reduction of viscosity of polymer 

solution is often an indication of depolymerisation, the above solution was analysed for 

reduced viscosity in comparison with a similar solution of untreated chitosan.

In addition to the viscosity characteristics, a reducing sugar unit, 2,5-anhydro-D- 

mannose, on the end of the chitosan chain is a suggested product of depolymerisation 

(Scheme 4-C).

HOH2 C
t̂ HR'

^ 0

HOH2 C HOH2 C

R = H, GlcN, GkNAc 
R' = H, Ac NaN02

HOH2 C, _
HOH2 C  ̂ L-0 jjO NHR'

H0 H2 C o
HO NHR'

Scheme 4-C The mechanism by which the nitrous acid reaction leads to chain cleavege 
resulting in a 2,5-anhydro-D-mannose reducing end.

Cleavage of a chain produces new reducing groups in proportion to the number of

glycosidic links ruptured. The newly formed end sugar units are not stable, and its

aldehyde groups had the potential to react with the amine group of the degraded

glucosamine unit to produce a Schiff Base under neutral/basic conditions (Tommeraas

et al., 2001). With the increase of pH of the aqueous phase as a result o f acetic acid

washing away during the late washing procedure, the amino groups of the N-
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Scheme 4-D Proposed mechanism of the Schiff base reaction facilitating the 
elimination of water leading to the formation o f HMF and chain cleavage. Adapted 
from Tommeraas, Carbohydrate Research, 2001, 333, 137-444.
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deacetylated oligomers were deprotonated to give a strong nucleophile, which was able 

to react with the aldehyde of the reducing sugar end. This produced a reversible imino 

bond with the release of a water molecule, and as water evaporated during the 

lyophilisation, the reaction was facilitated. This is a Schiff Base reaction, similar to the 

non-enzymatic browning reaction often seen in foods (Maillard browning), where side 

chain amino groups of proteins react with mono- and oligosaccharides producing 

melanoidin pigments (Fennema et al., 1985, Belitz et al., 1999). The occurrence of the 

imino proton (-CH=N-) is clearly seen in the NMR spectrum for the N-deacetylated 

trimer in Tommeraas’ work (2001). Subsequently elimination reactions and formation 

of by-products upon acidification happens (Scheme 4-D). The eliminated by-products 

are hydrophilic 5-hydroxymethyl-2-furftiran (HMF) which is soluble and easy to be 

eliminated away by washing during purification. After purification, only small 

segments of molecular weight-reduced chitosan are produced.

4.5.3 The viscosity of the degraded chitosan
Viscosity is an intrinsic property of a fluid that offers resistance to flow. The viscosity 

of a liquid can therefore be defined as the force per unit area necessary to maintain a 

unit velocity between two parallel planes of the liquid separated by a unit distance. This 

is mathematically written as the viscosity is equal to the force per unit area 

(F/A)(dynes/sq cm)/velocity gradient perpendicular to the planes per second (dv/dx). 

The unit o f viscosity is the poise. Since most pharmaceutical liquids have relatively low 

viscosity the units are often centipoise (cps) or 0.01 poise. The new units internationally 

are millipascals or mPa. They have the same numerical value as cps so that one mPa is 

equal to one cps.

Usually the viscosity of a solution can also describe some characteristics o f the solute if 

the solvent characteristics are known. This is especially true for solutions of 

macromolecules. The viscosity o f these solutions is due to the entanglement o f large 

molecules flowing along with the solvent. Therefore, this effect depends on the size, 

shape and molecular weight o f the macromolecule (Shoemaker 1989).

The viscosity o f degraded chitosan solution was determined with a Cannon-Fenske

viscometer using a diluted concentration of chitosan (2 mg/mL). By determination of

the outflow time of various degraded chitosan solutions and comparison with the

outflow time for water (as a standard) through the vertical capillary tube in the
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Table 4-4 The flow time o f the degraded chitosan solutions in water

to
oo

Sample^ tl ,
sec

t2 ,
sec

t3,
sec Tave Tstd Tt-TO Tt-TO/TO N aN02'’ml

(mole)

Time for 
degradation 

(hour)

H2O 100.17 100.23 1 0 0 .2 1 1 0 0 . 2 0 0.031 0 0 0

81 164.56 162.28 164.38 163.73 1.27 63.52 0.63 0.5 (7.2x10"*) 2

82 157.06 155.06 157.22 156.43 1 . 2 0 56.23 0.56 1 (1.44x10-3) 2

83 154.11 152.45 154.09 153.49 0.95 53.23 0.53 1.5 (2.16x10-3) 2

84 121.87 1 2 1 . 1 2 123.90 121.79 1.44 21.58 0 . 2 2 2 (2.88x10-3) 2

80" 1195.61 1173.13 1177.21 1181.91 11.97 1081.7 10.79 0 0

a: All samples were 100 ml o f 2% chitosan solution (1.24x10'^ mole), 
b: NaN0 2  was prepared into a solution o f 1 0 % ( 1 0 0  mg/ml), 
c: SO was the original chitosan sample without degradation.

I
I
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>
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viscometer o f 100 seconds, the viscosity was evaluated using equation 4-1. The outflow 

time for the chitosan solutions were from 1 2 0  to 1 2 0 0  seconds, respectively for the 

degraded and undegraded chitosan (Table 4-4). It could be seen that the viscosity of 

degraded chitosan was significantly reduced. Based on these data, it could be seen that 

the solution of the non-degraded chitosan has a special characteristic in the viscosity, 

compared to degraded chitosan, because the high viscosity of chitosan resulted in a long 

outflow time. Therefore, the molecular weight o f these polymers were not able to be 

calculated from the general equation [r|]=KM“ ([q] is the intrinsic viscosity o f the 

polymer solution). Usually [q] is determined in series diluted solutions. In the case of 

high molecular weight chitosan, the [q] was not able to be determined. The molecular 

weight could not be calculated. Here the viscosity o f these polymers was evaluated to 

discover the relationship between the condition o f degradation and the viscosity even 

though it is known that the viscosity of a solution of chitosan is a reflection of the 

molecular weight. The molecular weight of these degraded chitosans will be evaluated 

in later by a GPC technique.

Moreover, it was shown that the solubility of chitosan in water was improved by the 

degradation. Without degradation, the commercial chitosan was not soluble in water but 

only in an acidic buffer (acid acetate, 6 %) due to its high molecular weight.

4.5.4 The effect of amount of NaNOzon the degradation

By comparison o f the viscosity o f various degraded chitosans and the corresponding 

amount of NaNOz added (Table 4-5), it can be seen that the reduction o f the viscosity of 

the chitosan was related to the addition of NaNOz, indicating that the molecular weight 

o f chitosan had been reduced after the reaction with NaNOz. The reduction of the 

viscosity was also presented clearly by plotting the viscosity of chitosan versus the 

amount of NaNOz added in the reaction system (Figure 4-13). It then can be 

summarised that the degree of the degradation o f chitosan is a function of the amount of 

NaNOz. The more NaNOz is added, the higher the degree o f degradation of chitosan. 

The viscosity q o f the sample was calculated following the equation (Sime 1990):

qi/q2 = Pi tl/pztz  (4-1)
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Table 4-5 The viscosity of the degraded chitosan samples

Sample NaN0 2  ̂(mg/ml) Viscosity (centipoise) Stdv, +/- 
(n=5)

SI 2 1.087 0 .0 0 1

S2 1.5 1.37 0.003

S3 1 1.39 0.004

S4 0.5 1.46 0.006

SO 0 10.54 0.106

a: Concentration of NaN0 2 = 10% (w/v),

% 

I
•t§ 
>

15

5

0 21 3
NaNO^, ml

Figure 4-13 The plot o f the viscosity of chitosan degraded with different amount 
o f sodium nitrite.

Here we use PH2O and r|H2 0  of water which are 0.997 g/cm and 0.8904 cps 

(centipoise). The p of the sample was known from the preparation. Because of the 

concentration o f chitosan solution was 2 mg/ml, the p o f the sample can be 0.999 g/cm^ 

(the standard deviation o f p of this solution can be neglected because of the very diluted 

concentration). The tnio and ts were the data from the determination. The data of the 

outflow time (Table 4-6) were determined by using 20 ml of chitosan solution (2 mg/ml) 

in the viscosity experiment carried out using an Cannon-Fenske viscometer at 25 °C. In
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the measured samples o f chitosan solution, the flowing volume through the capillary 

tube was about 6  ml.

In the experiments, we also saw that the degradation improved the solubility of 

chitosan. When the molecular weight of chitosan was lower than 8,000 Da, chitosan 

then can be dissolved in water. On the other hand, chitosan with molecular weight 

higher than 10,000 Da can be dissolved only in the acidic buffer.

Table 4-6 The molecular weight o f the chitosan samples degraded by NaNOi 
determined by GPC method

Samples® NaNOz,
mol/L

Mn Mw Mz Mp Pd

81 0.00124 46,840 63,340 77,760 78,360 1.352

82 0.00124 18,300 22,170 25,470 25,710 1 .2 1 1

83 0.00124 17,980 21,080 23,920 22,940 1.172

84 0.00124 10,920 15,610 20,070 17,260 1.429

85 0.00124 10,340 15,460 20,780 15,940 1.495

8 6 0.0025 8,151 11,180 14,200 11,300 1.372

87 0.0025 3,334 7,079 13,070 3,869 2.123

8 8 0.0025 3,234 4,451 6,077 3,480 1.376

89 0.0025 4,739 6,734 9,255 4,797 1.421

810 0.0025 2,957 6,170 10,530 2,719 2.087

Mn: number average molecular weight; Mw: weight average molecular weight; Mz: Z avreage 
molecular weight; Mp: Peak average molecular weight; Pd: polydispersity index

The amount o f NaNO] corresponded to the deamination which was stoichiometric 

with the amino groups reacting according to the amount o f NaN0 2 . The more NaNO] 

was added, the more the amino groups o f the chitosan react with the NaNOz. 

Consequently, the cleavage points o f the chitosan chain increased with the amount of
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NaNOz. Therefore, the degradation was increased and the molecular weight of the 

chitosan became smaller.

4.5.5 The effect of the time of the degradation

The molecular weights of the degraded chitosan were evaluated by a gel permeation 

chromatography technique which shows plots representing the molecular weight and the 

distribution o f molecular weight of the samples (Figure 4-14). The data from the GPC 

assay showed a decreased molecular weight of the degraded chitosan compared to the 

original chitosan (Table 4-6). The degradation of chitosan was not only a function of the 

amount of NaNOz added, but also a function o f the time for the degradation reaction. 

The experimental results indicated that the molecular weight of chitosan decreased with 

the increase of the degradation time. This means that the reaction for the degradation, or 

the deamination in the early stage of the reaction, was not able to be completed in a 

short time, but progressed slowly over a longer time. It may be explained that even 

though the deamination may react quickly, the cleavage of the sugar unit will be more 

time dependent. According to the assumed mechanism of the degradation, the process 

of the degradation of chitosan was achieved in multiple steps.

Triple Detector Chromatogram
tT P

§

21.7

Retention Volume (mL)

Figure 4-14 The typical GPC plots o f the chitosan sample. RI: reflective index for 
sample concentration; DP: differential pressure for viscometry signal; LS: light 
scattering for molecular weight
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The steps in the cleavage of the end sugar group from the intermediate were reversible 

procedures and the rearrangement from the formed Schiff base to a double bond of the 

sugar unit was also a reversible procedure. These reversible procedures affect not only 

the products o f the reaction but also the degradation reaction rate (Tommeras 2001). It 

could be represented as:

Mt = Fc (t) (5-2)

This means that the molecular weight (M) of chitosan at any time t is a function of 

reaction time when the concentration (c) of NaNOz is constant. The equation (5-2) can 

also be represented as:

l/M =l/M o + kt/m (5-3)

where k (min’*) represents the rate constant, t the reaction time and m the monomer 

molecular weight (Chang et al., 2001).

Early in the reaction time, it could be observed that the kinetics o f the nitrite 

consumed in the reaction was an indication that the deamination reaction was a 

function of time (Peniston et al., 1975). This is another description of the time 

dependent process for the chitosan degradation. The amount of NaNOz consumed in 

the degradation indicated the degree of the deamination reaction and also represented 

a function o f time.

The data o f molecular weight from GPC showed that the degradation of chitosan was 

faster in the early stage than the later stage. The molecular weight o f the chitosan 

changed little when the reaction has been carried on for 90 minutes. The molecular 

weight of the polysaccharide will not significantly decrease after 90 minutes (Figure 

4-15).
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Figure 4-15 The plots of molecular weight (Z average) of degraded chitosans versus 
the degradation time at different NaNO] concentration.

4.5.6 Intact electrical properties of chitosan after degradation

The electrical characteristics of chitosan are a vital property for application in the 

biological area because only positive charges of chitosan allow chitosan to complex 

DNA to form nano scale particles in an eletrostatic interaction. The degradation of 

chitosan was based on the deamination of the chitosan, in which the primary amino 

groups are affected. As Scheme 4-D showed that the degradation first was a product of 

polysaccharide cleavage from the original chitosan chain and this product had an end 

sugar unit losing the amine group. However, because of the reactive aldehyde group of 

this end sugar unit, the formation of Schiff Base with the amino group from the other 

glucosamine unit resulted in the rearrangement and eventually the cleavage of this sugar 

unit from the reduced chitosan chain. This then produced a complete polyglucosamine 

chain without the end sugar unit. Therefore, the degraded chitosan had the same 

structure as the original one but with less glucosamine units. It means that the 

degradation reaction of the chitosan resulting from the deamination only reduced the 

molecular weight but did not change the chemical structure. Therefore, the electrical 

properties of the chitosan is almost kept with little loss.

By using this degraded chitosan to complex DNA, the determination of the zeta

potential of these complexes indicated that the zeta potentials of degraded

chitosan/pCMV/wc complexes and the undegraded chitosan/pCMV/wc complexes were

almost the same. There was no significant decrease of the potential of the degraded
134



Chapter 4 Chitosan/DNA Complex Particles

chitosan/pCMV/wc compared to the original chitosan/pCMV/wc complexes (Figure 4- 

16).

Compared to the size data of both low molecular weight and high molecular weight 

chitosan/pCMV/wc complexes, it could be concluded that the degradation of chitosan by 

using NaNO] only reduced the molecular weight, and did not change the electrical 

properties of chitosan.

15

Id

-200 -100 0 

Zeta Potential (m V )

100 200

Figure 4-16 The zeta potential of the chitosan/pCMV/wc complexes with degraded 
chitosan (1 IkDa, dotted peak) and original chitosan (150 kDa, solid peak).

4.6 The chemical modification

4.6.1 The reactivity of chitosan

Because of the primary amino groups, chitosan is able to react with chemicals with 

carboxyl groups by a dehydration condensation. The primary amine group is a reactive 

group which can react with other chemicals by several routes. Primary amino groups are 

especially sensitive to reaction with aldehyde groups to form the Schiff Base. The 

Schiff Bases are, however, not stable and the reverse reaction is a potential adverse 

effect. Moreover, aldehyde groups are too reactive to avoid adverse side effects when 

these groups exist in a biological body.
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The primary amine can react with a carboxylic acid by loss o f a molecular water to form 

an amide, which is stable without a possibility to react with other chemicals in a normal 

condition.

HO .HO
n

Scheme 4-E Amide formation linking a succinyl side group with the chitosan by 
condensation with zero-length linker carbodiimine.

Therefore, this route is preferred for the modification of molecules with amine groups in 

the chemical reaction. The dehydration reaction can occur under normal conditions but 

needs a catalyst carbodiimine. Carbodiimide is often used in the synthesis of peptides 

such as the water-soluble derivative 1 -ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC) or as the organic soluble derivative, A,A'-dicyclohexyl-carbodiimide (DCC). It 

has also been called as a ‘zero-length’ linker because the amide linkages are formed 

without leaving a spacer segment between the two parts when the reaction of 

condensation is carried by the addition o f carbodiimide (Scheme 4-E). In this 

experiment, water soluble EDC was used.

4.6.2 The reaction of chitosan with succinic anhydride

Succinic anhydride is a product from dehydration of succinic acid. Succinic anhydride 

is very sensitive to water and easy to be hydrolyted into succinic acid with two end 

carboxyl groups even under conditions where a trace amount of water exists. Therefore, 

in the solution, succinic anhydride becomes succinic acid.

In the dehydration reaction between the amino group and the carboxyl group catalysed 

by EDC, EDC reacts firstly with the carboxyl group of succinic acid to form an active 

ester intermediate. The intermediate can react with a primary amine such as those on 

chitosan to form an amide bond. The chemical process o f the condensation using EDC
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is presented in Scheme 4-F. By this route, chitosan was chemically modified with 

succinic anhydride resulting in N-succinyl chitosan. The succinyl groups substituted the 

amino groups and consequently adjusted the charge and hydrophilic properties of the 

chitosan.

» f ?
RiC-O H  + CH3CH2N=C=N-(CHfe)-N-CH3------------   ►

?? N H 2R 2
CH3GH2-NH-C = N -(C H i)3 -N -C H 3  + ------------------

I L
E i - C - 0  CH3

(U) Unstable amme-zeactive 
intennediate

5   ̂ ? / C H 3
RiC- N -R 2  + CH3 CHJT-C-N-CCHâjN;::^

H H

Scheme 4-F Chemical reaction process of the dehydrate condensation between 
carboxylic acids and amines catalysed by EDC.

4.6.3 The infrared analysis of the reaction

The formation of the amide bond between chitosan and succinic anhydride was 

confirmed from the FTIR spectrum (Figure 4-17). Compared to the original chitosan 

without modification, peaks at 1568 cm~  ̂ (N-H bending vibration, amide II band) and 

1658 cm~* (C =0 stretching vibration, amide I band) corresponding to the amide groups 

appeared in the FITR spectrum of the chitosan modified with succinic anhydride. In 

particular, the 1031.05 cm'^ strong peak corresponding to the carboxyl groups indicated 

a significant increase of the carboxyl groups.
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Figure 4-17 The FT-IR spectrum of original chitosan
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Figure 4-18 The FT-IR spectrum of succinylated chitosan

In contrast, FTIR spectra of chitosan without chemical modification do not have these 

special peaks, or just a weaker amide peak at 1642 cm'* (belongs to acetylglucosamine) 

(Figure 4-18). All the data presented here supported an effective reaction of the
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dehydrate condensation between the amino groups and the carboxyl groups with the 

EDC dehydration reagents.

4.6.4 The possible improvement of the succination reaction of chitosan

The modification o f chitosan with succinyl groups reduced the primary amino groups 

on the chitosan. The hydrophilicity o f chitosan was then reduced significantly. The 

chitosan modification from this reaction resulted in a completely insoluble product, 

even at pH2.0. This was probably due to cross-linking from the extensive 

condensation between the carboxyl groups of the succinic acids and the primary 

amines that remained in the chitosan. In an aqueous condition, the succinic anhydride 

is hydrolysed into succinic acid which is a chemical with two end carboxy groups. 

Both o f the two end carboxyls can react with primary amines to form acetyl group. In 

this case the succinic backbone become a cross-linker. The modified product was, 

therefore, insoluble in many solvents including some organic solvents such as 

acetone, toluene, ether and esters. This showed that the modification of chitosan with 

succinic anhydride is a conditioned procedure in an aqueous phase, except that a 

cross-linked chitosan gel is the desired product. A control of the amount of succinic 

anhydride should be considered (Kato, 2004, Yamaguchi, 1981). Alternatively, 

succinylated chitosan should be prepared in a non-aqueous condition with an organic 

carbodiimide, DCC, as catalyser. Succinyl cross-linking modified chitosan was not a 

desired product to obtain a soluble chitosan. The confirmation of this reaction is, 

however, meaningful because it showed that the succinylation o f chitosan by EDC 

catalysation is a practical reaction. Therefore, it is likely that the desired chitosan with 

a suitable charge density and hydrophilicity can be achieved by control o f the molar 

ratio o f each component and reaction time.

4.7 Conclusions

Chitosan is a polymer capable of complexing DNA by an ionic interaction. PSTP is a 

multivalent anion and effectively condenses chitosan into nanoparticles by ionic 

interaction. Chitosan can aggregate into particles in its solution by adding sodium 

hydroxide. These chitosan aggregates can redissolve by reduction of the pH of the 

solution. Sodium citrate is a weak acidic salt and able to result in a chitosan particle 

suspension upon mixing with a chitosan solution. This chitosan particle system is also 

reversible to its solution phase due to the reduction in the ionisation of citrate groups by a
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decrease in the pH of the solution. To get a stable chitosan particulate system, PSTP is the 

best selection. Chitosan/DNA complexes can be improved by adding PSTP suitable for 

enhanced stability. The ratio of chitosan/DNA also affects their sizes. A threshold of the 

mass ratio of DNA/chitosan particles is 1.3 for the production of fine chitosan/DNA 

complexes. The complexes will be aggregated if the DNA/chitosan ratio is over this value. 

The molecular weight of chitosan influences the sizes o f chitosan/DNA complexes 

significantly. To produce chitosan/DNA particles with sizes lower than 100 nm, low 

molecular weight (lower than 11,000 Da) chitosan should be used. Commercial chitosans 

usually have a molecular weight over ISOkDa, therefore they are not suitable for the 

production of chitosan/DNA complexes with sizes lower than 100 nm. The molecular 

weight o f plasmid DNA affects the sizes of chitosan/DNA complexes in the same way as 

chitosan. Additionally, the level of the supercoiled form of plasmid is one of the factors 

that affects the size of complexes. The lower the molecular weight, the higher the 

supercoiled form of plasmids is, the smaller the sizes of the chitosan/DNA were.

Chitosan with primary amino groups can be degraded to obtain a low molecular weight 

derivative. The degradation of chitosan can be achieved by a deamination reaction with 

NaN0 2 . The degradation of chitosan was affected by the concentration o f the NaNOz 

and the time employed for the degradation reaction. An increase o f the concentration of 

NaNOz can increase the degree of the degradation to obtain a lower molecular weight of 

chitosan. The reaction time for the degradation should be about 2 h for a complete 

degradation. The degradation of chitosan only produced a lower molecular weight but 

the chemical structure o f chitosan would be the same based on the zeta potential 

determination. The chemical modification of chitosan can be achieved by a dehydrate 

condensation using a soluble carboxyl diimine EDC. This reaction would be able to 

adjust the degree o f the charge and the hydrophilicity o f the chitosan. The modification 

o f chitosan has potential for the preparation of the chitosan/DNA transgene delivery 

reagents and to possibly improve the transfection efficiency mediated by this 

biopolymer.
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5.1 The preparation of PEI/DNA complexes

As discussed in previous chapters, positively charged polymers can interact with 

negatively charged nucleotide DNA and form complexes. Polyethylenimine (PEI), a 

highly charged and protonatable polymer, exhibited excellent properties to form 

complexes when PEI and DNA were mixed together in controlled conditions. The 

experiments showed that the complexes of PEI/DNA were particles. The transmission 

electron microscope assay indicated that the complexes made from PEI and plasmid 

DNA pGL3-Control are irregular but solid particulates and the sizes were lower than 

100 nm (Figure 5-1).

Figure 5-1 Transmission electron micrograph of the PEI/pGL3-Control complexes, 
N/P ratio was 5/1, PEI 25 kDa; DNA, pGL3-ControI; buffer, HEPES, O.OIM, pH7.4.

PEI has the highest charge/mass ratio in all the charged polymers, especially at acidic 

pH where all protonatable nitrogens become positively charged and the charge/mass 

ratio is 1/43. In the PEI molecule, the protonatable nitrogens are one third of the number 

of the atoms in the chain backbone. These characteristics confer on PEI excellent 

hydrophilicity and electrical properties.

The hydrophilic characteristics of macromolecules are usually dependent on the 

electrical properties and the molecular structure. A highly charged and linear polymer 

would have high hydrophilicity. PEI has both of these merits; therefore, when dissolved 

in water, the chains are well stretched out, freely inserted at molecular level in the water 

molecules. DNA is a highly soluble molecule as well.
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Excellent hydrophilicity of both of PEI and DNA allow them to mix completely in the 

aqueous environment. As the molecules are naturally counterionic for each other, they 

combined effectively together by electrostatic interaction. Their charges are neutralised 

and the hydrophilicity is reduced resulting in fine particulate complexes precipitated out 

in water. Electron microscopy showed that the topography of the PEI/DNA complexes 

is the best of all the polyplexes prepared with cationic polymers in term of size and 

shape.

In gene transfection, the contraction of macromolecules is very important for DNA to 

be condensed to small enough sizes. Usually a plasmid DNA molecule o f around 6  kb 

in size has an extended structure several hundred nanometers in diameter. The cellular 

uptake o f plasmid DNA by endocytosis is optimised when the DNA is condensed to 100 

nm or less. Furthermore, delivery of DNA into the cytoplasm of the target cell does not 

represent the final stage o f gene delivery. The DNA needs to be transported into the 

nucleus and expressed. This also needs condensation of DNA. The condensed DNA by 

various cellular proteins, such as the histone proteins, is the natural state that allows 

such a large molecule to fit inside the cell nucleus.

5.2 The sizes of the PEI/DNA complex

The PEI/DNA complexes were prepared in O.OIM HEPES, pH7.4 with concentrations 

of DNA 20 A^g/ml, PEI 13.25 /^g/ml (the N/P=5/l), these have an average particle size 

about 50 nm by TEM examination (Figure 5-1). The PCS determination (Figure 5-2) 

gave almost the same size results as that visualised using TEM. However, some small 

differences can be expected due to osmotic effects leading to the swelling o f complexes 

in the aqueous phase. The molecular weight of PEI used in this work was 25 kDa. The 

structural type of this polymer was a branched one. Moreover, it appeared that the size 

distribution and the sizes o f the complexes were both in an ideal state. The optimal size 

for complexes to enter cells by the process o f endocytosis is about 1 0 0  nm in diameter, 

while access to tumour tissue from the vasculature may be limited to particles less than 

70 nm in diameter. The size distribution o f the complexes is, therefore, very important.
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Figure 5-2 The PCS result of the PEI/pGL3-Control complexes which were prepared 
with a N/P ratio of 5/1 in a HEPES buffer (O.OIM, pH7.4) without NaCl. The Z average 
diameter is 51.2 nm and the polydispersity index is 0.23.

5.2.1 The effect of NaCI on the sizes of the complexes

The particle sizes of PEI/DNA complexes are affected by many factors such as salt 

(NaCl) addition in the preparation. A standard preparation of PEI/DNA complexes did 

not include sodium chloride to avoid an increased electrolyte concentration. On the 

other hand, physiological NaCl concentration is a must-happen condition for the 

complexes to meet in the biological surrounding for PEI/DNA complexes. Therefore, it 

is necessary to investigate the effect of NaCl on the preparation. The experimental data 

showed that when physiological amounts of NaCl (150 mM) were added, the size of the 

complexes increased (Table 5-1).

NaCl Z ave (nm) Standard Deviation (±, n=3) Polydispersity

0 42 0.61 0.38

0.15 M 83 0.63 0.12
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The data showed that the effect of NaCl on the preparation was apparent. The increase 

of the sizes of the complexes can originate from the aggregation of colloidal particles by 

the addition o f electrolytes. In fact a complex in an aqueous condition is a colloidal 

particle, which is stablised by the surface charge. Without a surface charge the 

complexes would have no repulsive force to disperse homogenously in an aqueous 

environment and would aggregate. However, colloidal stability in certain conditions 

would be reduced by the change of the ionic strength o f this aqueous system.

When the electrolyte NaCl is added, the ionic strength o f the aqueous system is 

increased. According to the colloid theory, particles in most colloidal dispersions in 

aqueous media carry electric charges. The stability o f such dispersion is very sensitive 

to the change of the ionic strength in the aqueous system because the double layer for 

the stability of the colloidal particles will be reduced with the increase of the ionic 

strength. The addition o f electrolyte results in the increase o f the ionic strength, and 

consequently reduces the thickness of the double layer and reduces the repulsion energy 

which is a key factor for the stability o f the colloid particles. When the thickness is 

reduced to a certain degree, the particles cannot be protected by the repulsive energy of 

the double layer and then are aggregated together. The increase of the sizes of 

complexes is the result o f the reduction of the electrical double layer of the original 

particulate system by the increase o f the ionic strength. To set up a new balance for the 

increased ionic strength, tiny particles have to aggregate together to form larger 

particles and reduce the surface area and consequently increase the surface charge 

density. Therefore, the particle system becomes one composed of larger particles 

automatically

5.2.2 The effect of order of the addition of NaCl

The sizes of the complexes were also influenced by the order of the addition of NaCl in 

the preparation o f the complexes. The preparation o f the complexes was carried out by 

mixing equal volumes of the DNA solution and the PEI solution. Usually the 

preparation o f PEI/DNA complexes was carried out in a O.OIM HEPES at pH7.4. When 

NaCl is added to mimic the biologic condition, the NaCl can be added in the system in 

different orders: adding NaCl in the separated DNA solution and PEI solution before 

mixing the two solutions; or adding NaCl after mixing the two solutions without pre

added NaCl. The experiments indicated different size results in different cases.
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The addition of NaCl resulted in polyplexes with larger sizes compared to the condition 

o f no NaCl addition. Moreover the level of size increase of the PEI/DNA complexes 

was different in different addition order. When NaCl was added prior to the mixing of 

the PEI and DNA solutions, the sizes of the produced PEI/DNA complexes were 

relatively small. When NaCl was added after mixing o f PEI and DNA solutions, the 

sizes of the complexes were often larger than those produced in adding prior to mixing 

(Table 5-2). It is thought that this process parameter has an effect on the sizes of the 

PEI/DNA complexes in the way of stimulation o f local ionic strength. One possible 

reason is that the diffusion of NaCl in the aqueous suspension of the PEI/DNA 

complexes is a time-dependent process. In the case o f addition o f NaCl before mixing, 

the interaction between PEI and DNA occurred in the condition that the concentration 

of NaCl had been constant, and the formation o f complexes was in a homogenous 

system. Therefore, there is no higher local NaCl concentration area in the suspension of 

the polymer/DNA complexes. Also, the concentration of the NaCl was not changed 

before and after the forming of the complexes. However, in the case of the addition of 

NaCl after mixing o f the PEI and DNA solution, the original ionic concentration of 

system was altered so that an existing balance o f colloid was disrupted. This ionic 

strength change resulted in the reformation of colloidal equilibrium of the system. To 

respond to the increased ionic strength, larger colloidal particles formed from the 

aggregation of small particles.

Table 5-2 The effect of adding order NaCl on the size o f PEI/pGL3-Control complex 

Add NaCl before mixing Add NaCl after mixing

Sample Zave, nm SD, nm PI Zave, nm SD, nm PI

No NaCl - - - 77.4 0.65 0.53
NaCl 

(0.15M) 265 1 .8 6 0.55 290 1 .1 1 0.48

SD: standard deviation; PI: polydispersity index; n=3

5.2.3 The effect of concentration of HEPES

DNA condensation by polycations is the function o f the nature and concentration o f all 

ions present. The concentration of HEPES did have an effect on the size of PEI/DNA 

complexes because HEPES is also as an ionic compound. HEPES, N-(2- 

Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid), is an organic chemical with weak 

acidity. Its pKa is pH 7.5. This means that when the pH of the system equals 7.5,

146



Chapter 5 Polvethvlenimine/DNA Complex System

HEPES is apparently neutral. However, it is still charged at this pH because it is a 

zwitterion as shown in Scheme 5-1.

,r>HOCHgCHgM Ŷ CHgCHgSÔ H

phK7.5

HOCHjCK ICHgCHgSOg pH=7.5 

pH>7.5

HOCHgCHg ^CHgCHgSOa'

Scheme 5-1 The ionic balance of HEPES in the aqueous system with changes o f pH.

When the pH of the system is higher than 7.5, HEPES is a negatively charged species. 

When the pH of the system is lower than 7.5, HEPES becomes positively charged. 

Usually it is used as a neutral pH buffer reagent. The higher the concentration of 

HEPES, the stronger the bufferring ability.

However, the experiments showed that the higher the concentration o f HEPES, the 

larger the sizes o f the PEI/DNA complexes were when HEPES buffer was used in the 

preparation (Table 5-3). In this work, the pH of the preparation system of PEI/DNA is 

7.5 equal to the pKa of HEPES.

Table 5-3 The effect o f the concentration of HEPES on the size o f PEI/DNA

Sample Z Average 
(nm)

Standard Deviation 
(±, n=3)(nm)

Polydispersity
Index

HEPES 265 1.23 0.47(O.IM, pH 7.4) 
HEPES 91 0.87 0.55(O.OIM, pH 7.4)
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Generally, the effect o f HEPES on complexes is due to the electrolyte effect. Large 

colloid complexes are produced by flocculation on electrolyte addition due to “salting 

out” effects which reduce repulsive electrostatic forces and the size o f the colloid 

complexes increases with increasing the concentration o f the electrolytes.

5.2.4 The effect of PEGylation on the complexes

PEGylation of particles is an effective approach to improve the physicochemical 

properties and in vivo behaviour o f drug carrier systems, eg stability o f the particles 

repulse the adsorption of plasma proteins. The PEGylation of PEI/DNA polyplexes has 

the same function. The PEGylation was usually done after the complex formed and the 

PEG segments (2000 Dalton) were linked on the surface o f the complexes. After 

PEGylation of the PEI/DNA complexes, PEG covers the surfaces of the complexes. 

Due to the hydrophilicity o f PEG, in the aqueous phase, PEG chains stretched in the 

water loosely. This stretched PEG layer results in the larger sizes of PEI/DNA 

complexes than those without PEGylation. Previous work (Calvo, 1997) described this 

characteristic of the PEGylation of nanoparticles. Even though there was an increase in 

the sizes of the PEGylated polyplexes, the increase was only about 10% of that without 

PEGylation. Experimental data (Table 5-4) clearly indicated this effect of PEGylation 

on the sizes o f PEI/DNA complexes.

Zave (nm) (SD) Polydispersity

No PEG P E G lO pg No PEG PEG 10 pg

No NaCl 42 (0.34) 53 (0.33) 0.38 0.38

NaCl 
(0.15M) 83 (0.75) 85 (0.64) 0 .1 2 0 .1 2

On the other hand, because of the PEGylation, PEG chains are extend into the aqueous 

phase outside the surfaces of the PEI/DNA complexes. These hydrophilic chains 

function as a screen preventing the collision between complex particles so that they are 

protected from aggregation. This steric obstacle to collisions between particles resulted 

in an increase o f the stability of the PEGylated complexes. This stability can protect the 

complexes from aggregation whether salt-induced, or concentration-induced by 

centrifugation (Table 5-5).
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Table 5-5 PEGylation improves the stability o f PEI/DNA complexes

Plasmid

Before centrifuge 
concentration

After centrifuge 
concentration

NaCl added 
(1.0 M)

Z ave 
(nm) PI Z ave 

(nm) PI Z ave py 
(nm)

pGL3-C/PEI 77.4 0.53 96.4 0.34 290 0.4

pGL3-C
PEG/PEI=1/1 91.3 0.11 117.4 0 .2 106.9 0.15

pGL3-C
PEG/PEI=60/1 87.3 0 .2 1 97.3 0 .1 2 98.2 0.16

pl3Gal
PEG/PEI=1/1 91 0.08 1 1 1 .8 0.19 112.3 0.19

pBGal
PEG/PEI=60/1 8 6 0.13 98.8 0.16 109.2 0.1

After the preparation, the complexes will be subjected to impact from various sources. 

The preparation of nano-scale complex particles has to be in a diluted concentration 

(0.002%, w/v, DNA). The concentration of these complexes, which will be 

administrated in animals, however, is usually required at a higher concentration (0 .1%, 

w/v, DNA) to reduce the volume of administered dose. That means the concentration of 

the complexes should be increased. The increase o f the concentration and centrifugation 

increased collision frequencies and the complexes consequently aggregate with each 

other. Without the protection of PEG chains, complexes were aggregated together. The 

improvement o f the stability of the complexes was an important issue for the application 

because there are many factors leading to aggregation o f PEI/DNA complexes. For 

example, in addition to the effect of the concentration, the increase of ionic strength 

induced by the physiological condition, as discussed previously, resulted in the 

aggregation of complexes.

The PEI/DNA complexes produced in normal conditions do not have sufficient stability 

for later procedures and are not able to resist high ionic strengths. PEGylation added a 

steric protection layer to the complexes and consequently the stability of PEI/DNA 

complexes can be significantly improved. The size data from the experiments confirmed 

the improvement of the stability by the PEGylation. The changes o f the sizes of 

PEI/DNA complexes with and without PEGylation were different before and after 

centrifugation, and also adding NaCl (in the aqueous phase). This shows that the change 

of sizes of complexes was much smaller in the PEGylation stabilized PEI/DNA 

complexes than that in the un-PEGylated PEI/DNA complexes.
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5.3 Preparation of poly (D,L-lactide-co-giycoIlde) microspheres

PLGA microspheres can be prepared by an emulsion homogenisation solvent 

evaporation technique. The sizes of the microspheres are usually in thel-100 pm range 

depending on the preparation conditions. Microspheres prepared in this work were in 

the size range of 0.5 - 5 pm assessed by scanning electron microscopy (Figure 5-4 ) 

and measured by a laser light scattering.

Electron microscopy shows not only size but also the morphology of the particles. The 

scanning electron micrographs of the PLGA microspheres showed a regular spherical 

shape.

V.

Figure 5-3 The scanning electron micrograph of PLGA (L/G = 50/50, Mr = 26 kDa) 
microspheres prepared by a double emulsion solvent evaporation process. First 
emulsion: aqueous phase was 1 ml of 5 % PVA solution, oil phase was PLGA 200 mg 
in 5 ml of DCM, emulsion at 10,000 rpm for 2 minutes. Second emulsion: aqueous 
phase was 10 ml of 5 % PVA solution, emulsion at 5000 rpm for 5 minutes. 
Evaporation of solvent was carried out with a electromagnetic stirrer for 4 h at room 
temperature.

Principally, the preparation of PLGA microspheres is a procedure of emulsifying an

organic solution of PLGA in an aqueous dispersion system in which surfactants, such as

Triton and Tween, or/and stabilisers, such as PVA and PVP are involved by dispersion

of the organic phase into the aqueous phase during a high speed homogenisation. In the

preparation, the microdrops of PLGA solution dispersed in the aqueous continuous

phase become solid througha process of removal of organic solvent from the emulsion

by evaporation or extraction. At the same time the solidified PLGA particles are

stabilized by the PVA molecules on their surface. By the same principle, before organic

PLGA solution emulsified in aqueous PVA solution, aqueous sub-micron substances
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can be first emulsified in an organic phase PLGA solution in a higher homogenization 

speed. This is so called double emulsion process, which, therefore, produce PLGA 

microspheres encapsulating required substances.

5.4 Microencapsulation of PEI/DNA complexes in PLGA microspheres

Using the double emulsion/solvent extraction method, PEI/DNA complexes were 

encapsulated in poly(DL-lactide-co-glycolide) microspheres. The double emulsion 

means that there were two emulsifying phases in the whole procedure and the emulsion 

is a composite emulsion, e.g. water in oil in water emulsion. The encapsulation of 

PEI/DNA complexes in the PLGA polymer matrix was completed at the first 

emulsifying stage and this emulsion is referred to as water in oil (w/o) emulsion. 

Mechanical stirring and surfactant materials such as PVA allow DNA molecules to 

homogeneously mix with the PLGA in organic solvents. In the second emulsifying 

process, the PLGA solution containing PEI/DNA complexes was further emulsified into 

microspheres in an oil in water (o/w) emulsion. The PLGA microspheres were solidified 

by evaporation o f the organic solvent (dichloromethane or chloroform) during 4-16 h.

The sizes of the PLGA microspheres depended on the dispersion process. It is a 

function of shear force in the emulsion system. The shear force field of the emulsion is 

built by the viscosities of the discontinuous phase and the continuous phase and power 

input. A higher viscosity of the continuous phase can form a high shear force field due 

to the effective transfer of power input into shear force. In a polymer solution, the 

viscosity o f the solution increases with the concentration of the polymer. Therefore, the 

sizes of the microspheres were related to the power input, as well as the concentration 

o f dispersion phase and the concentration o f continuous phase.

Like the condition dependence o f the sizes of the microspheres, the encapsulation of 

PEI/DNA or DNA in the microspheres was a condition dependent procedure. The 

compatibility o f the solutes with the matrices o f the microspheres, the time for the 

preparation, the stabilisers and the concentration of the solutes affect the encapsulation 

of the solutes.

In this work, the sizes o f the microparticles were about 5 pm. The encapsulation

efficiency of PEI/DNA is about 17% as determined using a PicoGreen reagent. The

levels of DNA on PEI/DNA encapsulation were influenced by the preparation.
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5.4.1 The effect of solvent and aqueous volume

The preparation of PLGA microspheres was carried out using two different methods 

based on the literature (see Chapter 2, the preparation o f PLGA microspheres). The 

main differences between the two methods are the types and volumes of solvents and 

aqueous phase. Comparing the results of the two methods o f preparation o f the 

particles, it could be seen that method 2  was better than method 1 for encapsulation 

efficiency. Method 1 produced encapsulation efficiency of 13% and Method 2 resulted 

in an encapsulation yield o f 17.2 (Appendix H). In method 1, 7 ml of chloroform was 

used as a solvent to dissolve PLGA. On the other hand 5 ml o f dichloromethane was 

used in method 2. The solubility o f PLGA in chloroform and DCM is similar. The 

volume o f the aqueous phase was 150 ml in method 1 , much greater than 2 0  ml used in 

method 2. A large amount o f water resulted in greater concentration difference o f DNA 

between organic phase and aqueous phase. This will increase the osmotic permeation 

tendency of hydrophilic DNA or PEI/DNA from organic phase to aqueous phase. More 

volume of organic solvent and aqueous phase would increase evaporation time, which is 

beneficial for DNA to escape from the organic phase to water.

5.4.2 The evaporation time on the encapsulation

Another difference between the two methods was that o f evaporation time. The 

evaporation time used in the preparation played a role in the encapsulation of PEI/DNA 

complexes. In method 1 and method 2, the evaporation time was 16 h and 4 h, 

respectively. Method 2 gave a higher encapsulation efficiency of complexes (17.2%). In 

an aqueous dispersion system, the DNA or complexes always tend to disperse in the 

aqueous phase due to their hydrophilic properties. The longer the dispersion time is, the 

more chance for the soluble substance to disperse into aqueous phase.

5.5 The qualification and quantitation of the encapsulated and released DNA from 

the PLGA microspheres

5.5.1. Polyanion replacement technique on the assay of plasmid DNA

The samples assayed by the agarose gel electrophoresis method were prepared by DNA 

extraction from the PLGA microspheres. The extraction of DNA was completed with 

TE buffer (pH 8.0).

The experimental data showed that DNA samples from PEI/DNA complexes did not 

give a migration band on an agarose gel after electrophoresis because the DNA
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molecules were not able to be separated from PEI. Otherwise, free DNA, PEI/DNA 

with anionic compound polyaspartic acid (PAA), extracted samples from PEI/DNA- 

encapsulating PLGA microspheres with PAA addition did present migration bands on 

agarose gel after electrophoresis (Figure 5-4).

23130 bp

9416 bp

6557 bp

4361 bp

2322 bp

Figure 5-4 Agarose gel electrophoreses of PEI/DNA complexes in different conditions. 
Lane 1 : Molecular weight ladder

2: Standard plasmid DNA pLuc.
3: PEI/pLuc complex
4: PELpLuc complex with PAA (350ug/ml)
5: PEI/pLuc complex with PAA (700ug/ml)
6: Extraction sample from PLGA/PEI/DNA microspheres, PAA was added after 

extraction.
7: Extraction sample from PLGA/PEI/DNA microspheres, PAA was added during 

extraction.
8: Molecular weight ladder.

The occurrence of DNA bands on the gel from sample PEI/DNA complexes indicated 

that free DNA had been displaced from PELDNA complexes by adding PAA, and only 

free DNA can be determined by agarose gel electrophoresis. DNA complexed with PEI 

without addition of PAA was not able to be removed out from the complexes even 

though there was an extrogenous electrical field. DNA can be released only in the case 

that there are anionic compounds which are able to displace DNA from PELDNA 

complex by competition reaction. Further more, if DNA is coupled with PEI, 

quantitation of DNA by the PicoGreen technique would be impossible because the 

PicoGreen reagent only reacts with double strand DNA in free form. The reaction 

between DNA coupled with PEI and PicoGreen reagent would be blocked by the PEI 

molecules, and therefore fluorescent signals produced from the insertion of Pico green 

molecules into the DNA fail to be determined.
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A DNA quantification experiment carried out using a PicoGreen assay (Table 5-6) 

shows the results of the DNA quantitation in various conditions. It could be seen that 

only after addition of poly-L-aspartic acid, was there free DNA released out which 

could be measured. The samples without addition of PAA gave almost no reading. That 

means no free DNA in the sample. Therefore, in the case of the samples extracted from 

PLGA microspheres encapsulating PEI/DNA, DNA in the extraction TE buffer was 

present as a PEI/DNA complex not free DNA. This result could mean that if a release 

experiment is carried out with complexes-encapsulating PLGA microparticles the 

released samples could be PEI/DNA complexes not free DNA.

Table 5-6 The comparison of DNA amount in different samples determined by 
the Picogreen method

Sample
Positive Control 

PEI/DNA  
(20 ^g DNA/ml)

Extract samples from PEI/DNA  
encapsulated PLGA particles®

N egative controls

without PAA added PAA PAA H2O
Amount
o f  D N A -7 -2 489 -2 -6
(ng/ml)

a: samples for extraction were 10 mg o f  particles prepared from a 400 pg o f  pCMV/wc and 200 mg o f  
PLGA. Extraction was carried out at 25 °C.

5.5.2. The effect of tem perature on the extraction of plasmid DNA

The extraction of PEI/DNA complexes from PLGA microspheres was influenced by 

temperature. The data showed that the amount of DNA extracted at 37 °C was 3 - 7  

times higher than that at 25 °C. This means that an adequate high temperature is 

necessary for the extraction of DNA from PLGA MS and the efficiency of extraction at 

higher temperature was higher than that at low temperature (Figure 5-5).

Method 2

Method 1

y
Method 2

Method 1

0 500 1000 1500 2000 2500 3000 3500 4000
DNA determ ined, ng

Figure 5-5 The effect of temperature on the extraction of DNA from the PLGA 
microspheres (10 mg) encapsulating PEI/DNA complexes. The extraction samples (0.5 
ml TE buffer) were added with PAA 250 pg/ml to replace DNA from PEI/DNA 
complexes.
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The DNA can more easily leave the PLGA matrixes and go into the aqueous phase at 

higher temperature because there is more energy to mobilise the DNA molecules.

5.6 Factors involved in displacement of DNA from PEI/DNA complexes

As mentioned above, DNA release into the aqueous phase is in the form of a PEI/DNA 

complex. A direct release of DNA into the aqueous phase from PEI/DNA encapsulated 

PLGA microspheres is impossible. Thus the quantitation of DNA by PicoGreen reagent 

would be difficult in the case of PEI/DNA complexes. Anionic compounds should be 

used to displace DNA from the PEI/DNA complexes for DNA determination. However, 

displacement is affected by many factors.

5.6.1 Anionic compounds

The anionic compounds used in the competitive reaction to displace DNA from 

complexes may have some effect on the efficiency of displacement. A competitive 

reaction is dependent on the properties of the chemicals. In this experiment, heparin and 

poly-L-aspartic acid were used. Based on current experimental data, it was seen that 

heparin was better than PAA in the displacement of DNA (Figure 5-6). The probable 

reason may be due to the different chemical structures of the two polyanions (Scheme

5-2).

1000 1

S’
'X>
c

8 0 0  -

6 0 0  -

^  4 0 0  4'O
g
A 200  -

N o  replacer Heparin, 4 0 0  lU /m l P A A , 5 0 0  ttg/ml 

Samples

Figure 5-6 The effect of the displacement reagent on the determination of DNA in the 
extraction samples from PLGA/PEI/DNA microspheres (10 mg).
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Heparin consists o f alternating units of sulfated D-glucosamine and D-glucuronic acid 

Because o f its ester and amide groups o f sulfuric acid it exists as the anion at 

physiologic pH. The heterogeneous ring structures of glucose derivatives of heparin 

may have more similarity to DNA molecules.

Poly-L-aspartic acid Heparin

HN CH  CO

r
O ^ ^ O H

-OH

Scheme 5-B The structures o f PAA and heparin 

PAA with a linear aliphatic polyamide structure, on the other hand, belongs to the 

family o f synthetic polypeptides, with strong anionic properties due to the carboxyl 

groups and biodegradable water-soluble polymer. The detailed mechanism and 

difference between the two polyanions need more experiments to confirm effects.

5.6.2 The order of the addition of anionic chemicals

For a perfect displacement, the sequence of adding anionic chemical replacer was 

investigated. Addition of replacer during the extraction can simplify the procedure of 

working and shorten the time of the experiment, but the organic solvent may not be 

beneficial for the displacement. The experimental results showed that when the replacer 

was added after collection o f the extracted aqueous phase, the effect of the displacement 

was better than addition o f the replacer during the procedure of the extraction. The 

difference, however, was not obvious (Figure 5-7).

The displacement o f DNA from a homogenous aqueous phase would be easier than 

from a hexogenous mixture which may interact with the displacer and reduce the 

contact o f the anionic molecules with the complexes.
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Figure 5-7 The effect of the order of adding displacement reagent on the 
determination of the amount of DNA extracted from PLGA microspheres (10 mg).

5.6.3 The reaction time of the displacement

Even though the reaction of replacement is time dependent, the displacement of DNA 

happened mostly in the initial stage. As showed in Figure 5-8, with samples from 

method 2 (M2), which had more DNA loading than those from Method 1 (M l), DNA 

displaced out almost completed in the first hour. When the displacement extended to 16 

h, DNA displaced from the particles did not significantly increased. The procedure of 

the displacement is that first, the anionic molecules, PAA or heparin, make contact with 

the PEI to let the charge of PEI transfer its direction from DNA to PAA. Then the ionic 

interaction between PEI and DNA disappears but happens between PEI and PAA. DNA 

detached from the complexes. It was probable that the competitive reaction between 

anionic PAA and DNA would reach an equivalency and a reverse displacement is 

possible. The experimental data showed that the determination of the DNA done at 1 

hour and overnight after addition of displacement reagent gave little difference, in 

which amount of DNA from M2 samples at 16 h is 843 ng/ml, a little bit more than 778 

ng/ml at 1 h and amount of DNA from Ml samples at 16 h is 231 ng/ml, a little bit less 

than 311 ng/ml at 1 h.
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Figure 5-8 The effect of the time on the displacement of DNA from the released 
PEI/DNA complexes in the reaction with heparin. The samples were 10 mg of the 
PLGA/PEI/DNA microparticles. The amount of heparin is 200 units/ml.

5.7 The coupling of DNA with PEI-cetyl

The experimental data showed that the efficiency of encapsulation of PEI/DNA 

complexes in PLGA microspheres was about 18% which is relatively low. Of course 

there were possible factors for this, for example, incomplete extraction and incomplete 

displacement, which resulted in a lower efficiency than the actual encapsulation 

efficiency. The improvement of the hydrophobic property of the PEI/DNA complexes, 

however, is still important for the encapsulation.

In consideration of improvement of PEI/DNA complex encapsulation in PLGA 

particles, PEI with a cetyl group was used to prepare the complexes. Because of the 

cetyl group, PEI-cetyl was much more hydrophobic than PEL The ability of PEI-cetyl to 

couple DNA was investigated by agarose gel electrophoresis. The experimental data 

showed that it was more difficult for PEI-cetyl to complex with DNA. Even though the 

ratio of PEI-cetyl/DNA reach 15/1, DNA still could not be stably coupled to the PEI- 

cetyl (Figure 5-9). The agarose gel electrophoresis showed that almost all DNA 

migrated from the sample wells in the case of PEI-cetyl/DNA mixtures, unlike 

PEI/DNA complexes in which almost all DNA remained in the sample wells when 

electrophoresis was carried out. So to couple DNA on PEI-cetyl, there should be more 

PEI-cetyl to use. In contrast, PEI can stably couple DNA at a PEI/DNA mass ratio 

about 1/2 (Figure 5-4).
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Figure 5-9 Agarose gel electrophoresis of the supernatants of PEI-cetyl/DNA with 
different ratio of PEI-cetyl/DNA after centrifuge. PEI-cetyl samples were prepared by 
Dr. Kenneth Howard.
Lane 1 : Standard plasmid DNA (0.2pg) Lane 6: P-c/DNA= 100/20
Lane 2: PEI-cetyl /DNA=20/20 Lane 7: P-c/DNA= 120/20
Lane 3: P-c/DNA=40/20 Lane 8: P-c/DNA= 140/20
Lane 4: P-c/DNA=60/20 Lane 9: P-c/DNA= 160/20
Lane 5: P-c/DNA=80/20 Lane 10: P-c/DNA=300/20

5.8 The release of the DNA from PLGA/PEI/DNA microspheres

The release of DNA from PLGA microspheres (prepared with chloroform as organic 

solvent) was investigated. The experimental data (Figure 5-10) showed that the rate of 

release was faster at the initial stage than that at later phase.

Compared with DNA-encapsulating PLGA microspheres, DNA released from 

PEI/DNA-encapsulating PLGA microspheres was faster. In the first 4 days, PEI/DNA 

complexes had almost released 80% of DNA. After this point, the release of PEI/DNA 

remained steady. The release of the DNA from PEI/DNA complexes encapsulated 

PLGA microspheres was mainly in the form of PEI/DNA complexes. This was 

confirmed by quantitation of DNA from the release samples by PicoGreen method. 

From the experimental data it is seen that the amount of DNA determined with 

PicoGreen reagent was apparently different in the case of adding or not adding PAA in 

the release supernatants. By adding anionic chemical PAA in the release supernatants, 

the reading of DNA with PAA added was significantly higher than that of the samples
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without PAA added. The increase of amount of DNA in the release sample by PAA 

addition indicated a change of DNA form from complexed DNA to free DNA. 

However, the difference of the reading of DNA released from DNA-encapsulating 

PLGA microspheres was little between the release samples with and without PAA 

adding; that is because DNA released from DNA encapsulated PLGA microspheres was 

simply the free DNA and the addition of PAA did not affect the determination of DNA.
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Figure 5-10 The DNA released from PLGA microspheres prepared using a double 
emulsion solvent evaporation technique. PLGA microspheres encapsulating DNA or 
PEI/DNA complexes have a similar DNA encapsulation efficiency (17.1andl6.4 %, 
respectively for DNA and complexes encapsulating PLGA microspheres). The 
microspheres used in the release study was 30mg PLGA MS containing 10.2pg and 
9.8pg DNA respectively for DNA and complex microspheres, which was determined by 
PicoGreen technique. Release samples were triplicate prepared and release medium was 
1 ml of PBS.

5.9 Conclusions

PEI has strong cationic characteristics and excellent hydrophilicity. PEI is a special 

polymer with high capacity to condense DNA. PEI/DNA complexes were prepared in a 

neutral aqueous condition. Their sizes were well below 100 nm and the size 

distributions were satisfied. The sizes of PEI/DNA complexes were affected by the 

concentration of the HEPES, the addition of sodium chloride and even the order of the 

addition of NaCl. The physical procedure for the concentration of PEI/DNA complexes 

can also result in an increase of PEI/DNA complexes. To improve the stability of the
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PEI/DNA complexes, PEGylation of the complexes was an effective approach. The 

PEI/DNA complex can be prepared by a convenient method and the sizes of the 

particles were lower than 50-200 nm. Adding NaCl to the system resulted in the 

increase o f the sizes o f the polyplex but the polydispersity was improved. The 

concentration of HEPES also had an effect on the sizes of the complexes. This indicated 

that the condensation of the DNA by polycations is affectd by all ions present. 

PEGylation o f the PEI/DNA complexes improved the stability and allowed the 

complexes to overcome the harsh conditions in the procedure, but resulted in a negative 

effect on the in vitro transfection o f reporter gene in the mammalian cells. However, the 

in vivo experiments did show the ability of the PEI/pcDNA/ 13-Gal complex for 

transfection and better expression data was obtained. This suggests that there are 

different factors affecting transfection between in vitro and in vivo experiments using 

the polyplex system. It is probable that the PEG coating on the polymer/DNA complex 

was reduced in the procedure of encapsulation and in vivo surroundings because here 

they meet harsh physical and chemical surroundings (high speed shearing, organic 

solvent, enzymes and acidic and alkaline attachments). The quantitation of DNA in 

these PLGA microspheres encapsulating PEI/DNA complexes can be carried out only in 

the presense of an anionic compound, which can free DNA from the PEI/DNA 

complexes by competitive displacement. For quantifying effectively the DNA 

encapsulated in and released from the PLGA/PEI/DNA complex-particle system, a 

suitable anionic compound, suitable time period for displacement and suitable 

temperature are necessary. The in vitro release experiment indicated that DNA released 

in the medium is mainly in a form of PEI/DNA complexes.
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6.1 The preparation of plasmid DNA

6.1.1 Amplification of plasmid in bacterial culture

The construction and ultra purity of plasmid DNA as a main component of the transgene 

technique is required for good transfection efficiency. The construction of plasmid DNA is 

a big subject in the area of molecular biology, which is not necessary to be included in this 

study of delivery systems, and therefore is not discussed here. The amplification, or the 

propagation in mass, however, is a routine procedure for plasmid preparation and become a 

technique usually used in the transgene research studies.

The amplification of plasmid DNA is an approach for obtaining large amounts of plasmid 

DNA. The usual method is by making use of microbiological bacterial culture since it is 

relatively easy to achieve. Culture of E.coli bacteria is a routine method to obtain a new 

strain and new bacteria which can be grown in LB broth at 37 °C. Plasmid DNA is a 

bacterial origin DNA which normally grows and is replicated in bacteria. The 

recombination of plasmid DNA means the replacement or insertion of new gene segments 

in a plasmid backbone. New recombinant plasmid contains the target gene and possesses 

more perfect functions for gene transfer and production of target protein. The plasmid can 

be transformed into bacteria and then it amplified and is copied in the bacteria. The bacteria 

grow quickly and their number can be amplified in an exponential module.

6.1.2 The selectivity of bacteria by an antibiotic resistant gene

The bacterial culture selects the bacteria as a result of the antibiotics resistant gene in the 

plasmid. The resistant gene to some antibiotics ensures the growth of the bacteria 

harbouring the plasmid containing this antibiotic resistant gene. In the bacterial culture, the 

corresponding antibiotic, such as ampicillin, was added into the broth. The antibiotics will 

kill bacteria without this antibiotic resistant function. On the other hand, bacteria 

harbouring the antibiotic resistant gene which is a segment of the transferred plasmid will 

not be killed by the antibiotic. Therefore the culture medium only allows plasmid 

transformed bacteria to grow and a selective bacterial culture is realised. The selectivity of 

bacterial culture is important because it ensures the production of the required plasmid, 

avoiding the wrong plasmid. In experiments, it can be found that if the wrong plasmid is 

grown in culture medium, the medium will not produce any bacteria. For example, the case 

in that bacteria E.coli harbouring pCMV/wc, which has an ampicillin-resistant gene was to
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be grown. A bacteria harbouring pGFP which has a kanamycin-resistant gene, however, 

was wrongly seeded in the LB broth. 100 pg/ml of ampicillin was then added to the culture 

broth. Consequently, there was nothing in the culture broth after 8 h incubation since the 

bacteria harbouring pGFP were not able to resist the ampicillin and were killed by it. Table

6 -1  lists the plasmids with different antibiotic-resistant genes.

Table 6-1 The antibiotics-resistant gene in plasmids
Plasmid PGL3-Control pCMVluc PAgSSB pGFP

Antibiotic- 
resistant gene

Anti-Ampicillin Anti-Ampicillin Anti-Kanamycin Anti-Kanamycin

6.1.3 The extraction and purification of plasmid

After growing in bacteria, plasmid DNA is then extracted from the bacteria by alkaline 

lysis which breaks the membranes of the bacteria. The lysed bacteria release their cellular 

components into the media, which include lipids, liposaccharides, proteins, chromosome 

DNA, RNA and plasmid DNA. The plasmid DNA, therefore, needs a procedure to extract 

it from this mixture. The difficulties in obtaining pure plasmid DNA are: a) the properties 

of all cellular components are similar to each other. Normal physiochemical procedures 

cannot separate them from each other. Plasmid DNA, however, is required to be ultra pure. 

Any impurity will affect the application of the plasmid in cellular transfection; b) plasmid 

DNA is also fragile so can get degraded during the purification procedure. The strong 

acidic and alkaline condition, the high speed centrifuge, and the shear forces derived from 

any shaking or stirring will all break the backbone. Therefore the product of the plasmid 

preparation is just a mixture of linear, nicked and even low percentage of supercoiled 

plasmids. The transfection of plasmid into mammalian cells requires highly purified and 

supercoiled plasmid DNA. An impure or broken plasmid will result in low transfection 

efficiency.

In addition to these factors influencing the preparation of plasmid DNA, endotoxins, also 

known as lipopolysaccharides (LPS), are cell-membrane components of Gram-negative 

bacteria, e.g., E. coli (Cotton et al., 1994). Endotoxins are released during the lysis step of 

plasmid purification and significantly reduce transfection efficiencies in endotoxin 

sensitive cell lines. Furthermore, endotoxins can influence the uptake of plasmid DNA in
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transfection experiments by competing with DNA for “free” transfection reagent. 

Endotoxins also induce nonspecific activation of immune responses in immune cells such 

as macrophages and B cells, which can lead to misinterpretation of transfection results. 

These responses include induced synthesis of proteins and lipids such as IL-1 and 

prostaglandin. Overall, endotoxins represent a non-controllable variable in transfection 

experiments setup, influencing the outcome and reproducibility of results and making them 

difficult to compare and interpret. In gene therapy research, endotoxins can interfere by 

causing endotoxic-shock syndrome and activation of the complement cascade.

The level of endotoxin contamination in produced plasmid DNA depends on the 

purification method used. Silica-slurry-purified DNA exhibits extremely high endotoxin 

levels. QIAfilter, a special plasmid DNA preparation kit from Qiagen Co, was used for the 

preparation of pDNAs during this study. This kit has a capacity to deal with 2.5 liter of 

E.coli bacteria culture. It is specially effective in the removal of endotoxin and yields very 

pure DNA with relatively low levels of endotoxin, <0.1 EU/pg plasmid DNA. The 

experimental preparations with both normal alkaline lysis method and use the QIAfilter kit 

showed quite different results.

For purpose of comparison with QIAfilter kit, a routine lab technique was also used to 

prepare plasmid DNA. In this preparation, the E.coli bacteria harbouring plasmid was first 

broken with NaOH-SDS (10 M NaOH plus 1%, w/v, SDS). The release of plasmid DNA 

from the impure debries was carried out with a solution of 5 M KAc-HAc buffer. The 

mixture of the cellular impurity suspension from the procedure was separated by centrifuge 

but not by filtration with the silica column used in the QIAfilter kit. The purification in the 

routine lab technique is carried out using a phenol-chloroform extraction. After the phenol 

extraction, the plasmid is precipitated with absolute ethanol. The yields were 1.2 mg DNA 

from 50 ml LB broth culture and 12 mg DNA fi*om 2500 ml LB broth culture, respectively, 

for the routine lab procedure and the QIAfilter kit. The agarose gel electrophoresis showed 

that plasmid from a normal routine procedure presented three equal density parallel bands 

on the agarose gel (Figure 6-1). On the other hand, the plasmid from QIAfilter kit 

presented one strong supercoiled plasmid band and another very weak nicked plasmid band 

(Figure 6-2).
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Figure 6-1 The agarose gel electrophoresis of plasmid pUC19 produced by a normal 
alkaline lysis and phenol extraction technique. The plasmid present a typical three-bands 
image.
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Figure 6-2 Agarose gel electrophoresis of samples from the preparation of plasmid with 
QIAfilter kit. (A) pCMVluc: Lane 1: a standard sample contain 0.2 pg of pCMVluc; Lane 
2: 20 pi of lOOX diluted product; Lane 3: 20 pi of 500x diluted product; Lane 4: cleared 
lysate containing only supercoiled and open circular plasmid DNA. Lane 5: Flow-through 
fraction is depleted of plasmid DNA. Lane 6: first wash fraction leaving only pure plasmid 
DNA on the column. Lane 7: Second wash fraction; Lane 8: The elute containing pure 
plasmid DNA with no other contaminating nucleic acids. (B) pGFP. Lane 1: Molecular 
weight marker, Lane 2: product pGFP; Lane 3: cleared lysate; Lane 4: flow through 
fraction; Lane 5: first wash fraction; Lane 6: second wash fraction; Lane 7: product 
pGFP. (C) plasmid pAgSSB: Lane 1: molecular weight marker; Lane 2: cleared lysate; 
Lane 3: flow through fraction; Lane 4: first wash fraction; Lane 5: second wash fraction; 
Lane 6-10: product pAgS5B.

6.1.4 The evaluation of the quality of plasmid production

The results showed that the quality of the prepared plasmid DNA was different according 

to the method used. The QIAfilter kit produced a much better result which has one very 

strong supercoiled plasmid DNA band and a small amount of nicked form of plasmid 

apparent as a faint band. The supercoiled plasmid DNA is the desired product because it 

possesses the integrity of the plasmid. The product with three forms of plasmid DNA was 

unsatisfactory because only linear and nicked forms of plasmid observed, which were not 

intact.

Moreover optical analysis showed that the ratio of absorbance at 260 nm to that at 280 nm 

was only about 1.7 in the case of product from the routine lab method. However, the ratio 

of the absorbance at 260 nm to 280 nm was over 1.8 in the case of the product from the 

QIAfilter kit. The basic requirement for the quality of the prepared plasmid DNA is that
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the absorbance ratio at 260 nm to 280 nm should be over 1 .8  which indicates a threshold of 

the impurity of the product and a theoretical 1 0 0 % purity (Table 6 -2 ).

Table 6-2 The quality of the plasmid DNA prepared by different techniques

Technique used in 
the preparation

Plasmid
DNA

Ratio of 
260/280

Purity,
%

Concentration,
mg/ml

Phenol extraction pUC19 1.75 94.5 5mg/ml

QIAfilter pCMVluc 1.865 103 2.273 mg/ml

QIAfilter pGFP 1 .8 8 104 2.25 mg/ml

QIAfilter pAg85B 1.831 101 2  mg/ml

6.1.5 The confirmation of the plasmid DNA from the preparation

Confirmation of plasmid preparation is sometimes necessary due to possible mistakes in 

the bacterial propagation. Mistakes from original bacterium used, antibiotic or antibiotics 

losing activity, and the culture procedure will occasionally occur. Any mistake will result 

in the non production or an incorrect production of plasmid. To ensure the right plasmid 

is obtained, a simple restriction digestion assay was used to identify the plasmid.

The plasmid pAg85B was a recombinant from pUC19 containing the cDNA for the M. 

tuberculosis mycolyl-transferase (see Chapter 2, paragraph 2.2,4). The plasmid was 

prepared in order to provide materials for a future immunisation experiment in DNA TB 

vaccine work in cooperation with the Pasteur Institute, Brussels, Belgium. The preparation 

of this plasmid therefore was important and must be error-free in order to avoid wasting 

effort in the downstream work.

Based on the structure map of this plasmid, the cDNA of the Ag85B was inserted in the 

backbone between position 97 and 981 bp which were the cut points of restriction digestion 

enzyme Bglll. By an interaction of plasmid pAg85B and excess enzyme Bglll, the plasmid 

pAg85B will be cut into 2 pieces of 884 bp and 4943 bp segments. If the plasmid is not 

pAg85B, there would not be these 2 pieces from the reaction. Therefore, the confirmation
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of plasmid pAg85B can be made by a restriction digestion. The experimental result 

confirmed the plasmid which presented 2 segments of 884 bp and 4943 bp in the agarose 

gel electrophoresis (Figure 6-3).
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Figure 6-3 Agarose gel electrophoresis of pAg85B cut by Bglll. Lane 1: pAg85B 
prepared with QIAfilter kit. Lane 2-4: pAg85B after cutting; Lane 5: molecular weight 
marker

6.2 Cell culture

Cell culture plays an important role in transfection experiments. Healthy cells in good 

conditions are called viable cells. Transfection will be more successful with healthy cells 

than with unhealthy cells. The viability of mammalian cells can be estimated by several 

methods such as MTT method (which will be discussed in the cytotoxicity section), trypan 

blue staining and visible observation. Visible observation can usually estimate the 

condition of cellular viability.

Viable cells are usually attached on the bottom of the wells and are spread well, as in 

pictures taken with a microscope (Figure 6-4). Under the microscope, the cells look light 

and some shine. When detached from the bottom of the cell culture flask by trypsin, they 

are spherical and shine. In contrast, if the viability of cells is poor or cells are dead, the 

appearance of these cells is dull grey. They contract and even automatically detach from 

the bottom of the flask. When detached from the bottom by trypsin, they appear as dark 

balls without shine like those shown in Figure 6-5. In addition, the growing cells usually
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cover the bottom of wells or the flask well but unhealthy cells are detached, contracted and 

leave the well bottom unoccupied.

Figure 6-4 Viable A549 cells cultured in F12 (Ham’s) medium. Magnification 100 x

o  7 .-
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Figure 6-5 Photomicrograph of low viable CHO-Kl cells. Magnification 60X

170



Chapter 6 In vitro Investigation of the Polvcation/DNA Complexes

«N

Figure 6-6 Photo micrograph of CHO-Kl cell culture at 70% confluence.

magnification 60X.

Transfection of the cells is carried out when the cells grow in confluency of 50-70 percent. 

That means the bottom of the cell culture flask is covered with growing and spread cells 

over 50-70 % of the area. At this stage of the cell growth, cells are viable and in good 

condition for transfection as shown in Figure 6-6.

6.3 The transfection with PEI/DNA system

PEI/DNA complexes were used to transfect the cells with different cell lines and different 

reporter genes. The capacity of transfection will be confirmed by the expression of 

reporter gene: luciferase and GFP. The assay of lueiferase can be achieved by 

determination of the luminescence from the reaction with luciferin to release photon 

catalysed by luciferase (mechanism described in Chapter 2 paragraph 2.3.8). The green 

fluorescent protein will be seen with a fluorescent microscope using a blue light filter, 

whereas the GFP was excited by the light with wavelength 488 nm to emission green 

fluorescence, if GFP is expressed from the transfected cells.
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6.3.1 Transfection with B16 FIO cell line

B16 FIO cell line is a murine carcinoma cell line. It is often used for transfection 

experiments. PEI was complexed with pGL3-control coding luciferase. The PEI/pGL3-C 

complexea was used for transfection.

Data from the experiments of B16 FIG cell transfection with PEI/pGL3-control complexes 

showed that the PEI/DNA complex was able to transfer the complexed DNA into 

mammalian cells and the expression was at the level of over 1 0  ̂ relative light unit 

(RLU)/mg protein normally (Figure 6-7). The data of expression of luciferase in B16 FIG 

cells with PEI/DNA complexes is comparable to those from other reports (Schwartz, 1995; 

Liu, 1997), or from commercial products of liposomes. From the size data it has been seen 

that PEI/DNA complexes can be prepared not only of small size but also with a narrow 

size distribution (i.e. low polydispersity index). The PEI/DNA used in this experiment has 

a N/P ration of 5/1 which has ensured the cationic speciality of the polyplex. Small sizes 

and the cationic characteristics of polyplex are crucial for the entrance of DNA into the 

cells.

The PEI/pGL3-control complexes aggregated after adding NaCl. The PCS data showed 

the aggregation corresponded to the concentration of NaCl. The higher the concentration 

of NaCl, the larger the sizes of the complexes were (refer to Table 6-3).

However, it is interesting to note that the large aggregates of complexes induced by 

adding NaCl resulted in more effective transfection into mammalian cells than complexes 

prepared without NaCl. The assay data showed that NaCl added PEI/pGL3-Control 

produced a much higher expression from B16 FIG cells, which was above IG* RLU/mg 

protein (Figure 6-7).

The aggregates of the complexes gave much better data than the non-aggregated PEI/DNA 

complexes. The reason for this phenomenon may be the deposition of the larger aggregates 

onto cells. There may be a beneficial factor for transfection of cells that the aggregates of 

cationic polymer/DNA complexes would favor DNA transfection into cells in vitro 

because the larger aggregates sedimented more than small particles on the cells so that 

cells can take up more particles. There have been similar results of the transfection of cells
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with PEI/DNA complexes done previously by other investigators (Ogris, 1997). However, 

the real reason for this phenomenon is still in investigation.

l.E+10

l.E+08

l.E+06

l.E+04

l.E+02

OX)

a:

C- SI S2 S3
Samples

Figure 6-7 The in vitro transfection of the B 16 FIO cells with PEI/DNA complexes. The 
expression level of the PEl/pGL3-Control complex in the B 16 FIG cell line presented by 
relative light unit (RLU). 48-well plate, cells seeded 20xl0Vwell, transfection time 3 h, 
culturing 48 h, the amount of plasmid Ipg, the ratio of N/P of the polyplex 5/1, the Mw 
of PEI 25x10^ Dalton. C-: negative control, only cells. Sample 1 (SI): complexes 
prepared without NaCl; S2: complexes prepared with 0.15M NaCl added; S3: complexes 
prepared with 1 M NaCl added. Samples were prepared in triplicate.

6.3.2 The effect of PEGylation on transfection

PEGylation was done to improve the stability of the PEI/DNA complexes. Unfortunately 

PEGylated PEI/DNA complexes showed an adverse effect on the in vitro transfection 

compared to unPEGylated PEI/DNA complexes as shown in Figure 6-8. After PEGylation, 

the ability of PEl/pGL3-Control complexes to transfect B16 FIO cells was significantly 

reduced. The experiments also showed that the PEGylation of PEl/pGL3-control at a ratio 

of the PEG/PEl over 5/1 greatly reduces the transfection of the complexes into cells. The 

complexes with a PEG/PEl ratio of 1/1, however, did not result in a decrease of the 

transfection.
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Figure 6 - 8  The expression level of the PEI/pGL3-Control complexes in the B16 FIO cell 
line presented by relative light unit (RLU). 48-well plate, cells seeded 20xloVwell, 
transfection time 3 h, culturing 48 h, the amount of plasmid Ipg, the ratio of N/P of the 
polyplex 5/1, the Mw of PEI 25*10^ Dalton. C-: negative control only cells; C+1: 
Positive control 1, complexes prepared without NaCl and PEG; Other samples were 
those in which PEG was added and the ratio of weight of PEG/PEI was 1/1, 5/1, 10/1, 
20/1,40/1 and 60/1.

The excellent hydrophilicity of PEG results in two consequences of the PEI/DNA 

complexes with PEG coating: 1. The coating of PEG increases the stability of the 

complexes. 2. Hydrophilic PEG chains tend to make the particle diameter larger. It is 

generally agreed that the larger the particles are, the more difficult the cellular entrance of 

the particles is. Therefore, PEGylation offers certain advantages for the complexes but has 

an adverse effect on the transfection.

Moreover, the stretched PEG chains repel proteins, or some other components of blood. 

This property of PEG may have influenced the transfection. The reason is that the steric 

hindrance of the PEG coating did not only reduce the ability of the PEI/DNA complex to 

enter the cells and the nucleus, but also obstruct the RNA polymerase to reach the DNA in 

the complex in the case of the complexes existing in the nucleus. If the RNA polymerase is 

not able to contact with the DNA chain, the transcription of DNA to RNA is not possible to 

take place and then the transfection will cease at this stage without achievement of its aim.
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It is understood that the more PEG chains on the complexes, the more difficult it becomes 

for the polymerase to interact with the DNA in the complexes. That could be another 

reason for the reduction of the transfection at a higher PEG/PEI ratio.

Even though there is an adverse effect of the PEI/DNA complexes for the in vitro 

transfection, the PEGylation does have several benefits for the PEI/DNA complexes. The 

PEGylation is an effective approach to improve the stability of PEI/DNA complexes as 

mentioned in the previous paragraph. The stability of the complexes is very important to 

resist the impact on the complexes from the concentration procedure and from the 

increased salt concentration in physiological surroundings. PEGylation also reduces the 

adhesion of plasma protein in the vasculature which can lead to early clearance of the 

complexes from the circulation by the so called first-pass effect due to the 

reticuloendothelium system in the liver.

The adjustment of the PEGylation of the complex for a balance between the perfect 

transfection and the best stability of the complexes, does therefore, present a problem.

Sample SI 82 S3 IGl IG2 IG3 IG4 IG5 IG6

PEG/PEI 0 /1 0 /1 0 /1 1/1 5/1 10 /1 2 0 /1 40/1 60/1

No NaCl 56.5 63.5 61.5 62.4 55.1 73.2 70.8

NaCl 124.6 2324

Polydispersity 0.19 0.34 0 .0 0 1 0 .2 1 0 .2 0.23 0.25 0.19 0.19

Here: SI is PEI/pGL3-c complexes prepared without NaCl. 
82 is PEI/PGL3-C complexes prepared with 0.15M NaCl. 
S3 is PEI/pGL3-c complexes prepared with l.OM NaCl.

The adverse effect of PEG on transfection and expression was obvious when the ratio of

PEG/PEI was over 5/1 (Figure 6 -8 ). This may suggest that the coating of PEG on the

PEI/DNA complexes should be limited to a suitable ratio, such as PEG/PEI of 1:1 in this

experiment. The confirmation of a suitable ratio of PEGylation may need support from in
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vivo data. However, the in vitro transfection data gave us some references on the 

PEGylation of the complexes. The more practical ratio of PEG/PEI for in vivo 

administration needs more experiments to prove. Alternatively, the degree of PEGylation 

should be as low as possible provided that the stability of the PEI/DNA complexes is 

enough during preparation.

6.3.3 Transfection with other cell lines

The expression levels of the luciferase reporter gene were different in different cell lines. 

In a comparative experiment, both PEI/DNA complexes and complexes prepared with 

NaCl were used. The data showed, however, differences of transfection and expression 

level among B 16 FIO cells, CHO-Kl cells and A549 cell. With PEI/DNA complexes, the 

best transfection results were obtained from B16 FIO cells. CHO-Kl presented a 

transfection effect between B16 FIO and A549 cells. The lowest expression was seen from 

the transfection of A549 cells which may indicate that A549 cell line is a cell line in which 

transfection is difficult (Figure 6-9).
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Figure 6-9 The different expression levels of PEl/pGL3-control complex in B16 FIO cell 
line, A549 cell line and CHO-Kl cell line. C-: negative control, un-transferred cells; C+: 
PEI/pGL3-Control complexes transferred cells; C+NaCl: complexes prepared with NaCl 
transferred cells; Each sample contained 1 pg of pGL3-Control and 0.66 pg of PEI 
(N/P=5/l)/20,000 cells.
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B 16 FIO was defined as a murine tumour cell line by ATCC. CHO-Kl is an epithelial cell 

line from Chinese hamster ovary. The cell line A549 is derived from a lung carcinoma 

epithelial cell line. The different cell lines have different cellular characteristics which are 

based on the individual cellular organelles. The cellular uptake of extracellular substance 

is affected by many factors such as size, charge, receptor, transport proteins (clatherin and 

caveolae, etc) (Mukheijee et al., 1997). It was also possible that every cell line has its 

own phagocytic capability which is an important factor for transfection and expression of 

the particulate gene delivery system. Besides, an individual cell line has its own gene 

expression systems which may recognize the special style of the gene sequences in 

plasmids.

The expression data from different cell lines show a special expression mode. It can be 

seen that even though the B16 FIO cell line had a better expression capacity for the 

PEI/pGL3-Control system than A549 cell line, they had similar behaviour in terms of 

recognising the size of the particles since the NaCl induced aggregates produced better 

expression for both of them. The CHO-Kl cell line, on other hand, did not present this 

characteristic for this contrast expression tendency, normal preparation of PEI/pGL3- 

control produced better expression than NaCl induced PEI/pG13-Control aggregates. This 

may suggest that the mechanism of transfection in CHO-Kl cells is a non-phagocytosing 

cell model. The transfection in B16 FIO and A549 cells probably suggest a phogocytosis 

process occurred from both of these two cell lines.

6.4 Transfection of chitosan/DNA system

PEI/DNA complexes exhibited excellent transfection properties for mammalian cells. The 

success of transfection has been attributed by most of investigators to its protonation ability 

and high positive charge. Chitosan, however, did not have strong protonation capacity, 

especially at pH lower than 6 . The excellent biodegradable and biocompatible 

characteristics of chitosan offer the opportunity to exploit this material in the area of 

biomedical sciences. Its cationic properties strongly marked the potential of chitosan in the 

area of gene transfection. The in vitro transfection, therefore, was carried out to investigate 

the ability of chitosan to transfect mammalian cells.
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6.4.1 The transfection of 293 cells

The experimental data (Figure 6-10) from a transfection experiment with chitosan particles 

coupling pGL3-Control and 293 cell indicated that the chitosan/DNA system is capable of 

transfecting mammalian cells. The transfection efficiency of the chitosan particle system to 

mammalian cells was closely related to the amount of DNA. In this experiment the ratio of 

DNA/chitosan is fixed at a 1/5 and the amount of the transfection particles used to transfect 

cells increased gradually. The result indicated that the expression level of the luciferase 

increased with the increase of the amount of chitosan particle/DNA system. This indicates 

that an effective transfection to mammalian cells needs sufficient amount of the reporter 

genes and chitosan particles are able to transfer DNA into mammalian cells as well.

However, the expression level was not increased after the amount of the pGL3-Control 

reached 1.5 pg/well. It seemed that a suitable amount of reporter gene is necessary for gene 

transfection. An excess amount of the gene would not help to transfect mammalian cells. 

This experiment was also a clear confirmation that the chitosan/DNA system produced 

simply by an ionic gelation method is competent to transfect mammalian cells. The 

expression level of reporter gene luciferase is comparable to that produced by the positive 

control of the Superfect products complexing pGL3-control.
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Figure 6-10 The expression level of pGL3-control encoding luciferase reporter gene in 293 
cells transfected by the chitosan particles. The ratio of chitosan/DNA (w/w) is 5/1. The 
amount of cells is 50,000/well. Superfect 3 pg complexed with 1 pg of DNA was used as a 
positive control. Negative control (C-) was the equal amount of cells without any 
transfection reagent. Assay was carried after incubation at 37 °C for 48 h post transfection. 
The assay of protein amount was carried with the Bio-Rad Protein Assay Kit.
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Even though chitosan is able to load DNA and achieve the transfection of the gene to 

mammalian cells, it seems that there should be extensive modification to enhance the 

ability to deliver the DNA to cells due to the lower transfection results as compared to the 

PEI/DNA system.

6.4.2 The duration of the expression in mammalian cells

The duration of the expression of the vector system used in mammalian cells is also 

important. A transfection system which is able to produce a long duration of expression in 

mammalian cells would be useful in clinical application. The experiments for expression 

duration identified that chitosan particles allowed the cellular expression of the coupled 

reporter gene in 293 cells for a longer time than some current commercial transfection 

systems. As Figure 6-11 shows, the expression of luciferase in the 293 cell line increased 

with time but the Superfect system has only a short expression function.
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Figure 6-11 The expression of pGL3-Control coupled with chitosan particles in 293 cells 
over time. The amount of DNA in each well was 1 pg. The ratio of chitosan/DNA was 5/1. 
3 pg of Lipofectin with 1 pg of DNA was positive control. 293 cells without any 
transfection reagent were used as negative control. The amount of 293 cells in each well 
was 50,000 cells.

The coupling of the cationic chitosan and anionic DNA chains is very stable partly due to

the stability of the chitosan chains. So the release of DNA molecules would be sustainable
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and affected by the degradation of the polysaccharides. SuperFect, composed mainly of 

polyamidoamine dendrimer, couples the DNA mainly in the form of ionic interaction. This 

interaction between DNA and dendrimer can be interrupted by some small anions, which 

displaces DNA from the complexes in serum or in the cytoplasm. The reporter plasmid 

DNA were separated from the dendrimer very soon and then exposed to the nucleases. 

Without the protection of polymer chains the DNA molecules are quickly destroyed by the 

DNases. The protection of the DNA by chitosan keeps the integrity of the DNA for a 

longer time because the interaction between DNA and chitosan is not only an ionic 

interaction but also a hydrophobic interaction between the nucleotides and the saccharide 

part of the chitosan. However, this stable interaction also results in a slow release of the 

DNA from the particles which affect the transfection and expression by a postponed onset 

style in the mammalian cells.

6.4.3 The effect of cell lines and the ratio of chitosan/DNA

The transfection of mammalian cells using the chitosan/DNA complex is also related to the 

cell lines, the ratio of the chitosan/DNA and the polymer matrix, etc. Figure 6-12 shows the 

result of transfection and expression of chitosan/DNA system in HEK 293 and CHO-Kl 

cells and with different ratio of chitosan/DNA and different amounts of DNA.

The 293 cell line is a permanent line of primary human embryonal kidney epithelial cells 

transformed by sheared human adenovirus type 5 (Ad 5) DNA. Its morphology belongs to 

an epithelial cell. The CHO-Kl cell line was derived as a subclone from the parental CHO 

cell line initiated from a biopsy of an ovary of an adult Chinese hamster. Its organism is 

ovary and the morphology belongs to epithelial cells. It is obvious that even though both 

CHO-Kl and 293 cells have the same morphology of epithelial cell, but the cytoplasm and 

nucleus components are different. Based on present experimental results, the 293 cell line is 

more sensitive to transfection with the chitosan/pGL3-control than CHO-Kl cell line.

The ratio of chitosan particles/DNA will influence two factors. The first is the degree of 

the stability of coupling DNA on the particles. The second would be the total mass of the
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Figure 6-12 The different Chitosan/pGL3-Control ratio of the particles gave the effect on 
the expression of the luciferase gene in the HEK293 cells and CHO-Kl cells. The protein 
assay was done with the Bio-Rad Protein Assay Kit. Assay was carried 2 days post 
transfection with Glo-Steady Luciferase Assay Kit. The amount of cells was 50,000 
cells/well The experimental results showed that a mass ratio of 5/1 of chitosan/DNA gave a 
better expression result with 293 cell line compared that with CHO-Kl cell line.

system, which needs to be taken up in the cells. According to the retarding experiments 

mentioned previously, when the ratio of chitosan/DNA is higher than 4/1, the DNA would 

be coupled on chitosan particles very stably even though in an electrical field DNA is 

difficult to separate from the chitosan particles. It was shown that too stable coupling may 

not be beneficial for the transfection. DNA needs to be freed from the chitosan particles to 

reach the cytoplasm after entering the cell and trapped by endosome. The DNA should get 

out eventually from the endosomal to enter the nucleus. Certainly it is necessary for the 

chitosan/DNA to be protected when being processed in the endosomal-lysosomal pathway, 

which may lead to degradation of the chitosan particles and DNA. However, once they 

escape from the endosome, a cytoplasmic delivery would be crucial for an effective 

transfection.

81



Chapter 6 In vitro Investigation of the Polvcation/DNA Complexes

Figure 6-13 SEM of PLGA nanoparticles prepared by a reverse phase solvent evaporation 
technique

Figure 6-14 SEM of PLEA lamellae prepared by a solvent evaporation precipitation 
technique

For comparison, other polymer particles, which were not cationically charged, e.g. PLGA 

and PLEA nanoparticles were used in coupling the reporter plasmid DNA and in the 

transfection experiments. In our experiments it seems that PEGA and PLEA nanoparticles 

were not as good as chitosan in the transfection of cells. PEGA and PEEA nanoparticles are 

both negatively charged and the ability of coupling DNA is not sufficient as discussed in
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the previous paragraph. Besides, the sizes of the two particles are 500 nm and even 5 pm 

(Figure 6-13, 14) which can not be easily endocytosised by normal mammalian cells. In 

addition to the factors such as ability of coupling DNA and the sizes, cationic 

characteristics may have more advantages than other factors in the transfection of cells 

because the interaction between positively charged particles and negatively charged surface 

of mammalian cells will increase the cellular uptake of the cationic particles.

6.4.4 The expression of the p-galactosidase gene coupled with chitosan particles

The ability of the chitosan particles for gene transfection is also confirmed with plasmid 

DNA pCHllO which has the sequence of the P-galactosidase gene. In our experimental 

conditions the chitosan particles showed a better expression effect than PLGA, PLLA 

polymer particles, and even better than the Lipofectin positive control.

The X-gal (5-bromo-4-chloro-3-indolyl—D-galactoside) can be cut by p-galactosidase and 

then a chromogenic “X” moiety of 5-bromo-4-chloro-3-indoxyl can be released and two 

indoxyl molecules form a blue dimer which can be used as an indicator. So if the 

transfection of DNA encoding P-galactosidase is successful and P-galactosidase has been 

expressed, the cells would be a blue color after a staining with X-gal. By counting the blue 

colored cells in the total counted cells, the transfection efficiency can be evaluated. With 

plasmid pCHl 10 and Hela cells, the transfection experiments were carried out and the data 

showed that chitosan particles did play a positive role in the transfection (Table 6-4, Figure

6-15).

Table 6-4 The efficiency of the expression of the mammalian cells transfected

Sample Efficiency, %

Control 3

Chitosan/DNA (5/1) 65

Chitosan/DNA (10/1) 55

PLA/DNA(10/1) 23

Lipofectin (3/1) 56
^  T T  ______ 11 T __________ 1________ 11 r r .1 _________ : •  0 . 1

particles/DNA were in the bracket and 1 pg plasmid pCHl 10 loaded particles were 
added in each well. The cells were stained with X-gal 2 days later after transfection.
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The results showed that the effect of transfecting mammalian cells with chitosan particles 

was better not only than PLGA particles but even than Lipofectin reagent. Lipofectin 

presented a higher level of reporter gene expression than chitosan in the pGL3-Control and 

pCMVluc transfection. When the two plasmids are compared, it may be suggested that 

chitosan is more advantageous than Lipofectin for transferring larger DNA molecules to 

mammalian cells (pCHl 10 has a molecular weight of 7128 bp, pGL3-Control 5246 bp).
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Figure 6-15 The transfected CHO-Kl cells with pCHl 10 after staining with X-gal. The 
transfection reagents from volume 1 to 6 were control without transfection reagent, 
pCHllO-Lipofectin, Chitosan/pCHl 10 (5/1), Chitosan/pCHl 10 (10/1), PLA/pCHllO 
(10/1) and PLLA/pCHl 10(10/1), respectively. The amounts of pCHl 10 from row A to D 
were 0.5, 1, 1.5 and 2 pg, respectively.

6.4.5 The improvement of transfection of chitosan/DNA system by reduction of 

molecular weight

Although the transfection of mammalian cells with the chitosan/DNA system was realized 

by using the luciferase reporter gene transfections, the transfection of chitosan/DNA 

system showed a low level of expression and the results of the transfection was usually not 

repeatable. It was not yet a competent transfection system. The transfection was carried out 

by using original commercial chitosan, from either Fluka, Sigma, or Pronova, all of which
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had a molecular weight of at least 150,000 Daltons. The sizes of all these chitosan particles 

were over 100 nm.

The transfection of mammalian cells then was carried out with degraded chitosan with a 

lower molecular weight. When low molecular weight chitosan was employed, sizes of 

particles were significantly reduced. Effectively, the transfection was also significantly 

improved. The experimental results showed that transfection with a high molecular weight 

chitosan (HmaChi) produced a luciferase expression level of 10̂  RLU/ml. The transfection 

with a low molecular weight chitosan (LmaChi), however, produced a luciferase 

expression level of well over 10̂  for the 293 cells (Figure 6-16).
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Figure 6-16: Luciferase activity 48 hours following transfection of HEK-293 cells with 
pCMV/nc polyplexes prepared with (1) 150 kDa chitosan (180.7 nm) or (2) 11 kDa 
chitosan (76.2 nm) at a 5/1 chitosan/DNA mass ratio, as compared to (3) un-transfected 
cells.

The improvement of transfection of the chitosan/DNA system by reduction of molecular 

weight of chitosan was due to the decrease of the sizes of the complexes (Paragraph 4.3.1). 

The cellular uptake of particles was size dependent since the endocytosis requires certain 

size of the extracellular substances. The role of size in transfection is further confirmed by 

other transfection experiments including transferring pGFP plasmid, which will be 

discussed in the following paragraph.
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6.4.6 Transfection of pGFP with chitosan particles

The transfection ability of the chitosan system was investigated using reporter plasmid 

pGFP which can produce a beautiful green fluorescent protein and can be directly observed 

with a fluorescence microscope. The ability of chitosan/DNA to transfect mammalian cells 

was well confirmed in the transfection of pGFP in 293 cells. In particular, the transfection 

of pGFP by low molecular weight chitosan was apparently more efficient than by high 

molecular weight chitosan examined in 293 cells as Figure 6-17 showed.

Figure 6-17 Fluorescent micrographs (lOOx magnification) of FIEK-293 cells at 6 days 
following transfection with (A) LmrC/pGFP (71.2 nm) or (B) HmrC/pGFP polyplexes (250 
nm).

The pGFP transfection by low molecular weight chitosan in mammalian cells provided 

more identification for the potential of transfection using chitosan. The effect of the cells 

line such as CHO-Kl (Figure 6-18), and the duration of the transfection (Figure 6-19, 20, 

21, 22) of the chitosan/DNA system were visibly presented by the amount and strength of 

green fluorescent image of the GFP produced from the transfected mammalian cells.
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Figure 6-18 CHO-Kl cells transfected with chitosan/pGFP particles (Z average diameter: 
79 nm) on 2 and 9 days.

Figure 6-19 The fluorescent micrographs of the 293 cells transfected with chitosan/pGFP 
complexes (72 nm) on the 2nd day. Magnification: A: lOOX; B: 400X.

%

1

Figure 6-20 The fluorescent micrographs of 293 cells transfected with chitosan/pGFP 
complexes (72nm) on the 9th day. Magnification: A: lOOX; B: 400X.
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Figure 6-21 The fluorescent micrographs of 293 cells transfected with chitosan/pGFP 
complexes (72 nm) on the 20th day. Magnification: A: lOOX; B: 400X.

Figure 6-22 293 cells transfected with chitosan/pGFP particles (250 nm) observed on 2nd, 
9th and 20th day with a fluorescent microscope.
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6.4.7 Dispersion model of chitosan/DNA complexes in the cell culture

By labeling plasmid pGFP with the fluorescent molecule rhodamine, the DNA localization 

in the cellular transfection with chitosan/DNA was investigated. Two days post 

transfection, the 293 cells were viewed with a confocal microscope setting 3 channels 

(GFP, Rhodamine and transmittance) and 2 wavelengths of 488 nm and 535 nm, 

respectively for viewing GFP and rhodamine. Images from the confocal examination 

showed that even though two days after transfection there was still plasmid DNA outside 

the cells. This result indicated that not all the plasmid DNA would be able to enter the 

mammalian cells. Moreover, in the concentrated bold red colour area no green colour 

appeared, either in the bold green colour area little green colour appeared. The bold red 

colour area indicated that most plasmid DNA remained outside the cells unable to enter. 

Therefore, transfection was low and no GFP was expressed there as area A in Figure 6-23.

Figure 6-23 Confocal image of 293 cells expressing GFP 2 days post transfection with 
rhodamine labelled pGFP complexed with LmRChitosan. White circled area A shows 
rhodamine labeled pGFP left outside the cells unable to be transferred into the cells. Area 
B shows bold GFP image with few red rhodamine labeled pGFP.

In contrast, in the adjacent area of the bold green colour area red colour could be hardly 

seen. The green colour was from GFP expressed in the cells in this area. The red colour 

was hardly seen there so that most plasmid DNA had been transferred in the cells here 

(Area B, Figure 6-23). The area A and area B were two typical cases of transfection with

189



__________________ Chapter 6 In vitro Investigation of the Polvcation/DNA Complexes

chitosan/pGFP.

This red fluorescent colour indicated not only the localisation of the plasmid DNA, but also 

the location of the chitosan/DNA complexes in the cell culture after addition, because DNA 

was complexed with chitosan. Free DNA molecules have little chance to exist in the cell 

culture for two days due to the destruction of it by the enzymes. The pattern of the scattered 

red points indicated that most chitosan/DNA complexes were homogeneously dispersed in 

all the cultured cells and therefore, this confocal image also confirms the ability of 

chitosan/DNA complexes to resist again the salt concentration and serum in the culture 

medium even though there are some apparent aggregates of the complexes.

6.5 Effect of expression cassette optimization and plasmid integrity

The transfection of the mammalian cells using chitosan/DNA system was shown to be 

related to multiple factors including the amount of DNA in complexes, the size of the 

complexes, the categories of cell line, etc. However, the intrinsic properties of an 

expression vector would be more important.
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Figure 6-24 Luciferase gene transfection in 293 cells (50,000/well, 20 pi of cell lysis 
solution was used for assay) HmRChi: High molecular weight chitosan; LmRChi: Low 
molecular weight chitosan; C llChi: Batch 11 chitosan; plucl: Batch 1 pCMV/wc DNA; 
pluc2: Batch 2 pCMV/wc DNA.
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For the optimum expression of the gene and the need of the clinical application, the most 

efficient transfection is desired. Perfectly constructed plasmid will produce an ideal 

transfection. Besides, the purity of plasmid may play a role in the transfection. Supercoiled 

plasmid, for instance, will be more beneficial for transfection.

Another plasmid, gWIZ, produced by a commercial procedure from Aldevron Co. had 

been expression cassette optimized and had a high degree of super-coiled form. The 

transfection of HEK 293 cells with gWIZ plasmid by means of the L mrC system produced 

a nearly 1 0 0 -fold improvement in transfection efficiency levels compared to plasmid 

pCMV/wc. The experimental data (Figure 6 -24) clearly exhibited the capacity of plasmid 

gWIZ by not only the chitosan system but also the PEI system. The expression level of the 

luciferase with gWIZ was significantly higher than that with pCMV/wc plasmid in the case 

of the PEI system. It was suggested that for a perfect transfection of genes, an optimally 

structured expression cassette, or a plasmid itself, is very important, even though a 

transfection vector can improve the transfer of genes into mammalian cells. Furthermore, 

the level of supercoiled form of plasmid plays an important role in the transfection as well.

6 .6  PCR assay

PCR was carried out to assay the reporter plasmid in the transfected cells. Primers 

flanking 453 bp segment of Poly (A) late signal from plasmid pCMV/wc are used to 

clone this special segment after reaction with polymerase. The DNA samples were 

collected from the transfected 293 cells and CHO K1 cells 2 days after transfection. The 

results indicated that segments of the poly(A) late signal sequence can be determined only 

in the cells showing expression of luciferase. Moreover, the densities of PCR amplicon 

bands of the poly (A) late signal segment in the agarose gel after electrophoresis were 

almost coincident with the levels of the expression of the luciferase (Figure 6-25). In all 

cases of samples of transfected cells, whether 293 cells or CHO-Kl cells, if there is an 

expression of luciferase, there is a band of the segment showed on the gel. If there is no 

transfection, no band appears; if there is no expression, no band appears. Moreover, less 

band density of the poly(A) late signal segment was presented from cell samples with low 

expression of luciferase which were transfected with the bigger chitosan/DNA particles.
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The PCR results showed that the transfer of foreign plasmid DNA into the cells is an 

important factor for transfection. An effective transfection was based on a sufficient 

amount of DNA transferred in the cells. A low expression level of transgene expression 

was resulted from an insufficient amount of the gene transferred in the cells, and it was 

primarily resulted from the sizes of complexes used in the transfection. The cellular extract 

samples for the PCR process are listed in Table 6-5.

“  WKIOO
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Figure 6-25 Agarose gel electrophoresis of PCR amplicons of template DNA samples, 
which were from various cells transfected with chitosan/pCMV/wc complexes. The 
expression level of cellular luciferase of every sample was presented above the PCR 
amplicon of corresponding sample of the agarose gel image.

It could be concluded that an effective transfer of active plasmid into the mammalian cells

is a crucial factor for transfection, even though there may be other factors determining the
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transfection efficiency. The size of the transfection system is closely related to the 

transfection efficiency due to the cellular uptake of these systems, which was also 

confirmed by PCR technique showing less amount of the transgene from the cells 

transfected with bigger particles.

Table 6-5 Cell samples of each lane to carry out PCR and the correspond polyplexes

Lane Sample Z average diameter 
of the particles

1 Molecular ladder

2 293 with PEI/pluc 72.1 nm

3 293 with Cl chitosan/pluc 71.3 nm

4 CHO-Kl with C2 chitosan/pluc 101.7 nm

5 293 with C2 chitosan/pluc 101.7 nm

6 CHO-Kl with C3 chitosan/pluc 340 nm

7 293 cells

8 Standard pluc DNA

6.7 The cytotoxicity of polymers

Transfection of mammalian cells with polyplexes has now become a major subject in 

transgene research. In this area of research, polymers are widely and intensively 

investigated to transfer DNA into cells. It can be seen that polymers have different ability 

and effects in transfection. All of the effects in the transfection experiments were related 

to the structure and components of the polymers. On comparison of various polymers for 

their transfection abilities, PEI is the most capable of complexing DNA, transfecting cells 

and results in the reproducible data due to its excellent cationic and protonable properties. 

The cytotoxicity of PEI, however, is a negative attribute for this polymer’s further use 

because its cytotoxicity is much higher than other polymers.
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Figure 6-26 The viability of CHO-Kl cells (10,000 cells/well in a 96-well plate) with 
different concentration of chitosan (molecular weight 11,000 Daltons) and PEI (25,000 
Daltons) determined by MTT method.

The cytotoxicity of the polymers was examined with CHO-Kl cells by the MTT method. 

By determination of cellular viability after CHO-Kl cells cultured with different 

concentration of polymer with MTT, the ability of cells to live in the environment of the 

polymer can be evaluated. In the experiments of MTT, it could be seen that the viability 

of CHO-Kl cells was dramatically reduced lower than 50 percent (ID50) when 

concentration of PEI in the cell culture medium was at 10 pg/ml (Figure 6-26). This 

means a 10 pg/ml concentration of PEI would make over half of cells unviable, or dead. 

The viability of cells was higher than 50% when the concentration of PEI in the cell 

culture medium was lower than 10 pg/ml. If the concentration of PEI was higher than 10 

pg/ml, nearly all of the cells were killed. This result showed that the cytotoxicity, or the 

IDsoofPEI for CHO-KI cells is only 10 pg/ml.

In the case of chitosan, over 80% of CHO-Kl cells were maintained as viable until the 

concentration of chitosan higher than 1 mg/ml in the culture medium. This data indicated 

that chitosan has an ID5 0  value over 1 mg/ml which had 100 times lower cytotoxicity than
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PEI does. CHO-Kl cells are viable in a cell culture medium containing 1 mg/ml of 

chitosan. They are, however, only able to live in a medium containing PEI at a 

concentration lower than 10 |ag/ml.

Interestingly, cationic EPP polymers (PMMA grafting various cationic side chains) 

showed very low cytotoxicity after assay by the MTT method. In the experiments, 

polymers modified with permanent cationic group TMAE were tested against the CHO-Kl 

cells. The viability of CHO-Kl cells incubated with these EPP polymers remained to a 

level that the ID50 of these EPP polymers were all over 5 mg/ml. The lowest ID50 was 5 

mg/ml which was seen in polymer EPP 14 (23.4% of His and 76.6 % of TMAE) ( Figure 6 - 

27). The difference in toxicity between these EPP polymers in the cytotoxicity seems not 

significant. A slightly higher cytotoxicity was seen in the His plus TMAE than the group of 

DMAP plus TMAE.
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Figure 6-27 The viability of CHO-Kl cells (10,000 cells/well in a 96-well plate) with 
different concentration of EPP polymers determined by MTT method.

The determination of cellular viability was based on the amount of the formazan reduced 

from a tétrazolium salt catalysed by mitochondrial dehydrogenase. Viable cells will 

normally secrete active mitochondrial dehydrogenase. Consequently relatively more 

formazan will be produced. If the cells are poisoned by components in the culture 

surroundings, the viability of the cells are reduced and the amount and the activity of
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mitochondrial dehydrogenase are all affected. Consequently, the formazan reduction from 

tétrazolium will be decreased. Therefore, the color density of the formazan in the cell 

culture medium indicates well the viability of cells cultured with various media containing 

the polymer.

6 .8  Conclusions

The in vitro work was a pre-check of the transfection system and each individual 

component of the system. In this work the properties of the components, plasmid, material, 

sizes, cell lines and conditions for the transfection were confirmed. The plasmid is a key 

factor for the transfection because plasmid is a combination of gene sequences adapting for 

the cellular production of protein. Optimally constructed plasmid will result in high 

efficiency of protein expression. Moreover, the purity of the plasmid was vital for the 

transfection. Impure plasmid, which consists of endotoxins and a linear form of plasmid 

will negatively affect the transfection efficiency. The preparation of plasmid DNA, 

therefore, should be carried out with kits capable of removing endotoxins. Transfection 

reagents are important tools to transfer genes into cells. The sizes of the complexes 

composed of polycations and DNA affect the efficiency of the gene transfer. Gene 

transfection in mammalian cells is also related to the ratio of polycation/DNA. Different 

polycation has its own optimal N/P ratio for transfection. PCR procedure and the 

rhodamine labeling technique showed that the entry of plasmid into the cells was a function 

of the transfection reagents. The production of the transgene protein in cells is a function of 

plasmid DNA transferred into the cells. The cellular toxicities of the polymers by MTT 

assay indicated that the cytotoxicity of chitosan was much lower than that of PEI. 

Polymethyl acrylamide with cationic substitutes EPP polymers were the least cytotoxic 

among the cationic polymers investigated in this work.

PEI has a high charge/mass ratio and wide protonatable pH range. PEI condenses plasmid 

DNA very efficiently into small particles with excellent size distribution. Consequently, 

PEI/DNA complexes were competent to transfect mammalian cells. With the low 

immunogenicity, biodegradable, biocompatible and cationic nature, chitosan is a promising 

non-viral gene transfection reagent. Small size chitosan/DNA complexes from low 

molecular weight chitosan improved the ability of cellular transfection. Results from the 

experiments at various conditions confirmed the potential of chitosan in gene transfer.
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Chitosan has a special ability to stably complex DNA. The interaction between chitosan 

and DNA is probably not only an ionic interaction, perhaps also a hydrophobic interaction. 

Therefore, the expression of protein from chitosan/DNA particles transferred cells was 

delayed and sustainable for longer time than other transfections from PEI, liposomes and 

polyamidoamine dendrimers.
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Chapter 7 In vivo Investigation of Polvcation/DNA System

7.1 The in vivo transfection of the polyplexes

7.1.1 Chitosan/luciferase system

Successful in vitro transfection of polyplexes was achieved by optimising the components 

of the polyplexes and the conditions of the transfection. In order to determine the 

pharmaceutical potential of these formulations, the in vivo effect of the polyplexes need to 

be assessed. Low molecular weight chitosan was used to investigate the in vivo transfection 

and subsequently the immunological effect of chitosan/DNA polyplexes. The data from 

animal work showed a much lower efficiency of in vivo transfection than in vitro 

transfection of the chitosan/DNA system.

Analysis of in vivo transfection using the chitosan/DNA system with a luciferase reporter 

gene pCMV/wc showed only low transfection efficiency (Figure 7-1). The data indicated 

that no tissues, heart, lung, liver, spleen, kidney, intestine and muscle presented 

recognisable expression levels of luciferase, except very weak expression determined from 

the muscle of mice receiving the DNA intramuscularly (i.m.), lung of mice following 

intranasal (i.n.) administration, spleen, kidney and lung of mice following intravenous (i.v.) 

administration. These results indicated that in vivo transfection using chitosan/DNA system 

was less efficient than that observed in vitro.

In addition to the huge obstacles and complexity from the body , difficulties for the in vivo 

investigation of the chitosan/DNA system occurred also from the determination approach 

for the luciferase activity. Luciferase can be determined with in vitro samples in an easy 

approach with quick treatment of samples. The in vivo samples, on the other hand, need 

more steps and a harsh homogenisation procedure. As luciferase is fragile and has a short 

half-life time of activity (about 5 minutes), a high temperature, light and slightly longer 

time of process for handling would destroy the enzyme resulting in a failure of 

determination. Therefore, the determination of luciferase expression from in vivo samples 

should be very carefully handled.
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Figure 7-1 The expression of luciferase in tissues of mice administrated with 
Chitosan/pCMV/nc 2 days post administration in vivo experiments. The relative light unit 
of homogenised tissue solution (30 mg/ml) in lysis buffer in luciferase assay by 
chemoluminescence technique. The muscle tissues of untreated mice were used as negative 
controls (C-).

7.1.2 Chitosan/green fluorescent protein system
Another reporter plasmid, pGFP, was used because the determination of GFP is relatively 

easy compared to luciferase assay. The determination can be in real-time carried out with 

live cell culture samples observed with a fluorescent microscope. The observation of in vivo 

samples, however, needs tissue sections of GFP transfected mice. Cryosection of tissues 

can produce a thin section with a thickness of several microns. More importantly, 

cryosection can minimise the handling damage of the tissue.

Unfortunately, the determination of GFP expressed in organs of mice transfected with 

chitosan/pGFP particles was screened by the autofluorescency of the tissue which presents 

strong green fluorescence without transfection as Figure 7-2 shows. The green fluorescence 

occurred in every tissue collected from negative control mice which were not administered 

pGFP plasmid. Thus it was difficult to distinguish the GFP from the green fluorescent 

background. The expression of GFP in tissues can only be identified by comparison of the 

difference between the isolated strong green fluorescent part and its relatively weaker green 

fluorescent surrounding area. In Figure 7-3, the fluorescent micrographs were tissue
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sections of lung, tail tissue at the position of injection, spleen, liver and heart from mice i.v. 

administered with chitosan/pGFP particles (50 pg DNA/mouse) at the tail vein. Stronger 

and greener fluorescence parts and spots in the pictures (labelled with white arrows) can be 

distinguished from their surrounding areas. If these greener parts were GFP expression 

area, it could be assumed that chitosan/DNA particles are able to reach the organs of lung, 

heart, spleen and liver, predominantly accumulated in spleen and heart in case of i.v. 

administration. The strong green fluorescence of the tail muscle at the injection position 

indicated that the injection with needle damaged the local tissue and cells. The broken 

tissues are more easily transfected. In addition, leaking of chitosan/DNA particles in the 

injection position resulted in a high local concentration of DNA which also contributed to a 

high transfection efficiency in local area of the injection. This situation was also seen in the 

case of i.m. administered animals.

A strong green fluorescent image occurred in muscle tissue from the injection leg (Figure

7-4) which presented a strong transfection and expression of GFP. The intramuscular 

injection of chitosan/DNA particles resulted in expression of GFP not only in muscle, but 

also in the spleen. The lung and intestine were deemed as possible areas of transfection 

without sufficient proof because the green fluorescence was not bold enough to distinguish 

from the background autofluorescence. The tissues from mice i.n. administrated with 

chitosan/pGFP particles also showed possible transfection. In this route, the lung and 

intestine were the main areas of transfection (Figure 7-5). The green colour of the spleen 

and liver tissues were not significantly different from the background autofluorescence. In 

this case, it was impossible to establish whether GFP transfection occurred.

The evaluation of GFP expression in animal tissues, on the whole, is rather difficult due to 

the autofluorescent background. It is suggested that the autofluorescence of animal tissues 

was due to the diet of the animal. The commercially purchased diet was highly green 

fluorescent and consequently resulted in autofluorescence of the animal tissues.
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Figure 7-2 Fuorescent micrographs (lOOx) of tissues of mice without administration of chitosan/pGFP particles.
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Figure 7-3 Fluorescent micrographs of tissues from mice i.v. administrated with LmRChi/pGFP (C/D=5/l, w/w, DNA 50 
pg) 2 days post administration.
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Figure 7-4 Fluorescent micrographs of tissues from mice i.m. administrated with LmRChi/pGFP (C/D=5/l, w/w, 
DNA 50 pg) 2 days post administration.
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Figure 7-5 Fluorescent micrographs of tissues from mice i.n. administrated with LmRChi/pGFP (C/D=5/l, w/w, 
DNA 50 pg) 2 days post administration.

9
§

a

i '
S'<
g-.
I
o3
O-h130

1§
>
0

1
gfDCA



______________________ Chapter 7 In vivo Investigation of Polvcation/DNA Complexes

The resolution of this matter should be a change of diet for the animal to be used in the 

GFP gene transfection. The use of other reporter genes is also an alternative for the in vivo 

transfection studies. The observation of GFP with a normal fluorescent microscope, 

however, is a more convenient, apparent and direct approach than using other reporter 

genes to evaluate the in vivo transfection.

7.1.3 Transfection with PLGA MS encapsulating PEI/DNA

PEI/DNA complexes were highly efficient in in vitro transfection. To obtain a potential 

mucosal immune DNA vaccine and exploit the convenient oral administration route, a P- 

galactosidase gene containing PEI/DNA system was encapsulated in PLGA particles with 

micron sizes by a procedure of method 2 (reference section 2.3.8.2). The After 

encapsulation in PLGA particles with sizes in 2-5 pm and 5-10 pm, the PEI/pft-Gal was 

orally administered to mice. Two days post administration the mice were killed and then 

the organs and tissues, e.g. liver, Peyer’s patches and spleen were collected. By 

homogenizing the tissues with lysis buffer, the proteins were extracted. With X-Gal added 

the chemiluminescence assay quantifies the B-galactosidase in homogenised tissue samples 

by relative light unit of the luminescence produced by the production of chromogenic “X” 

moieties of 5-bromo-4-chloro-3-indoxyl from the p-Gal catalysed reaction of X-Gal. The 

RLU value increases with the amount of “X” indoxyl molecules related to the P-Gal 

production. The RLU data of each tissue sample showed that expression of p-Gal gene in 

the PP and liver were better than in the spleen (Figure 7-6). This suggests that by oral 

administration the PEI/pp-Gal complexes were mainly retained in the PP and liver tissues 

within PLGA microspheres. The experimental results also showed that larger particles (5- 

10 pm) of PLGA gave better data than small particles (2-5 pm). This can be explained since 

the particles with 5-10 pm of diameters are mainly captured by the PP. It is important that 

particles containing PEI/DNA complex are maintained in the PP after oral administration 

because PP tissue functions as a station able to allow the cationic complex into the blood 

and to the other organs such as the liver and spleen. The result of reporter gene expression 

in tissues is consistent with the conclusion on the distribution of particles with different 

sizes in the animal body after oral administration.
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Figure 7-6 The in vivo experiments of PEI/pcDNA/p-Gai complex in mice. The 
expression level expressed with the RLU of various tissues of the mice orally administered 
with three different PLGA microparticles. Sample 1 are small PLGA particles (2-5 pm) 
containing polyplex and coated by PEG(PEG/PEI=60/I). Sample 2 are large PLGA 
particles (5-10 pm) containing polyplex coated by PEG(60/1). Sample 3 are small PLGA 
particles ( 2-5 pm) containing polyplex coated by PEG(1/1) (n=3).

7.2 Immunological investigation
7.2.1 Immunization from Chitosan/pCMV/Mc particles
The in vivo transfection using chitosan/pCMV/wc particles produced almost no recognisable 

expression level of luciferase in any tissue of the mice. A further in vivo investigation of the 

chitosan/pCMV/wc system was carried out by determination of immunological response 

directed against the reporter gene recoding protein. Immunological data from animals is 

vital for DNA vaccine research and the application of polymeric basic gene transfection in 

the development of novel DNA vaccine is the main aim of this work. Moreover, the 

approach of anti-luciferase IgG assay is a more effective method than the determination of 

expressed luciferase protein in tissues to investigate the in vivo transfection because of 

several advantages of the immunological method. First, determination of serum and fecal
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antibody means there is no need to kill animals and there is minimum use of animals. 

Second, sampling of blood and feces does not require homogenisation of tissues and there 

is no possibility of destruction of the luciferase enzyme. Third, the process of sample 

handling does not require additional apparatus to remain constant low temperature to 

maintain the activity of luciferase. These procedures are drawbacks of direct determination 

of expressed luciferase resulting frequently in non precise data.

The serum immunoglobulin G (IgG) responses against the luciferase were determined by an 

enzyme linked immunosorbent assay (ELISA) using goat anti-mouse IgG horseradish 

peroxidase conjugate which catalyses an oxidation reaction between 2,2’-azino-bis(3- 

ethylbenzthiazoline-6 -sulfonic acid (ABTS) and hydrogen peroxide with sera collected 

from mice receiving chitosan/pCMV/wc particles (50 pg DNA/mouse, low molecular 

weight chitosan, chitosan/DNA=5/l, w/w). The anti-luciferase IgG produced in mice will 

be adsorbed on the bottom of the wells of a microplate, which was coated with luciferase. 

The mouse IgG will be coupled with the goat anti-mouse IgG peroxidase conjugate. The 

more anti-luciferase IgG in the serum, the more peroxidase will be retained and 

subsequently promote the oxidation of ABTS. The oxidation products are chromogenic and 

can be determined at 405 nm with a spectrophotometer plate reader. The data of optical 

density at 405 nm reflected the level of anti-luciferase IgG in serum.

The Th2 immunological response characterized by antibody production by mice 

administered chitosan/pCMV/wc can be determined by this method. The experimental 

results showed that the readings of OD at 405 nm of the serum samples were low even 

though they were higher than negative samples, which were without luciferase added. The 

data were also irregular without reasonable trends in the blood samples collected 24 days 

post administration (Figure 7-7). These results reflected that chitosan/pCMV/wc particles 

failed to produce serum IgG response against luciferase in mice.
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Figure 7-7 ELISA for luciferase antiserum on 24 day post injection of Chitosan/pCMVluc 
particles. C* is negative control without luciferase antigen coating, mice were immunised 
with chitosan/CMVpluc containing 50 pg of DNA (IM and IV), or 25 pg (IN)

A more detailed immunological experiment was carried out by a combination of the 

primary immunisation and boost immunisation with the same amount of chitosan/pCMV/wc 

particles. With the same dosage in both primary and boost immunisation, mice were bled in 

1 week, 2 weeks and 4 weeks post the primary administration with the boost administration 

at the end of 2 weeks. The ELISA assay indicated that the mice were still unable to produce 

transgene specific serum IgG response in all three routes of intravenous (Figure 7-8), 

intramuscular (Figure 7-9) and intranasal (Figure 7-10) administration. In the determination 

of sera from intravenous administrated mice, the O.D. data of serum dilutions were just 

about 0.2 higher than the negative control without luciferase addition but not enough to 

evaluate the IgG level. The OD values of the sera collected in 1 week and 4 weeks were the 

same but the OD value of the 2 weeks sera were almost nothing like the negative control. 

The determination results of sera from intramuscular and intranasal administration groups 

were the same as the intravenous group. Low, or irregular OD value failed to provide any 

significant IgG response information even after a boosting administration of 

chitosan/pCMV/wc particles.
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7.2.2 The improvement from plasmid gWIZ

The immunisation of mice was carried out by using another plasmid gWIZ, which was 

confirmed as able to produce successful in vitro transfections.

The plasmid gWIZ, a vector marketed as optimised for luciferase expression and sold in 

supercoiled-only form, was administrated to mice in the same dosage as pCMV/wc after 

complexed with low molecular weight chitosan (Mr =llkD a). The immunisation of mice 

with gWIZ and the blood sampling followed the same schedule as with pCMV/wc.

The data from ELISA showed that the OD values at 405 nm of the serial serum dilution 

samples were significantly different from those of the negative control. The difference of 

OD value between immunized mice and negative control was statistically significant in all 

cases of intravenous (Figure 7-11), intramuscular (Figure 7-12) and intranasal 

administration (Figure 7-13). Moreover, the OD values of the serum dilutions from 

chitosan/gWIZ immunized mice were high enough to estimate the titer of the serum 

antibody. The data from the gWIZ group also presented a regular trend, which was not 

available in the serially diluted sera of mice immunised with chitosan/pCMV/wc. 

Accordingly, the experimental results exhibited detectable primary and secondary serum 

antibody responses in BALB/c mice irrespective of administration route.

Among the responding mice, endpoint titer levels were at the points of OD values 5% 

higher than that of negative control mice which were not administrated any DNA or 

luciferase protein. As shown in Figure 7-14, which were from ELISA data of the 4 weeks 

blood samples, the titer of each route were 1000, 700 and 700, respectively for intravenous, 

intramuscular and intranasal routes.
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Figure 7-11 Optical density at 405 nm of serially diluted serum samples collected from 
mice i.v. immunised with LmkChi/gWlZ (C/D=5/l, w/w, DNA 50 pg) estimated by 
ELISA at the 4th week. A boost immunisation using the same dosage as primary 
immunisation was carried out at 2 weeks.
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Figure 7-12 Optical density at 405 nm of serially diluted serum samples collected from 
mice i.m. immunised with LmRChi/gWlZ (C/D=5/l, w/w, DNA 50 pg) estimated by 
ELISA at the 4th week. A boost immunisation using the same dosage as primary 
immunisation was carried out at 2 weeks.
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Figure 7-13 Optical density at 405 nm of serially diluted serum samples collected from 
mice i.n. immunised with LmRChi/gWIZ (C/D=5/l, w/w, DNA 50 pg) estimated by 
ELISA at the 4th week. A boost immunisation using the same dosage as primary 
immunisation was carried out at 2 weeks.
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Figure 7-14 Optical density at 405 nm of serially diluted serum samples (n=3) collected 
from mice immunised with LmaChi/gWIZ (C/D=5/l, w/w, DNA 50 pg) estimated by 
ELISA at the 4th week. A boost immunisation using the same dosage as primary 
immunisation was carried out at 2 weeks.
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7.2.3 The immunological response and the immunisation route

It appears that the chitosan/DNA system resulted in effective serum IgG immune responses 

by using supercoiled plasmid gWIZ. Furthermore, the immunological titer levels (Figure 7- 

15) were reflective of the administration route used, with boosting resulting in an elevation 

of immune responses most remarkable among nasally immunized mice. The highest serum 

IgG responsive titer was seen using the intravenous route. This indicates that the delivery of 

complexes to systemic immunostimulation area seems easier by direct administration in 

circulatory system than other approaches.
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Figure 7-15 Serum IgG titer of mice administrated with chitosan/gWIZ (DNA 50 
pg/mouse, n=3).

Serum IgG response is a typical systemic response which stems from the bone, spleen and 

lymphoid tissues (reference paragraph 1.6.1 Mucosal immune route and systemic 

immune route). Therefore, the highest serum IgG titer confirmed the ability of 

chitosan/DNA complexes to reach these tissues by intravenous injection and the capacity of 

in vivo transfection and stimulation of systemic immunity. Intramuscular administration of 

chitosan/DNA produced an inferior IgG response compared to the intravenous route, which 

could be indicative of the difficulty of chitosan/DNA complexes in entering the blood 

circulation and reaching to the systemic lymphoid tissues (spleen and lymph nodes) via a 

muscular route. A low serum IgG titer was measured at the primary immunisation but titres
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of serum increased after titer after the boost immunisation following all the routes of 

administration with the highest fold of increase being for the nasal administration. This 

suggests that the nasal route administration of chitosan/DNA complexes as a vaccine 

formulation is potentially an effective route for boosting the long term immune responses.

7.2.4 The further elevation of immune response by protein boosting

Immunological responses of mice immunized with chitosan/DNA system were further 

enhanced by a later direct protein boosting. A dosage of 1 pg of luciferase protein was 

administered to every mouse 4 weeks post primary immunization. The ELISA assay of 

blood samples collected at the end of 6 weeks showed a further increase of the anti- 

luciferase serum IgG (Figure 7-16).
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Figure 7-16 Serum IgG titer at 6 weeks. The mice were administered chitosan/gWIZ 
particles and boosted with 1 pg of luciferase at 4 weeks via different routes.

It indicated that the elevation of serum IgG of mice can be achieved by a boost of protein 

after the primary immunisation using the chitosan/DNA system. The levels of serum IgG 

titer after protein boosting were much higher than those from the primary immunisation in 

all three routes of i.v., i.m. and i.n.. The trends of the serum IgG level after protein boosting 

for these three routes, however, were the same as the chitosan/DNA primary immunisation: 

the i.v. route resulted in the highest response level of nearly 4000 titer, i.m. delivery also 

resulted in a secondary response level of above 3000 titer and i.n. dosing produced the
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lowest response level of about 1 0 0 0  titer.

The results of serum IgG responses of the mice immunised with chitosan/luciferase system 

and the protein luciferase (aluminium hydroxide was used as adjuvant) should be 

reasonable with the fact that highest response level was from the i.v. route, which allow the 

antigen enter directly into the systematical immunization tissues, and the lowest response 

level from the i.n. route in which antigen is not able to enter stimulate directly the humoral 

immune system. It was an identity that direct administration of DNA or protein into the 

circulation system will stimulate well a serum IgG response, even though a comparable 

level was produced from the i.m. route. The more meaningful discovery was made that the 

serum IgG response was also obtained from the i.n. route, even though it was low.

7.3 Conclusions

The in vivo transfection of the chitosan/DNA system was confirmed by both the 

determination of the expressed aim protein and the ELISA data representing immunisation 

responsive level from expression of the transgene protein. Compared to the in vitro 

experiments, the in vivo transfection and its determination were relatively difficult, due to 

the obstacles from the delivery of the system and the complexity of the in vivo conditions. 

The direct determination of the transgene expression from the in vivo work indicated that 

the organs expressing the aim protein were related to the administration route. The 

expression of transgene in the spleen, kidney and lung can be obtained by intravenous 

administration. Intranasal administration is the best method for producing transfection in 

the lung, and it is also possible to obtain transfection in the intestine. A local muscular 

transfection can be made by a direct local muscular administration of the chitosan/DNA 

system. Due to the difficulty of the in vivo transfection, use of expression vectors with high 

quality is the best choice for in vivo applications. DNA immunisation was proved in this 

work, even though the immune responses were not as high in terms of antibody responses. 

The immune responses were also related to the administration routes. Serum IgG will be 

best produced by intravenous, or intramuscular administration. Intranasal administration 

will be useful for a mucosal immune response due to this route’s trend expression in lung 

and intestine mucosal system organs.
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Polymeric gene transfection system is a novel and potentially effective approach for 

transferring genes into mammalian cells. The main characteristic of this system is the 

controllable physicochemical properties to enable the cellular entry o f DNA loaded in it. 

Polyplex is a sub-branch of this system with advantages such as simple preparation, 

high ratio of DNA in the polyplexes, small sizes and effective protection of the loaded 

DNA from the enzymatic and acidic surroundings of the body.

Polyplexes are complexes, usually in the form of particles composed of polycations and 

DNA. The formation of complexes is based on the mechanism of an ionic interaction 

between cationic polymers and anionic DNA. Consequently, complexes are precipitated 

out from the solution due to neutralisation o f charges leading to reduction of 

hydrophilicity. As the experimental results in Chapter 3, “Mechanism of the Polyplex 

Formation” described, polymers with stronger cationic charges coupled DNA more 

stably and subsequently complexes are more detectable and have more acceptable 

polydispersity indexes of sizes, such as EPP 10-16, whose cationic properties are 

enhanced by coupling permanent cationic groups tétraméthylammonium ethyl groups.

The complexes are nano-scale particles whose sizes are affected by the composition of 

the aqueous system. The experiments indicated that not only the cationic properties, but 

also the hydrophilicity of the polymeric system determines the characteristics o f the 

resulting complexes. For example, in this project PEGylated EPP 6  and EPP 7 produced 

more homogenously dispersed complexes than unPEGylated EPP polymers. PEGylation 

has been proven a useful approach for increasing the hydrophilicity of a given 

compound. In the case of complex preparation based on an ionic interaction, it is 

important that the degree of PEGylation should also be optimum. Too high PEGylation 

of polymer will obstruct the interaction between polycations and DNA. Whereas, low 

degree of PEGylation will not be able to improve the hydrophilicity o f the polymers. 

Both of the two situations will fail to result in the ideal complex particles.

In this work, several polymers, either cationic or non-cationic, were used to couple 

DNA and carry out transfection. EPP polymers (polymethacrylamide with various 

cationic substitute groups) were used to investigate the mechanism of complex 

formulation. PEI was employed as a positive control in the investigation of the cellular 

transfection of polymeric systems. PLGA was used as non-cationic polymer for the 

comparison in DNA complexing and transfection. The investigations into the use of
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chitosan for the transfection proved to be a promising approach towards the 

development of a clinically applicable reagent for gene therapy and DNA vaccines. 

Since the beginning of gene therapy research the main problem in gene therapy trials 

has been the unwanted side effects of the viral vectors. Safety is the key issue to be 

resolved in the development of marketable products for gene therapy. In this project the 

development of a polymeric gene transfection systems was aimed at addressing this 

issue.

Currently, only few polymers have application in medicine: such as PLA, PLGA, 

PMMA and PEG. However, amongst the pharmaceutical components that are allowed 

to be used in drug delivery for clinical use were only those of the biodegradable 

polyester (PLGA) family. However, the experimental results showed that PLGA is not 

an ideal material for DNA loading (Chapter 4, Figure 4-4, 5) and it is difficult to 

produce nano particles with sizes lower than 1 0 0  nm.

The main challenge facing non-viral gene delivery systems is the low transfection 

efficiency compared to viral vectors. However, polycations are capable of condensing 

anionic DNA into nano-scale complexes (polyplexes) by ionic interaction, and the 

transfection efficiencies achieved with some polyplexes were comparable to viral 

systems. The most effective polymer for gene transfection tested so far is PEI. 

PEI/DNA complexes have generally enhanced high transfection efficiencies in many 

cell lines. Transfection using polyplexes is quite different from using viral vectors, from 

the delivery point o f view. Viral vectors can transfer their genetic material into cells by 

their special structure, such as a knobbed fiber and penton base o f the adenovirus, which 

facilitate the cellular entry and escape from the endosome. PEI/DNA polyplexes, on the 

other hand, enter the cells by endocytosis (mostly pinocytosis) and escape from the 

endosome by protonation. The strongest evidence for facilitation o f transfection using 

PEI comes from the commercial transfection products prepared with PEI, such as 

JetPEI™ (Polyinfection Co. USA) and ExGen 500™ (Fermentas, USA). These reagents, 

however, are only permitted to be used in in vitro transfection for research purposes. 

The obstacle for its clinical application is still the problem of safety.

Chitosan is a natural polymer composed of glucosamine and P-l,4-linked N- 

acetylglucosamine which is biocompatible in the human body and degraded by
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lysozyme in cells/tissues following a normal metabolism route (Ilium et al., 2001). In 

particular, chitosan is not only characterised by its biocompatible glucosamine structure, 

but it is also positively charged, that is vital to complex DNA through a mechanism of 

ionic interaction as a result o f their opposite charges. Chitosan’s ability of 

destabilisation o f the lipid bilayer facilitates its cellular uptake (Fang et al., 2001). As 

mentioned in the Chapter 1, “Introduction”, there are many research groups working on 

the chitosan/DNA transfection system precisely for reasons of the associated safety of 

this material. Choice o f this material in this study is to make further progress in 

exploiting chitosan’s useful positive characteristics and bringing in novel uses of this 

polymer in this area.

Chitosan is now confirmed as a potential material for delivery o f DNA into mammalian 

cells and the in vitro transfection can be as high as that produced from PEI by reducing 

its molecular weight, using the optimised preparation conditions coupled with the well 

designed plasmid DNA. Recently chitosan/DNA polyplexes have been reported with 

encouraging results (Roy et al., 1999, Iqbal et al., 2003, Kumar et al., 2003).

However, so far in most in vitro and in vivo transfection studies, polyplexes based on 

PEI have shown higher transfection efficiency compared to chitosan polyplexes. 

Theoretically, this is attributed to the high charge density and protonable properties of 

PEI. High ratio o f protonable secondary and tertiary amine on the PEI chain 

consequently leads to high buffering capacity (Boussif et al., 1995, Thomas et al., 

2002). In PEI molecules, complete protonisation results in a charge/mass ratio of 1/43. 

This characteristic should be the major cause to form stably condensed PEI/DNA 

particles with small diameters, usually lower than 100 nm. The PEI/DNA complexes, 

therefore, are more easily endocytosised by most cell lines than other polyplex systems. 

Data obtained during this work demonstrated that the PEI/DNA polyplexes in the size 

range o f about 60 nm (reference Chapter 4) were usually obtained. Even though the 

major postulation of the high capacity o f transfection o f PEI from “proton sponge 

effect” was recently challenged (Godbey et al., 2000), the condensed small particles 

with high charge ratio as a main cause of the high transfection is accepted by most 

researchers in this area. In the case of chitosan, on the other hand, the charge/mass ratio 

is 1/195 (based on a 75% deacetylation), which is a much lower charge density than that 

of PEI. It can be reasonably postulated that it is the lower charge density of chitosan that
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results in the chitosan/DNA complexes being less condensed than PEI/DNA complexes, 

and therefore larger in sizes.

The main focus of this work was the optimisation o f novel chitosan/DNA polyplexes. 

One of the ways to achieve this is the preparation o f more condensed chitosan/DNA 

complexes, by increasing the charge density o f the complexes. Penta-sodium 

tripolyphosphate (PSTP) is an inorganic molecule which becomes a penta valent anion 

when dissolved in water. PSTP has a much higher charge/mass ratio than DNA does. 

The charge/mass ratios are 1/44 and 1/333, respectively, for PSTP and DNA. The 

addition of PSTP would be beneficial in condensing and solidififying of the 

chitosan/DNA complexes. Unlike Na2S0 4  which was used as a coacervation reagent to 

impart a suitable ionic strength in the polyplex preparation by some investigators 

(Leong et al., 1998, Erbacher et al., 1998), PSTP functioned as a crosslinker, based on 

an ionic interaction with chitosan, and this is beneficial in reducing the sizes of 

chitosan/DNA polyplexes. The TEM examination and PCS data o f the polyplexes 

showed that the morphology and size o f the chitosan/DNA particles are dependent on 

the conditions of the preparation, the charge ratio, the molecular weight of chitosan and 

DNA (Chapter 4, Figure 4-7). The morphology, or the shape of the chitosan/DNA 

particles are different under different conditions. A normal preparation (without salt 

addition and without later processing such as concentration and ligands linking) 

produces smaller sizes of the complexes, such as the chitosan/pGFP and chitosan/gWIZ 

complexes which appeared as fine particles. The sizes of both chitosan/pGFP and 

chitosan/gWIZ were smaller than 100 nm. In contrast, if  the preparation is carried in a 

buffer (pH7.4, 0.01 M), or followed by a concentration step, the complexes will be more 

solid and the sizes will be increased, such as the chitosan/pAg85B complexes which 

were centrifugation concentrated after normal preparation, showed an apparent 

spherical shape. The chitosan/pCMV/wc complexes were bold irregular aggregates 

when preparation was carried out in PBS. Both of the chitosan/pAg85B and 

chitosan/pCMV/wc complexes have sizes o f about 200 nm.

The sizes of the chitosan/DNA polyplexes are a function of the molecular weight of 

both chitosan and DNA. It could be reasonably argued that the higher molecular weight 

of the components of the particles requires more space and accordingly leads to larger 

sizes during the formulation of the complexes. Results from this work strongly
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supported this mechanism. The high molecular weight o f chitosan was found to limit 

the extent by which polyplex sizes could be effectively reduced. The molecular weight 

o f plasmid DNA also plays some role in the size control of chitosan/DNA. The 

mechanism for the size control of chitosan/DNA polyplexes is in agreement with the 

work o f other investigators, such as MacLaughlin’s study reported in 1998.

Based on the experimental data it was an apparent consequence that the molecular 

weight o f chitosan significantly affected the size o f chitosan/DNA particles and 

subsequently influenced the transfection o f this system. The main consequence of this 

result is the limitation o f the cellular entry for the extracellular substance (ECS). The 

possible paths for ECS to enter mammalian cells are mainly pinocytosis and 

phagocytosis, receptor mediated endocytosis, (a consequence o f ligand-receptor 

targeting to be adsorbed on the surface of cells) and adsorptive endocytosis. 

Phagocytosis is the engulfing of the larger sizes over 5 pm. Phagocytosis, however, 

occasionally and selectively happens in some larger cells such as dendritic cells and 

macrophages. Pinocytosis, on the other hand, is a constant procedure and happens in 

every cell line. Pinocytosis, however, has a strict limitation o f sizes for substances to 

enter. It is obvious that the particles with small sizes should have more chance to enter 

cells than the particles with larger sizes. The impact o f size on the transfection of 

particulate system is significant and the reduction o f size is the main focus for non-viral 

and particulate transgene systems to overcome the extracellular barrier of cellular entry 

(Pratten et al., 1986). Recently data from Koping-Hoggard (2003) strongly supported 

this concept. In his work it was concluded that a 24-mer chitosan has more suited 

physical properties to form small complexes with DNA than high molecular weight 

chitosan.

The net result o f the accomplished reduction in particle size translated in a marked 

improvement in the transfection efficiency and duration achieved by the low Mr 

chitosan carrier system. However, the mechanism of the cellular entry of the particulate 

system is probably more complicated than the procedure mentioned above because 

some experimental data have contradicted this. The work done by MacLaughlin et al 

(1998) showed that even though the reduction o f molecular weight can lead to a 

reduction of size of chitosan/DNA complexes, chitosan molecular weight did not 

significantly affect the transfection with the evidence that the complex made with the

224



Chapter 8 General Discussion

120kDa chitosan resulted in the best expression from Cos-1 cells in the absence of 

serum. In the experiments from Ishii et al.(2001), chitosan/DNA aggregates with sizes 

of 5-8 pm at N/P ratio 2 to 5 were most likely formed using chitosan with molecular 

weight 40kDa and SOkDa. By transfecting cell line SOJ, these aggregates produced the 

highest expression of reporter gene. Other work by Rom(|)ren et al., (2003) showed that 

molecular weight affects the transfection but not the sizes of chitosan/DNA complexes. 

The highest expression level was obtained using epithelioma papulosum cyprini (EPC) 

cells and both o f 6 .6  kDa (with a charge ratio 10, in this case the charge ratio was used 

rather than N/P ratio) and 160 kDa molecular weight chitosan (with a charge ratio o f 3). 

Rom([)ren’s work suggested that for optimal transfection the different molecular weight 

should have different charge ratio, low molecular weight chitosan should be with a high 

charge ratio and in contrast high molecular weight chitosan should be with a low charge 

ratio. Even though there were some different results, it could be concluded that the 

cellular transfection with chitosan/DNA systems is a procedure affected by multiple 

factors including cell type, temperature, viability o f cells, pH, particle size and charge 

properties.

The mechanism of chitosan/DNA complexes transfecting mammalian cells may be 

different from the PEI/DNA system. An important factor for the PEI/DNA system is 

their strong capacity in demonstrating the “proton sponge effect” of PEI. The high 

protonatability o f PEI results in an effective and fast endosome-lysosomal escape. 

Chitosan, however, lacks this protonable ability in the acidic surrounding o f endosomes 

(pH 5.0) due to the fact that chitosan has only primary amine groups which have a pKa 

of 6.5 (Ilium 1998). The lack o f protonatability o f chitosan indicates that the 

transfection o f chitosan/DNA complexes must follow another mechanism. An increased 

positive charge at a pH of lower than 6.5 on the complexes most likely promotes the 

interaction with negatively charged cell surface. The enzymatic degradation of chitosan 

is a likely mechanism for the endosomal escape o f the polyplexes. The degradation 

products, oligo and monosaccharides, increases the osmolarity in the endosomes which 

then induces water influx, swelling and ultimately, rupture of the membranes and 

release of the free plasmid DNA (Erbacher et al., 1998, Koping-Hoggard 2003).

The onset of the expression of encoded gene in cells by PEI/DNA polyplexes is fast due 

to the strong buffering ability of PEI. On the other hand, the escape of DNA from
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chitosan/DNA polyplexes, without buffering capacity at pH 5.0, from the endosome 

would depend on the degradation of chitosan, which is a slower enzymatic catalysis 

procedure. Therefore, the onset of the expression of the transgene is slow, since the 

DNA release out o f the endosomes occurs with difficulty from the chitosan/DNA 

complexes unlike PEI/DNA (Li et al., 2003). This also delays the onset time of the 

transgene expression. The stable interaction between chitosan and DNA and slow 

enzymatic degradation results in a slow onset o f transfection. This delayed onset of 

transgene expression, however, would be beneficial to protect the DNA for a longer 

time and produce a long term presentation o f transgene protein and avoid a transient 

over expression, which probably results in an unexpected apoptosis and can be harmful 

for the cells.

For the expression o f transgene, DNA should enter cells. Therefore, this work exploited 

the PCR technique to trace the transfer o f DNA in the transfected cells. The PCR results 

showed that the DNA from chitosan/DNA complexes can be determined from the 

extracts o f the transfected cells. This indicated a successful transfer of the 

chitosan/DNA system. The results showed that the amount o f the detected DNA was 

related to the expression level of the transgene expression which indicated that the 

presence and the effective protection of the tansgene is a key for transgene expression. 

These findings were also in agreement when transfection through the use o f the 

fluorescent labelling technique and GFP reporter gene. While rhodamine labelled 

chitosan/pGFP complexes showed that the complexes were outside the cells in the 

transfected cell culture system. The green fluorescence o f the GFP expression indicated 

the transfection o f the cells. The fluorescent micrograph showed that there were no 

pink chitosan/pGFP complexes surrounding the strong green fluorescence area which 

were effectively transfected 293 cells due to the transfer o f complexes into 293 cells. In 

contrast, there were a large number of red rhodamine labelled particles accompanying 

293 cells which had no green fluorescence o f GFP. This meant that the chitosan/DNA 

complexes had not entered the cells and therefore no transfection took place in these 

cells.

The transfection work indicated that the expression o f transgenes is a function of a 

variety of parameters, most notably the expression cassette used. Both gWIZ and 

pCMV/wx are based on the cytomegalovirus immediate early (CMV IE) expression
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cassette. O f them the gWIZ expression cassette had been optimized by removal of 

redundant sequences and an artificial transcriptional terminator introduced. The 

differences between the experimental results from the two plasmids were such that 

immunogenicity to the encoded transgene was limited only to gWIZ, and a considerably 

higher in vitro level of expression was obtained for this DNA vector (gWIZ). Plasmid 

integrity (especially in the retention of supercoiled form) may also be relatively lower in 

the pCMV/wx preparation since the preparation was carried out in a standard laboratory 

condition, without special equipments and techniques such as the ones found in 

biotechnology companies. Although in this study it was not attemped to quantify the 

extent to which this may have influenced transfection efficiency, it may have 

contributed to not attaining optimal expression levels (Kano et al., 1981, Schleef 2001, 

Lemmens 2003). Nonetheless, the low molecular weight chitosan polyplex system 

proposed in this project resulted in higher levels o f transgene protein activity even when 

compared to PEI in the cases of use o f both pCMV/wc and gWIZ.

DNA vaccine is a relatively new concept in the immunological area. It has the potential 

for stimulating a whole spectrum of immune responses - from humoral immune 

response to cellular mediated immune response based on the intracellular production of 

antigen and the cross priming between antigen-producing cells, such as kératinocytes in 

i.d. administration and myocytes in i.m. administration, and the antigen-presenting cells 

(Figure 1-7). It is apparent that an important one of the key factors for a successful 

DNA vaccine is the successful transfection in both normal cells and antigen presenting 

cells and the production of sufficient amounts of antigen. In this work, a serum IgG 

response was obtained through all the routes o f administration (i.v., i.m. and i.n.) of 

chitosan/DNA system where the highest serum IgG titer was resulted from i.v. 

administration, although it was not significant. The results demonstrate that a humoral 

response can be stimulated by administration of chitosan/DNA polyplexes in almost 

every immunisation route. However, a direct administration o f DNA into the circulatory 

system would be more advantageous for a systemic immunity than a mucosal route 

would. It could be supposed that direct administration into the systemic circulation 

system, such as intravenous injection, would be more beneficial for the antigens to 

reach the systemic immune component organs such as spleen, liver and lymphatic 

tissues than an indirect administration route, such as intramuscular and intranasal 

administration.
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The mucosal route is not always the optimal pathway for achieving a systemic immune 

response. However, it is the right route for local mucosal immune response and with the 

use of suitable formulations could result in significant systemic immunity. The mucosal 

immune responses would result from the transfection of the cells such as lymphocytes, 

macrophages and plasma at the inductive sites, mucosal-associated lymphoid tissues 

(MALT) such as PP. The uptake of particulate carriers of DNA in MALT occurs 

through specific mechanisms. In the case o f gut-associated lymphoid tissues (GALT), 

which is part of MALT, the translocation and trapment o f materials in this system have 

number o f special requirements for the carriers. For example they should be in a size 

range o f 1- 10 pm (Eldridge et al., 1990; Ebel, 1990). The uptake and retention of 

carriers in PP takes place due to fact that PP contains follicle-associated epithelial cells 

and microfold cells (M-cells) which are highly specialized for the uptake and transport 

o f intact lumenal antigens and particles into the underlying lymphoid tissue. Beneath the 

dome o f the PP are distinct follicles, which contain germinal centers where B-cell 

division occurs. The majority o f slgA^ B cells are found in this area. Well-defined T- 

cell areas are adjacent, which provide functional cytotoxic T-lymphocyte (CTL) and T 

helper (Th) cells to support IgA responses. For this reason, in this project experiments 

were designed to examine the in vivo transfection ability of microspheres within the size 

range of 1- 10 pm following oral administration. The results indicated that two days 

after oral administration o f PLGA microspheres encapsulating PEI/pcDNAy^-Gc/, 8 -Gal 

expression were detected in PP, spleen and liver. The highest levels o f expression were 

obtained in the PP. Whereas, the lowest expression levels was found in the spleen. Even 

though an extensive immunological investigation was not carried out due to the time 

limitations, this work provided the data for demonstrating the potential of the 

transfection o f mucosal associated immune system by polymeric gene transfection 

systems via the oral route.

The polyplex systems have achieved great success in in vitro transfection research area 

since its early days and positive data have been obtained related to in vivo work by 

many researchers. There are, however, still major challenges remaining for the clinical 

application o f these polyplexes. In fact, the challenges were mainly stemming from the 

in vivo work. In most situations, the in vivo work failed to present data as good as in 

vitro data. This is due to the fact that the in vivo system is much more complex than in 

vitro due to the difficulties in overcoming many barriers for the delivery and targeting

228



Chapter 8 General Discussion

of foreign materials to the immune system. Besides, the control of experimental 

conditions is more difficult in in vivo investigations than in in vitro investigations as 

mentioned in Chapter 7. In this work, in vivo transfection and immunological 

experiments provided useful data to confirm the expression of transgene protein. The 

data were, however, only preliminary, so not advanced enough to demonstrate the full 

practical potential for a clinical use. More work is needed to produce a fully developed 

polymeric gene transfection system, or a DNA vaccine. In conclusion, there are two 

major tasks to be considered: firstly, optimisation of the physicochemical and biological 

properties of the polyplexes, and secondly, the development o f animal experiments to 

clarify the experimental conditions to yield the necessary information on how to modify 

the polyplex systems for enhanced transfection and immunological responses.

The low transfection levels observed from in vivo work using the chitosan system 

indicated a suboptimally efficient transfer of DNA into target cells under in vivo 

conditions. It could simply be due to the extracellular barriers in vivo. The possible 

obstacles can include the uptake o f DNA by the mononuclear phagocytic system (MPS), 

degradation o f DNA in plasma and inefficiency to target DNA to specific cells and 

organs. To overcome extracellular obstacles, further size and charge control, 

hydrophobicity adjustment and improvement of the stability of the chitosan/DNA 

complexes are necessary. Size control may be realised by further reduction o f molecular 

weight o f chitosan. Induction of another cationic amino group for every glucose unit of 

the chitosan chain may enhance the charge properties. Conjugation of hydrophobic 

groups, such as the methyl group, can also improve its hydrophobicity. Linking of 

ligands to improve the target efficiency could be a way to increase the bioavailability of 

the polyplexes at the target sites. The safety issues and the requirements from 

pharmaceutical regulatory policies will put more constraints on the development of 

polymeric gene transefection system, such as the toxicological evaluation o f the 

modified molecules in addition to the refining of pharmaceutical and pharmacological 

experiments.

Further animal experiments should be carried out to achieve more conclusive results. 

DNA vaccine technology may yet prove to be an important asset in an environment 

where there is a critical need for therapeutic and prophylactic strategies to combat a 

wide range o f disease states. However, the potential for realistic consideration of
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efficient DNA vaccines will only be realised with improved vector systems for DNA 

vaccine delivery. Future animal experiments with larger number o f animals should be 

used to systematically examine the different polyplex formulations and check the effects 

of the various formulation parameters on the in vivo transfection in tissues. Accurate 

improvement of the polyplexes can be only done with feedback data from in vivo work. 

In vivo transfection studies and immunological work are the major component of the in 

vivo investigation. Serum IgG and faecal sIgA antibody levels were measured in this 

work. In this pilot preliminary study the data obtained were limited. For data with sound 

pharmaceutical significance, further experiments should be carried out to investigate the 

conditions of the in vivo transfection and immunisation, examine the full immunological 

responses including humoral and cellular responses, cytokines produced, immune 

protection, effects of immunisation routes and dosage, and a mechanistic study on the 

mechanisms of the plasmid DNA vaccines when delivered through variety o f routes and 

forms.
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Appendix A Glossary

Adjuvant An entity that enhances immune responses

Angiogenesis The process o f new blood vessel formation

Biodegradable polymer Polymers which can be degraded or destructured in 
biologic surroundings or by some enzymes

Chromatin The complex of DNA with proteins of which mammalian genomes consist.

Colloid A colloid is a heterogeneous mixture composed of tiny particles, 
suspended in another material. The particles are larger than molecules but less 
than 1 /um in diameter. Particles this small do not settle out and pass right 
through filter paper. Milk is an example of a colloid. The particles can be solid, 
tiny droplets o f liquid, or tiny bubbles of gas; the suspending medium can be a 
solid, liquid, or gas (although gas-gas colloids are not possible).

CpG Islands Areas o f increased density o f the dinucleotide sequence cytosine— 
phosphate diester-guanine. They form stretches of DNA several hundred to 
several thousand base pairs long. In humans there are about 45,000 CpG islands, 
mostly found at the 5' ends of genes. They are unmethylated except for those on 
the inactive X chromosome and some associated with imprinted genes.

Endothelial cells the cells that line blood vessels

Gene Segments with genetic information in the DNA chain/segment

Gene therapy the treatment or prevention of diseases by gene transfer

Haematopoietic stem cells The cells from which blood cells are derived

Heterologous transgene Gene delivered that is derived from the same species as 
target cells

Insert The DNA sequences carried by the vector but not derived from the vector.

Lipoplexes The complexes of cationic lipid and DNA for gene transfection

Macrophages Phagocytes. They are ubiquitously in the body performing a myriad of 
functions, and responsible for homeostatic, immunological and inflammatory 
processes. Their wide distribution makes them well suited to provide an 
immediate defense against foreign elements prior to leukocyte migration. They 
interact with lymphocytes in processing antigens and interleukin (IL-1) 
production in specific immunity, as well as non-specific immunity against 
development of neoplasia, bacterial, viral and fungal pathogens eliciting a 
humoral response.

Mononuclear phagocytic system A heterogeneous population of cells that 
differ in origin, development stage (differentiation), local adaptation and thus 
also in their function and purpose. Monocytes and macrophages are the basic 
cell types of this system the letter, mature cells derived from the blood
monocytes lineage will be focused on more in this overview. Originally, these
two cells were classified as cells of the reticuloendothelial system (RES) but van 
Fueth, (1972) propose the mononuclear phagocyte system (MPS).

Monocyte Also called as immature macrophages. They are a circulating 
macrophage population and should be considered functional for their location.
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Having migrated into tissues, monocytes undergo further differentiation to 
become multifunctional tissue macrophages.

Opsonisation The alteration of the surface of a pathogen (or particle) so that it can 
be ingested by phagocytes,

pH buffer and buffer solution A solution that can maintain its_pH value with 
little change when acids or bases are added to it. Buffer solutions are usually 
prepared as mixtures of a weak acid with its own salt or mixtures o f salts of 
weak acids. For example, a 50:50 mixture of 1 M acetic acid and 1 M sodium 
acetate buffers pH around 4,7,

PicoGreen reagent An asymmetrical cyanine dye that exhibits > 1000-fold
increase in fluorescence upon binding to double-stranded DNA (dsDNA) with 
relatively little reactivity toward RNA or single stranded DNA

Polyplexes The complexes of cationic polymer and DNA for gene transfection

Promoter The short region of DNA at which transcription initiates

Transcription The production of RNA from the DNA template

Transfection The process o f successful gene transfer and expression

Transfection efficiency The proportion o f cells that when exposed to the gene 
delivery system become transfected

Transgene The gene delivered by the vector

Vector The gene-delivery vehicle

Viruses The complexes of nucleic acids and proteins that have the capacity for 
replication in animal, plant and bacterial cells. Viruses are of two basic types: 
those with a genome of DNA and those with RNA, Viruses may or may not 
have an envelope made o f lipid derived from the host cells,

Z average particle size and the Polydispersity Index

“Z-average particle size” that appears on all reports is sometimes known as the 
cumulants mean. The cumulants analysis only gives two values, a mean value 
for the size, and a width parameter known as the polydispersity , It is important 
to note that this mean size (often given the symbol Z or z average) is an intensitv 
mean. It is not a mass or number mean because it is calculated from the signal 
intensity. The cumulants analysis is actually a 3"̂  ̂order fit o f a polynomial to the 
log o f the G 1 correlation function,

In[Gl] = a + bt + ct^

The value o f b is known as the second order cumulant, or the z-average 
diffusion coefficient. This is converted to a size using the dispersant viscosity 
and some instrumental constants. Only the first three terms a,b,c are used in the 
standard analysis to avoid over-resolving the data, however this does mean that 
the Z-Average size is likely to be wrongly interpreted if  the distribution is very 
broad, i.e. has a high polydispersity. The coefficient of the squared term, c, when
scaled as 2c/b^ is known as the polydispersity, or polydispersity index (PDI), 
The calculations for these parameters are defined in the ISO standard document 
13321:1996 E,
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Appendix B: The structures and components o f EPP polymers

-C H

H;

-C H

H

Hz
H  OH

C H ,

EPPOl Precursor: PMOSu EPB26 Mn 25,320 
Pd 1.397, DMAPA (X=0.5)/AP(excess) 
copolymer
IR: DMAPA (46mol%) AP (56mol%)
Yield 56%(Spectrapor 1000 MWCO)
TriSEC NaN03 0.1 M10% CH3CN: Mn 
22,400 Pd 1.34(triple detector method)

-CH,— C H ,— Ç

<j:H,

1 = 0

Ï"

| H ----- C

CM,

EPP02 Precursor: PMOSu EPB26 Mn 25,320 Pd 1.397 
HIS (x=0.5) / AP(excess) copolymer 
IR: HIS(34mol%) AP(6 6 mol%)

Yield 48%(Spectrapor 1000 MWCO)
TriSEC NaN03 0.1 M10% CH3CN: Mn 22,140 Pd 
1.59(triple detector method)

-CM,— CH,— Ç

H ,C '

1 = 0

r(j:H,
<j:H,

CH,

EPP03 Precursor: PMOSu EPB26 Mn 25,320 Pd 1.397 
HIS (x=0.5) / DMAPA(excess) copolymer 
IR: HIS(44mol%) DMAPA (56mol%)

Yield 58%(Spectrapor 1000 MWCO)
TriSEC NaN03 0.1 M10% CH3CN: Mn 22,570 Pd 
1.35(triple detector method)
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HjC—^0-----HjC O C-

CH,

CH,—Ç

F
Î"-jH,
<JH,

-CH,— Ç

| h,

jH O H

CH,

EPP04 Precursor: PEG2000- 
PMOSu EPCP7 Mn 37,160 
Pd 1.322, DMAPA (x=0.5)/ 
AP(excess) copolymer, IR: 
DMAPA(39mol%) AP (61mol%); 
Yield 20%(Visking 12000- 
14000MWCO) due to problems during 
freeze drying
TriSEC NaN03 0.1 M10% CH3CN: 
Mn Pd (triple detector method)

H3C—0\—l-yC—HjC—0)—K,C—H,C—O—C-
CH,

CH,'
r
r
IjJH

rr
CH,

EPP05 Precursor: PEG2000-PMOSu 
EPCP7 Mn 37,160 Pd 1.322, DMAPA 
(excess) copolymer 
IR: DMAPA(100mol%)
Yield 40%(Visking 12000- 
14000MWCO) due to problems during 
freeze drying
TriSEC NaN03 0.1 M10% CH3CN:
Mn Pd (triple detector method)

ÇH,

CH,

-CH,—

rHa
CH,— Ç

Ï"jH,
(jiH,
CH,

H,Ĉ  ĈH,

EPP06 Precursor: PEG2000- 
PMOSu EPCP7 Mn 37,160 
Pd 1.322, HIS (x=0.5) / 
DMAPA (excess) copolymer 
IR: HIS (31mol%) DMAPA 
(69mol%), Yield 
61.4%(Visking 12000- 
14000MWCO)
TriSEC NaN03 0.1 M10% 
CH3CN: Mn 27,110 Pd 
1.52 (triple detector method)
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H jC — ^ ------ H jC  H j C - ^

C H ,

H,

H OH

C H ,

EPP07 Precursor: PEG2000-PMOSu 
EPCP7 Mn 37,160 Pd 1.322, HIS 
(x=0.5) / AP (excess) copolymer, IR: 
HIS (30mol%) AP (70mol%) 
Yield7I.4%(Visking 12000- 
14000MWCO)
TriSEC NaN03 0.1 M10% CH3CN: 
Mn Pd (triple detector
method)

H, C —  H 2 C-----H; C - ^ O  C

CH,

■CH;
n -

r
|H2

HX

•CH,— '

«JH,

r
( j ; = 0

r
(jlH,

(j:HOH

CH,

EPP08 Precursor: PEG5000- 
PMOSu EPCP9 Mn 32,860 Pd 
1.362, DMAPA (x=0.5) / 
AP(excess) copolymer 
IR: DMAPA(30mol%) AP 
(70mol%)
Yield 74.3 %(Visking 12000- 
14000MWCO)
TriSEC NaN03 0.1 M10% CH3CN: 
Mn Pd (triple detector 
method)

CH,

H3C----- o ( — HgC----- H jC -----o )— HjC-----H jC  O C-

CH,

CH ,— Ç

«jîH,

H ,C

r
<j:H:
(j:H;

'CH,

EPP09 Precursor: PEGS000- 
PMOSu EPCP9 Mn 32,860 Pd 
1.362, DMAPA (excess) 
copolymer, IR: 
DMAPA(100mol%).
Yield 60 %(Visking 12000- 
14000MWCO)
TriSEC NaN03 0.1 M10% 
CH3CN: Mn Pd (triple 
detector method)
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CH,

HjC—  HjC HjC-̂ 0 0
CH,

-CH,—*

EPP 10 Precursor: PEG5000- 
PMOSu EPCP9 Mn 32,860 Pd 
1.362, HIS(x=0.5) DMAPA 
(excess) copolymer, IR: HIS(24 
mol%) DMAPA (76 mol%) 
Yield 65 %(Visking 12000- 
14000MWCO)
TriSEC NaN03 0.1 M10% 
CH3CN: Mn Pd (triple 
detector method)

-CH,

(j)=0

NH

HJC-
Ti-IjJ CH,
CH,

•CH,— C

(j:=o

rjJH,

(jîH,

/ \
H,C CH,

EPPl 1 Precursor: PMOSu EPB26 Mn 25,320 Pd 1.397 
TMAEA (X=0.8)/DMAPA(excess) copolymer 
IR: TMAEA (77mol%) DMAPA (23mol%)
Yield 48.6 %(Visking 12000-14000 MWCO)
TriSEC NaN03 0.2 M10% CH3CN: Mn Pd 
(triple detector method)

H ,C —  H jC  H ;C ^ — C

CH

CH

-CH,—C
|H3

H ,C -

rr
Î":

-IjJ CH,

CH,

C H ,— C

| h3

(jiH,

/ \
H ,C  C H ,

EPP 12 Precursor: PEG2000- 
PMOSu EPCP7 Mn 37,160 Pd 
1.322, TMAEA 
(X=0.8 )/DMAP A(excess) 
copolymer
IR: TMAEA ( 50 mol%) 
DMAPA ( 50 mol%)
Yield 60.8 %(Visking 12000- 
14000 MWCO)
TriSEC NaN03 0.2 M10% 
CH3CN: Mn Pd (triple 
detector method)
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CH.

CH

-CH,—Ç

H,C-

r|H3

r :
-tjj CH,

CH,

CH,—Ç
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IjJH

(jîH,
(j:H,

(jîH,

/ \
H,C CH,

EPP 13 Precursor: PEG5000- 
PMOSu EPCP9 Mn 32,860 Pd 
1.362, TMAEA 
(X=0.8)/DMAPA(excess) 
copolymer
IR: TMAEA ( 53 mol%) 
DMAPA ( 47 mol%) Yield 65 
%(Visking 12000-14000 MWCO) 
TriSEC NaN03 0.2 M10% 
CH3CN: Mn Pd (triple 
detector method)

H ,C

EPP 14 Precursor: PMOSu EPB26 Mn 25,320 Pd 1.397
TMAEA (X=0.8)/HIS(excess) copolymer
IR: TMAEA ( 76.4 mol%) HIS ( 23.4 mol%)
Yield 61.6 %(Visking 12000-14000 MWCO)
TriSEC NaN03 0.2 M10% CH3CN: Mn Pd (triple 
detector method)

H ,C —  H,C H ,C -^ C

ÇH,

CH,

■CH,—Ç
(j:H,

f
| h ,

Î";
-Ijl CH,

CH,

CH,— C

<j:H,

NH

EPP 15 Precursor: PEG2000-PMOSu 
EPCP7 Mn 37,160 Pd 1.322, TMAEA/ 
HlS(excess) copolymer 
IR: TMAEA ( 65 mol%) HIS ( 35 
mol%), Yield 53 %(Visking 12000- 
14000 MWCO), TriSEC NaN03 0.2 
M10% CH3CN: Mn Pd (triple 
detector method)
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( \ IIH 3C — ^ O — H ,C ------- H jC - ^ — O--------- C -

(jlHj

I"rCH3

O

EPP 16 Precursor: PEGSOOO-PMOSu 
EPCP9 Mn 32,860 Pd 1.362 
TMAEA / HlS(excess) copolymer 
IR: TMAEA ( 80 mol%) HIS ( 20 
mol%)
Yield 61.6 %(Visking 12000-14000 
MWCO)
TriSEC NaN03 0.2 M10% CH3CN: Mn 
 ̂Pd (triple detector method)
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Appendix C: Maps o f plasmids used in the thesis work

Appendix
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Appendix D: The calculation o f the average molecular weight o f a
protonatable or a cationic unit in the EPP polymers

Group 3(dimethylamino) propylamine (DMAPA) with a molecular weight 8 6  Daltons, 

Group histamine (His) with a Mw 95 Daltons.

Group 2(propanol) with a Mw 58 Daltons.
Group trimethyl ammonium ethylamine hydrochloride (TMAEA) with a molecular weight 
123.5 Daltons
The methylacrylamide unit on the backbone: 82 Dalton 

PEG 44 units, Mw is 2000 Daltons.

PEG 110 units, 5000 Dalton

Average molecular weight of a nucleoside is 333 Daltons
The calculation of the molecular weight of an charge unit, or protonable amine nitrogen 
unit was based on the molecular weight of the polymer, the number of charge of each 
group when completely protonated, such as that His has two charges when completely 
protonated, the percent of each group in the polymer and the PEGylation rate of the 
polymer.

EPPOl: 168X+140Y=22900, X=46y/54, 168*46y/54+ 140y=22900 143.11+140/22900 
=81=y, x=69, 22900/69=332

EPP02: 177X+140Y=25900, x=35y/65, 177*35y/65+140y=25900, y=25900/235.31=l 10, 
X=59, 25900/59=439/2=220
EPP03: (82+95)X+Y(82+86)=23200, X/Y=44/56, 177*44Y/56+l68Y=23200, Y=75.55, 
X=59.36, 23200/(59.36*2+75.55)=l 19.42

EPP04: 168x+140y=37900, X/Y=39/61, 168*39/61+140=(37900-2000)/y, y=145.1, 
X=92.77, 37900/97.82/=408.53

EPP05: 82+86 = 168, 168/0.94=175

EPP06: 177X+168Y=33200-2000, X/Y=31/69, X=31Y/69, 177*31Y/69+168Y=31200, 
Y=31200/247.5217=126.05, X=56.63, 33200/(126.05+2*56.63)=138.73

EPP07: 177X+140y+2000=40710, X/Y=3/7, 177*3Y/7+140Y=38710, 215.86Y=38710, 
Y=179.33, X=77, 40710/77/2=264.35.

EPP08: X(82+86)+Y(82+58)=32860-5000, X/Y=30/70, 168*3Y/7+140Y=27860,
Y=131.415, X=56.32, 32860/56.32=583.44,

EPP09: X (82+86)=26000-5000=21000, X=125, 26000/125=208.

EPP 10: X(82+95)+Y(82+86)=33000-5000, X/Y=24/78, 177*24Y/78+168Y=28000,
Y=125.86, X=38.73, 33000/(125.86+2*38.73)=162.31
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E P Pll: 0.77 (82+123.5) + 0.23 (82+86) = 196.9, X(82+123.5)+Y(82+86)=24300,
X/Y=77/23, 77*(205.5)Y/23+Y(168)=24300, Y=28.4, X=77*28.4/23=95,
24300/(95+28.4)=196.9

EPP 12: 0.61 (82+123.5) + 0.39 (82+86) = 190.9/0.945=202, X(82+123.5) + 
Y(82+86)=35500-2000, X/Y=61/39, 61(205.5)Y/39+168Y=33500, Y=68.45, X=107.06, 
35500/(68.45+107.06)=202.27

EPP 13: 0.53 (82+123.5) + 0.47(82+86) = 187.9/0.826=227.48

EPP 14: 177X+205.5Y=26500, X/Y=236/764, 177*236Y/764+205.5Y=26500,
Y=101.85, X=31.46, 26500/(31.46*2+101.85)=160.83.

EPP15: X/Y=35/65, (82+95)X+(82+123.5)Y=39600-2000, 177*35Y/65 + 205.5Y =
37600, Y=125, X=67.31, 39600/(67.31 *2+125)=l 52.54

EPP 16: X/Y=20/80, (82+95)X+(82+123.5)Y=31300-5000, 177*20Y/80+205.5Y =
26300, Y=105.31, X=26.33, 31300/(26.33*2+105.31)=198.15
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Appendix E: A typical calibration curve of DNA quantitation with PicoGreen method (n=3 )
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Appendix F: The caliberative curves o f protein quantitation using a BCA micro protein assay system (n=3).
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Appendix G: The calculation o f  molecular weight o f  a unit with primary 
amine o f  chitosan

The chemical structure of chitosan is illustrated as the following:

CH2OH NHg

HjC-CO-NH CH2OH

Part X are acetyl glucosamine units. Part y are glucosamine units.
The components of a unit o f Part x are CgH^OgN.
The Mw of a unit o f Part x is 8  x 12 + 13 xX 1 + 5 xX 16 + 14 = 203

The components of a unit o f Part y are C6H 10O4N
The Mw of a unit o f Part y is 6  xX 1 2  + 1 0  x 1 + 4  x 16 + 14 = 160

If the glucosamine units are glutamated, the Mw of a unit of glutamated y parts is 160 + 
128 = 288. (glutamic acid has a molecular weight of 128)

In a chitosan molecule, if  the deacetylation is 75%, therefore, x/y = 0.25/0.75 = 1/3.
The average molecular weight of a unit is 203 x 0.25 + 160 x 0.75 = 170.75

1. In the case of chitosan unglutamated
if  the Mw of chitosan is 150,000 Da, the average Mw of a unit containing a primary 
amine is calculated as the following:
203 X x + 160 X y = 150000
’.’ x/y =1/3 •*.203x + 160 X 3x = 150000
Here x is the amount of acetyl glucosamine units, y is the amount of deacetylated 
glucosamine units.

X = 150000/(203 + 160x 3) = 220 
y = 3x = 660

Therefore, the average Mw of a unit containing a primary amine is 
150000/660 = 227.27 (Da).

2. In the case of chitosan glutamated
the Mw of chitosan contains the Mw of glutamine. The Mw of a unit o f glucosamine 
contains the glutamic acid’s Mw and should be 288 Da. Then the amounts of units 
should be

X = 150000/(203 + 288 x 3) = 141 
y = 3x = 423

The average Mw of a unit containing a primary amine is 
150000/423 = 355 (Da)
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Appendix H

The encapsulation efficiency of PEI/DNA complexes in PLGA microspheres
Method 1 Method 2

DNA extracted

The encapsulation,%

Standard deviation,+/-

2610 pg

13.03

0.88

3449p

17.25

0.233

The times of the 
preparation

Contents

w/o/w double emulsion 
solvent evaporation . The 
1®‘ aqueous phase was 1 ml 
o f PEI/DNA complexes 
containing 1.5%(w/v) PVA 
solution. Oil phase was 7 
ml of chloroform. The 2"  ̂
aqueous phase was 150 ml 
of 0 .1% (w/v).

w/o/w double emulsion 
solvent evaporation. The 
1®* aqueous phase was 1 

ml of PEI/DNA 
complexes containing 4% 
(w/v) PVA. The oil phase 
was 5 ml o f DCM. The 
2 "̂  aqueous phase was 2 0  

ml o f 2% PVA solution.
The quantitation of plasmid DNA was done by the PicoGreen method
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Appendix I: The compositions o f  the basic classic solutions used in 
biological experiments

1. The LB Broth

-lO gN aC l

-10 g Bacto-tryptone 

-5 g Yeast Extract

-Add dH 20 to final volume of 1 litre 

-Adjust to pH 7,5 with 5 N NaOH (-200 pi)

-Autoclave 30 min liquid cycle.

2. LB AGAR

-Make 1 Litre o f LB broth

-Add 20 g Bacto-agar 

-Autoclave

3. Tris Stock Solution, 1 M

Tris base 121.Ig 

H2O 800 ml

Dissolve Tris, pH with conc. HCl (see table below), H2O QS to 1000ml

pH HCl

7.4 7ml

7.6 6 ml

8 .0 4.2ml

acid)
4. EDTA 0.5 M Stock Solution (EDTA = ethylenediamine tetraacetic

Naz EDTA 2 H2O 

H.O

93.05 g 

400 mL

Stir vigorously on magnetic stirrer. Adjust pH to 8.0 with -1 0  g NaOH pellets. Adjust 
volume to 500 mL with H2O. Sterile filter.
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5. TE Buffer

1 M Tris pH8.0 1 ml
0.5 M EDTA pH8.0 0.2 ml

dHzO 98.8 ml

QS to 100 ml with H2O, autoclave.

Final concentration 10 mM 
Final concentration 1 mM

6. TAE Buffer Stock Solution, 50 x

Tris base 121 g

glacial acetic acid 28.55 ml

05 M EDTA stock, pH 8.0 50 ml

dH^O

add dHzO to 500 ml total volume

7. TBE Stock Solution, 5x

Tris base 

Na2EDTA-2 H2 0  

Boric Acid 

H2O

400 ml

30.285 g

1 .8 6  g

13.25 g 

800 mL

Final Concentration 40 mM 

Final concentration 1 mM

Adjust pH to 8.3 with boric acid. Adjust volume to 1 L with H2O.

8. HEPES Stock Solution

Reagent Final Conc Volume Mass

HEPES 1 M 2.603 g

H2O 10 mL
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