Enhancement of Gene Therapy by Exploring
Functional Gene Vectors Based on Chitosan
Modification

Bingyang Shi

A thesis submitted for the degree of Doctor of Philosophy

SUB cpyce LUNE

School of Chemical Engineering
Faculty of Engineering, Computer and Mathematic Sciences

The University of Adelaide

August 2013






To my parents

WYefeny and Honglu






Declaration

This work contains no material which has been accepted for the award of any other degree or
diploma in any university or other tertiary institution to Bingyang Shi and, to the best of my
knowledge and belief, contains no material previously published or written by another person,

except where due reference has been made in the text.

| give consent to this copy of my thesis, when deposited in the University Library, being
made available for loan and photocopying, subject to the provisions of the Copyright Act

1968.

The author acknowledges that copyright of published works contained within this thesis (as

listed below) resides with the copyright holder(s) of those works.

| also give permission for the digital version of my thesis to be made available on the website,
via the University’s digital research repository, the Library catalogue, and also through web
search engines, unless permission has been granted by the University to restrict access for a

period of time.

Name: Bingyang Shi



vi



Acknowledgements

| gratefully acknowledge my supervisors Dr Jingxiu Bi and Associate Prof. Sheng Dai, for
their invaluable guidance, encouragement and constructive criticism during my candidature
period. The knowledge that I learnt from my supervisors is not only just valuable for my PhD,

and will benefit for my whole academic career.

I am so lucky to study under the guide of proferssor Shizhang Qiao. Thanks a lot for his
guidance, suggestion and supporting. What | learnt from Prof. Qiao is beyond the science and

will support me for my whole academic career and life.

| am particularly grateful to Dr. Hu Zhang for not only giving research supports but also

polishing the submitted and published journal papers in the past three years.

Many thanks go to Dr Zheyu Shen and Dr Xin Du for supervision and cooperation on

exploring of functional gene delivery system.

Many thanks go to my all lab members and the staff of the School of Chemical Engineering

for their individual help and support.

I would like to specially thank the China Scholarship Council (CSC) and The University of

Adelaide, who provided me this scholarship to support my PhD.

Finally, 1 would also like to thank my parents, for their endless love and encouragement

throughout my life.

VIl



VIl



Table of Contents

ACKNOWIBAGEMENTS ...ttt e et re e s re e e e e e sreenennes VIl
AADSTIACT ...t XV
Chapter 1 INTrOTQUCTION ......oviiiiiiieie bbb bbb 1
1.1 Project structure and ODJECTIVES..........couiiiieieieeere e 1
1.2 TNESIS OULIINE ...t bbbt bbbt 3
Chapter 2 Literature Review: Challenges and Recent Advances in Gene Carriers based on
ChItOSAN MOGITICALION ...ttt 5
2.1 INEFOAUCTION ...ttt et b et 5
2.2 Understanding the mechanisms and challenges of gene delivery..........cccccovviveiiiennn, 6
2.2.1 Condensation Of PDINA ..ot 7
2.2.2 CelIUIAI UPTAKE. ...t bbbt 8
2.2.3 ENAOSOMAl BSCAPE.......eeiveeeieitieiie ettt et te et e teetesneenreas 9
2.2.4 Cytosolic transport and nuclear iMpOort ..........cccoveviiieieeee e 10
2.2.5 Carrier UNPACKING ....c..ooviiiieieiesiceieee ettt bbbt 12
2.3. Gene carrier design CONSIABIALIONS ..........ciieieieieierie sttt 13
2.4. Recent advances in chitosan based gene Carriers..........cuvvveeeerienenesesesiesesee e, 15
2.4.1 Chitosan modification with small functional groups............cccecveviviveiiece e, 16
2.4.2 Chitosan modification With [Igands...........ccccocveiiiiiii i 21
2.4.3 Chitosan modification with grafting copolymerization...........c.ccocooviiiiiiiiinienen, 23
2.5 Conclusion and fULUIe ProSPECLIVE .........couiiiieiiie e 25

Chapter 3 Developing a chitosan supported imidazole Schiff-base for high-efficiency gene

ABIIVETY ettt bbb bbbt e bbb bbbt 39
S L INEFOUUCTION ..ottt 43
3.2 EXPerimental SECHION ........coiiiic e 45

B2 L MALEITAIS ... s 45



3.2.2 Plasmid DNA Preparation ..........ccceceerieiieeieeiesie e eseeseesieeseesseesse e ssee e ensesseesseens 46

3.2.3 Synthesis of chitosan supported imidazole Schiff-base (CISB)..........cccccvevvvivvennenn. 46
3.2.4 Imidazole Schiff-base SUDSTITUTION ..........ccoeiiiiiiiiie e 47
3.25 FTIR @GN0 TH-NMR ..ot 47
3.2.6 POIYMET SOIUDTILY.....ccveiiiiieiie e 47
3.2.7 Nucleic acid DINAING @SSAY ......cveiieiieiieiie e 48
3.2.8 Resistance of CISB/pDNA polyplexes against DNase | degradation ..................... 48
3.2.9 Particle sizes and zeta-potentials of the CISB/pDNA polyplexes...........ccccevvvnnne. 48
3.2.10 Evaluation Of CYTOTOXICITY .....cveiviriirieiiieiieieiesie sttt 49
3.2.11 Assessment of cellular uptake by confocal laser scanning microscopy ................ 49
3.2.12 Cell culture and gene transfeCtion ...........ccceceiieie e 50
3.2.13 GFP expression analysis by fluorescence microscopy and flow cytometry.......... 50
3.2.14 StatiStiCal @NAIYSIS......c.oeviiiiiiiese e 51
3.3 RESUILS aNA AISCUSSION. .......evieiiiitiiteieiiete et 52

.......................................................................................................................................... 52
3.3.2 Nucleic acid binding and DNase | digestion assays..........cccccecveieevieiieieeneeseennenns 57
3.3.3 Particle sizes and zeta potentials of CISB/pDNA polyplexes...........ccccvvvrvrieeinnnnns 60
3.3.4 Cell CYLOTOXICITY .ottt bbb 63
3.3.5 Cellular uptake of DNA/polymer polypIEXeS.........cccooiiiiieiiiie e 64
3.3.6 Cell transfection 0f CISB IN VITrO..........cuiiiiiiiiiieicieieeeeee e 65
34 CONCIUSION. ..ottt bbbt 71
Chapter 4 Exploring N-Imidazolyl-O-Carboxymethyl Chitosan for High Performance Gene
DIBIIVETY ..ttt bbb bbbt b et b bbbttt 80
Ao A [ oo 13 Tox o] ISP U SUU TP PP URPRPRPRRPIN 84
4.2 EXPErimENtal SECLION .......oiiiiiieiiiieieiie ettt 86
A.2.1 IMAEEITAIS. ... 86
4.2.2 Plasmid DNA Preparation. ......cc.coeereeieieeniieieseesieesie e sie e ses e sseeeessesssens 86



4.2.3 Synthesis of the OCIMCS.........cc.ooiiieie e 87

4.2.4 FTIR SPECIIOSCOPY . ...uvviivriiaiiieiitiesietesstetesteeessbeesssbeesssbeesssbeesssnesssssessssessnseessnseeens 88
4.2.5 Determination of carboxymethyl group substitution.............ccccooieiiiiniiiiiccen, 88
4.2.6 Determination of imidazolyl SUDSHITULION. ........ccceeiieiiiiiiic e 88
4.2.7 POIYMET SOIUDTIITY.....cveiiiiieir et 89
4.2.8 Polymer and plasmid DNA binding interaction. ...........ccccceeveivieieevesiieseese e, 89
4.2.9 Particle sizes and zeta-potentials of the polymer/DNA complexes............cccceevnee. 89
4.2.10 Evaluation of CYTOTOXICITY. ....ccverviriiriiiiieieieiesie sttt 90
4.2.11 Cell culture and gene transfeCction. ... i 90
4.2.12 StatiStiCal ANAIYSIS.......civiieeiiieie et 91
4.3 RESUILS @N0 DISCUSSION........ceuitiieiietiiteieteste sttt bbbt 91
4.3.1 Synthesis and characterization of O-carboxymethyl chitosan (OCMCS)................ 91
4.3.2 Synthesis and characterization of imidazolyl-O-carboxymethyl chitosan (IOCMCS).
.......................................................................................................................................... 93
4.3.3 Gene binding ability @SSAY........c.eiiiiriiieieieriesie et 97
4.3.4 Particle size and zeta potential............cccooveiieiiiieie e 98
o OV (0] (0 ) [ | Y/ (-1 SO PPS 101
4.3.6 Cell traNSTECTION. .....veiiieiieieee bbb 102
A4 CONCIUSTON. ...ttt bbbttt bbbttt 105

........................................................................................................................................ 111
5.1 INEFOUUCTION ...ttt 114
5.2 EXPerimental SECHION ........ccviiiiii e 116

5.2. 1 MALETTAIS. ...ttt bbb bbb 116

5.2.2 Plasmid DNA Preparation. ..........cooeeeeieieieneniesiesieseseeee e 117

5.2.3 SYNthesis OF FA-SLICS. ..o 117

5.2.4 Determination of Imidazolyl and Folic Acid Substitutions. ...........c.cccevviiieennnenn 118

5.2.5 FTIR and "H-NMR SPECLIOSCOPY.........ovrrevereerreiseseessesseesisssssesseessessssesseenesesen 118

Xl



5.2.6 FA-SLICS and Plasmid DNA (pDNA) Binding Interaction. .............cccocvevvivenen. 119

5.2.7 The Nucleic Acid Protection Capability of FA-SLICS Assay Against DNase 1...119

5.2.8 Particle Size and Zeta-potential of FA-SLICS/pDNA Polyplexes.........cccccovenene. 119
5.2.9 Ethidium Bromide (EtBr) EXCIUSION ASSAY. .....c.cccveruerieriieiiiaiesieesieeeesieesie e e 120
5.2.10 Gene REIEASE IN VLI, ...c.oouiiiiiciiiiiieieeseee s 120
5.2.11 Evaluation Of CYtOOXICITY........ccueiiviiiiieiieiesie e 120
5.2.12 Assessment of Intracellular Uptake. ... 121
5.2.13 Cell Culture and Gene DeliVEry. ... 121
5.2.14 GFP Expression Analysis by Fluorescent Microscopy and Flow Cytometry. ....122
5.2.15 StatistiCal ANAIYSIS. ....ccveiieiieiice et 122
5.3 RESUILS AN DISCUSSION ...ttt sttt 123
5.3.1 Synthesis and CharaCterization............cccoceiererininisieieee e 123
5.3.2 Nucleic Acid Binding ADIIITY ASSAY. .....cccooiririiiriiinieee e 127
5.3.4 Particle Size and Zeta Potential. ... 129
5.3.5 Gene Loading and Release in VItr0. .........cccueciiieiieve i 132
5.3.6 Cell TOXICILY. ..vveviiieiie ittt reebe e nre s 134
5.3.7 Cellular Uptake of Polymer/DNA PolypIEXES.........ccoviieiiiiiiieiiieeeeeee 136
5.3.8 GENE DEIIVEIY. ...ttt 139
5.4 CONMUSTON ...t bbb e 141
Chapter 6 Intracellular Microenvironment Responsive Polymer: A Multiple-stage Transport
Platform for High-performance Gene DeliVEry .........ccccoooiiiiiiiic i 147
6.1 INEFOTUCTION ...t 150
6.2 EXPEriMental SECTION ........cviiiiiieie e 153
6.2.1 CREMICAIS ...ttt bbbt 153
6.2.2 Synthesis of Schiff-base linked imidazole chitosan (SL-ICS) .......c.cccccvvviiiiennnns 153
6.2.3 Synthesis of Schiff-base linked imidazole-O-carboxymethyl chitosan (SL-
(@104 1Y [0 PP 154
6.2.4 Synthesis of Schiff-base linked imidazole poly(L-lysine) (SL-IPLL) .................. 155

Xl



6.2.5 Synthesis of N-imidazole chitosan (NICS)........c.ccccevviiiiieii e 155

6.3 Characterization and Analysis Methods............ccocvieiiiiii i 156
6.3.1 Determination of imidazolyl SUDSTITULION ..........ccooieiiiii e 156
6.3.2 FTIR and "H-NMR SPECIIOSCOPY........cvrrrrrrerrierenseessssesssssssesesssssssssssnesessssenees 156
6.3.3 Determination of decomposation EGree..........cocvvveveeiieieeie e 157
6.3.4 Ethidium bromide (EtBr) eXCIUSION @SSAY.........cccciveviveieiieriesieseesie s esie e 157
6.3.5 pH triggered gene release IN VILr0..........cooeiiieiiiininieieeeee e 158
6.3.6 Particle sizes and zeta-potentials of the polymer/pDNA complexes..................... 158
6.3.7 Evaluation Of CYTOTOXICITY ......ooveiiiiiiieieieiee e 158
6.3.8 Assessment of nucleus uptake by confocal laser scanning microscopy................ 159
6.3.9 Cell culture and gene transfeCtion ............cccveviiieiicie e 159
6.3.10 GFP expression analysis by fluorescence microscopy and flow cytometry........ 160
6.3.11 StatiStICAl ANAIYSIS. ....c.veviiviriiiiiieieee s 160

6.4 ReSUIS aNd ISCUSSION. .......cviieiiiiiieieiiie et 161

Chapter 7 Conclusions and future dir€CtiONS ............ccoveiieieiiicie e 183
List of publications published during PhD ...........cccoo i, 185
List of publications included in this theSIS...........ccviiiiiiii e, 187

Xl



XV



List of Tables

Table 2.1 The cellular and extracellular barriers for polymer based gene delivery .............. 7
Table 2.2 Design consideration of Synthetic gene Carriers........cccocevvvieneeiesieeseerie e, 15
Table 4.1 Details of the IOCMCS samples prepared ..........ccveveveerieiieseene e e e, 94
Table 4.2 Particle sizes of IOCMCS/DNA complexes prepared in Water..............ccccueu..n. 99
Table 4.3 Particle sizes of IOCMCS/DNA complexes prepared in PBS ............ccccevneen. 100
Table 5.1 Details on the FA-SLICS polymer preparation. ..........c.ccoceeereneieneneseeieenen, 125
Table 5.2 Particle sizes of the FA-SLICS/pDNA polyplexes at various mixing charge

FALTOS. ..tttk ettt b bbbttt E b bR R R e R e et e bbb bbb ne e e 131
Table 6.1 Details of the synthesized gene VECIOrS.........cccccveveeieiieiieic e 163

XV



XVI



List of Figures

Figure 1.1 The designed and experimental structure of the PhD project. ............ccocevvenennee. 2
Figure 2.1 Polymer mediated gene deliVEry. ... 7
Figure 2.2 The self assembled polymer/nucleic acid nano-structure. ...........cccccevveevereennenn. 8
Figure 2.3 Modifications of ChIitOSaN. ...........ccoveiiiiiie e 21
Figure 3.1 Intracellular gene delivery using CISB polymers as gene carrier...........c.......... 45
Figure 3.2 The synthesis of chitosan supported imidazole Schiff-bases (CISB). ............... 52
Figure 3.3 Calibration curve of imidazole groups at the wavelength of 257 nm................. 54
Figure 3.4 UV absorption of the synthesized CISB polymers. ........cccccccevveveiieieeieciieenn, 55
Figure 3.5 Comparison on the FTIR spectra of chitosan and CISB............cccccccvvveiviiennn. 56
Figure 3.6 The IH-NMR of the CISB-2 in D20. ...ccooiiiiiiiieec e 56
Figure 3.7 Comparison on the solubility of chitosan and various CISB polymers at

AITFRIENT PH. ot bbbt 57
Figure 3.8 Nucleic acid binding and protection ability assays of CISB polymers.............. 59
Figure 3.9 Particle size and Zeta-potentials of the CISB/pDNA polyplexes. .........c.......... 61

Figure 3.10 SEM image of CISB-2/pDNA polyplexes at the mixing weigh ratios of 10
(POIYMET T0 PDINA) <.ttt e e st e e a e b e e be et e s reesreeneenes 62

Figure 3.11 Comparison on the cytotoxicity of PEI, lipofectamine 2000, chitosan and
various CISB polymers against HEK 293 Cells. .........cccooviiiiiiiiec e, 63

Figure 3.12 Cellular uptake of YOYO-1-labeled pDNA in HEK 293 with the delivery of
gene vectors: chitosan, L-PEI and CISB-2..........ccccoceiiiiiiiiie e 65

Figure 3.13 (A): Transfection efficiencies of CISB/pEGFP polyplexes determined by flow
cytometry. (B): Fluorescent micrographs and light inverted micrograph of HEK 239 cells.
(C): Transfection efficiencies of CISB-2/pEGFP polyplexes determined by flow cytometry.
(D): Fluorescence micrographs of the HEK 239 cells transfected with CISB-2/pEGFP..
.............................................................................................. Error! Bookmark not defined.

Figure 3.14 Comparison on the buffer capacity of various polymers. ..... Error! Bookmark
not defined.

Figure 3.15 Gene transfection efficiency of the CISB-2 against the 293 cells ............ Error!
Bookmark not defined.

XVII



Figure 3.16 Gene transfection efficiency of the CISB-2 against the 293T cells measured by
flow cytometer at the pDNA concentration of 0.5, 2.0 and 5.0 ug/well in 24-well plate.
.............................................................................................. Error! Bookmark not defined.

Figure 4.1 Schematic representation for the synthesis of imidazole-O-carboxymethyl

ChItOSAN (IOCIMUECS).... ettt ettt et e et ne e beete e e e areenne e 92
Figure 4.2 Comparison on the FTIR spectra of chitosan, H-form OCMCS and Na-form
(@103 1V [ TSRS 92
Figure 4.3 (a) pH and conductivity back titration curves for 0.05 mg/mL OCMCS. (b)
Comparison on the solubility of chitosan and its derivatives at different pH-values.. ........ 94
Figure 4.4 The calibration curve of imidazole group at 257nm. ...........cccocevviveieeie e, 95
Figure 4.5 The typical UV absorption curve of IOCMCS polymers at 257nm. ................. 96

Figure 4.6 (a) Analysis of OCMCS/DNA (0.2ug, pEGFP-N1: 4.7 kb) complex formation
AL VAITOUS IN/P TALIOS ...ttt ettt ettt bbb beene e 98

Figure 4.7 Zeta-potentials of the complexes prepared by different N/P ratios of IOCMCS

t0 DNA At PH 6.0, 25 %C. ..eovieiiieieeeeeeee e 101
Figure 4.8 Comparison on the cytotoxicity of PEI, lipofectamine 2000, chitosan, OCMCS,
and various IOCMCS polymers against HEK293T cells..........c.ccoeiviiiiieiiccieecece, 102
Figure 4.9 Transfection of HEK293T cells by the IOCMCS/DNA (pEGFP-N1) complexes.
............................................................................................................................................ 103
Figure 4.10 The distribution and intensity of GFP expressed in flow cytometer analusis
............................................................................................................................................ 104
Figure 5.1.The intracellular microenvironment responsive polymer mediated gene deliver.
............................................................................................................................................ 116
Figure 5.2. Schematic representation for the synthesis of folic acid functionalized Schiff-
base linked imidazole-chitosan (FA-SLICS). ... 123
Figure 5.3 Calibration curve of imidazole group at the wavelength of 257 nm. .............. 125
Figure 5.4 Calibration curve of folate group at the wavelength of 363 nm. .................... 126
Figure 5.5 UV absorption of the synthesized FA-SLICS polymers.........ccccccvvveiieennne, 126
Figure 5.7 The YH-NMR of the FA-SLICS iN D20 ... eeeeeeeeeeeeeeeeeeeeeeeseeereeeeeeeeeenesennns 127

Figure 5.8 Evaluation of nucleic acid binding and protection capability of FA-SLICS...129

Figure 5.9 Zeta potentials of the FA-SLICS/pDNA polyplexes prepared by different
charge ratios (N/P) of FA-SLICS to pDNA at pH 7.0 and 25 °C. ....ocevvvvvcccreeeee. 132

XVIII



Figure 5.10 Gene loading and release in VItro..........cccovevieieiieie e 133

Figure 5.11 Cytotoxicity of FA-SLICS polymers comparing with the linear PEI and
lipofectaming 2000, .........ccveiiiieie e re e re e 135

Figure 5.12 Cellular uptake of YOYO-1-labeled pDNA in HeLa and HepG; with the
delivery of gene vectors: chitosan, L-PEI, SLICS-2 and FA-SLICS-2. .........ccccccevvivennn, 137

Figure 5.13 Cell transfection by the polymer/pDNA polyplexes at various charge (N/P)
21 0TSSR URRURRRS 138

Figure 5.14 Fluorescent images and flow cytometry analyzed graphs of GFP expressed cell
(0 1Y (5 {010 o] o PSSO 139

Figure 5.15 Folic acid COMPEtition STUY. .........ccuviiiiiiiiiiericrieeeeeee e 141

Figure 6.1 Schematic comparison of (a) the traditional cationic polymer-based gene
delivery system and (b) intracellular micro-environment responsive polymer mediated

Multiple-stage gene tranSPOIT. ......ooviiiiiiiii e 151
Figure 6.2 Calibration curve of imidazole groups at the wavelength of 257 nm.............. 157
Figure 6.3 The synthesis of Schiff-bases linked imidazole polymers............c.ccccoverveennene. 162
Figure 6.4 The synthesis of N-Imidazole Chitosan (NICS). .......c.ccccoveviiiieiiesiecieceee, 163

Figure 6.5 Comparison of the buffer capacity of various polymers. The blank is 0.9 % wt
NPT Y0 11 o o PP UPOPRRPP 164

Figure 6.6 a) The synthesis of functional pH-sensitive cationic polymers (SLPI). P-NH; is
chitosan (for SL-ICS), carboxymethyl chitosan (for SL-IOCMCS) and polylysine (for SL-
IPLL), respectively. b) Comparison of the decomposition of various SLPI polymers at
different endosmal microenVironmMeNt PH. .........cccoveiiiii i 167

Figure 6.7 *H-NMR spectrum (600MHz) of SL-IPLL, SL-ICS and SL-IOCMCS in D,O0.

............................................................................................................................................ 168
Figure 6.8 'H-NMR spectrum (600MHz) of SL-IPLL in D20. ......oovovveiererenerriseneees 169
Figure 6.9 Comparison of the FTIR spectra of chitosan, OCMCS, SL-ICS, SL-IPLL, SL-

IOCMOCS @NA NICS. ... ittt e nte e e sreenreeneennes 171
Figure 6.13 FTIR spectrums of SL-ICS at various pH values. ...........cccccooveviiiieiiecinnnn, 174
Figure 6.14 Gene loading capability of the synthesized polymers..........cccccccvivveiieennnne, 174
Figure 6.16 Zeta potentials of various polymer/pDNA polyplexes. .........ccccccvvvveiirinnnne, 175

Figure 6.20 Comparison of the fluorescent images of transfected cells with and without the
Presence OF CNOTOQUINE.........ccuiiie ettt reesbeeee e e nreas 178

XIX



Figure 6.21 Zeta potentials of various imidazole/pDNA cOMPIEXES. .......ccccvvevvevverreennnnn. 179

Figure 6.23 Cytotoxicity evaluation of various synthesized polymers. ........c...ccccceevvenene. 180

XX



Abstract

Gene therapy is a broad term that encompasses any strategy to treat a disease by transferring
an exogenous gene, gene segments, or oligonucleotides into patient’s cells to manipulate the
defective genes or encoding the correct proteins. Gene therapy is becoming more efficient
and has been successfully used in the treatment of genetic diseases such as cancers, infectious
diseases, vascular diseases due to the rapid development of knowledge in elucidating the
molecular basis of genetic diseases, as well as the availability of the complete sequence
information of the human genome. However, it is difficult to obtain satisfactory efficiency by
using naked nucleic acid without carrier/vectors since gene transfer in eukaryotic cells is a
multiple-step process, in which naked nucleic acid can easily be digested. Therefore, the
development of safe, efficient and specific delivery vectors for transporting appropriate genes
to specific cells or tissues, where they can replace or regulate defective genes, is one of the

key strategies in gene therapy.

In my phD project, a serial of functional polymers, named chitosan supported imidazole
Schiff-base (CISB), N-imidazolyl-O-carboxymethyl chitosan (IOCMCS), folic acid
factionalized Schiff-base linked imidazole chitosan (FA-SLICS), have been designed and
successfully developed as gene carriers based on the modification of chitosan. Additionally, a
new strategy for promoting endoplasmic gene delivery and nucleus uptake has been proposed
by developing pH-sensitive Schiff-base linked imidazole biodegradable polymers. This
delivery system can efficiently load nucleic acids at a neutral pH, release imidazole-gene
complexes from the polymer backbones at intracellular endosmal pH, transport nucleic acids
into nucleus through multiple-stage intracellular gene delivery, and thus leads to a high cell
transfection efficiency.

These smart polymers display good biocompatibility, multiple-functions, and efficient

XXI



gene delivery efficiency as gene carriers. Hence they have promising potential applications in
future gene delivery and enhance the development of gene therapy.

Key words: Gene delivery, chitosan, pH sensitive, cancer therapy

XX



	TITLE: Enhancement of Gene Therapy by Exploring Functional Gene Vectors Based on Chitosan Modification
	Dedication
	Declaration
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	Abstract




