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Abstract

Biomedical nanotechnology is revolutionizing theegach to many infectious diseases by
providing rapid and simple therapeutic and diagnoagents. About half of the world’'s
population is at risk of infection with malaria, ihtreatment and control have become
more difficult. Traditional protein-based malariaceines elicit only antibody-mediated
(humoral) immune responses and are often expensaeuse they rely on costly
manufacturing methods that are not usually avadlabl countries where the disease is
endemic. Thus, there is an urgent need to developpal, effective and inexpensive
vaccine that might be affordable in low-resourceaar DNA vaccines have emerged as a
potential new strategy against malarecause otheir low manufacturing cost and ability
to induce both humoral and cellular immune respenagainst antigens encoded by
recombinant DNA. However, the efficiency of deliyeof the DNA vaccines is often
observed to be low. The use of superparamagnetiopadticles (SPIONs) vectors to
deliver the malaria gene via magnetofection couddp improve the efficacy of gene
delivery with a low dose and site specificvivo applications.

Here, magnetofection was used to enhance the delbfemalaria DNA vaccine encoding
Plasmodium yoelii merozoite surface protein MSBIVR1020-PyMSP{g) that plays a
critical role in Plasmodium immunity. The plasmidNB (pDNA) containing membrane
associated 19-kDa carboxyl-terminal fragment of omeite surface proteinl (PyMSR)L
was conjugated with polyethyleneimine (PEI) - cdageiperparamagnetic nanoparticles
(SPIONSs) with different molar ratios of PEI nitrageo DNA phosphate (N/P). The effects
of SPIONs/PEI complexation pH on the propertieshef resulting particles are reported,
including their ability to condense DNA and expregne in eukaryotic cells vitro.
SPIONs/PEI complexes under acidic pH conditionsvatba better binding capability with
VR1020-PyMSP1y than those at neutral conditions, despite theigibtg differences in
size and surface charge of complexes. The tramsfeetficiency of magnetic nanoparticles
as a carrier for malaria DNA vaccingsvitro as indicated via PyMSPkdexpression was
significantly enhanced under the application of external magnetic field, while the

cytotoxicity was comparable to the benchmark naatveagent (Lipofectamine 2000).



Subsequently, magnetofection also showed highensantibody titers against PyMSRE1
with intraperitoneal and intramuscular injectiona in vivo mouse study, compared to
subcutaneous and intradermal injections. Robus2dg@&hd IgG1 responses were observed
for intraperitoneal administration, which could dee to the physiology of peritoneum as a
major reservoir of macrophages and dendritic celterologous DNA prime followed by
a single protein boost with recombinant EcPyM©Ritotein vaccination regime was also
tested. The regime showed enhanced IgG2a, IgGlig&#h responses, indicating that the
induction of appropriate memory immunity that candticited by proteins on recall.

The assembly order of different quaternary magrgaite vector configurations comprising
SPIONSs, PEI, hyaluronic acid (HA), and pDNA (VR16R9OMSP1g) was also investigated
in this thesis. The impacts of different cell media the particle stability in terms of
complex size, surface charge, stability, and abibtt bind and release DNA were studied.
Generally, all vectors showed a relatively smaiesin water, whereas a higher degree of
aggregation was observed immediately after transfgto high-ionic strength media such
as 150 mM NaCl buffer and RPMI 1640 culture meHiawever, the pre-addition of HA to
DNA prior adding them to SPIONs/PEI complexes dffety reduced the extent of
aggregation in serum-free RPMI, particularly athhigA : PEI % charge ratio. This study
demonstrated that structurally well-defined magng#eoe carriers could be designed to
improve malaria DNA vaccine delivery systems,ifovitro andin vivo applications.
Non-viral polymeric DNA vaccine carriers are likely be more immunogenic if they can
be efficiently taken up by potent antigen-presantiells (APCs) such as dendritic cells
(DCs).

Efficient DC targeting vaccines require high e#iecy for binding and up-take of the
vaccine by cells, followed by DC activation and uration. Since the pre-addition of HA
to DNA prior to SPION/PEI configuration vectors, particular, displayed the desired
degree of stability in terms of narrow size digitibns and high stability in RPMI cell
media, these vectors was used to transfect dendstis that were problematic in order to
transfect through HA receptor-mediated endocytddie effects of magnetic fields on the
transfection and maturation of DGs vitro by these vectors were investigated using
different molecular weights of the HA and % charggos of HA: PEI. Among the vectors
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tested, complexes containing high molecular weaditA with % high charge ratio of HA

: PEI under an external magnetic field yielded #doeDC transfection/ maturation than
others. This phenomenon was attributed to gene lexmptability and transfection
efficiency, possibly due to long molecular chaimsl adhe higher mucoadhesive properties
of high molecular weight HA that enhanced HA ligandccessibility to the DC cell
receptors and promoted the multivalent bindinghe teceptors. Insights gained should
improve the design of more effective DNA vaccinéwidgy systems.



List of Publications

Journal Publications:

1- Al-Deen, F.N, Ho, J., Selomulya, C., Ma, C. and Coppel, R. 1301
Superparamagnetic Nanopatrticles for Effective Rxijvof Malaria DNA Vaccine.
Langmuir 27 (7): 3703-3712Chapter 3).

2- Al-Deen, F.N, Ma, C., Xiang, S. D., Selomulya, C., Plebanski, and Coppel,

R (2013).0n the efficacy of malaria DNA vaccination with nm&gic gene vectors.
Controlled Releasel68 (1) 10-17.(Chapter 4).

3- Al-Deen, F.N, Selomulya, C. and Williams, T. (2013). On designistable

magnetic vectors as carriers for malaria DNA vaecolloids and Surfaces B:
Biointerfaces102 (0): 492-503(Chapter 5).

4- Al-Deen, F.N Selomulya, C., Kong, Y., Xiang, S. D., Ma, C.eanski, M., and
Coppel, R. Design of magnetic polyplexes taken flipiently by dendritic cell for
enhanced DNA vaccine deliver$ubmitted. (Chapter 6).

5- Ho, J.,F. N. Al-Deen Al-Abboodi, A., Selomulya, C., Xiang, S. D., Péatski,
M., and Forde, G. M. (2011). N, N'-Carbonyldiimidémediated

functionalization of superparamagnetic nanopagi@s vaccine carrieColloids
and Surfaces B-Biointerface$33 (1): 83-90.

Vi



Refereed conference paper:

1. Al-Deen, F. M. N., Ho, J., Selomulya, C., Ma, Cqoppel, R. L., 2010, PEI-coated
superparamagnetic iron oxide for delivering malab&A vaccine encoding
merozoite surface protein MgHRProceedings of théhemeca 2010 conference, 26-
29/09/2010, Engineers Australia, Australia, pp.-883, ISBN: 978 085 825 9713.

(Oral presentation).

Conference Presentations:

2. PEl-coated superparamagnetic iron oxide for deligemalaria DNA vaccine
encoding merozoite surface proteinlPublished in the proceeding of the
ICONN2010 Conference on Nanoscience and Nanotechnology, Sydney,
Australia, February 2010. (Poster presentation).

3. PEI coated magnetic nanopatrticles for malaria DNwcine delivery. Published in
the proceeding of thélIN Victorian I nfection and immunity network symposium,
Melbourne, Australia, June 2010. (Poster presamtati

4. Dendritic cell- targeting by application magnetiolyplexes as malaria DNA
vaccine carriers. Published in the proceeding efMalaria in Melbourne 2011
(MiM2011) conference, Royal Melbourne Hospital, Melbourne, Australia,t@er
2011. (Poster presentation).

5. Design of Dendritic cell-targeting magnetic polyps for enhanced Malaria DNA
vaccinedelivery. Published in the proceeding of & Annual Monash University
Chemical Engineering Conference, Melbourne, Australia September 2011, and the
14" Asia Pacific Confederation of Chemical Engineering Congress APCChE
2012, Singapore, February 2012. (Oral presentation).

6. Effects of different administration routes on the vivo immune response for
malaria DNA vaccination with magnetic gene vectésblished in the proceeding
of the 1st International Conference on BioNano Innovation (ICBNI), Brisbane,

Australia, July 2012. (Oral presentation).

Vi



7. Magnetofection: Enhancinign vivo immune response for malaria DNA vaccination
with magnetic gene vectors using different admiatgin routes. Published in the
proceeding ofthe 2" Annual Monash University Chemical Engineering
Conference, Melbourne, Australia, September 2012. (Oral @néstion).

Awards:

8. Functional magnetic nanoparticles for effective DMeccine delivery. Published in
the proceeding of th@3" Asia Pacific Confederation of Chemical Engineering
Congress 2010, Taipei, February 2012The best poster paper award in

Biochemical Engineering and Systems Biology session

VIiI



Acknowledgements

At the beginning of the end | owe thanks to so maegple, forgive me those whom | may
have forgotten to mention. It is always your lokelp, guidance, and friendship that pushes
me forward and helps me to grow. | wish you allltlest in the future.

I would like to deeply express my gratitude to nyng@ipal supervisor Assoc. Prof.
Cordelia Selomulya for her continued encouragememgat guidance, stimulating
suggestions and extraordinary patience throughesitablishment and completion of my
PhD studies. To me, she embodies all the best diesistics of a successful scientist and
has been a source of inspiration and support —ddtiemic and moral.

I would like to express heartfelt appreciation tg associate supervisor Prof. Ross Coppel
for his continuous support, and guidance. His d¢buation was invaluable, which set me
in the right direction towards accomplishinmgy PhD. | would also like to thank him
for providing me opportunities to use many oé thboratory facilitiesin his lab and
discuss with his research group at the Departraf Microbiology, Monash University.

| also would like to express my sincere apprecmatm Mr. Charles Ma at the Department
of Microbiology, for his different experimental tnang, which involvedthe use of
laboratory animals, enlightening discussions antstamt encouragement. | appreciated his
willingness to discuss any research problems ase@ihiless support. He acted as an elder
brother and provided substantial help in both nsgaech and life. Thank you so much for
everything you have given me.

| am also very grateful to Prof. Magdalena Plebaaski Dr. Sue Xiang (Department of
Immunology, Alfred Hospital/ Monash University) fdheir collaborative assistance,
enlightening discussions, and for the always profegtback throughout the years. Thanks
also to Mrs. Ying Ying Kong for her help with expaental setup in the Immunology
Department.

| would like to thank Dr. Tim Williams, the TEM mager at Monash Centre for Electron

Microscopy (MCEM) for his assistance in TEM imagiugd valuable discussions.



| extend my very very warmest thanks to Mrs. SkifldcNamara and her lovely team at
South Oakleigh Secondary Colle@er their beautifulspirit andtakingsuch a goodare of
my sonthatl am amazed at the transformation in him sincédsebeen in their wonderful
care. You really have transformed his life andtkat | will be eternally grateful.

My sincere thanks go to Mrs. Lilyanne Price, whdpkd me a lot in getting this
opportunity to study at the Chemical Engineeringp@&ment/Monash University. | am
also grateful to all staff and postgraduate stugleimt the Chemical Engineering,
Microbiology, and Immunology Departments for cregtia friendly atmosphere and
making my time enjoyable.

To my parents, without your love and support | vdonbt be the person | am today. Dad,
you pushed me to be a better person and | canhmmg that | can surpass what you have
accomplished in your life. Mom, you are my rockldrowe you everything.

Finally I would like to thank my dear husband Sathe source of my inspiration and my

wonderful children. Thanks for being so supporawel patient during all these years.



Table of Contents

General DECIAIAtION .........uuiiiiiieiee et e e Il
Y 01511 = To! F PSP PPPPPPP 1]
LiSt Of PUBICALIONS .....cooiiiiiiiieee et VI
ACKNOWIEAGEMENLS ...t e e IX
LISt Of FIQUIES ... XVII
LISt Of TADIES ... e e XXVII
List Of ADBIeVIations ..........iiiiiiiiii e e e e e eneeeaees XXIX
CHAPTER L ..ottt e e e e e bbb e e e e eeer e e eas 1
T o To [T 1[0 o PSR 1
1.1 BaACKGrOUNG ....coeiiiiiiiiiiiiiiiie ittt eeeeee et et e eeeeeeteeaeeteseessssbenssebessbemeeneeeeas 1
2 O s 1= 11 [=T o o = TSSO URPP PP 2
1.3  Research motivation ...........cooviiiiiiiiie e e 4
1.4 The research aims and thesis outline..........ccccceeiiiiiiiiiiiiie e 5.
1.4.1 Specific resSearch aims ........ooooeiiiiiii i 5.
1.4.2 THheSiS OULINE .......uiiiiiiiie s e e 6
CHAPTER 2 .. ittt ettt e e e e e e e e e e eensenee e 9
LItErature REVIEW ......cceviiiiiiii e ettt e e e e e e e e e et e e e e e e e e eennra e e eneas 9
P R B 1NV V7= (o o[ = S 9
2.1.1 DNA delivery Strategies. .......ccuuveeieieeimmmm e ee e e ee et 10
2.1.2  Malaria DNA VACCINE ....uuuiiiieeiiiieiiiiie e e e eeeeett s e e e e e e e e e e e e aeeanes 15
2.2 Bioapplications of magnetic partiCles .......cccceeeveiiiiii 20
2.2.1 Magnetofection for gene delivery........cccocueeeiiiiiiiiiiieiiieeeieeeeeee 21
2.2.2 Synthesis of iron oxide particles for biomedicablagations ................ 29

XI



2.2.3 Surface modification of magnetic nanoparticles fbiomedical

=T o] o] [ [or= 14 (0] o - J PP PP TP TP TP TP 30
2.2.3.1 Surface modification with non-polymeric organictslizers...................... 31
2.2.3.2 Surface modification with inorganic materialS.....coocvvvviiiieeriiiiinnnennnn, 31
2.2.3.3 Surface modification with polymers ..........cciiiiii i, 32
2.2.3.4 Gene complexes modification with polyethylenimiB&()........................ 34

2.3 SUMMaAry and remMarks ..... ..o 46
CHAPTER 3 oottt ettt e e bbbt e e e rne e e st aee e e 49
Superparamagnetic Nanoparticles for Effective Deligry of Malaria DNA
[V £z 101 [ ST UR PR PP PPPTPPRPPP 49

G % R | 1 To 18 ox 1o o H TP PPPPPPPIP 49

3.2 Materials and MethOdS...........oooiiiiiimmemmm e 50

3.2 1 MALEIIAIS ... 50

1131 Lo To LT UTTRRTTTRROR 51

3.2.2 Synthesis and characterization of SPIONS...ccceeeeiiiiiiiiiiiiiiiiiie, 51

3.2.3  Preparation of plasmids DNA ..........euiuiiimiiiiiniieeisen s 52

3.2.4 Preparation of SPIONS/PEI/DNA COMPIEXES ....ueceeeeeeeeiiiiiiiiiiiieneenn, 52

3.2.5 DNADINAING GSSAY ...eeeiiiiiiiiiiiiiiiiiiie s mmmmmeeeeesseebeeeeseseneeeaeneneneneeeeennnnnes 53

3.2.6 Cell cultures and treatments ............ouiceceeeiiiee e 53

3.2.7 Evaluation of cell viability .............coooiiieeiiiiiiiiis 54

3.3 ReSUlts and diISCUSSION ....cceiiiiiiiiiiiieeeeeee sttt 55

3.3.1 Characterization of SPIONs/PEI/DNA complexes.............c.c.c.........55

3.3.2 DNA DINAING @SSAY ...eeeeiiiiiiiiiiiiiiiiieeimmmmeeeeeeeeeebeneeeeeneeenenenenennnneennnnnes 60

3.3.3  Transfection effiCienCY ... 1.6

3.3.4 Effect of magnetofection on Malaria gene expres§lghSP1,in COS-

T CRIINE et e e e e 65



3.3.5  INVItro CYIOIOXICILY @SSAY .....cciiiiiiiiiiiiiiiiit e 67

I ©7o] o [o] V1= (o] o IO PP P PP RPPRTTUR 69
CHAPTER 4 ..o ettt e e e e e e e e ennnraaaas 71
On the Efficacy of Malaria DNA Vaccination with Magnetic Gene Vectors....... 71

4.1 INEOAUCTION ..ttt e e e e e mnenee e e 71

4.2 Materials and methods ..............uuiiiiiicemee s 73

4,21 MALETIAIS .o aeaa e 73
IMELNOAS ... et e e e e e e e e 73
4.2.2 Preparation of gene COMPIEXES ............. oo e eressesnsssssssssnesnaaseanaens 73
4.2.3 Recombinant ECPyMSRdprotein purification .............ccccoeeriricmmenne 74
4.2.4  IMMUNIZAION OF MICE ......uuiiiiiiiiiei e 74

4.2.5 Antibody determination by enzyme-linked immunosaortbeassay

(ELISA) oo eememe ettt enen e, 76

4.2.6  SHALISTICS ...coii e sttt nnnnnes 77
4.3 Results and diSCUSSION........cccuuuiiiiiiiieeeeeiee e 77

4.3.1 Size and zeta potential of magnetic gene vectarS..........cccccevveveeeee. 77

4.3.2 Determination of the N/P ratio for SPIONs/PEI/DNAnaplexes based

on antibody responses to PYMSBPL......ccooo oo 81
Administration routes of SPIONS/PEI/PyMSRBtomplexes..........ccccuvvvevverennnns 85
4.3.3  Safety evaluation..............euuiiiiiiiiiieeee e 85
4.3.4 Antibody responses induced by SPIONS/PEI/DNA coxgse............ 86
4.3.5 Isotype distributions of antibodies to PYMSBPL............cccvvvvvvvivviinnnnns 91
4.3.6  Protein DOOSE Strat@Y ........uuuuuuurrueetm e e e e e e e e e e e e eeeeeeeeeeaeaeeeaeaeeeaes 95.
4.4 CONCIUSION. ...ttt ettt e e e e e e e e rne e e e e 99

Xl



CHAPTER 5 ettt e e e e e e e e e e e e e s e araeeaaenans 101
On designing Stable Magnetic Vectors as Carriers fdvialaria DNA Vaccine ..101

5.1 INFOQUCTION .oeeiiiiiiiiiiiie e ee s 101

5.2 Materials and methods...........ooo oo 104
5.2 1 MaterialS.... . 104
1Y 11 Lo Lo L TSTTTPRTRI 105
5.2.2 Preparation of magnetic gene VECtors ..o 105
5.2.3 Characterization of magnetic gene Vectors ... 107
5.2.4 DNA retardation @SSAY ........ccoeeeieiiiiiiiiaeaaeeeeeeeeeeeeieeeeieeeeeneeseeneeeneaeee 107
5.2.5 DNA DINAING @SSAY ...eeeiiiiiiiiiiiiiiiiiiee s mmmmmmeeieeeesseeebeeneseneeeaenenenennneannes 107
5.2.6  Stability of magnetic gene VECLOIS ........cocccciiiiiiiiiiiieieeeeeee e 108
5.2.7 DNaSe SENSItIVILY ASSAY ...eeevvveririeereesmmmmmmmssessessssnensnensnnnsnsnnnennnnnennnns 108

5.3  Results and diSCUSSION .........cc.uvuiiiiiieeeeeeiieeee e 109
5.3.1 MagnetiC JENE VECIOIS......cuuvuiieieiereetmmmmmmnseessessnsnessnsnnnnnsnsnnnennnnnsnnnns 109

5.3.2 Effects of different cell media on stability of nragic gene vectors...113

5.3.3  DNA retardation @SSAYS ......cceiueieeeeees s eseeseeveesesssnssnssssnsnsnsnsnnnes 122
5.3:4  PICOGIEEN @SSAY ....uuuuuuuuuunnnnunnnnnnnnummnnmnmesssssesssssssnssnsssssssnssnsnsssnsnes 261
5.3.5 Effect of heparin on the stability of complexes............cccccc 127
5.3.6 Stability against NUCIEASE ..............oo et 130
5.4 CONCIUSION ..ottt ettt e et e e e e e e e s mnneee s 132
CHAPTER B ...ttt ettt e e e e e e e e e e e annene s 133
Design of Magnetic Polyplexes Taken Up Efficientlyby Dendritic Cell for
Enhanced DNA Vaccineg DeliVery..........oooo e 133
6.1 INrOAUCTION ..oeiiiiiiiiiieiee e s 133
6.2 Materials and MethOdS.........ccovviiiiiimemmee e 136



B.2.1  MALEIIAUS ...eeeeeeeee e et e aas 136

MEENOAS ... e 136
6.2.2 Preparation of SPIONs/PEI/DNA-HA quaternary polWas............. 137
6.2.3 Characterization of SPIONs/PEI/DNA-HA quaternaryyptexes ..... 137
6.2.4 DNA retardation @SSAYS .......cceeeieieeeies e eesaas s assaaaasaaaaaaaaaaaaaaens 138
6.2.5 Nuclease reSiStanCe .........ooooeei i 813
6.2.6  CYLOLOXICILY ASSAY ..eeviveiriiiiiiiiriieeeesimmmmmr e s eeeeeeaeeeesaeseeeeeeereeereeeeereeees 39
6.2.7 Generation of murine bone marrow—derived dendeitsDCs ........ 140
6.2.8 Magnetofection-based DCs transfection and maturatieitro......... 140
6.2.9 Statistical analySiS.........cooiiiiiiiiii i 141
6.3 Results and diSCUSSION.........uuuiiiiiiiiiiieree et 141
6.3.1 Stability of SPIONs/PEI/DNA-HA quaternary polyplexe................ 142
6.3.2 DNA condensation in the polyplexes ... 144
6.3.3  Nuclease reSiStanCe .........ooooeee i M4
6.3.4  CYLOLOXICILY ASSAY ...evvvvrrrrrrrrrrrrreressummmmmreeeeeeeeseeseesesssesnessssessesnenseses Zhll
6.3.5 Magnetofection-based DCs transfection and maturatieitro......... 148

6.3.6 Effect of HA blocking on cellular uptake of the dqemnary polyplexes
L gl o VN (= To =T o] (o] £ 155

6.3.7 HA-coated polyplexes induced activation of DC inglegiently of CD44.

.................................................................................................... 158

(S0 A O] o To1 (V11 (0] o T PR 160
CH AP T ER 7 e e 163
Conclusions and ReCOMMENAALIONS ... .c.vieeie et 163
% R O] o Tod [V E=1 (0] o 1 TR 163



7.2 Recommendations for futUre WOrK ........... oo 166

RETEIENCES ...ttt e e e e e e e e 169
Appendix A: General information about plasmid DNA and magnetic particles191
VR1020-PYMSPLgPlasmid.........ccoeiiiiiiiiiiiiiiis et reeee e e e eevaanns e e e e e eeeanees 191
Appendix B: The results of antibody responses agast PyMSPL4 of chapter 4......

Appendix C: The result of Western blot analysis tadetect PyMSP19 expression
IN deNndritiC CEIIS DCS ..oooieee e 197

XVI



List of Figures

Chapter 1

Figure 1.1: World Malaria risk areas, 2010. Maldransmission is concentrated in tropical
and sub-tropical regions in Africa, South America &sia (WHO 2010). ..........cevvvvevvrnnnns 2

Figure 1.2: Schematic figure of derived M$R1Gene encoding MSRdis inserted in

plasmidVR1020 that contains a secretion signalissue plasminogen activator (TPA),
human cytomegalovirus (CMV) early promoter, CMVraont A, bovine growth hormone
(BGH) terminator and kanamycin resistance gene. MS® a final product of proteolytic

cleaving of MSP1 during schizogony and merozoitéun@ion. ..............c.ceeveveeeeeeeeenenn. 5.
Chapter 2

Figure 2.1. Large magnetic particle (>200 nm) isally sequestered by the spleen and
livers a result of mechanical filtration and areemtwally removed by the cells of the
phagocyte system, while very small particles (<tf) nan be cleared through the kidneys.
The optimal particle size for drug and gene deliveeatments ranges between 10 to 100
nm, as these will have the longest blood circuratime (Colombo, Carregal-Romero et al.
20002, e ————— £t e bttt e 4o bttt e e b e e e a et et e e e e e bt e e e e nbbe e e e annes 14

Figure 2.2: Life cycle oPlasmodium falciparum (Kumar et al. 2002). ...........cccceeeeeeee 17.

Figure 2.3: Design requirements for gene deliveygteans include the ability to (A)
package gene molecules with compact structuregéd) cell entry; (C) escape from the
endosomal/lysosomal pathways (D) transport thrahghcytoplasm and into the nucleus;

(E) facilitate gene eXPreSSION. ............ e e et et e e e e e e e e e e e e e e e e e e e eaeae s aa e e 22

XVII



Figure 2.4: Scheme of the magnetofection for gexlizetyin vitro. The vector is attached
to magnetic nanoparticles, which are added to thlé aulture under magnetic field
(Schillinger et al. 2005). .....ccooiiiee oottt e e e e e ne et e e e e e e e e e e e eeeeeees 23

Figure 2.5: Electron microscopy for cellular traKing of transMAG* particles exposed
to the magnetic field for (A) 1 min, (B) 5 min, (€% min and (D) 15 min with further 24 h

incubation. Arrows indicate transMA& particles (Huth, Lausier et al. 2004). ...........26

Figure 2.6: Typical optical micrographs showing ®EI/SPIONs distribution under (A)
normal and (B) reverse magnetic transfection. FHID®IS aggregates can be observed to
cluster onto cells in (A), but are homogeneous$friiuted throughout the well in (B). The
aggregate size of PEI/SPIONSs in the normal magnetitsaction was larger than that for

reverse magnetic transfection (Ang, Nguyen et@L12. .............ccoevviiiiiiiiiien e 27

Figure 2.7: TEM images of (A) Gold-coated;Bg nanoparticles (Xu et al. 2008); (B)
Silica-coated-Fe,O3 nanoparticles (de Almeida et al. 2010). ..o eeieieeeieieeeeeeeee, 32

Figure 2.8: Chemical structure of branched (uppeg linear ..............cccccvvvviiiniiiii e 35

Figure 2.9: The proton-sponge hypothesis: H+ ande@iry into the endosomes leads to

osmotic swelling and finally to endosome rupturai®@buhi, Scholte et al. 2011)............. 36
Figure 2.10: Schematic figure of synthesis of SPIMHEI/DNA complex.........cccceeeeeeee. 42

Figure 2.11: (A) Bacterial magnetic particles BMPwere obtained from
M.gryphiswaldense MSR-1. (B) Cytoplasmic membrane coated BMPs (ayredang, Bin
BL Al 2007 ). oo — e e e e e e e e e e e e e e e e e e e e e aaaas 43

Figure 2.12: TEM images of the SPIONs-PEI under jdtral condition and (B) acidic
condition (Wang, Zhou et al. 2009). ........uviiiiiiiiiiiiiiiiiiiiiiieeeeeeeee e ea s 44

XVIII



Figure 2.13: Schematic figure for PEI polymer und@midic and neutral conditions
(Vonzelewsky, Barbosa et al. 1993) ... 45

Chapter 3

Figure 3.1: TEM images of (A & B) as-synthesized@®s and (C & D) SPIONs/PEI
(ratio = 10) at pH 4 displaying better dispersiarrgws indicating layer of adsorbed PEI).

Figure 3.2: 8(A) Hydrodynamic diameter (nm) of SREIPEI-A and SPIONs/PEI-N
complexes; (B) zeta potential (mV) of SPIONs/PE&#Ad SPIONs/PEI-N complexes with
different PEI: SPIONs mass ratios. All data meagatdeast in triplicate. ................... ha.

Figure 3.3: (A) Effects of N/P ratios on hydrodyneamiameter (nm) and (B) zeta potential
(mV) of SPIONS/PEI/DNA complexes. All data measuatdeast in triplicate.................. 59

Figure 3.4: Effects of N/P ratios on the stabilby (A) SPIONS/PEI-A/DNA; (B)
SPIONs/PEI-N/DNA. Lane Mi H/E molecular weight size marker. Lane N: plasmid
VR1020-PyMSP1y. Lanes 0.5-30 correspond to N/P ratios. ... ieeeiiiiiiiieiieinennnn. 61

Figure 3.5: Shematic demonstrating PEI structurdeumcidic and neutral pH conditions,
with a relatively branched structure due to mutciadrge repulsion between the amine
groups under acidic condition and stiff structungler neutral pH condition (Vonzelewsky,

Barbosa et al. 1993), and possible entrapmentdA I the responsive structure. .......... 63

Figure 3.6: Western blot detection of (A) SPIONJAREDNA; (B) SPIONS/PEI-N/DNA.
Lane 1, 5, 10, 15, 20, 25 and 30 correspond t@mdifit N/P ratios of SPION/PEI/DNA
complexes: (a) With magnet; (b) Without magnet...........cccooooiiiiiiiiii s 64

XIX



Figure 3.7: Densitometry results for PyMS&Pproduced by SPIONs/PEI-A/DNA and
SPIONs /PEI-N/DNA complexes with the applicatiorntloé magnetic field during the gene

transaction process. Experiments were performézhat in triplicate. .............cccccceee. 64

Figure 3.8: Densitometry results for PyMSPJproduced by SPIONs/PEI-A/DNA
complexes with or without application of the magnéield during the gene transaction
process, and by Lipofectamine 2000 reagent. Exmerisnwere performed at least in
L] o] o= 1 (PP PPPPPPPP 65

Figure 3.9: Expression of yellow fluorescent geM€&R) in COS-7 cells. The upper row
shows the effect of the PEI polymer transactiom&ldhe lower row shows the effect of
magnetofection with SPIONS /PEI-A/DNA COMPIEXES........ccoooiiiiiiiiiiiiiii 67

Figure 3.10: Cell viability from MTT assay resuti treated COS-7 cells with different

complexes. Experiments were performed at leastghcate. ................oevvvviiiiiiiiiiiiinnnn. 69

Chapter 4

Figure 4.1: (A) TEM micrographs (JEOL 2011) of gsthesized SPIONs; (B) Size
distributions of magnetic nanoparticles before aftér coating with PEI, suspended in
water at pH 7.4 at 37 C; (C) A schematic represmmtaf surface modification of SPIONs
with PEI and DNA through electrostatic interactiQns.........ccoooveeieiiiiiiiin s 80

Figure 4.2: Total IgG obtained from BALB/c mice immzed intramuscularly with

different combinations of PyMSRid(naked DNA, DNA-PEI, at a N/P ratio of 15 and
SPIONs/PEI/DNA at different N/P ratios with or watlit magnet). Two weeks after the last
immunization (day 42), sera were collected frommunized mice in each group (n = 5),
pooled sera were analyzed for IgG by ELISA aséf at 1:150 dilution using

recombinant protein as a capture antigen. Valuesrean + SD of duplicate measurement.
One-way analysis of variance (ANOVA) and Tukey nplét comparison test were used to

XX



find the difference between different groups. Statal significance was designated as *p <
L0 L Tkl o TR 020 0 1 PP 84

Figure 4.3: Effects of administration routes orakdg§G produced after the second and third
boost in BALB/c mice immunized with SPIONs/PEI/DN#rough different routes of
administration with magnet. Two weeks after theosecimmunization (day 28) and the
third immunization (day 42), sera were collectagirfrimmunized mice in each group (n =
5), pooled sera were analyzed for the level of &gBbodies against recombinant protein as
capture antigen. The results shown are the lasti@il of sera at which the QB.nwas
higher than mean+3SD of control mice. The resulésewexpressed as means + SD of

duplicate. Statistical significance was designagd*p < 0.01, *** p < 0.001. ................ 90

Figure 4.4: Effects of magnetofection on total Igtained in BALB/c mice immunized
with naked DNA or SPIONs/PEI/DNA complexes at th# Matio of 15 through different
administration routes after the third immunizatidmo weeks after the third immunization
(day 42), sera were collected from immunized micedach group (n = 5), pooled sera were
analyzed for the level of IgG antibodies againsbrebinant protein as a capture antigen.
The results shown are the last dilution of seravhich the ORsonm Was higher than
mean+3SD of control mice. One-way analysis of varga(ANOVA) and Tukey multiple
comparison test were used to find the differencevéen magnetofection and naked
groups. Results were expressed as means + SD t€atep Statistical significance was
designated as *** P < 0.0071. ......ccoiiiiiiiiieiieiiiiieii i ————————— et areaaeaes 91

Figure 4.5: Effects of magnetofection on antibodgGl subclass profiles with
SPIONs/PEI/DNA complexes: (A) IgG subclasses awmlybtitre in the pooled sera
collected from immunized mice after the thimdmunization with different routes of
administration; (B) Individual IgG subclass antilgddre in the groups of mice immunized
with SPIONSs/PEI/DNA complexes intraperitoneally anttamuscularly. One-way analysis
of variance (ANOVA) and Tukey multiple comparisastt were used to find difference
between magnetofection and naked groups. Statisigaificance was designated as * p <
01 Tl o IO O 1 010 1 PP PRP PP 94

XXI



Figure 4.6: DNA prime-protein boost regime effect lgG levels against PyMSRlin
mice immunized with SPIONS/PEI/DNA complexes. Greop mice were immunized with
three doses of SPIONS/PEI/DNA complexes via difier@utes of administration with
magnet followed by a single boost with recombinartdtein formulated in incomplete
Freund’s adjuvant injected intraperitoneally. Ssege obtained two weeks before and after
protein boost and pooled for endpoint against rdgoamtprotein: (A) Total IgG antibody
titre obtained before and after protein boost fiffecent groups; (B) Total IgG antibody
titre obtained from pooled mice sera immunizedapéritoneally with three doses of either
naked DNA or SPIONs/PEI/DNA followed by single daxfeprotein boost or primed with
only single dose of protein; (C) IgG antibody swalssl titre in the pooled sera collected
from different groups before and after single protkoost. Results shown are the last
dilution of sera at which the QB.mwas higher than mean+3SD of control mice. One-way
analysis of variance (ANOVA) and Tukey multiple qoamison test were used to find
difference between groups. Results were expreasedeans + SD of duplicate. Statistical

significance was designated as *** P < 0.00Tuee.cooeeiieeiiiiiiii e 99

Chapter 5

Figure 5.1: TEM micrographs (JEOL 2011) of (A) gstbesized SPIONs; (B — D)
magnetic vectors with different configurations iater at pH 7. (Arrows indicating layer of
adsorbed PEI, DNA, and HA on SPIONS). ..., 110

Figure 5.2: Schematic figure of surface modificataf SPIONs with PEI and HA through

L2 (Yo (L0 1] = Lo gL (= = (o3 1[0] 4 KSR 111

Figure 5.3: (A) Chemical structure of PEI and HB) (Magnetic vectors prepared with
different mixing orders of SPIONs, PEI, DNA and HA:........coooie, 112

Figure 5.4: Hydrodynamic diameters of different foiguration vectors after 1 h incubation
in different media with pH maintained at 7.4: (A) water (B) In 150mM NaCL; (C) In
RPMI ; (D) In 10% FBS supplemented RPMI; Hydrodynamic diametdrglifferent

XXII



vectors after 1 h incubation. Error bars represegéns = SD for n = 3. (E) Volume-based

size distributions of % configuration vectors in RPMl..........cccoccveeieeseeeeeesen. 119

Figure 5.5: Zeta potential of different configuaativectors after 1 h incubation in different
media, with pH maintained at 7.4: (A) In water (B)150mM NaCL ; (C)Jn RPMI; (D)
In 10% FBS supplemented RPMI. Error bars represe@ns + SD forn=3. ................ 121

Figure 5.6: Agarose gel electrophoresis data shypwire effects of 1 h incubation in
different cell media on DNA stability in complexdsane M:A H/E molecular weight size
marker; Lane N: plasmid VR1020-PyMSk1Lane O: ternary complexes without HA,
Lane 0.5 — 100: complexes with different % chagges of HA : PEL ........cccccccvvvvivinnes 125

Figure 5.7: Agarose gel electrophoresis showingefiiects of heparin on the stability of
the complexes. Samples were diluted with RPMI aadous amounts of heparin solution
(as indicated) were added to the suspension for &t room temperature. After
centrifugation, DNA in the supernatant was analybgdagarose gel electrophoresis. The
arrow in each panel indicates the position of caxetd DNA without the release by
heparin. Lane M:A H/E molecular weight size marker; Lane N: plasnrM&1020-
PyMSP1y Lane O: ternary complexes without HA; Lane 5%%00complexes with
different % charge ratios of HA: PEI in differemdrdigurations.................ccccoooeeeeee 129

Figure 5.8: Stability of complexes against DNasewith arrows indicating plasmid
VR1020-PyMSP1, degradation: (A) Samples were diluted with 10@fulx DNase buffer

containing DNase | 250 U/ml at 37 °C for 30 mirB) Samples were diluted with 100 pl
of RPMI containing 5 mg/ml heparin for 15 mins &@D pl of 1x DNase buffer containing
250 U/ml of DNase | was added for 30 mins; (C) Seswere diluted with 100 pl of 1x
DNase buffer containing 250 U/ml of DNase | for s and 100ul of 5 mg/ml heparin
was added fOr 30 MINS. ...ooiiiiiiiiiee e e e e s rnnr e e e e 131

XXIII



Chapter 6

Figure 6.1:Characterization of magnetic gene corgde(A) TEM images of as-
synthesized SPIONs, SPIONs/PEI/DNA-HA complexes) @eta potential (mV) of
SPIONs/PEI/DNA-HA polyplexes and hydrodynamic dia@nénm) of SPIONSs/PEI/DNA-
HA polyplexes, measured in RPMI media at pH 7.83afC. The data were analyzed
statistically using one-way analysis of varianceN@VA), with comparison of means
conducted using Tukey multiple comparison test.uResvere expressed as means £S.D.

(n =3), * P<0.05. All measurements were measuréelat in triplicate. ............ccc.......... 143

Figure 6.2: Gel retardation assay of DNA complexasie M:\ H/E molecular weight size
marker; Lane N: plasmid VR1020-PyMSR1Lane 0: SPIONS/PEI/DNA; Quaternary
polyplexes: Lane: 5% LMW; 100% LMW; 5% HMW; 100% HM (A) DNA
condensation in the polyplexes, arrows indicatlngrescent trails formed by disassociated
DNA that might be complexed with HMW HA, preventitige migration through the gel
pores; (B) DNase | treated DNA complexes; samplegsewdiluted with DNase reaction
buffer including DNase | for 30 min, and then cdaged. DNA in the supernatant was
analyzed by agarose gel electrophoresis, whilegaivalent amount of free DNA as used
in particle formation was loaded on the gel as r@trob (Lane DNA). The arrow indicates
degraded DNA molecules in uncomplexed free DNAral®ase treatment; (C) After
samples were treated with DNase | for 30 min, haepsolution was added for 30 min. The
arrow indicates the position of supercoiled DNA MgPmolecules. (5%, 100% indicate
HA : PEI charge ratio, HMW, LMW indicate high andw HA molecular weights,
FESPECHIVEIY). e e e e s e e st e bt nenennnrne 146

Figure 6.3: Cell viability as measured by MTT assayCOS-7 cells treated with different
complexes. Experiments were performed at leastetlirees. The data were analyzed
statistically using one-way analysis of varianceN@VA), with comparison of means
conducted using a Tukey multiple comparison tessuRs were expressed as means +S.D
(n =3), * P<0.05. All measurements were measuredeast in triplicate. Quaternary
polyplexes: 5% LMW, 100% LMW; 5% HMW; 100% HMW...........cccccvvereiiiiinneeninn 147

XXIV



Figure 6.4: Percentage of CD11c marker expressioiD@s derived from mouse bone

marrow precursors under different culture condgioN..............ooovvviiiiiieerieeeneees v 153

Figure 6.5: YFP expression and maturation of CDDIKEs induced by functionalized

DNA complexes added to cells at a mass afjer well. DCs were isolated from the old
C57BL/6 mice and incubated with the indicated ddfe DNA complexes. After 24 h, the
cells were harvested and stained for the expressib@D86, MHC class | and MHC class
[l and analyzed by flow cytometry: (A) Representatbet of flow cytometry histograms of
DC86 expression on CD11c+DCs expressing YFP. Ghaded area: untreated cells;
CD86 maturation markers on (B) total CD11c+DCs @@dCD11c+DCs expressing YFP;
(D) YFP expression level and MHCI, MHCII costimdet molecule expression on
(O 3 I o 1 I L SO PP SSRPPPPRPN 155

Figure 6.6: Effects of HA-pre-addition on the YFRpeession and co-stimulatory surface
marker (CD86) on CD11c+DCs mediated by quaternatyptexes: (A) The percentage of
total CD11c +DC cells expressing YFP; (B) The petage of CD11lc+ DCs expressing
YFP with up-regulation of CD86 maturation signak(B)..........cccceeeveieiiieeeeeee, 157

Figure 6.7: Effects of different DNA complexes dretexpression of CD44 receptors on
CD11lc+ DCs population: (A) The percentage of to@bllc +DC cells; (B) The

percentage of CD11ct+ DCs expressing YFP. The dat® wnalyzed statistically using
one-way analysis of variance (ANOVA), and the congmm of means was conducted

using Tukey multiple comparison test. Results vexgressed as means +S.D (n =3).....160

Appendix A

Figure A.1: Schematic figure of plasmid VR1020-PYRAS .......cccooveeieiiieieieeeeeeeeeee 192

Figure A.2: Magnetisation plots for SPIONs and SR$PEI. The x and y axes indicate
applied field (H, kOe) and magnetization (M, emurgspectively. ...........ccoeeeeeel 921

XXV



Figure A.3: X-ray diffraction pattern of g®,nanparticles prepared Co-precipitation.... 193

Appendix B

Figure B.1: Total IgG obtained from BALB/c mice immzed intramuscularly with

different combinations of PyMSRid(naked DNA, DNA-PEI, at the N/P ratio of 15 and
SPIONs/PEI/DNA at different N/P ratios with or watlt strong magnetic field). Two

weeks after the last immunization (day 42), sereeve®llected from immunized mice in
each group (n=5). Pooled sera were analyzed forlahel of IgG antibodies against
recombinant protein as a capture antigen. Reshtigvis are the last dilution of sera at
which the ODRsonmwas higher than mean+3SD of control mice. Resudiee expressed as

means * SD of duplicate. Statistical significan@swlesignated as *** p<0.001. .......... 194

Figure B.2: DNA prime-protein boost effect on tolgc levels against PyMSkslin mice
immunized with SPIONs/PEI/DNA complexes. A group rafce were immunized with
three doses of naked DNA or SPIONsS/PEI/DNA compiexsa different routes of
administration with magnet application, followed Iy single boost with recombinant
protein formulated in incomplete Freund’s adjuvamécted intraperitoneally. Sera were
obtained two weeks before and after protein boast ooled for endpoint titre against
recombinanprotein. Results shown are the last dilution oasarwhich the Okonm was
higher than mean + 3SD of control mice. Resultsewexpressed as means + SD of

duplicates. Statistical significance was desigrettFap<0.001...........cccvvvvmmeninnnennnns 195

Figure B.3: DNA prime-protein boost regime effeots 1gG levels against PyMSRIn
mice immunized with SPIONs/PEI/DNA complexes. A upoof mice were immunized
with three doses of SPIONsS/PEI/DNA complexes viledent routes of administration
with magnet application followed by a single boa#th recombinanprotein formulated in
incomplete Freund’s adjuvant injected intraperitdlye Sera were obtained two weeks
before and after protein boost and pooled for emditre against recombinaptotein: (A)
IgG antibody subclass titre in the pooled seraectéid from i.m., i.d., and s.c. groups

before and after single protein boost; (B) 1gG laedly subclass titre in the pooled sera

XXVI



collected from i.p. group before and after singlet@in boost. Results shown are the last
dilution of sera at which the QBnnwas higher than mean + 3SD of control mice. Result

were expressed as means + SD Of dUPlICALES. . .ccceiiiiiiiiiiiiiiiiiiiei e 196

Appendix C

Figure C.1: Western blot detection of PyM$Pih DCs at 48h post-transfection. Lane
DCs, dendritic cells without transfection (contrdlpnel, the cells transfected with naked
PyMSP1g Lane2, the cells transfected with DNA-Lipofectae) Lane 3, SPIONs-PEI-
DNA with magnet; Lane 4-11 SPIONs/PEI/DNA-HA polgges ; Lane 4, 5% LMW w/o
magnet; Lane 5, 100%LMW w/o magnet; Lane 6, 100%A¥¥w/0 magnet; Lane 7,5%
HMAW w/o magnet; Lane 8, 5% LMW w magnet; Lane 90%LMW w magnet; Lane
10, 100% HMAW w magnet; Lane 11, 5% HMAW w magretnel2, PyMSPg protein

expressed IESCErTCIA COlI. ......uuuuuieiiiiiiiiiiiiiiieit e aeeeeeseeeeeeeeeesaeennes 197

XXVII



List of Tables
Chapter 4

Table 4.1: Characteristics of the tested COMPIEXES............evviviiiiiiiiiiiiiiiiiiiieeeeeeeeee 81
Chapter 5

Table 5.1: Zeta potential PEI+DNA+HA complexes witliferent % HA : PEI charge

ratios incubated in water for 30 min (N =3, £SD).....ccccoviiiiiiiiiieee, 106

Table 5.2: Percentage of bounded DNA in differemtfigurations (incubated in a RPMI
medium for 1 h) as detected in the supernatant efetrifugation for 2 min at 12,800 x g

using a PicoGreen assay (N =3, £ SD). ..o 126

XXVII



List of Abbreviations

SPIONs
PEI
Plasmid VR1020-PyMSP 1,

E. coli
DNA
RPMI

Nd -Fe- B
pDNA
N/P ratios

SPIONSs/PEI-A

SPIONs/PEI-N

COS-7 cells

ELISA
PBS
RBCs
I.p. route

i.m. route

Superparamagnetic nanoparticles
Polyethylenimine polymer

Malaria DNA vaccine encoding
Plasmodium yoelii merozoite surface protein
MSP14

Escherichia coli

Deoxyribonucleic acid

Roswell Park Memorial Institute Tissue
CultureMedium

Neodymium iron boron magnet

Plasmid DNA

Ratio of nitrogen containing groups of the
PEI polymer to phosphate groups of the
nucleic acid

SPIONs/PEI complexes under acidic

condition pH4.0
SPIONs/PEI complexes under neutral
condition pH7.0

African green monkey kidney cells

Enzyme linked immunosorbant assay
Phosphate buffered saline

Red blood cell(s)

Intraperitoneal route of immunization

Intramuscular route of immunization

XXIX



s.C. route
I.d. route
V. route
1gG

IgG1

lgG2a
IgG2b

IgG3

oD
EcPyMSPg

FBS

HA

LMW HA
HMW HA

DNase
APCs
DCs
GM-CSF

CDl11c

Subcutaneous route of immunization
Intradermal route of immunization
Intravenous route of immunization
Immunoglobulin G

Immunoglobulin G1 subclass
Immunoglobulin G2a subclass
Immunoglobulin G2b subclass
Immunoglobulin G3 subclass
Optical density

EcPyMSP 1, recombinant protein expressed
in Escherichia coli

Fetal bovine serum

Hyaluronic acid
Low molecular weight hyaluronic acid
High molecular weight hyaluronic acid

Deoxyribonuclease enzyme
Antigen-presenting cells
Dendritic cells

Granulocyte and macrophage colony
stimulating factor

Transmembrane protein found at high levels
on most dendritic cells

XXX



CD86

YFP

MHC |

MHC lI

CDh44

A protein expressed on antigen-presenting
cells that provide costimulatory signals
necessary for T cell activation and survival

Yellow fluorescent protein

Major histocompatibility complex Class |
molecules, are found on every nucleated cell
of the body

Major histocompatibility complelass Il
moleculesare found only on antigen-
presenting cells and lymphocytes
Cell-surface glycoprotein involved in cell-
cell interactions, cell adhesion and migration
and it is a receptor for hyaluronic acid

XXXI



This page is intentionally blank

XXXII



Chapter 1 Introduction

CHAPTER 1

Introduction

1.1Background

Malaria is one of the most prevalent and devagiatih all human parasitic diseases,
exacting a heavy toll of death and illness paréidylin children and pregnant women in
the developing countries. According to the Worldakte Organization report 2011 (WHO
2011), there were approximately 216 million caslesalaria worldwide with an estimated
655 000 deaths in 2010 alone. It is estimatedriae than 40% of the world’s population
are at risk from malaria, most residing time sub-Saharan Africa (Hay et al. 2010)
(Figure 1.1). Most of malaria deaths occur amoniddedn living in Africa and the rest
occur in Asia and Latin America (Snow et al. 20B&mentel et al. 2007). There are four

different types of malaria that infect huma®sasmodium falciparum — the most common

form of malariaPlasmodium vivax, Plasmodium malariae andPlasmodium ovale .

Plasmodium falciparum is known to be the most serious form of the Pladioma parasite
and it often can be fatal in the absence of pragatment. Considerable progress has been
made in the fight against malaria and different nds have been used to protect
individuals living in endemic areas, or to prevémt spread of the disease, these include
prophylactic drugs, mosquito eradication, and itisigle-treated bed nets. However, the
prophylactic drugs are expensive especially fortrpesple living in these endemic areas.
In addition, treatment and control have become naffecult with the spread of drug-
resistant strains of parasites (Nuwaha 2001) asecticide-resistant strains of mosquitoes
that carry the parasites (Ito et al. 2002). Therefthere is an urgent need for an affordable

and effective vaccine for malaria that can prontbeefight against this deadly disease.
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B Countries or areas where malaria transmission occurs
Countries or areas with limited risk of malaria transmission

This map is intended as a visual aid only and not as a definitve source of infarmarion abaut mataria endemicity: Source@VWHO 201 1. All rights rese

Figure 1.1: World Malaria risk areas, 2010. Malaria transmission is concentrated in tropical
and sub-tropical regions in Africa, South America ad Asia (WHO 2010).

1.2 Challenge

The use of a malaria vaccine could be one of thet cmst-effective interventions to reduce
the transmission of infection and the burden of tiedaria disease. A number of distinct
vaccine platforms have been evaluated, includinghstic peptides and viral vectored
vaccine platforms aiming toward an effective vaecigainst malaria (Li et al. 2007,
Bruder et al. 2010; Bruder et al. 2010). Amongatdight types of vaccines, DNA vaccines
emerged as a scalable new approach for preventidntraatment of malaria and other
diseases because of their ability to elicit botmhbral and cellular immune responses (Liu
2011), whereas vaccination with traditional profeased vaccines elicit only antibody
mediated (humoral) immune responses and oftenneypromoter injections (Berzofsky et
al. 2001; Robinson 2007).

Moreover, traditional vaccines are expensive akd talonger time to produce, while rapid

and large-scale DNA vaccine production is availadtleconsiderably lower costs. DNA

2
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vaccines are also fairly stable at room temperatoreease of storage and transportation
especially in poorer countries without advancedlifess, in contrast to a number of live
attenuated vaccines whose storage and global delare complicated as these vaccines
require to be kepin cold chainwhen transporting them to remote areas (Liu 20I1).
addition, using a recombinant DNA technology, DN&ceines are constructed to encode
several antigens or proteins that can be deliverdide host in a single dose.

The field of genetic vaccines has been limited tsy deficiency in safe and effective
delivery systems, although various methods hava beed in the gene delivery challenges.
Viruses represent highly evolved natural vectorgtie transfer of foreign genetic material
to cells (Kay et al. 2001Because of the safety concerns regarding viral gentors, non-
viral gene delivery systems have become the subjaatense examination for the last 15
years. Howevermany different modalitiesof non-viral gene delivery have proven to be
inefficient for the rapid and specific accumulatioinactive gene vectors on the target cells.
For this reasorg novel means of physical targeting, exploiting neg forces acting on
the nucleic acid vectors which are associated miflgnetic particles, in order to mediate
the quick contact of vectors with target cells ndmeagnetofection has recently been used
for gene deliveryn vitro andin vivo (Dobson 2006).

In magnetofection, magnetic nanoparticles needamate surface fabrication to connect
with gene complexes and also increase their dhalmlisolution. The stability of magnetic
nanoparticles in biological fluid can be improvedrodifying their surface using several
materials including both inorganic and polymerictenials in order to increase repulsive
forces between particles, thus balancing magneticvan der Waals attractive forces (Wu
et al. 2008). A highly positively charged agentrsas polyethyleneimine (PEI) cationic
polymer has advantages over other polycationsahitireadily associates with negatively
charged DNA accompanied by intrinsic endosomolgttvity (Lungwitz et al. 2005). PEI
has been suggested as a promising transport vdhbicke non-viral gene delivery system
because of its capability to destabilize endosanehbrane by the so-called proton sponge
effect resulting in endosomdisruption and DNA release from endosomes (Bouets#l.
1995; Behr 1997).
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1.3 Research motivation

The asexual intraerythrocytic stage of the maléféacycle is totally responsible for all
clinical pathologies associated with the diseadd|enthe number of injected parasites is
low in the initial stage of infection. For theseasens, developing an effective asexual
blood stage vaccine provides a good opportunityadtivate the immune response and
eliminate the parasite

One target for growth-inhibitory antibody is the mi@ane associated 19-kDa COOH
terminal fragment of merozoite surface protein (MSP that plays a crucial role in
Plasmodium immunity, it is the first and best characterizefl many proteins on the
merozoite surface that are being targeted for wacdevelopment (Diggs et al. 1993; Good
et al. 1998; Thera and Plowe 201@)SP1 is found in alPlasmodium species and it is the
most abundant protein. It is synthesized as a higlecular mass precursor (approximately
200 kDa) during the merozoite maturation stagedmsed blood cells RBCs and deposited
on the surface of infected cells. Antibodies agaMSP1 g interrupt important proteolytic
steps during the process of RBCs invasion whiclidyee only the small carboxyl-terminal
19kDa domain MSP3on thesurface of infected RBCs (Blackman et al. 1990)s domain
remains membrane bound and it anchors to the mié&eozgurface via a
glycosylphosphatidylinositol (GPI) (Gilson et al0@b) (Figure 1.2). MSR4 contains
epidermal growth factors (EGF) like domain thatisra tightly packed, disc-like structure

and contains protective epitopes (Morgan et al91.99
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Signal EGF-like EGF-like

peptide . ) Domain#l Domain#2  GPI
Full merozoite surface proteml(MSPl) Anchor

MSP1-19 fragment from full MSP1

Figure 1.2: Schematic figure of derived MSPis. MSP14is a final product of proteolytic
cleaving of MSP1 during «chizogony and merozoite maturation.This small carboxyl-terminal
19kDa domain (MSP1,) remains membrane bound and it anchors to the meroiie surface
via a glycosylphosphatidylinositol (GPI).MSP1,4 contains epidermal growth factors (EGF)
like domain that forms a tightly packed, dis«like structure and contains protective epitope:

1.4 The researct aims and thesis outline

The main ainof this projectis to employthe principle of magnetic targetirof the gene
vector to improve thelelivery of the malaria DNA vaccine. A promising candidate a
carrier for themalaria DNA vaccine is biocompatible magne(Fe;O4) superparamagnetic
iron oxide nanoparticle(SPIONs)with suitable size and appropriate surface chewi
Magnetic nanopatrticles conjugated wthe DNA vaccines arexpected to provide a bet
delivery of themalaria vaccine by applyinan external magnetic fie during gene

transfectionn vitro andin vivo.

1.4.1 Specific research aims

» To utilize superparamagnetic iron oxide nanopa$icl(SPIONS) coated witt
polyethylenimine (PEI), specifilly by studying theeffects of SPIONPEI complexation
pH (acidic and neutral) conditions on resultingesigurface charge, DNA binding, a

gene transfection efficiency of magnetic gene wsatwCOS~ cell line«in vitro.

» To investigate thein vivo immunogenicity of malaria DNA vaccinati delivered

usingSPIONs/PEI/DNAcomplexes via different routes of immunizatis
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» To generate stable magnetic gene vectors with dendells (DC) targeting
functionality in different cell media. This was dohy investigating the effects of assembly
order for configurations comprising SPIONBEI, hyaluronic acid (HA), and DNA, on
vector size, surface charge, stability, abilitybind and release DNA, DNase I-sensitivity,

and resistance to polyanion-mediated dissociation.

» To understand the effects of combining low and higblecular weights of HA at
different charge ratios for SPIONs/PEI/DNA-HA compés on stability, cytotoxicity, and

dendritic cells (DCsjransfection / maturation efficiency vitro.

1.4.2 Thesis outline

The thesis is organized into 7 sections:

Chapter 2: Literature review

This chapter presents a comprehensive review of DalZines, the malaria DNA vaccine
and DNA delivery strategies, focusing on magnetoaparticles applications as a gene
carrier, synthesis of magnetic particles, surfaaaification of magnetic particles with

different materials in general and polymers in #pecand surface modification of these

particles with polyethyleneimine for gene delivery.

Chapter 3: Superparamagnetic Nanoparticles for Effetive Delivery of Malaria DNA

Vaccine

This chapter describes the effects of SPIONs/PEhptexation pH (acidic and neutral
conditions) on the resulting SPIONs/PEI/DNA vectire, surface charge, ability to

condense DNA and gene transfection efficiency irS&Ccell linesn vitro.
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Chapter 4: Effects of administration routes onin vivo immune responses for malaria

DNA vaccination with magnetic gene vectors

This chapter demonstrates the impact of the mafgwion technique on the
immunogenicity of malaria DNA vaccination condensedSPIONS/PEI/DNA complexes
via different routes of administration, in homologo(DNA vaccination alone) as well as

heterologous (DNA prime-protein boost) regimens.

Chapter 5: On designing stable magnetic vectors as carriersifonalaria DNA vaccine

This chapter shows that the assembly of differeagmetic gene vector configurations
consisting of SPIONSs, PEI, HA, and DNA as carriersmalaria DNA vaccine affected the
vector size, surface charge, stability, and abtlitypind and release DNA in different cell

media.

Chapter 6: Design of magnetic polyplexes taken upffeciently by dendritic cell for

enhanced DNA vaccine delivery

This chapter reports a novel quaternary systemRIDSs/PEI/DNA-HA malaria gene
complexes to target and transfect dendritic cell. B@ecifically studies were conducted
based on using different molecular weights of HAhwdifferent % charge ratios of HA:
PEI to understand their effects on stability, cgkitity, and DC transfection / maturation

efficiency of the complexes.
Chapter 7: Conclusions and Recommendations
The conclusion based on the major findings frons tAhD project is presented, with a

recommendation for further investigations in theldiof malaria gene delivery using the
magnetofection technique.
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CHAPTER 2

Literature Review

2.1DNA vaccine

The first scientific investigations of vaccinatiomere explored over 200 years ago by
Edward Jenner (1798), when he showed that prewdiougpox infectionprotected people
from smallpox infection. Although in two centuries oéttlevelopment and widespread use
of vaccines against a great variety of infectiogerds has been achieved throughout the
world, there are only 27 human diseases avoidaphlabcination (Gurunathan et al. 2000;
Nguyen et al. 2009). Vaccines against such dangepathogens including tuberculosis,
malaria, human immunodeficiency virus (HIV) areheit ineffective or unavailable
(Hilleman 2000). One of the main obstructions foccessful vaccination against the
previous infectious agents is the requirement tivaie cellular immune response for
protection. Thus, stimulating cell-mediated immuasponse which suppresses and clear
intracellular pathogens are a highly desirable @sec Though all currently licensed
vaccines are capable to induce a humoral immun@onsg, only vaccines derived from
live attenuated organisms are able to efficientiijglate cellular immunity. It should also
be noted that many of the live attenuated vaccamesprohibited by practical restrictions
such as manufacturing and safety concerns (Guranakiinman et al. 2000).

The observation that the gene expression of nakédl @ncoding several different reporter
genes via direct intramuscular injection in the eniast decade by Wolf and coworkers
(1990) offered an attractive alternative to theditranal vaccine strategy and generated
considerable argument in the vaccine community (@athan, Klinman et al. 2000).
Therefore, the demonstration over the last dechdetaDNA vaccine's ability to elicit a

protective antibody and cell-mediated immune respsnn a wide variety of preclinical
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animal models for viral, bacterial, and parasitisedses has caused considerable
enthusiasmin the vaccine community. In addition, the majalvantage of the DNA
vaccines at the immunological level is their capgbio induce antigen-specific CD8T-

cell including CTLs, which is an important mechamisf protection against intracellular
pathogens (Gurunathan et al. 2000).

Gene-based vaccination might provide several inapbrbenefits over the traditional
vaccine:

» In a typical DNA vaccination protocol, the antigennot given to individuals but
DNA encodes the antigen in order to produce th@eantof interest inside the body’'s own
cells. After immunization potent antigen-presentcedls (APCs) such as dendritic cells
(DCs) usually uptake the DNA molecules and trabscrine gene. Fragments of the
expressed protein are presented by major histodimijpp complexes to stimulate
immune response toward both antibody and celladanune responses (Forde 2005).

» DNA vaccines can be easily manufactured with lost @nd are easily stored under a
vast array of conditions either dried or in a dolut This eliminates the need for the "cold
chain" to maintain the stability of the vaccine idgrdistribution. In addition, the ability to
rapidly and cheaply produce a DNA vaccine from eaat using a relatively simple
procedure, makes DNA vaccine an attractive approactaccine development (Forde
2005; Listner et al. 2006).

2.1.1 DNA delivery strategies

The conventional viral gene delivery system hasarg@éat progress in comparison to non

viral gene delivery system because of its extrenmtabh transfection efficiency and
capacity for treating a wide range of diseasesdi/ei al. 2008). However, the use of viral
vectors has raised serious safety concerns ingltedf gene therapy due to immunological
complications, insertional mutagenesis, narrow @amgpacity, and also large-scale
production difficulty with high manufacturing costévoigt, Izsvak et al. 2008).

Furthermore, the viral gene delivery system laglecHic targeting on the cell membrane
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which may cause local inflammation at the siteled injection, and even rapid removal
from the blood stream by the immune system. Allhelseproblems and riskprevent gene
therapy using viral vectors (Patil et al. 2005).

Another method to introduce therapeutic genes ¢otdinget site is by systemic circulation
or direct injection of naked DNA into local tissu@dorn et al. 1995). In spite of the
simplicity of this method, very few copies of thegatively charged DNA can pass through
similarly charged cell membranes because of elsttic repulsion. Naked DNA is also
being degraded by nuclease and substantially rednowehe first-pass of the liver (Pouton
and Seymour 2001). Therefore, these all might redbe intracellular uptake of naked
DNA (Pathak et al. 2008).

Many delivery systems have been developed to owscine barriers associated with the
delivery of genetic materials. At present, a nomvdelivery system is being increasingly
used because of its engineering simplicity (He le2@10). The use of non-viral gene
vectors allows the design of multivalent carrierbiala can integrate many functional
components with different tasks. Therefore, it bansaid that the best gene vector should
raise the efficiency and undermine the drawbacksrag vectors.

Non-viral gene delivery systems include physical thnds i.e., microinjection,
electroporation, magnetofection, hydrodynamic press techniques, and particle
bombardment (Luo and Saltzman 2000; Mehier-Humbad Guy 2005), and chemical
methods which can be classified into two major sygepending on the nature of synthetic
materials: 1) Polymeric delivery systems and Ulposomal delivery systems (Patil,
Rhodes et al. 2005).

There are abundant physical techniques to introdyeees inside the cells such as
mechanical and electrical methods (von der Leyes.et999). For example, Stechschulte
and colleagues (2001) injected naked plasmid DNAeurpressure using a24dnch 33-
gauge needle with a 30° bevel on a 10-ml gas sigtihge into the corneal stroma of albino
mice. Another technique for introducing naked DN#oi the cell is microinjection in
which the genetic material is inserted directlyoirthe cell nucleus by microneedles
(McAllister et al. 2000). The direct insertion adrges into the nucleus makes this technique
conceptually simple and appealing in its approacthe gene delivery field however this
method has several drawbacks. Microinjection mehat only one cell at a time can be

11
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delivered by DNA, thus this method becomes impcattior manipulating large numbers
of cells especially fom vivo gene delivery applications. Other drawbacks are siod low
success rate of DNA expression since only a smatiber of cells can express the protein
(Luo and Saltzman 2000). As a result, these defogs make the microinjection technique
inapplicable for various biochemical assays.

Another technique for delivering genes is partlmenbardment which is also known as a
biolistic particle delivery system. In this methdalNA is coated onto the surface of gold
microparticles and fired at the surface of tissamg high gaseous pressure (Pouton and
Seymour 2001). The bombardment technique is popgnlahe DNA vaccination field.
However, it is restricted to a local expressiordelivering DNA in the dermis, muscle, or
mucosal tissue (Luo and Saltzman 2000). Electrdjporas also another effective method
for DNA vaccination against infectious agents (eldepatitis B virus, human
immunodeficiency virus-1) (Prud’homme et al. 200BY. using high-voltage electrical
current to insert DNA inside the target cells ttglbhuemporarily increase of cell membrane
permeability, thus allowing the direct access of ADolecules, and the extracellular
degradation pathway can be avoided (Liu et al. 200&leed,in vivo electroporation
dramatically increase the gene expression comparegk injection of free DNA. However,
this technique also induces a high level of celitaliy due to the high-voltage exposure
which couldlimit its clinical and therapeutic utility (Luo and Saltzn2000).

Chemical methods offer the advantages of @iy ease of production, and potential
safety over viral and non-viral gene delivery systeia physical methods (Lalani and
Misra 2011). The chemical structure of these vectdecides the efficiency of gene
expression. Therefore, the characteristics of tbe-wiral vectors can be manipulated
successfully to achieve high gene delivery by défifie processes, such as:

a) Neutralizing the negatively charged DNA moleculestoid charge repulsion with
anionic cell membrane and condensing the DNA mdéscin a compact structure
for appropriate transport through the plasma mengwend then to the nucleus of
the target cell (Vijayanathan et al. 2002).

b) Protect the DNA molecules against enzymatic degi@udrom both extracellular

and intracellular nuclease degradation (Wong €2G07).
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c) Facilitate DNA escape from the endosomes in®adytoplasm (Godbey et al.
1999).
d) Enhance DNA stability upon storage and reconstitytpreserve DNA integrity
and stability aftern vivo administration (del Barrio et al. 2003).

The development of a nano-carrier-based vaccimadtation has notably become one of
the newest areas of vaccine research. Differerdiesguverified that non-viral carrier
systems in a nanometer size were successfully ased transfection agent to deliver
nucleic acids for bothin vitro andin vivo applications (Vijayanathan, Thomas et al.
2002). A particulate delivery system for vaccinas de prepared with a wide variety of
materials including lipids, proteins, polymersgbatpolystyrene, gold , and silica (Xiang et
al. 2010).
Recently magnetofection has been successfully dsedgene delivery as a feasible
technigue in the wide range of cells, especiallyHard transfected cells such as primary
cells (endothelial cell) which have been practicadentified as resistant cell types to DNA
transfection (Krotz et al. 2003; Chapman et al.800
Different studies have demonstrated the dramatwrease in the cell transfection
accompanied by efficient gene expression throughkinmgagene vectors susceptible to
magnetic force (Plank et al. 2003). With this tagbe, gene vectors are associated with
superparamagnetic nanoparticles (SPIONSs) in omderediate rapid contact with the target
cells (Barcena et al. 2009; O'Grady 2009). The s@ad surface coating of
superparamagnetic nanoparticles can be tailoredrdiog to the specific biological
demand and the linkage between gene vector andhdheparticles can be designed
accordingly. However, the main concern of this teghe is that the magnetic particles
might show undesirable effects as foreign particgteghe bloodstream, rendering the
particles endocytosis by the body’s major defenggesn the reticuloendothelial system
(RES) which can result in their removal from blaoctulation (Berry and Curtis 2003). In
particular, the mechanism of interaction betweenrttagnetic nanoparticle and the blood
components depends strongly on the coating materahagnetic nanoparticles. Without
appropriate coatings, these particles after irpecare rapidly covered (opsonization) by
macromolecules such as plasma proteins and glytmpran the blood circulation and

removed by the immune system (Berry and Curtis 003
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Size is a key parameter in clearance of magnetidictes. Following systemic
administration larger particles with diameters ¢gedhan 200 nm usually accumulate in
organs with high phagocytic activity, such as lieerd spleen as a result of mechanical
filtration, and finally they are removed by the pgbaytic cells (Gupta and Gupta 2005;
Colombo et al. 2012). In contrast particles belo®+15 nm can be rapidly removed
through extravasation and renal clearance (Figure Zhe optimal particle size for gene or
drug delivery treatments ranges between 10 to 180 since in this size range these
particles are small enough to evade RES of the lbodyat the same time able to penetrate
through very small capillaries within the body tiss, thereby offering the most effective
distribution in certain tissues (Gupta and Well§40

The process of magnetic particle capture and rettogrby the immune system is a big
concern forin vivo application which can be modulated by size antasarmodification to

ensure particles biocompatibility and stabilitythe RES (Gaur et al. 2000).

>200 nm
Accumulation
in liver and spleen

<5.5nm
Removable
through kidney

Figure 2.1: Large magnetic particle (>200 nm) is uslly sequestered by the spleen and livers
a result of mechanical filtration and are eventualy removed by the cells of the phagocyte
system, while very small particles (<10 nm) can beeared through the kidneys. The optimal
particle size for drug and gene delivery treatmentsanges between 10 to 100 nm, as these will
have the longest blood circulation time (Colombo, @rregal-Romero et al. 2012).
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2.1.2 Malaria DNA vaccine

The main goal of the malaria vaccine research ideieelop a vaccine that prevents the
most naive recipients from developing any clinisginptoms of disease after exposure to
P. falciparum, and to prevent infected peogtem developing severe disease and possible
death by limiting the effects of blood stage iniect There are two major approaches for
malaria vaccine development: the first is for acuae designed to prevent any clinical
symptoms of malaria through stimulating cytotoxicélls to destroy all the infected cells
in the liver before the parasite has a chance ttiphu(Tuteja 2002). The second approach
is for a vaccine designed to prevent morbidity amoktality rate by preventing parasite
replication and invading red blood cells after tharasite leave the liver, reducing
cytoadherence, and/or inhibiting the effects oficomaterials released by the parasite
(Doolan and Hoffman 2001).

Vaccination with DNA is a recent technology posseggromised benefits over traditional
vaccines (killed or attenuated pathogens) becatiseeo demonstrated ability to induce
preferentially CD8+ T cell immune responses whieveéhbeen difficult to induce by the
more traditional vaccines (Liu 2011). The first mising study for malaria vaccine was
during the 1970s, when Nussenzweig et al. (196pprted that immunization with
radiation-attenuateBlasmodium berghel could provide protection against challenge with
fully infectious sporozoites to about 67% in thgeated mice compared with control. Many
of the basic works carried out on rodent malariaeteprovided an importanhformation

to irradiated sporozoite vaccine-induced protectiod also led to an increase the number
of candidate vaccines (Nussenzweig and Nussen@8§; Hoffman et al. 1996; Hoffman
and Miller 1996). Though there is an enormouslygéamumber of malaria research
projects, a significant number of these studiegetathe elimination of parasites before they
reach the blood stage (Matuschewski 2006). Sincee nmoortality and morbidity are
associated withP. falciparum, developing an effective vaccine against this gisgamight
lead to eradicate this disease in a lot of makandemic areas. RTS,S is the world’s most
advanced malaria vaccine candidate agdmdtlciparum (Heppner et al. 2005). It is a
yeast-expressed subunit recombinant vaccine, ithwii falciparum surface protein of
circumsporozoite (CS) has been fusedhe pre-S2 region of tHeepatitis B virugHBV)
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surface antigemas a matrix carrier and the hybrid protein exprésse transformed
Saccharomyces cerevisiae yeast cells (Regules et al. 2011). This recombimamjected
along with the potent AS02 lipid emulsion adjuvéBallou 2009). To date, the majority of
clinical trials of this vaccine has used a formlatknown as RTS/AS02, which has
shown evidence of safety in all age groups andeptivee efficacy against the CS protein.
The history of the development of the AS02 adjuvayétem combined with malaria
vaccine antigen RTS,S has been reviewed in detdddycon et al. (2003). Recently, a new
formulation known as RTS/&S01, in which the lipid emulsion vehicle was replaced by a
liposomal one and this system has been describedeamost developed and clinically
validated malaria vaccine formulation which has #imlity to induce higher levels of
antibody and Thl cell-mediated responses agairestPthfalciparum circumsporozoite
protein CSP (Mettens et al. 2008).

DNA immunization against the malaria parasite hasnbextensively studied especially
when the sequence of the falciparum genome was published in 2002, providing the
foundation for new drug and vaccine targets (Gardhal. 2002).

The early studies of DNA vaccine were establishedtbdying the immunogenicity of four
differentP. falciparum pre-erythrocytic stage DNA vaccines in mice (Healstet al. 1998)
and rhesus monkeys (Wang et al. 1998). In earB419edegah et al. observed that the
immunization of mice with plasmid DNA encoding aegerythrocytic stag®lasmodium
yodlii antigen PyCSP stimulate antigen-specific Gfy®toxic T lymphocyte (CTL) and
antibody responses that confer protection agaipstogoite challenge (Sedegah et al.
1994). The pre-erythrocytic stage vaccine wouldekpected to considerably reduce the
early blood stage parasite burden and consequdrglyamount of the following asexual
stage magnification (Doolan and Hoffman 2001). Bieeaof the complicated life cycle of
the parasite (Figure 2.2) and many candidate vasdirave shown poor immunogenicity
with ineffective capabilities to stimulate immunesponse against this lethal disease,
therefore other stage vaccine are required to geovsustainable' protection against

malaria.
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Figure 2.2: Life cycle ofPlasmodium falciparum (Kumar et al. 2002).

Blood-stage malaria vaccines aim to diminish thexaal parasite burden through
inhibition of merozoite invasion by antibody immuresponse or infected erythrocytes by
cytoadhesion (Matuschewski 2006). Among differgqes of vaccines, DNA vaccine has
emerged as a potentially practical approach forptexention and treatment of malaria
infection because of its ability to elicit both haral and cellular immune responses (Liu
2011). Different strategies have been followedhia quest of developing the DNA malaria
vaccine, including the inhibition of the parasiplication by targeting a number of surface
proteins of merozoites (Tuteja 200different antigens expressed on the surface of
invasive merozoite oPlasmodium sp have been revealed to be targets of inhibitory
antibody function, therefora number of studies have been done on the immuamity
vaccine approaches of these antigens (Diggs, Batoal. 1993; Richie and Saul 2002;
Sachs and Malaney 2002).
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Of particular interest among the potential vacaaadidates, membrane-associated 19-kD
COOH-terminal fragment of merozoite surface protdi@P1 molecule has been the focus
for malaria DNA vaccine development. MSPis one of the leading malaria blood-stage
vaccine candidates (Holder and Freeman 1984; DBgiou et al. 1993; Good, Kaslow et
al. 1998).

MSP1 molecule is present in most species of maparasite as a major component on the
merozoite surface which is carried into red bloetiscRBCs during merozoites invasion
(Hodder et al. 1996). Several vitro andin vivo studies have revealed that M$®ik the
target of protective immune responses against asddood-stages of malaria parasites
(Daly and Long 1995; Kumar et al. 1995; Tian et #)97) and the antibodies against
MSP1, are thought to act through direct inhibition of romoite invasion into the RBCs
(O'Donnell et al. 2001).

High levels of specific antibodies against Mgfare required for the development of
current DNA malaria vaccine candidates which cquievent the secondary processing of
MSP14 precursor molecule and formation of MS&JAntibody response against MSg1
hampers merozoites dispersion throughming immune clusters of merozoites (ICM)
(Lyon et al. 1989)and also stimulate monocyte-dependent antibodyiated protection
mechanism against the parasite (BouharountayounDanthe 1992). Consequently, all
these mechanisms can effectively inhibit merozameasion of RBCs (O'Donnell, de
Koning-Ward et al. 2001).

Along with the development of a non-viral gene d&ly system, scientists have used
different materials for gene delivery. For idealngedelivery systems, the gene vector
should satisfy the requirements of successful ¢ettalar transport, safety of the host,
resistance to the enzymatic degradation and spetdfigeting ability intoin vivo
applications. Various non-viral vectors have betlized to deliver genes in different kinds
of cell linesin vitro, including lipid-based and polymer-coated genetarsc(Park et al.
2006). Inoculation of nanoparticle- or cationiadifformulated plasmid DNA has enhanced
antibody responses and protection from malaria athér diseases (Sakai et al. 2003;
Helson et al. 2008; Boyoglu et al. 2009). Using woal gene delivery system for the
malaria vaccine, Vaxfectllf (a cationic lipid based formulation) has been shawn

enhance a robusin vitro T cell and antibody response against DNA vaccereondingP.
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falciparum antigen MSP1 (Sedegah et al. 2010). In additios, gystem also improved the
immunogenicity and protective efficacy of plasmidN® vaccine encoding the. yoelii
circumsporozoite antigen PyCSP, either as a sthrskanalaria vaccine, or as a priming
component of a heterologous prime-boost regimeh witombinant attenuated vaccine
vivo (Sedegah et al. 2006). High levels of gene exmess vitro were also generated with
biodegradable poly (lactic-co-glycolic acid) (PLGA)icroparticles of a malaria DNA
vaccine encoded th®. yoelii merozoite surface protein 4/5 (PyMSP4/5) (Liulea09),
presumably due to narrower particle size distrdouti(0.8-1.9 pum) and high DNA
encapsulation efficiencies (82%—96%). The samemsubsequently reported high levels
of gene expression and moderate cytotoxicity in GQ®lls using a similar carrier but this
time with plasmid DNA encoding PyMSRIl formulated via ultrasonic atomization
technique (Liu et al. 2010).

More recently, covalently conjugated merozoite acefprotein MSP1 of. falciparum to
polymer-coated quantum dot CdSe/ZnS nanopart{€é3s) used as a vaccine delivery
system was found to have 2-3 log higher antiliddhs compared to those obtained with
MSP1 administered with conventional adjuvants sagiMontanide ISA51 and complete
Freund’s adjuvant CFA (Pusic et al. 2011). In ddditintravenous administration of newly
designed an anionic ternary complex of polyethytene andy-polyglutamic acid with
plasmid encoding MSP1 &?. yoelii (pVAX-MSP1/PEIf-PGA) recorded a significantly
higher level of immune responses and partial ptaiedrom lethalP. yoelii challenge
infection as compared to the naked DNA (Shuaib@ale2011). The same group later
examined the immunostimulatory effect of DNA/BEIRGA nanoparticle coated plasmid
encodingP. yodlii MSP1-C-terminus in C57BL/6 mice using three difar routes of
administration; intravenous (i.v.), intraperiton@gb.) and subcutaneous (s.c) (Cherif et al.
2011). After priming and boosting twice at 3-weetervals then challenging 2 weeks,
100%, 100% and 50% mean of survival was obselmedhmunized mice with coated
DNA vaccine by i.p., i.v. and s.c., respectwdrurthermore, coated DNA showed
significant immunogenicity and elicited protectivéevels of antigen specific
immunoglobuline 1IgG and its subclass with an iase=l proportion of CD4+ and CD8+

T cells, INF-yand IL-12 levels in the serum and theuwrell splenocyte supernatant.
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2.2Bioapplications of magnetic particles

The concept of superparamagnetism of magnetic raklten the nanometer - size range
was considered by Frenkel and Dorfman in (1930gyTiirst speculatedhat a particle of
magnetic material, below a size < 15 nm, would casepa single magnetic domain, i.e., a
particle that is in a state of uniform magnetizatad any field, and their speculatioras
confirmed bysubsequenstudies. A particle of the magnetic material at tla@o-scale is
known to exhibit superparamagnetism, or the lacknagnetic memory, i.e. they are only
magnetized in the presence of a magnetic field.s Tl@ature is a desirable for
bioapplications because the unfavorable effect ethusy permanent magnetic-force-
induced aggregation to biomolecules, e.g. confaomat changes, is avoided. As well,
these particles maintains well disperse stabilibhder aqueous conditioasid do not retain
magnetism upon removal of the magnetic fiéBthmidt 2001). The covering of these
nanoparticles with appropriate coating materialsilancrease their hydrophilicity and
long time stability inside water-based solutiongniong ferrofluid. Magnetic fluids as a
result of their composition have distirmimbinations of fluidity andbility to interactwith

a magnetic field (Khalafalla and Reimers 1980; HamR9§03). For that reason, these
ferrofluids can be used for different bioapplicasdncludingin vitro andin vivo.
Bioapplications of superparamagnetic nanoparticlekide in vitro applications such as
cell labeling and magnetic separation (Kularatnal.€2002), cell separation (Prestvik et al.
1997), magnetically enhanced nucleic acid deliy@gherer et al. 2002), whil@ vivo
applications include drug and gene delivery (Lubbal. 1996; Lubbe et al. 2001; Scherer,
Anton et al. 2002), hyperthermia (Nielsen et al020Q MRI contrast agents (Bulte et al.
2001; Gade et al. 2008; Ramaswamy et al. 2009)tiasde repair (Bulte, Douglas et al.
2001). In order to apply magnetic fluids in anyitro andin vivo applications, the stability
of these colloids is of the utmost importance. Bropatibility, size distribution, toxicity,
surface properties, and various other parametetbeoparticles should be considered in
advance as well.

Magnetic nanoparticles have large surface area dlmme ratio, therefore due to
hydrophobic interactions in the absence of coatwagerials these particles tend to interact

with each other producing a large agglomeratioreséhclusters then exhibit ferromagnetic
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behavior (Hamley 2003; Gupta and Gupta 2005). Far ih vivo applications, the
opsonization and phagocytosis of these large agtgedy the reticuloendothelial system
(RES) are the main hindrance for particle uptaketdrget cells (Neu et al. 2005). The
agglomeration of the magnetic nanoparticles couldhér induce by strong magnetic
dipole—dipole attractions between them leadinght® blockage otapillarieswithin the
body tissues (Chollet et al. 2002).

For long term stabilityith long blood circulation time of magnetic nandpdes, often a
very high requirement of appropriate surface cgathdesired. The coated particle core
provides nanocontainer with magnetic propertiesjlevthe coating material offer (i)
protection against core agglomeration, (ii) chematgachment for different molecules, and
(i) resistance against non-specific protein agfon inside blood circulation. Some
coating materials such as a surfactant molecuéemolymer (anionic, cationic) are usually
added at the time of magnetic particle preparatioprevent aggregation of the nanoscale
particle (Gupta and Wells 2004). However, mosthafse polymers adhere to surfaces in a

substrate-specific manner (Mendenhall et al. 1996).

2.2.1 Magnetofection for gene delivery

Many viral and non-viral gene vectors have beereligped to introduce genes into the
target cells, which is the main requirement in gle@e therapy field. The efficiency of any
delivery system is mainly determined by the abibfygene vectors to overcome various
biological barriers that hamper the cellular emdfyherapeutic gene which may be broadly
classed as being of an extracellular and the ielitdar nature (Figure 2.3)The gene
vectors should satisfy the requirement of supetiansfection efficiency, resistance to
biological degradation, and excellent cell targgtin

The gene delivery process is mainly determinechleymhanner in which the gene moves to
and makes contact with the target cell, which esliimiting step under normal cell culture
condition.

The efficacy of the any gene delivery system isricted by three major aspects:

(1) Slow accumulation and low concentration of geeetors at the target cell culture (Luo
and Saltzman 2000).
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(2) Vector intracellular pathway and nuclear uptakbe glycocalyxe structure of some
types of target cell membrane may further hinderitiieraction between gene vector and
endocytosis receptors on the target cells (Arcasay. 1997).

(3) Rapid degradation by nuclease especiallyivo gene transfection (Barry et al. 1999)
and limited nuclear entry in non-dividing cell (Deet al. 2005).
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~
B l,z—\ polymer

52 g 5. 4
o o é Q Complexation of DNA
R, 5.° ]

Figure 2.3: Design requirements for gene deliveryystems include the ability to (A) package
gene molecules with compact structure; (B) gain delentry; (C) escape from the
endosomal/lysosomal pathways (D) transport througlthe cytoplasm and into the nucleus; (E)
facilitate gene expression.

To overcome these deficiencies, a new technologydé “magnetofection” has been
developed (Scherer, Anton et al. 2002; Mykhaylylalet2007). Magnetofection basically
depends on the concept of magnetic drug deliveay was developed by Widder, Senyi
and colleagues in the late 1970s (Senyei et alg;1@fdder and Senyei 1983). Magnetic
particles have proven to be a feasible method éga¢¢ any gene delivery vector up to
several hundred times and reduce the incubatiore tmaquired to achieve high

transfection/transduction efficiency (Scherer, Antet al. 2002). Magnetofection is
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universally applicable to viral and non-viral verstobecause it is extremely rapid and
specific technique for gene transfection with loaséin vitro and site specifiecn vivo
applications (Plank et al. 2003; Dobson 2006).

This technique is based on the coupling of DNA rooles with a non-viral transfection
reagent or virus vector to superparamagnetic magnahoparticles SPIONs (in some case
micropatrticles), and the complexes introduce im® target cell culture with a rare earth
magnetsuch as neodymium iron boron (Nd-Fe-B) magrdgposit underneath the cell
culture (Figure 2.4). This technique enhances #tnsentation of the gene complexes to
come close to the cellular level in the culture rmagdonsequently accelerating the cellular
uptake of gene and transfection kinetics (Schémeton et al. 2002).

magnetic
vector ]

magnetic field
directs vector

towards target cells

magnetic platé

Figure 2.4: Scheme of the magnetofection for genelivery in vitro. The vector is attached to
magnetic nanoparticles, which are added to the cetlulture under magnetic field (Schillinger
et al. 2005).

Magnetic nanoparticles offer abundant opportumtypiomedical applications. First of all,
their characteristic sizes range from a few nanerseb ten nanometers, placing them at

dimensions analogous to the size of a virus (20-/8)) a protein (5-50 nm), a cell (10—
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10Qum), or a gene (2 nm wide and 10-100 nm long) (Kysh 2010). Secondly,
nanoparticles are magnetic and obey Coulomb'swdwch means they can be directed in
any direction by using an external magnetic fielddgent. For instance, fdn vivo
applications the nanoparticles can be localizeéng internal target organs by using a
strong external magnetic field. Thirdly, magnetanaoparticles also have a large surface
area, if it is properly engineered with an appraggriactive surface groups, they can be
easily shipped and targeted to any special biokbgiarget. Moreover, coating these
particles with appropriate materials produces stablloids that could be dispersed in any
physiological solutions.

Through magnetofection, the expression of certaimeg has been shown to increase up to
hundred fold (Krotz, Sohn et al. 2003). AdditiogalScherer et al. (2002) demonstrated
that the association of DNA vectors with superpa@netic nanoparticles increased the
transfection efficiency of a number of commerciednsfection reagents vitro and
reduced the duration of gene delivéoyminutes. The impact of various cell lines incigola
with transMAG™® (polyethylenimine (PEI) associated superparamagniebn oxide)
exposure to the magnetic field (Nd-Fe-B magnet)lfarmin was investigated by (Huth et
al. 2004) usingtransmission electron microscope (TEM). The cefigrafive minutes
exposure to the external magnetic field startedetcelop small finger-shaped extensions or
narrow lamellae on the cell surface around theigest especially in the parts where the
particles attached. These cellular protrusionsosund the particles during uptake and after
15 min there are particles found within the celp(fFe 2.5). The results of this study also
showed that the cellular entry mechanism of the d@ated SPIONS/DNA complexes were
mediated via endocytosis which & similar mechanism to PEI/DNA complex cellular
entry. More specifically, Arsianti et al. demonsgtdh that the cellular entry mechanism of
the SPIONs vector under magnetic field was medigatactlathrin endocytosis (Arsianti et
al. 2010). This group also confirmed that despiféeint vector component assemblies
(mixing order) comprising SPIONs, PEI, and DNA, thikse vectors were taken up by the
cells through the similar clathrin-mediated endosig mechanism. These results indicate
that the magnetic field does not directly alter ttedlular uptake mechanism of these
particles, but just accelerates the sedimentatiomagnetic particles on the cell surfaces

(Huth, Lausier et al. 2004; Arsianti, Lim et al.1®). A similar conclusion was drawn by
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(Ang et al. 2011) who investigated the mechanistmafnetic gene transfection using
modified forms of standard (normal) magnetic tran8bn protocol, namely reverse and
retention magnetic transfection under magnetidfi€he results of the normal, reverse and
retention magnetic transfection experiments shotatithe highest transfection efficiency
was achieved in normal magnetic transfection magke td clustering of the SPIONS/PEI
particles on the cells whereas the particles wergoumly distributed in the reverse
magnetic transfection (Figure 2.6). According tes results together with cell wounding
assays, this group suggested that the mechanismaghetic transfection is endocytosis
rather than cell wounding (Ang, Nguyen et al. 2011)

By applying magnetofection, high gene expressiontEmachieved in a short duration time
with remarkably low dose thatan help toavoid cell toxicity of thegene complexes
(Gersting et al. 2004)Magnetofection technique is a powerful tool ire thene delivery
field especially forin vivo applications where very short duration time isureefd for high
gene delivery before rapid filtration or systematiearance takes place followed gene

complex injection.
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BT s
Figure 2.5: Electron microscopy for cellular trafficking of transMAG ¥ particles exposed to

the magnetic field for (A) 1 min, (B) 5 min, (C) 15min and (D) 15 min with further 24 h
incubation. Arrows indicate transMAG "' particles (Huth, Lausier et al. 2004).
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Figure 2.6: Typical optical micrographs showing thePEI/SPIONs distribution under (A)
normal and (B) reverse magnetic transfection. PEI/BIONs aggregates can be observed to
cluster onto cells in (A), but are homogeneously slributed throughout the well in (B). The
aggregate size of PEI/SPIONs in the normal magnetizansaction was larger than that for
reverse magnetic transfection (Ang, Nguyen et al021).

It has been shown that during the transfection ggedhe type of applied magnetic fields
could noticeably influence the transfection potenéy considerable increase in the
transfection efficacy has been reported when thedtation of SPIONs with gene vectors
were added to cells in the presence of static (peemt) magnetic field (Scherer, Anton et
al. 2002; Gersting, Schillinger et al. 2004; Hutlgusier et al. 2004)The magnetic
gradient fields of the device are strong enougbettiment the magnetic vectors on the cell
surfaces possibly within a few minutes. WHibe better transfectiora novel technique of
combining a pulsating magnetic field to a stateldihas been achieved by (Kamau et al.
2006). This group coupled DNA fragments (PCR prégiaontaining sequence encoding
green fluorescent protein wigolyethylenimine-coated SPIONBhe transfection has been
done by applying a pulsating magnetic field for B fefore or after placing the cells on
the static magnetic plate for 20 min. The presasicthese two types of magnetic field
elevated the transfection dramatically up to 40emvhen compared with the cells not
exposed to magnetic fields. The efficiency of tihghihgene transfection was attributed to
the fluctuation of nanoparticles in horizontal, pemdicular and oscillating movements
within the pulsating magnetic field on the cellfage. The movements of particles seemed

to enhance the particles transfer across the celinmane. The further increase in
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temperature on the surface of dynamic magneticepgénerator could also contribute to
enhance the gene transfection level (Pipes eD@b)}2

For biomedical applications, the size, charge antase chemistry of magnetic particles
are particularly important factors. The interndiiaa and blood circulation time within the
body greatly depend on the size of magnetic namicfes. In vitro, superior gene transfer
rates were observed by Chorny et al. (2007) withelasize magnetic nhanopatrticles in the
range of 375 nm compared to 185 nm or 20 nm. Fathntthe large sized particles may
have ability to escape lysosomal localization agldase DNA in the pronuclear zone. In
the same domain, higher gene transfection poteditigeed by (Kamau, Hassa et al. 2006)
with the size range of 200-250 nm using PEI coatexfnetic particles after 5 min
exposure to the magnetic field. The high gene teation efficiency within the magnetic
field was attributed to the particle size sincegéarsized particles required less time to
sediment on the cells. These results correspondidother studies which confirmed the
efficiency of larger particle size on the gene $fantionin vitro (Sung et al. 2003;
Gersting, Schillinger et al. 2004; Huth, Lausier &t 2004). However, folin vivo
applications, injection of magnetic nanoparticlesaler than 1 mm in diameter not just
enables them to pass through small capillaries wbauild be just a few microns wide but
also transport them easily across the plasma membihe injected particles must be
small enough to exclude any risk of the blockagsméll arteries or capillaries. A broad
range ofin vivo gene delivery studies showed that the nanopastioiected intravenously
into mice result in gene expression that is stromgea lung than liver, heart, spleen, or
kidney, but this accompanied by high toxicity pmesibly because of the nanoparticles
accumulation in the lung, which thereby resultedeath for most of the animals within the
first 30 min (Wightman et al. 2001; Chollet, Favet al. 2002; Ito et al. 2008). The
agglomeration of magnetic nanoparticles could behér induced by strong magnetic
dipole—dipole attractions between the particleadileg to blockage of small capillaries
within body tissues (Gupta and Gupta 2005). Orother hand, smaller particles in the size
range (<15nm) are rapidly removed through extrai@sand renal clearance (Stolnik et
al. 1995; Gupta and Wells 2004). For that readom optimal particle size is from 10-100

nm, because it is small enough to avoid the reiendiothelial system and able to penetrate
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small capillaries within the body, thereby prolahg blood circulation time (Stolnik, lllum
et al. 1995).

2.2.2 Synthesis of iron oxide particles for biomedical

applications

In biotechnology the critical characteristics ofgnatic nanoparticles are their nano-scale
dimensions, magnetic properties, and ability taycaarticular biomolecules for specific
targetsStudies performed over the last decade with setgoak of iron oxides carried out
in the field of nanosized magnetic particles, amttregn maghemite;-Fe,O3, or magnetite,
Fe;04, which consist of a single domain of about 5-20inndiameter have been widely
used in the field of nanotechnology (Tartaj et28l03; Roca et al. 2009). Magnetite;6¢

is the most common magnetic iron oxide candidatealise its biocompatibility in
biological system has already been proved (Schveemimand Cornell 1991). This form of
iron oxide has stability in the water and physiatag saline under natural pH conditions
with large surface area that can be properly medifio attach biological agents
(Ankamwar et al. 2010). These nanoparticles wititable surface coating materials can
disperse properly in suitable solvents to produberaogenous suspension called ferrofluid
that permits further biochemical functionalization.

Numerous synthesis methods have been used to gradagnetic nanoparticles for bio-
applications including: Co-precipitation, microesiohs, polyols, sol-gel synthesis,
sonochemical synthesis, hydrothermal, hydroly$isfmolysis of organic precursors, flow
injection, and electrospray (Tartaj, Morales eR803; Laurent et al. 2010). These methods
have been used to prepare magnetic particles wemholgeneous composition and narrow
size distribution. However, the most common metfardsynthesis magnetite particles in
solution within the nanometer range is chemicaprezipitation technique of iron salts.
The Co- technique is probably the simplest and raffisient wet chemical routes to obtain
magnetic particles for biomedical applications (Guand Gupta 2005). This method
involves synthesis via co-precipitation of ferrard ferric salts in an alkaline solution by
the addition of a base such as concentrated ammohidroxide (NHOH) or sodium

hydroxide (NaOH) under non-oxidizing environment (@&s atmosphere) (Massart 1981,
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Massart et al. 1995). Control over size and shdpewoparticles depends on theFand
Fe’* ratio, the type of salts (e.g. Sulphate, nitratdpride, etc.) and the pH of reaction
media (Gupta and Gupta 2005).

One important feature of using iron oxide nanopbes in bioapplications is controlled
over the narrow size distribution and magnetic props of these particles. Recently,
Gupta and Wells (2004) produced iron oxide in nargize range with uniform chemical
and physical properties inside a non-polar solvamqieous cores of reverse micellar
droplets at low temperature (4 <08 in the presence ofNjas. The size of the inner core
of reverse micelles is in a nanometer range, sotiieaproduced particles will be in a very
small size (<15 nm) and narrow size distributiothwiigh magnetization value. The main
advantage of using a microemulsions system isdduwre particles with controlled size by

modulating the size of aqueous core (Munshi et@97).

2.2.3 Surface modification of magnetic nanoparticles for

biomedical applications

The stabilization of iron oxide nanoparticles is iemportant feature for obtaining stable
ferrofluid colloid with no aggregation in both baglical media and the magnetic field. Due
to the hydrophobic surface of magnetic particlethwi large surface area to volume ratio,
these particles in the absence of coating mateeald to interact with each other to form
large clusters, resulting in increase of aggregare. Strong magnetic dipole-dipole
interaction arises between these clusters when @&atiem comes in the magnetic field of
the neighbor and gets more magnetized displayimgrfeagnetic behavior. However, this
makes magnetic particles unsuitable for biomedgglications (Hamley 2003; Gupta and
Gupta 2005). For that reason, coating these naftidparis a key requirement of the stable
magnetic colloid solution. Some stabilizer suchaasurfactant or a polymer is usually
added during the time of preparation to prevegtregation of the particles, while another
added after synthesis of particles.

These coating layers here not only provide stgiititthe nanopatrticles in solution but also
help for binding various biological ligands on tparticle surface for various biomedical

applications. Many types of linkages were useddopte magnetic nanoparticles to the
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nucleic acids, and the simplest one is by employanghysical method based on an
electrostatic interaction between positively chdrgeagnetic particles due to the cationic
polymer coating layer and negatively charged nachaid. Various materials have been
used as protective coatings for the magnetic natiofgs, as discussed in the following

section.

2.2.3.1 Surface modification with non-polymeric organic stdilizers

Several authors have reported the adsorption ahatkulfonic, octadecanephosphonic and
alkanephosphonic acid surfactants on the surfatesnorphous F£; nanoparticles as
stabilizers for the particles (Yee et al. 1999;tEet al. 2001). While another study done
by Sahoo et al (2001) reported the use of oleid @A), lauric acid, dodecylphosphonate,
hexadecylphosphonate, and dihexadecylphosphateurdsctants to stabilize magnetite
nanoparticles with a 6-8 nm average diameter asgetdse them in organic solvents. This
study suggested that carboxylate surfactants peowid particles with better isolation and

dispersibility as compared to phosphonate surféstan

2.2.3.2 Surface modification with inorganic materials

Iron oxide nanoparticles can be coated with inoi@anaterials such as gold (Lin et al.
2001; Chen et al. 2003) (Figure 2.7A), silica (&pdt al. 2002; Zhang et al. 2007) (Figure
2.7B) and gadolinium (lll) (Morawski et al. 2004ljhese particles have an inner core of
magnetic particles and the surface metallic shélinorganic materials. The coating
materials not only increase magnetic particle ftghin solution but also help in binding
other biological ligands on the nanopatrticle suefar various biomedical applications.
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Figure 2.7: TEM images of (A) Gold-coated Fg, nanoparticles (Xu et al. 2008); (B) Silica-
coatedy-Fe,O3; nanoparticles (de Almeida et al. 2010)

2.2.3.3 Surface modification with polymers

Although different studies have focused on develgpsmall magnetic particles with

surfactants as a coating layer up to now, polynte@ed magnetic particles have also
received much attention. The major advantages iofgusolymer coating are increasing
repulsive forces between particles that generadllarice magnetic and van der Waals
attractive (Wu, He et al. 2008). In addition, pogmtoating on the magnetic nanopatrticle

surface offers a high potential in the applicatdiseveral fields.

A variety of approaches have been developed to coafnetic nanoparticles with
polymers, including 'in situ' coating during paisynthesis and post synthesis absorption.
For example Mahmoudi et al. (2009) have developed a co-pretipit method for iron
oxide nanoparticles in the presence of PVA polynpeoducing magnetic particles with
narrow size distribution and stable dispersiorhim PVA polymeric substrate. Althoug

situ coating technique can produce stable dispersibmmmicles in aqueous media with
small size, this approach may limit the crystatinof the formed particles that may
negatively affect their magnetic susceptibility (8&h et al. 2010). In addition, surface
modification of the magnetic nanoparticles with \@APpolymer by precipitation of iron
salts in different concentration of the PVA aquesalsition was also reported by (Lee et al.

1996), but they found that the crystallinity of matic nanoparticles decreases with the
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increasing of PVA concentration. A novel methodpoéparing uniform polymer coated

magnetic nanoparticles with polyethylene glycol @polymeric shell has been presented
by Gupta and Wells (2004) using an inverse microsiah polymerization process. Since
the absorption of polymer on the particles takes@linside small droplets of the aqueous
core of AOT/n-Hexane reverse micelles this methedgyuniformly encapsulate cores and
highly stable polymeric coating. More recentlysitu fabrication of magnetic gene vectors
in the presence of PEI polymer was also evaluatedShi et al. 2010) to study the

efficiency of magnetofection using PEI coated maigrgarticles in COS-7 celis vitro.

On the other hand, the post-synthesis modificationsists of adsorbing or grafting the
polymer on the surface of magnetic particles atey have been synthesized. The most
common coating materials for these nanoparticlgmolgethylene glycol (PEG) polymer.
PEG is the most widely used synthetic polymers iforvivo application due to its
hydrophilicity, biocompatibility, non-toxicity, neantigenicity, and non-immunogenicity.
The attachment of PEG contains, e.g., hydroxylnoina functional groups on the magnetic
particle surface increases their ability to evadgufment by the reticuloendothelial cells
or circulating macrophages, and at the same tim@nmie or eliminate blood protein
adsorption on the surface due to the natural chafgeEG, having better therapeutic
efficacy (Zhang et al. 2002; Gupta and Wells 208drve et al. 2008). In addition, it has
been verified that PEG-surface modification faatkis the particle internalization into the
cells resulting in a better cellular response (G@uphd Wells 2004). The possible
mechanism for this uptake is that PEG can disswivieoth polar and non-polar solvents
and has a high solubility in the cell membranesnf#aaki and Ito 1990). Various
polymers, e.g. polyvinyl alcohol (PVA), poly (lactco-glycolic acid),
polyvinylpyrrolidone (PVP), poly (vinyl alcohol) {EA), are typical examples of synthetic
polymers used for magnetic nanoparticles coatingléMet al. 1983; Ruiz and Benoit
1991; Kumar et al. 2006; Liu et al. 2007). Whilatural polymer systems include the use
of dextran, gelatin, chitosan, pullulan, etc. (Sidhwand Heide 1969; Jeong et al. 1999;
Massia et al. 2000; Berry and Curtis 2003).
The previous polymers have been often used astangounaterials mostly because of their
non-toxicity, highly biocompatibility, biodegraddiby, and their capability to increase the
stability and biocompatibility of the magnetic peles in the blood circulation (Lacava et
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al. 2001). The major approach in the gene deliwistem has drawn much interest on
coating magnetic iron oxide nanoparticles with wat@uble cationic polymer such as
poly-L-lysine, poly [2-(dimethylamino) ethyl methgtate] (PDMAEMA) or, in particular,
polyethylenimine (PEI) (Hu et al. 2009; ArsiantijniL et al. 2010; Wu et al. 2011).
Although several polymers display efficient DNA damsation properties, the high
positive charge density of cationic polymers leald® to increase the cell toxicity (Mintzer
and Simanek 2009).

2.2.3.4 Gene complexes modification with polyethylenimineREI)

The recent years have witnessed rapid developnierdmviral gene vectors based on PEI
and derivatives which possess properties addressetigery problems associated with
gene therapy. Polyethylenimine, is one of the pnemi examples among cationic
polymers for proficient gene transfection, oftemsideredas a gold standarttransfection
agent though it has appreciable toxicity (Godbey, Waletl999) High molecular weight
PEI has high gene transfection efficiency, botortunately this process @&companiedby

a high cytotoxic effect. The cytotoxicity of PEI islated to its high positive surface charge
and low biodegradability especially at high concatndn inside the cells, where it may
interfere with the cellular activity and cause dekkicity (Neu, Fischer et al. 2005). The
first successful polyethylenimine-mediated genadfar achieved by (Boussif, Lezoualch
et al. 1995), followed by using PEI derivatives itoprove the physicochemical and
biological properties of gene complexes (Godbey,aal. 1999; Neu, Fischer et al. 2005).
PEI polymer is known to form cationic complexestthan interact nonspecifically with
negatively charged DNA and enter the cell via egtlisis (Godbey, Wu et al. 1999). In
contrast to other cationic polymer, PEIl has higiinsfection efficiencies even in the
absence of endosomolytic agents such as fusogesptidps or chloroquine which
facilitates the cellular uptake (Kichler et al. 200

Polyethylenimine polymer comes in two forms: braggtland linear structure (Figure 2.8
It has a 1:2:1 ratio of primary/secondary/tertiamines in its structure, with every third
nitrogen being protonablet various pHsThis structure results in a polymer with a very

high positive charge density at various pHs (Eliy2005). PEI is also a classic example of

34



Chapter 2 Literature Review

a cationic polymer with endosome buffering capawityich is probably one of the most
important hypothesis to elucidate the high genestection efficiency obtained with this
polymer (Boussif, Lezoualch et al. 1995). The sleda‘proton sponge” hypothesis has
found widespread acceptance in recent years, amé poblications have challenged this
hypothesis (Behr 1997; Varkouhi et al. 2011) (Feg@ar9. In this case, PEI would be able
to buffer the interior of endosomes through accatmh of protons brought in by the

endosomal ATPase enzyme, which also results infarxiof chloride anions.

Figure 2.8: Chemical structure of branched (upperjand linear
(lower) polyethylenimine (PEI)

As a consequence, water rushes in endosomes teadedhe gradient resulting in swelling
and rupturing or leaking of the endosome membrantkethis allows the entrapped DNA
molecules to escape before lysosomal degradationocaur (Boussif, Lezoualch et al.
1995). Another mechanism for DNA endo-lysosomatape was reported by Bieber et
al. (2002), evidence of small local membrane damdges been observed using electron
microscopy which was linked to the direct interaotbetween PEI (molecular weight 800
kDa) and endosomal membrane. The authors suggistetbw molecular weight of PEI

(25kDa) also causes minor membrane damage, b times may be quickly resealed. In
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another study, the membrane damage was found tiefpended on the PEI concentration
used to prepare PEI/DNA complexes (Clamme et &320

The presence of multiple protonated amino groupthénPEI polymer structure increases
the interaction of the positively charged polycasiavith the negatively charged phosphate
groups in the DNA molecule's backbone producing lsraad compact transfection
complex. The gene complexes are readily endocytogeells via electrostatic interactions
of the polycation with the negatively charged améémbrane (Kabanov and Kabanov
1995). Once the complexes enter the endo-lysosoampartment, PEI protects the DNA
molecules from degradation and guides them effilyi¢n the nucleus.

An important part of polymer-DNA complexes transiec efficiency is the physico-
chemical properties of the gene complexes suchizas structure and surface charge.
Moreover, all these properties strongly depend loa nature of polycation such as
structure, molecular weight, charge density andggm-mass ratio of the polymer and
DNA molecules (Godbey, Wu et al. 1999).
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Figure 2.9: The proton-sponge hypothesis: H+ and €kntry into the endosomes leads to
osmotic swelling and finally to endosome rupture (drkouhi, Scholte et al. 2011)

Regarding the influence of the PEI differemblecular weight on various biophysical
characteristics of gene complexd@sseems that there is no significant differemcehe

surface charge determined by zeta-potential meawmure for complexes prepared with
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branched or linear PEI using the different moleculaight of PEI molecules, e.qg. linear 22
kDa or branched 25 kDa, compared to branched 808 &Da similar N/P ratio of 6
(Kircheis et al. 2001). Whereas, the same studystahat PEI/DNA complexes formed
with branched PEI (25 or 800 kDa) produced smdllr{th — 80 nm) or medium-sized (100
nm to few hundreds of nm) complexes depending enXNA concentration. However,
complexes formed by the linear PEI 22 producedrgel@omplex, and the size increased
with increasing incubation time (Kircheis, Wightmeainal. 2001). The same behavior of the
gene complexes was described by (Mady et al. 201g. authors showed that when the
molecular weight of PEI was increased, the DNA @msdtion ability and surface charge
density increased while the size of the complexesrahsed. Using scanning force
microscopy, Dunlap and others described the comagilmx and DNA condensation
behavior induced by linear and branched form of HElnlap et al. 1997; Wang et al.
2011). They reported that the branched form of W& more effective condensing agent
for DNA molecules than linear one because of ighlprimary amine content that play a
significant role in the DNA condensation capacitydahe complexation efficiency (de
llarduya et al. 2010). Primary amines are knowndondense DNA better than another type
of amine groups, due to their higher protonatiodarmeutral pH condition (Wolfert et al.
1999). Further studies demonstrated that the bghdapacity of PEI with DNA could be
connected to the number of PEI's primary aminesdTand Szoka 1997), and the stability
of produced complex in physiological solutions ebuhcrease with increasing primary
amine group content leading to higher gene tratisfeefficiency (Reschel et al. 2002).
The differences between complex sizes prepared lmigar or branched PEI has a great
influence on the transfection activitly vitro andin vivo. For example, in some cell lines
such as colon carcinoma (MCA-38) and melanoma (B@BRhe transfection efficiency of
linear PEI22 kDa/DNA was generally greater thart tifabranched PEI25kDa/DNA when
the complexes generated in salt containing bufMiglitman, Kircheis et al. 2001). In part,
this effect was attributed to the linear PEI22 KDMA complex’'s apparent ability to
aggregate under salt conditions, since these laggeegates were seen either within the
cytoplasm or associated with the nucleus usingrélsmence microscopy. Because of the
branched PEI25kDa/DNA complex stability under sainditions, these small particles
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remained as small distinct particles associatet thi¢ cell membrane or in the cytoplasm
(Wightman, Kircheis et al. 2001).

In general, remarkably higher gene transfectionicieficy for branched PEI/DNA
complexes compared to linear PEI/DNA complexeswatN/P ratio (N/P= 3) was reported,
while both linear and branched PEI showed similgh ltransfection efficiency at relatively
high N/P ratios of 10 and 15, although the cellulprtake of the linear PEI complexes was
significantly lower (Dai et al. 2011). Excess ambof PEI due to high N/P ratio can
associate with the condensed patrticles, leading taghly positive zeta potential that
enhance the transfection efficiency for both typeBEI.

Regarding the impact of cell media on the biophglgitoperties of gene complexes, linear
PEI22 kDa/DNA and even branched PEI25 kDa/DNA caxe$ generated under the salt-
free 5% glucose buffer showed reduced gene deligetiyity in vitro application, while
they were highly activen vivo (Poulain et al. 2000; Wightman, Kircheis et al0O2p Both
PEI22 kDa/DNA and PEI25 kDa/DNA complexes generatedalt-free 5% glucose had
small size particles making them particularly doigafor in vivo applications. Although
salt-free PEI22 kDa/DNA consequently grew into &ggites when the salt was added,
branched PEI25 kDa/DNA complexes were rather stable small complexes in salty
conditions and grew very slowly (Wightman, Kirchess al. 2001). The tendency of
complex sizes to increase with increasing salingcentration is thought to refletw-
affinity DNA-binding. Although some studies reported that thrgelgarticles might be
favorable forin vitro use (Ogris et al. 1998) attributing that to thghlerr cellular uptake
due to gravity and large particle sedimentatiors{#&mti et al. 2010), thie vivo application

of such large aggregates may not be feasible.

PEI molecular weight has also demonstrated the imfjhence on the gene transfection.
Abdallah et al. worked quite well for testingebrdifferent molecular weights of PH
vivo. The authors reported that the branched form df WiEh the molecular weight of
25kDa demonstrated the highest gene transfecti@iniesicy than 50 and 800 kDa
(Abdallah et al. 1996). Comparative studies alsticeted the effectiveness of branched
PEI25kDa transfection performance, although thendiltad form demonstrated high
cytotoxicity compared to its linear counterparteiii®/ et al. 1998; Jeong, Nah et al. 1999).

It is generally believed that the most suitable enalar weight of PEI for gene transfer
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ranges between 5 kDa and 25 kDa, while higher mtdeaveights lead to increase gene
complex cytotoxicity (Fischer et al. 2003). Thei@éncy of gene transfection of lower
molecular weights of PEI was examined by (Godbewletl999) who verified that the
transfection efficiency was significantly low buisged to increase when PEI molecular
weight was increased from 600 to 70,000 Da. Howewaéra very high or very low
molecular weight of PEI, gene transfection sigmifity decreases. Generally, the low
molecular weight produces unstable complexes withentendency to dissociate in saline
medium due to its lower condensation capabilityp{a and Litmanovich 1989). In
contrast, increasing PEl molecular weight couldo atiecreaseits gene transfection
efficiency because this will baccompanied by a high cytotoxic effect that migkt b
attributed to the polymer high net positive chaf@eber, Meissner et al. 2002).

Forin vivo gene delivery applications, the use of PEI istiahiby high toxicity and low gene
expression due to its highly positive charges (N@scher et al. 2005). The positive charges
cause disruption and permeabilization of cellul@amranes (Godbey, Wu et al. 1998)).
addition, decreased transfection efficiency of RiENvo is partly attributable to serum
protein-induced aggregation and blood cell coaguiafito et al. 2006). Since PEI/DNA
complexes are still highly positively charged, thage able to interact with negatively
charged serum proteins such as opsonins in thedbladversely affectingn vivo gene
expression (Wightman, Kircheis et al. 2001; Cholfetvrot et al. 2002). Therefore, different
groups have attempted to avoid such unfavorabégdntions of PEI/DNA complexes with
target cells by shielding positive charges of PEhwther polymers to create a steric barrier
against aggregation (Kichler 2004). For exampleGylation of PEI via covalently attached
polyethylene glycol (PEG) segments increase congglesirculation timein vivo due to
reduce non-specific interactions with serum alburaimd cellular components in the
bloodstream, and also increase the water-solub{kighler 2004; Lee and Kim 2005).
Recently, cationic PEI derivatives of hyaluroniada&lA (HA/PEI) have been used as a
delivery system of siRNA and antisense oligonudtisst (Han et al. 2009). The modification
of this polycation by polyanions such as hyaluroaiid has been reported to decrease the
cytotoxicity and diminish the non-specific interiact with the serum protein, accordingly to
reduce the aggregation in the physiological fliWédq et al. 2010). At the same time, gene

transfer efficiency of this type of gene complexeshe desired tissue can be enhanced by
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receptor-mediated endocytosis (Hornof et al. 20008ng et al. 2009). Toll-like receptor
including TLR 4 and TLR2CD44, RHAMM, TNFIP6, HARE and LYVE-1 have been
described as HA main cell surface receptors fofeddhit biological functions (Oh et al.
2010).

The mixing order of PEI , DNA, HA components in tbemplexes also showed a great
influence on the complexes aggregate size and quasdy their gene delivery function.
Ito et al. (2008) verified that the pre-addition ldA to DNA prior to PEI effectively
diminished the aggregation, and the complexes medags small particles with a diameter
below 80 nm. They hypothesized that the high dsparstability of this complex under
physiological condition could be attributed to theesence of the hydrated shell of HA
polymer which promotes fine dispersivity of the quexes. HA interaction with water
molecules result in fully ionized carboxylic groups HA forming hydrogen bonds
between the two molecules (Ito, lida-Tanaka e2@06), which enhance the dispersion of
these complexes in solution.

The influence of the N/P ratio might also be anotf@ctor which influences the
transfection efficiency and cell toxicity of theraplex (Zhao et al. 2009). The extent of
condensation depends remarkably on the polymer: P&tia (Minagawa et al. 1991). The
compact particles with smaller size are generallfaimed at higher N/P ratios with high
positive net charge leading to higher gene delivkay loosely complexed DNA (Godbey,
Wu et al. 1999)This is because, firstly, all negatively charged Akholecules are
neutralized and no repulsion with negatively chdrgell membrane takes place. Secondly,
the small complexes size improves their cellulatake by endocytosis and might also
afford better protection against nuclease degradg@gris et al. 2001). Finally, the higher
amount of PEI in the complexes creates local mengrdamage leading to transfer
PEI/DNA complexes over membrane barriers (Biebeziskher et al. 2002).

In recent years, magnetic nanoparticles have gwtkrgreat interest in the scientific
community because of their potential applicationtlie biotechnology (O'Grady 2009;
Pankhurst et al. 2009; Roca, Costo et al. 2009)thm field of gene delivery, the
introduction of functional groups on the magnetctjgle surface became very important to
make these particles as potential non-viral germtovevith stable and smaller size in the

physiological solution. Polyethylenimine, amonggtes cationic polymers that have been
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used as a coating material for superparamagnetiopaaticles, since the SPIONs core
would provide magnetic-targeting and PEI polymem ceaarry DNA through the
electrostatic interaction (Abdallah, Hassan e1886).

The most straightforward step for preparation tlegatively charged SPIONs is using
chemical ceprecipitationmethodmodified with sodium citrater citric acid (Wang et al.
2009). Citric acid has carboxyl groups which fdatk its adsorption onto the iron oxide
particles (Xu et al. 2006). lonized carboxyl groupshe aqueous solution would increase
the stability and at the same time provide theigadg with a high negative charge,
facilitating stronger attachments with cationic polyelectradyseich as PEI (Figure 2.10).
Becoming highly positive makes the SPIONs/PEI complex able to intenath the
negatively charged DNA molecules. This approacheapgd promising because PEI is
known to be an excellent reagent to promote geflieedg A previous work of (Plank et
al. 2003) proved that PEI coated magnetic partiatesthe most effective vectors for gene
delivery. The gene transfer efficiency of this tygfgeagent was also assessed by Krotz and
others, who reported enhanced luciferase geneetglin cultured human umbilical vein
endothelial cells (HUVECWwhich are virtually transfection resistant cellsdk, Sohn et
al. 2003). The transfection efficiency of a luc#se reporter gene increased up to 360-fold
compared to various conventional transfection systevhile there was only up to 1.6-fold
increase in the cell toxicity caused by SPIONs/EB&hplex in HUVEC culture (Krotz,
Sohn et al. 2003). However, SPIONs/PEI complexeswsHd significant toxicity at
concentrations around 500 ng PEI/ml compared t®SBIPEI/DNA complexes in HelLa
cells after 24 h exposure in RPMI or DMEM media (Bsif, Lezoualch et al. 1995). The
toxic effect of PEI/SPIONs complexes was notablgrdased only when DNA added to the
outer layer of PEI/SPIONs complex. This result nieyong to the presence of external
chains of DNA moleculesaround the complexahat minimize the high positive charge
density of PEI to a level able to reduce cell tayievhile maintaining high gene delivery
(Boussif, Lezoualch et al. 1995; Arsianti, Lim &t 2010). The advantage of increased
transfection efficiency of any gene delivery veabould be balanced with its cytotoxicity,
especially when the vector is used iforivo application.

It is important to keep the combination strengthwieen the charged SPIONs and the

PEI/DNA complexes at a reasonable level in ordexchieve the optimal gene delivery. In
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the magnetofection complexes, there should be dncamgount of SPIONs to let
controllable magnetic manipulation to pull the geramplex to the cells and balanced
amount of PEI not only to stabilize the formed céemp but also to allow the release of
DNA from the SPIONsS/PEI/DNA complex. Electrophocetimobility study of
magnetofectins in a culture medium showed that3REONS/PEI/DNA complexes were
stable at the N/P ratio over 10, while decreashy N/P ratio to 5 the free DNA was
visualized from magnetic complexes (Ma et al. 20Ptemature DNA release outside the
cells and timely dissociation of DNA molecules fraime complex to access cellular
transcriptional machinery are very critical for iopdl gene transfection. Therefore, high
N/P ratios are important for stable and efficieming expression to a point that the
complexes are able to release DNA to access tmscrgtion machinery. Very stable
complexes due to strong electrostatic interactibesveen DNA and PEI seems to be
unfavorable for gene delivery, since tightly bouhd®mmplexes will not dissociate and
release DNA template to provide access for DNA pagase (Prasad et al. 2003; Derouazi
et al. 2004; Danielsen et al. 2005).

PEI ?9:%’_\ BI;——\ B:;’\
Q Q Q

SPIONs = \/ \/ \/
—— T~ ——

Aqueous Ammonium

Sodium citrate (CA) Hydroxide
S Ly
Fe(lll) chloride (FeCl;.6H,0)
Fe(ll) chloride (FeCl,.7H,0) SPIONs-CA SPIONSs-PEI SPIONs-PEI/DNA

Figure 2.10: Schematic figure of synthesis of SPICGNPEI/DNA complex

A novel non-viral gene delivery system based on &d&#ted on the surface of bacterial
magnetic nanoparticles (BMPs) obtained fritagnetospirillum gryphiswaldense MSR-1
(made of FgO,) has been introduced by (Xiang et al. 2007) (Fegarl1l1A). The
BMPs/PEI/DNA vector has delivered plasmid DNA effeely in vitro andin vivo with
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low cell toxicity compared to PEI/DNA/DNA complexBoth BMPs/PEI and
BMPs/PEI/DNA complexes were shown to have no negatiffects on the different cell
lines viability in contrast to the cytotoxic effeaft PEI alone. The low toxic effect of PEI in
these complexes might be due to neutralizing thstipe charges of PEI by the negative
charge of cytoplasmic membrane on BMPs (Xiang, Binal. 2007) (Figure 2.11B).
Moreover, the same previous group also demonsteagegnificantly high level of humoral
and cellular immune responses against the targegeann vivo when the BMPs/PEI/DNA
complexes have been injected into the muscle ahl-aFe- B neodymium-iron-boron

magnet was placed onto the site of injection foni@.

Figure 2.11: (A) Bacterial magnetic particlesBMPs were obtained from M.gryphiswaldense
MSR-1. (B) Cytoplasmic membrane coated BMPs (arrowjXiang, Bin et al. 2007).

The major problem related to the magnetic nanagestiis the aggregation and dissolution
in the biological fluids. Foiin vivo uses, this is quite crucial since agglomeration of
particles within the vasculature has the possybibf problems such as embolization
(Ramchand 2012). Consequently, numerous studies lb@en performed to overcome the
problem of particle aggregation since the size hd figgregates may influence their
biological function forin vitro andin vivo applications.

In terms ofthe SPIONSPEI complexation pHvalueseffects on the properties of the
resulting particles,Wang et al. (2009) obtained particles de-aggregatichen the

SPIONs/PEIlcomplexes were prepared under acidic conditidre process of particle de-
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aggregation was irreversibknd re-neutralization did not result in re-aggregabf the

complexes (Figure 2.12). They suggested accordingonzelewsky et al. (1993) theory
(Figure 2.13) that under acidic conditions the rmautaharge repulsion between the
protonated amine groups leads the molecular chainBEI polymer to become more
stretched increasing the steric repulsion betwden particles.Thus, after complexes
acidifictaion both electrostatic and steric interactions paré@pin the deggregate

formation. Particles de-aggregation under acidioddmon has a big effect on their
performance in magnetofection, with less aggreggadicles being more effective in

enhancing the gene transfection (Wang, Zhou &0&19).

Figure 2.12: TEM images of the SPIONs-PEI under (A)neutral condition and (B) acidic
condition (Wang, Zhou et al. 2009).
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Figure 2.13: Schematic figure for PEI polymer underacidic and neutral conditions
(Vonzelewsky, Barbosa et al. 1993)

These results verified that beside the small agdeegize of SPIONS/PEI complexes under
acidic condition, they also have the capabilithtdd and entrap increased amount of DNA
molecules. The open polymeric structure of brancR&l molecules at low pH due to
mutual charge repulsion between positively chargedine groupsis preferable for
embedding large amount of the DNA molecules ingide polymer structure and protect
them from enzymatic degradation (Vonzelewsky, Bagbet al. 1993).

The assembly order of different magnetic gene veatomprising SPIONs, PEI, and DNA
also showed considerable effects on the vector siméace charge, cellular uptake, and the
level of gene expression. Recently Arsianti etegported that the complexation of DNA with
PEI before coupling with the magnetic particle (SRE+PEI/DNA) resulted in an increase
in the population of cells containing DNA than atlvector assembly orders under external
magnetic field (Arsianti, Lim et al. 2010). Herbetsuperiority of SPIONs+PEI/DNA vector
for delivery DNA to cellsin vitro was attributed to its larger size which improvdutar
uptake of the particles due to enhanced gravitatiand magnetic aided sedimentation onto
the cells.
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2.3 Summary and remarks

Magnetic nanoparticles haveen usedor different bio-medicaapplications such as drug
and gene delivery. The efficiency of magnetic gt forin vitro andin vivo gene
delivery is dependent on a number of parametecdidig particle size, surface charge
and surface chemistry of the particles etc., méstloch can be determined or influenced
by the coating materials which are used, includioth inorganic and polymeric materials.
These coating materials have to be not only noictard biocompatible but also allow a
targetable delivery of genes with particle locdima in a specific area. The emphasis on
PEI cationic polymer as a coating layer for magnetnoparticles is described in this
chapter. This was due to its great ability to cars#eDNA into a compact structure which
might afford protection from nuclease digestion afféctive buffer capacity over a wide
range of pHs. These properties presumably allowgreater number of plasmids to reach
the nucleus for transcription, as evidenced byeased transfection efficiency. High gene
transfection efficiency of PEI coated superpararmstignnanoparticles is due ttheir
inherentmagnetic properties that enhanoevitro gene transfection through magnetically
sedimentation of particles on the cell surface tardeting the particles to any special
internal target organis vivo through the application of a strong external mégrieeld.

It can be seen that although various studies hddeeased different aspects of non-viral
gene delivery systems and also various materiale baen usedbr the transfer foreign
genetic material to the cellshere are still many optimizations that need ¢odone in
particular for a magnetic gene delivery systemraieoto achieve optimal delivery.

The literature showed that enhancing and targetiaggene vector delivery by a magnetic
forcein vitro andin vivo can reduce the DNA degradation dndreasethe efficiency of
gene transfection. Different studies have beeredarthe malaria gene delivery with a
number of reports which have indicated that immatan with naked malaria DNA
vaccine induces only sub-optimal immune responséghwfail to protect from an
experimental parasite challenge. Therefore thiglystuas focused on use of PEI coated
magnetic gene vector to deliver the malaria DNA cwae for in vitro and in vivo
applications.

Many approaches have been madenagnetic gene complex's desifgm in vitro andin

vivo gene delivery. The limitations of the presentedligtsican be summarized as follows.
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No magnetic gene delivery studies are published téogeting malaria DNA vaccine
delivery in vitro or in vivo specifically to investigate the effect of SPIONSIP
complexation conditions on the malaria gene tratifie efficiency.

The route of vaccine delivery is one of severaltdes that determine the type and
efficiency of immune responses elicited by DNA vaation. Different studies have been
done in this field in order to detect the type mimune response induced by naked DNA
after the different routes of administration. Howevthere is no specific study has
compared the type and potency of immune responsédlby magnetic gene complexes
after different injection routes.

The stability of magnetic particles in the biolagicmedia played a critical role in
producing gene vectors with narrow size distribngi@nd high stability. A few studies on
magnetic nanoparticles stability for biomedical laggtions have been achieved, although
most of them have investigated the stability okbaarticles without any coating layers.
The present work is motivated by the abdiwatations of previous studies and also
the increasing need for stable gene delivery systesmg magnetic particles fam vitro
and in vivo applications. Thus, including these sections copldvide better and
comprehensive strategies to develop a magneticrim@ane delivery system. This system
iIs not only stable in different cell media but alsworporates cell-binding ligands to

combine intrinsic transfection activity with recepinediated cellular uptake mechanisms.
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CHAPTER 3

Superparamagnetic Nanoparticles for

Effective Delivery of Malaria DNA Vaccine

3.1Introduction

Superparamagnetic iron oxide nanoparticles (SPIOfdsE attracted significant attention
in gene delivery applications because of their tinedly low toxicity, low cost of
production, ability to immobilize biological matals on their surfaces, and the potential
for direct targeting using external magnets. Magfeetion originated from the concept of
magnetic drug delivery in the late 1970s, with thehnique demonstrating applicability in
gene delivery with viral and non-viral vectors (8ddr, Anton et al. 2002). Magnetic
particles have proven their feasibility to elevaey gene delivery vector, while the
duration of the transfection process can be sicpmfily reduced down to 10 min, compared
to 4 h incubation required with standard protog@sherer, Anton et al. 2002)hus,
magnetofection is an appropriate tool for rapid apelcific gene transfection with low dose
invitro and site-specifien vivo applications (Plank, Scherer et al. 2003; Dob<i062

PEI polymer is known to form cationic complexesttivateract non-specifically with
negatively charged DNA and enter the cell via egtimis (Boussif, Lezoualch et al. 1995;
Behr 1997; Arsianti, Lim et al. 2010; Arsianti, Liet al. 2010), with the ratio of PEI
nitrogen to DNA phosphate (N/P) influencing thensfection efficiency and toxicity to
transfected cells (Zhao, Chen et al. 2009). Theofis¥El-coated SPIONSs for gene delivery
has been shown to increase the efficiency of getiwedy since the complexation and
condensation of DNA with PEI offer good protectiom degradation by nucleases
(Arsianti, Lim et al. 2010; Arsianti, Lim et al. 20), while the particles can also be

magnetically directed to the specific target gditevivo (Kievit et al. 2010).A main

49



Chapter 3

challenge in using nanoparticles is the formatidnaggregates, since the transfection
functions such as the endocytosis rate, cytotgxieihd velocity of cytoplasmic movement
are determined by the size of the gene vector (Rrah al. 2002). Rejman et al. (2004)
showed that 50-100 nm beads could be internalizedcells within 30 min. In the case of
magnetic nanoparticles, the magnetic force thatspéan important role in enhancing gene
delivery is also affected by the particle size (i Zhou et al. 2002).

Recent studies have investigated the effects @& amd surface charge of the magnetic
vectors with PEKWang, Zhou et al. 2009; Wang et al. 2009), and alrangement of
SPIONSs/PEI/DNA vectors on the efficiency of gendiviey (Arsianti, Lim et al. 2010;
Arsianti, Lim et al. 2010). These studies haveiagd genes encoding fluorescent proteins
to elucidate the cellular entry mechanisms andifitake of the vectors. Here, the magnetic
targeting of a gene vector was investigateditro to identify approaches to increase the
efficiency of delivery of the malaria DNA vaccinsuccessful outcomes would suggest an
approach to overcome the challenges associatedthatipoor immunogenicity of current
malaria DNA vaccines. This study focuses on thea$f of complexation pH (acidic and
neutral conditions) on preparation of SPIONs/PEttees and the resulting effect on
particle size, surface charge, and ability to cosédeDNA. Acidification during vector
preparation was shown previously to help reduceeittent of particle aggregation (Wang,
Zhou et al. 2009), an effect also noted in thiggtun this work, an open polymeric
structure at low pH condition is proposed to bdgrable for binding and protecting DNA
during transfection, resulting in significantly higy gene expression with comparable or
less cytotoxicity than the leading non-viral reagen

3.2Materials and methods

3.2.1 Materials

Polyethylenimine with an average molecular weidgPEIl MW: 25 kDa, branched) and
trisodium citrate dihydrate @ElsNagO;. 2H,0) were purchased from Sigma Aldrich. RPMI
1640 medium (GIBCO), 0.05% trypsin-EDTA, L-glutamjnpenicillin/ streptomycin,
foetal calf serum, and Lipofectamine 2000 (GibcotBBathersburg, MD) were supplied
by Invtrogen (Carlsbad, CA). Fe(lll) chloride (Fe®H20) and Fe(ll) chloride
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(FeCh.7H20) were purchased from Ajax Finechem and Aj&wer@icals, respectively.
Mammalian expression vector VR1020 (Vical Inc., Saiego, CA), plasmid VR1020-
PyMSP1,, and COS-7 cell lines (African green monkey kidoells) were kindly provided
by Prof. Ross Coppel's group (Department of Micobdgy, Monash University,

Australia). The VR1020-PyMSRd plasmid was amplified irEscherichia coli (strain

DH5a) and purified using an endotoxin-free Mega-pregsplid kit (Qiagen) according to
the manufacturer’s instruction. Arrays of permaneragnets of neodymium iron boron
(Nd—Fe-B) in the format of a 6-well plate were u$adin vitro transfection experiments.
The magnets were circular disc Nd—Fe—B magnetsn@er 25 mm, height 5 mm) glued

onto the bottom of a 6-well plate.

Methods

3.2.2 Synthesis and characterization of SPIONs

The synthesis of superparamagnetic iron oxide ramicfes (SPIONs) was done by
alkaline co-precipitation of Fe (lll) chloride (FEC6H,0O, Ajax Finechem) and Fe (II)
chloride (FeGl.7H,O, Ajax Chemicals) (1:2 molar ratios) (He et al.02p in aqueous
solution in the presence of trisodium citratesHENagO;.2H,0, Sigma Aldrich) as an
electrostatic stabilizer, with the chemical reactiyven in:-

Eq: Fé'+ 2F€*+ 80H —»Fe0; + 4H,0

In brief, iron salts, ferric chloride (0.005 molhd ferrous sulfate (0.0025 mol) were
dissolved in 20 ml deionized (DI) water and thecppiation was performed by dropwise
addition of iron salt solutions to the mixed sodilmydroxide solution (20 ml, 1.5 M,
including 0.005 mol trisodium citrate) under vigosostirring (1500 rpm) for 1 h at &
Oxygen was removed from the solution by flowingdés through the reaction medium in
a closed system during the synthesis reaction. fHsalting black precipitates were
collected and removed from solution by applyingeaternal magnet and then washed four
times, first with de-ionized (DI) water, twice wigthanol, and finally with DI water to
remove excess ions and salts from the suspensibe.washed precipitate was then

dispersed in 20 ml DI wateZetasizer Nano ZS (Malvern Instruments Ltd., UK)swesed
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to determine the hydrodynamic diameter and zetarpiad of these particles in suspension,
while transmission electron microscope (TEM CM20@ip$) was used to confirm the size
and morphology of dry particles. X-ray powder difftion (XRD) (Philips 1140 PW
diffractometer with nickel-filtered Cu & radiation £ = 1.5405 A°) was used to determine
the crystallinity and phase of iron oxide particl¥kagnetic saturation was measured using
a vibrating sample magnetometer (VSM, RIKEN DENSttifler a magnetic field of up to
15 kOe at the room temperature.

3.2.3 Preparation of plasmids DNA

The VR1020-PyMSP3} plasmid (5234 base pairs and relative moleculassmaf
3.177x16 Daltons (g/mol)) (Appendix A (Figure A.1)), was plified usingEscherichia
coli DH5a. A single colony oft. coli harbouring plasmid VR1020-PyMSRivas picked
out from a freshly streaked selective plate anduteted in a 10 ml starter culture medium
(LB broth containing 10 g NaCL, 10 g Bacto Tryptprieg yeast, and 100 pg/ml of
Kanamycin) for 8 h at 3T with vigorous shaking at 200 rpm. The tstarculture
was then diluted into 1000 ml of LB mediumnd incubated overnight at 7 with
vigorous shaking of 200 rpm. The plasmids VR108WBPLowas purified fromE. coli
cells using an endotoxin-free QIAGEN Mega spid purification kit (QIAGEN)
according to the manufacturer’s protocol.

3.2.4 Preparation of SPIONs/PEI/DNA complexes

The iron oxide suspension (0.1 mg/ml) was mixechwi®% (w/v) PEI solution (25 kDa

branched polyethyleneimine), with PEI/Fe mass satiR) of 0.6, 0.8, 1, 2, 3, 5, 10, 15, 20,
25, and 30, during which they were sonicated famid. The SPIONsS/PEI complexes were
dialyzed using Spectra/Por® membranes (MWCO = 12;004,000) with deionized water
for 3 days to remove any unbound / excess PElowollg the method of (Wang, Zhou et
al. 2009) to disperse the aggregates of SPIONstBEplexes, each mixture was acidified
to pH 2.0 using 0.5 mol/l HCI and kept at this pbt 10 min to stabilize. After 10 min,

each sample was divided into two aliquots: the gHowe part was increased to 4.0
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(referred to as SPIONs/PEI-A) while the other peas neutralized to pH 7.0 (referred to as
SPIONSs/PEI-N) using 0.5 mol/l NaOHhe average hydrodynamic diameter and the zeta
potential of the samples were determined using dvévia Zetasizer ZS (Malvern
Instruments Ltd., UK).

SPIONS/PEI complexes in the mass ratio (R) of 1Gewaixed with plasmid DNA
encoding VR1020-PyMSRd gene at different N/P ratios (i.e. the molar rai PEI
nitrogen to DNA phosphate) using a DNA concentratd 10pug/ml in a phosphate buffer
(PBS, pH 7.4). The average hydrodynamic diameteta potential, and the stability of
SPIONs/PEI/DNA complexes at PEI: SPIONs ratio ofal@ different N/P ratios were
determined for SPIONs/PEI-A/DNA and SPIONs/PEI-N/&N

3.2.5 DNA binding assay

The DNA binding capabilities of SPIONs/PEI-A/DNA &rSPIONs/PEI-N/DNA were
determined using 0.8% agarose gel electrophor&#$ONs/PEI-A and SPIONs/PEI-N
with VR1020-PyMSP1; plasmid were formed at N/P ratios of 0.5 to 30e#éth case, the
appropriate amount of SPIONs/PEI was mixed with (@5plasmid DNA in 20ul PBS
buffer. These solutions were incubated at 37 °C3fdormin and mixed with Jul of the
loading dye (bromophenol blue/ xylene cyanol) solutbefore loading into agarose gel
(0.8% agarose in Tris-borate EDTA buffer containisg pl ethidium bromide).
Electrophoresis was carried out at 60 V for 90 ritme DNA bands were visualized with a
UV illuminator.

3.2.6 Cell cultures and treatments

COS-7 monkey kidney cell lines were cultivated e tcomplete RPMI 1640 medium

(Roswell Park Memorial Institute medium) suppleneeinivith 10% fetal calf serum, 2 mM

of L-glutamine, 10Qug/ml streptomycin and 10Q@g/ml of penicillin at 37°C in a gassed

incubator with 5% C@ before transfection. All incubations were perfodnender these

conditions.COS-7 cells at a density of 2 xIler well in a 6-well plate were seeded a day

before magnetofection. SPIONS/PEI-A/DNA and SPIGNE/N/DNA complexes were
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prepared with a fixed amount of plasmid DNA encgd¥R1020-PyMSPi gene (1ug)

for each well plate and incubated in PBS bufferd@min at room temperature. When the
cells were 80% confluent (degree of coverage), thedium was removed. The
SPIONs/PEI/DNA complexes were mixed into serum-freeglium and then added into the
6-well plates with a neodymium-iron-boron magnesiponed under each well for 2 h.
Lipofectamine 2000" was used as a positive control according to theufeaturer’s
instructions. After 5 h, the serum free-medium agmnhg nanoparticles were removed from
each well and replaced with 2 ml of fresh mediumtaming 10% serum was added and
incubated for 48 h at 37 °C under 5% £Gene delivery mediated by SPIONs/PEI/DNA
complexes in this work was examined with or withtihe application of the magnetic field
during the transfection procegster 48 h, COS-7 cells were washed with PBS buféed
trypsin was added to the collection of the cellevtaluate the transfection efficienaging
the western blot technique. The harvested COSH7pedlets were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresialysis under reduced conditions and
then electrophoretically transferred to PolyScregaolyvinylidene difluoride transfer
membrane. Subsequently the membrane was probed amitiserum and horseradish
peroxidase-conjugated antibody, respectively, ameh tvisualized by using Lumi-light
western blotting substrate. The molecular size h&f protein was estimated from the
distance travelled by protein through the gel. Titensities of the fluorescence bands
associated with the immunoblotted proteins werentified as the total pixels within a
defined boundary drawn on the image by Image Jg@erl.41, National Institutes of
Health, USA). All experiments were performed atstea triplicate. The cells subjected to
magnetofection and normal PEI transfections wew® albserved using fluorescence

microscopy.

3.2.7 Evaluation of cell viability

Evaluation of the cytotoxicity was performed via MTassay in COS-7 cells. The
cytotoxicity of SPIONsS/PEI/DNA complexes was evatth in comparison with
lipofectamine-DNA complex and naked SPIONs solgiofn 0.1, 0.5 and 1 mg/ml. Cells

were seeded at a density of 2 ¥ &élls / well on a 96-well microtiter plate at 37 RC5%
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CO, atmosphere overnight. SPIONS/PEI/DNA complexes, Albipofectamine 2000
complex, and naked SPIONs solutions were addetuftrer 24 h incubation. The control
well was a culture medium with no particlesplsof MTT dye solution at a concentration
5mg/ml in phosphate buffer was added to each watepThe plate was incubated for a
further 4 h at 37 °C in 5% COAfter 4 h incubation the medium was removed freach
well and the cells were rinsed with phosphate bufi®0 ul of dimethylesulphoxide
(DMSO) was added to each well with incubation fdn.IThe absorbance of the formazan
product formed by viable cells was read at wavdlengof 570 nm and 690 nm
simultaneously using a microplate reader (Magelléecan, Austria). The relative cell
viability (%) related to the control well contaiginthe cell culture medium without
nanoparticles was calculated as viability (%) = @de absorbance of sample / Means

absorbance of control) x 100%.

3.3 Results and discussion
3.3.1 Characterization of SPIONS/PEI/DNA complexes

The average diameter of the SPIONs was aroundt 1® nm, while the measured
hydrodynamic diameter indicating particle size usgension was predominantly around 85
+ 5 nm. The SPIONs were negatively charged with petantial of around —42 + 2 mV.
Both SPIONs and SPIONSs/PEI particles showed mazat&in of > 65 emu/g under 15
kOe applied magnetic field at room temperature Withl emu/g remanance, indicating
superparamagnetic behavior (Appendix(Rigure A.2)), while X-Ray Diffraction pattern
indicated the magnetite (§&4) phase (Appendix A(Figure A.3)).

When polymer was added to the nanoparticles, teerption of PEI polymer onto SPIONs
occurred by electrostatic attraction between thgatieely charged SPIONs (due to the
presence of carboxylic groups) and the positivélgrged PEI. After PEI adsorption, the
surface charge of SPIONs was converted from highbative (—42 £ 2 mV) to positive (16
+ 2 mV), while the particle size increased to apprately 555 + 20 nm due to polymer

adsorption on the surface of magnetic particles aggregation between particles. The
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extent of aggregation may be attributed to the lafickepulsive forces between the slightly
positive charged particles at around pH 6.8 — 7.0.

To reduce aggregation, acidification step for SP3MP¥EI complexes was done at pH 2.0,
as the protonation of the amine groups on PEI urabédic condition would induce
electrostatic repulsion between the various amiraugs, leading to better dispersion
(Vonzelewsky, Barbosa et al. 1993; Wang, Zhou .€2@09). After reducing the pH to 2.0,
the complexes were re-suspended at pH 4.0 and Tt¥éstigate the effects of pH on the
properties of the gene vectors. At low pH, the maltcharge repulsion between the
protonated amine groups could lead to more stnegcbf the polymer molecular chains,
while at neutral pH the polymer tends to contratduse of the hydrogen bonding between
the amine groups (Vonzelewsky, Barbosa et al. 1998kov et al. 2009). As proposed by
(Vonzelewsky, Barbosa et al. 1993), polyethylenenat pH 7.0 exists as a stiff stable
structure with six-membered rings due to the hydrogonding between the neighboring
free and charged amine groups.

Figure 3.1 showed the TEM images of as-synthess®IDNs and SPIONs/PEI (R=10). As
a result of the acidification step, the averagerbggnamic sizes of SPIONs/PEI complexes
were shown to decrease significantly from 555 +n®® to around 100 nm — 150 nm at
different mass ratios of PEI to SPIONs (Figure 3.ZPhere was no significant difference
in the average hydrodynamic diameters of the coxaglefor SPIONs/PEI-A and
SPIONSs/PEI-N. This implied that the de-aggregapoocess was irreversible when the pH
was increased from 2.0 to 4.0, or even to 7.0 mreegent with Wang et al. (2009). The
zeta potentials of SPIONS/PEI complexes were medsunder both pH conditions at a
SPIONs concentration of 0.1 mg/ml. The SPIONs/PHEefplexes showed slightly higher
positive charges than SPIONs/PEI-N complexes (Eigu2B) because of the protonation
of amine groups under an acidic condition.

The dual roles of PEI on SPIONs were to increas# 8tability in aqueous solution and at
the same time to act as a condensing agent for pOA& extent of DNA condensation
with PEI depends on a number of factors such asrdhie of PEI nitrogen to DNA
phosphate (N/P), PEl molecular weight, and the catre of PEIl. The average
hydrodynamic sizes of SPIONs/PEI-A/DNA and SPIONB/R/DNA (Figure 3.3A) were

relatively similar to the size of complexes prior@NA addition, indicating the stability of
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the vectors. At N/ 1, the measured hydrodynamic size appeared tarigerlwhile the
surface charge was slightly negative due to thegmee of DNA in excess of PEI, which
could induce aggregation between the particlesh Wihigher N/P ratio, the charge became
increasingly positive, providing enough repulsiorptevent further aggregation. The naked
VR1020-PyMSP1, molecules with the negative zeta potential of —5pwere condensed
onto the SPIONS/PEI to form complexes by increasivggN/P ratio to reach a maximum
zeta potential value of around +30 mV at N/P ratith (Figure 3.3B). Despite the fact that
SPIONs/PEI complexes at pH 4.0 should have moraluhy to condense DNA than the
complexes at pH 7.0 because of their more positivarge, there was no significant
difference between the zeta potentials of the cergd especially at N/P 15 (Figure
3.3B). This implied that as the N/P ratio>ofl5, the complexes have reached the saturated
charge ratios of the cationic polymer to DNA.

57



Chapter 3

SPIONs/PEI

Figure 3.1: TEM images of (A & B) as-synthesized SBNs and (C & D) SPIONSs/PEI (ratio =
10) at pH 4 displaying better dispersion (arrows idicating layer of adsorbed PEI).
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3.3.2 DNA binding assay

The complexation degree of DNA with cationic PElsweonfirmed via agarose gel
electrophoresis (Figure 3.4). SPIONs/PEI-A/DNA ctemps with low molar ratios of PEI
to DNA at N/P < 5 showed the intensity of ethidiumomide fluorescence in the
application slots without migration of DNA (no bargbpeared toward anode) (Figure
3.4A). This indicated an incomplete condensatioDNA with PEI at low N/P because of
an insufficient amount of PEI to condense DNA coetglly. Further increase of PEI at N/P
ratio > 7 led to a loss of fluorescence intengityhie loading wells, which then completely
disappeared. The data indicated that at N/P rati@, >ethidium bromide could not
intercalate inside the DNA or even reduce theirrapgh to the DNA structure, since all
DNA molecules were wrapped within the PElI moleculBsie to the mutual charge
repulsion between the amine groups, the six rirgjadtture of branched PEI polymer at
low pH is proposed to be more stretched or opershasvn in Figure 3.5 (Vonzelewsky,
Barbosa et al. 1993). The expansion of PElI moleathain at acidic condition probably
enabled the complexes to capture more DNA molecUdless, the behavior of branched
PEI might increase the amount of genetic matehiat the particles could carry, not only by
condensing the DNA molecules on the surface ofptirticles, but also by embedding the
molecules inside the structures. This extendedsire of PEI molecules should be able to
absorb more protons and to form an electrostati@ (physical) barrier to DNases
responsible for degradation of the transfected O8Adbey et al. 2000).

On the other hand, SPIONs/PEI-N/DNA showed the tikedly higher intensity of
fluorescence for N/P ratios < 10 (Figure 3.4B). @asing the fluorescence intensity was
observed in the slots with increasing N/P ratidyoaigh the intensity only completely
disappeared at N/P 25. Hence, for this system, ethidium bromide exish large excess
from the gel into the DNA complexes at almost aPMatios except at the N/P ratios of 25
and 30 where no fluorescent bands ascribed to nheomplexed plasmid DNA could be
observed. These results indicated the lower bindbility between DNA and SPIONs/PEI
complexes at pH 7.0, possibly due to the stiff-merad rings

structure of the polymer under neutral conditigor{zelewsky, Barbosa et al. 1993).
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Figure 3.4: Effects of N/P ratios on the stabilityof (A) SPIONs/PEI-A/DNA; (B) SPIONs/PEI-
N/DNA. Lane M: A H/E molecular weight size marker. Lane N: plasmidvR1020-PyMSP 4.
Lanes 0.5-30 correspond to N/P ratios.

3.3.3 Transfection efficiency

Western blot analysis of the expression of VR10¢MEP L4 in COS7 cell line is shown
in Figure 3.6. Numerical analysis of western bletedtion for VR1020-PyMSR4(Figure
3.7)confirmed that the SPIONs/PEI-A/DNA complexes shdweamatically higher gene
expression than SPIONs/PEI-N/DNA, especially withgmetofection. The SPIONs/PEI-
A/DNA complexes at N/P ratios of 10 and 15 had highest differences in transfection
efficiency compared to SPIONsS/PEI-N/DNA complexéshe same ratios. Gersting et al.
found that the highest amounts of DNA led to maxmtransfection efficacy, while
decreasing DNA concentrations led to a rapid deered the complexes’ ability for gene
transfection (Gersting, Schillinger et al. 2004)this case, the gene expressed at N/P ratios
>10 for SPIONsS/PEI-A/DNA complexes were of similaragnitude as at N/P = 10.
Presumably stronger complexation of DNA with higplptonated amine groups of PEI at
acidic pH could cause gene blocking which would maich improve the transfection
efficiency at high N/P ratio.

Arsianti et al.(Arsianti, Lim et al. 2010; Arsiantiim et al. 2010) observed low gene

expression when DNA was condensed on the surfa@&P&Ns/PEI under physiological
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pH (neutral pH), as the unprotected DNA from thetoe was degraded with nuclease
before transport into cells. This finding also agtevith our observation for SPIONSs/PEI-
N/DNA complexes, since the PEI existed as a difible structure with six-membered rings
with the DNA possibly present at the surface. Intcast, SPIONs/PEI-A complexes could
entrap the DNA molecules within the branched stmectof the polymers, because of
protonation under acidic condition that expandedgblymeric network (Figure 3.5). This
type of structure also prevented DNA from earlyeaske from the complexes before
entering the cells, while the extended structurehef PEI molecules should be able to
absorb more protons leading to fast endosome swgeknown as the “proton sponge”
effects, which protected the DNA from degradatiBoyssif, Lezoualch et al. 1995; Behr
1997). These results verified that SPIONs/PEI cexgd prepared under acidic condition
were more useful as gene vectors due to the steuofubranched polymers that increased

the amount of entrapped genetic material and sules#ly, gene expression.
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Hydrogen bonds

Figure 3.5: Shematic demonstrating PEI structure uder acidic and neutral pH conditions,
with a relatively branched structure due to mutual charge repulsion between the amine
groups under acidic condition and stiff structure under neutral pH condition (Vonzelewsky,
Barbosa et al. 1993), and possible entrapment of NA in the responsive structure.
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Figure 3.6: Western blot detection of (A)SPIONs/PEI-A/DNA,; (B) SPIONs/PEI-N/DNA. Lane
1, 5, 10, 15, 20, 25 and 30 correspond to differeNtP ratios of SPION/PEI/DNA complexes:
(a) With magnet; (b) Without magnet.
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Figure 3.7: Densitometry results for PyMSP: o produced by SPIONs/PEIA/DNA and SPIONs
/PEI-N/DNA complexeswith the application of the magnetic field duringthe gene transactior
process Experiments were performed at least in triplicate
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Figure 3.8: Densitometry results for PyMSP1, produced by SPIONs/PEI-A/DNA complexes
with or without application of the magnetic field during the gene transaction process, and by
Lipofectamine 2000 reagent. Experiments were perfoned at least in triplicate.

3.3.4 Effect of magnetofection on Malaria gene expression
PYyMSP1;4in COS-7 cell line

The main concern for insufficient gene concentrato the target tissue for nonviral gene
transfection is the insufficient accumulation ofngs at the cell surface vitro, and
targeting gene at the specific sitevivo. Magnetofection can be used to accumulate the
magnetic gene vector on the target tissue by applgh external magnetic field (Plank,
Schillinger et al. 2003). To investigate the impatimagnetofection in the malaria gene
delivery, gene transfections of both SPIONsS/PEIHRAD and SPIONs/PEI-N/DNA
complexes were compared with or without the useneddymium-iron-boron magnets
positioned under each well for about 2 h. Underitifi@eence of magnetic field on COS-7
cells, SPIONs/PEI/DNA complexes showed noticeabighér transfection efficiency
compared to the transfection without magnetic figldgure 3.6A). Numerical analysis of
western blot detection for expression of VR1020-BfM, in the SPIONS/PEI-A/DNA

complexes (Figure 3.8)onfirmed the significant enhancement at almostNaR ratios,
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possibly because the magnetic field drew the coxegleonto the surface of the cells
leading to an increase in their cellular uptakee §kne expression of SPIONs/PEI-A/DNA
complexes without magnetic field was lower than thensfection with Lipofectamine
reagent, while the reverse was true when the magfietd was applied. In addition,
magnetofection also showed an efficient gene delivath low vector dose for plasmid
DNA at a shorter incubation time which greatly imped its dose—response profile
(Scherer, Anton et al. 2002; Gersting, Schillingeral. 2004)In this work, although a
relatively low dose of DNA of about Jig was used, high gene transfection with
magnetofection was achieved in comparison to temtisih with Lipofectamine.
Application of magnetic field drastically enhandéeé efficiency of gene transfection, with
the effect more pronounced with increasing N/Porgatilthough the sizes of the complexes
were similar (~150 nm). When the N/P ratio wasoly ene expressions with and without
magnetofection were detected, possibly due to élaed DNA binding capability at this
ratio. However with the increasing PEI amount, gerpression with magnetofection was
found to be more effective than transfection withmagnetic field. Although particle size
is undoubtedly important for high gene expressibis, study indicated that the presence of
charged polymers protecting and binding the DNAhwihe application of external
magnetic field could play a combined role to achielevated gene expression.

Evidence of the high protein expression enhanceimgntagnetofection was also observed
by fluorescence microscopy using COS-7 cells textefl with YFP gene combined with
two types of vectors: SPIONs/PEI and PEI polymenalwith N/P ratios of 5 and 10,
respectively. The observation with fluorescent wscopy (Figure 3.9) indicated that COS-
7 cells transfected with SPIONS/PEI/DNA complexedN& ratios of 5 and 10 exhibited
significantly higher fluorescence compared witlsetansfected with PEI/DNA alone. The
higher level of gene expression at N/P of 10 maattebuted to more condensation of

DNA into positively charged particles that increds$iee rate of their uptake by the cells.
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PEIl transfection

Magnetofection

Figure 3.9: Expression of yellow fluorescent gen&'EP) in COS-7 cells. The upper row shows
the effect of the PEI polymer transaction alone; te lower row shows the effect of
magnetofection with SPIONs /PEI-A/DNA complexes.

3.3.5 Invitro cytotoxicity assay

In vitro cytotoxicity of SPIONs/PEI/DNA complexes and syya@amagnetic iron oxide
solution were assessed with different concentrationto the COS-7 cell cultivated in
RPMI medium. The influence of SPIONsS/PEI/DNA on t8@S-7 cell viability after 24 h
exposure (Figure 3.10) showed that there was naifisignt difference between
SPIONs/PEI-A/DNA and SPIONs/PEI-N/DNA complexes.trwmore than 60% of the
cells remaining viable. This indicated that the gli-tomplexation of these gene complexes
induced no statistically significant differenceterms of effects on cell viability. The toxic
effects of the complexes on cell viability were nigiassociated with a strong net positive
charge of the complexes due to presence of PEhpmlyleading to strong interactions of

PEI with the cell surface causing disruption to tledular plasma membrane (Florea et al.
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2002; Petri-Fink et al. 2008; Zintchenko et al. 200Figure 3.10 showed that cell viability
was slightly less than 80% at N/P = 1 due to tlve doncentration of PEI that reduced
toxicity however the cell viability decreased toand 60% with increasing N/P ratios, with
no significant statistical difference in cell vility at N/P ratios above 10, in agreement
with previous works (Wang, Zhou et al. 2009; Arsiahim et al. 2010). The presence of
SPIONs seemed to reduce the toxicity of PEI in camspn toin vitro cell viability studies
using similar PEI/DNA systems (Fischer, Li et @03; Zhao, Chen et al. 2009). Notably,
more than 83% of cells remained alive when theyewecubated with SPIONs solution,
reaching 100% viability at 1 mg/ml concentratioheTprotection against cell toxicity could
be due to the presence of citrate groups (Lacash £999).

Lipofectamine 2000 (cationic liposome) is the melective non-viral reagent examined
that yielded consistently high transfection ratesoapanied with slightly higher toxicity
(Djurovic et al. 2004). The cytotoxicity of Lipafeamine is due to the four protonatable
amines on its headgroup at physiological pH (Doldtaal. 2000). Here no obvious
difference was observed in the cell toxicity betweéipofectamine 2000 and
SPIONs/PEI/DNA complexes even for N/P ratios > Ib.contrast, SPIONs/PEI/DNA
complexes showed dramatically higher gene expnedb@n Lipofectamine, indicating that
they were more effective gene transfection agemis tipofectamine, particularly with

magnetofection.
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Figure 3.10: Cell viability from MTT assay resultsof treated COS-7 cells with different
complexes. Experiments were performed at least imiplicate.

3.4 Conclusion

The use of magnetofection for the delivery of malddNA vaccine encoded merozoite
surface protein MSR4 has been investigatead vitro. The vectors were composed of
SPIONs and PEI complexed under different pH cood#iof 4.0 and 7.0. The procedure
resulted in stable particles with a narrow sizegeaim aqueous media, rendering them
suitable for the gene delivery system. SPIONs/P&hmlexes produced under acidic
condition showed the best DNA binding and genestiestion efficiency compared with
those generated under neutral pH, possibly dubkeg@totonated structure of the branched
polymer that entrapped and protected the DNA. Tdikilar uptake of SPIONsS/PEI/DNA
also increased dramatically with the applicationthad external magnetic field during the
gene transfection process. In summary, the hignsteation potential of these

nanoparticles as demonstrated by the expressidS#tl;o proteinin vitro indicated the
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possibility of using these vectors with magnetatecttechnique as an efficient malaria

gene MSPidelivery carrier foiin vivo application.
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CHAPTER 4

On the Efficacy of Malaria DNA

Vaccination with Magnetic Gene Vectors

4.1 Introduction

The development of a robust malaria vaccine cowdabcost-effective intervention to
reduce the transmission of infection and the buafanalaria. Vaccination using DNA has
emerged as a potentially practical approach forpitevention of malaria because of its
flexibility and ability to prime appropriate immuwgi(Liu 2011). Of particular interest, the
membrane-associated 19-kD COOH-terminal fragmemh@rfozoite surface protein MSP1
molecule (MSP{y) is one of the leading malaria vaccine candida#SP1 is present in
approximately all species of malaria parasites amagpr component on the merozoite
surface that is carried into red blood cells dummgyozoites invasion (Hodder, Crewther et
al. 1996). Severain vitro and invivo studies have shown that MSR1s the target of
protective immune responses against asexual blggs of malaria parasites (Daly and
Long 1995; Kumar, Yadava et al. 1995) and antibodigainst MSP} are thought to act
through the direct inhibition of merozoite invasiarto red blood cells (O'Donnell, de
Koning-Ward et al. 2001).

Although DNA immunization is capable of inducingtigen-specific immune responses, it
iIs now generally accepted that naked (uncompleXxeNA immunization induces a
relatively low level immunity due to different baical barriers that hinder DNA from
reaching its destination in the cell nucleus fongyexpression. The development of nano-
carrier-based DNA vaccine formulation has become @inthe most predominant areas of
vaccine research (Vijayanathan, Thomas et al. 2@&erent studies have verified that

non-viral carrier systems in the nanometer-sizegeawan be successfully used as
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transfection agents to deliver nucleic acids togant presenting cells for both vitro and

in vivo applications (Vijayanathan, Thomas et al. 2002aghetic particle assisted gene
delivery, also known as magnetic transfection omgmedofection, has been proven to
improve both the efficiency and the speed of geslvety to different tissues (Krotz, Sohn
et al. 2003).

Notably, the application of magnetofection couldiune up to a 360-fold increase in
luciferase gene transfer (Krotz, Sohn et al. 2088ypared to conventional transfection
methods. The previous studies demonstrate the rdesigtable magnetic gene vectors for
DNA vaccine delivery (Al-Deen et al. 2013), andoabs promising proof-of-concept for
magnetofection using polyethyleneimine (PEIl)-coategperparamagnetic iron oxide
nanoparticles (SPIONs) for malaria DNA vaccine ity platformsin vitro (Al-Deen et
al. 2011).

Different factors play a critical role in the immaimesponse elicited by particulate gene
delivery systems, including route of administrafidime amount of antigen, the delivery
system, the immunization interval, and adjuvantedP et al. 1997; Brice et al. 2007;
Mohanan et al. 2010; Parween et al. 2011). The poarunogenicity of malaria DNA
vaccines has attracted considerable interest toelolev various complexes and
immunostimulatory molecules for malaria DNA vaccidelivery (Liu, Danquah et al.
2010; Al-Deen, Ho et al. 2011), and to induce bdttenune responses in animal models
without the need for an adjuvant (Cherif, Shuaibale2011; Parween, Gupta et al. 2011).
The focus on vaccine administration routes has aisceased (Lodmell et al. 2000;
Johansson et al. 2004), in order to determine @btioutes to induce a high antibody
response that is accepted as of major importancedioce protection against asexual

blood-stage malaria infection.

In this study, PEIl-coated SPIONs formulation wasduso deliver PyMSR3 via mice

studies. The first stage of the study was doneeterthine the optimum PEI/DNA ratio for
transfection, while the second stage was to comp#ieacy and the type of immune
responses generated by these magnetic vectors agarnistration. The impacts of
different administration routes on the immunogdgiéiom plasmid DNA vaccinations in

homologous (DNA vaccination alone) as well as lwtgous (DNA prime-protein boost)

72



Chapter 4

regimens were studied. The understanding gaineoh fitms work should help in the
development of optimal DNA vaccine delivery prottscdor diverse diseases where

antibodies play a protective role, including blasidge malaria.

4.2Materials and methods
4.2.1 Materials

Polyethylenimine with an average molecular weidPEIl MW: 25 kDa, branched) and
trisodium citrate dihydrate @lsNazO;.2H,O) were purchased from Sigma Aldrich. Fe
(1N chloride (FeC4.6H20) and Fe (ll) chloride (Fe£TH20) were purchased from Ajax
Finechem and Ajax Chemicals, respectively. Mammadigpression vector VR1020 (Vical
Inc., San Diego, CA), plasmid VR1020-PyMSgwere kindly provided by Prof. Ross
Coppel's group (Department of Microbiology, Monadlniversity, Australia). The
VR1020-PyMSP1 plasmid was amplified ifEscherichia coli (strain DH%) and purified
using an endotoxin-free Mega-prep plasmid kit (@@gaccording to the manufacturer’s
instruction. Permanent magnets of neodymium irorod\Nd—Fe—B (a circular 3mm x
1mm disc magnet with a pull strength of 108 g iecal bandage) were used forvivo

gene transfection experiments.

Methods

The preparation and characterization of SPIONs ¥Rd020-PyMSP1y plasmid were
done as previously described in the sections Z&8d 3.2.3).

4.2.2 Preparation of gene complexes

To prepare SPIONS/PEI complex, the iron oxide sosipa (0.1 mg/ml) was mixed with
10% (w/v) PEI solution (25 kDa branched polyethgliemine), with PEI/Fe mass ratios
(R)=10 and during which they were sonicated forib.nihe SPIONS/PEI complexes were
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dialyzed using Spectra/Por® membranes (MWCO = 12;004,000) with deionized water
for 3 days to remove any unbound / excess PEI.

Plasmid DNA encoding PyMSkdgene is mixed separately with PEI at N/P (i.e,rtiolar
ratio of PEI nitrogen to DNA phosphate) ratio of, BElPIONS/PEI at different N/P ratios
(10, 15, 20, and 30), suspended in 5% glucose b(ifater containing 5% glucose) (pH
7.4) for characterization and injection. The averagdrodynamic diameter (expressed as
dynamic light scattering (DLS)) and the zeta pa&rdf the complexes was determined
using a Malvern Zetasizer ZS. Using this technigbe, volume size distribution of the

aggregates was also determined for SPIONs befataféer coating with PEI polymer.

4.2.3 Recombinant ECPyYMSP1, protein purification

Recombinant proteins PyMSR1(Appendix A. (Figure A.1)) were expressed kB coli
and purified using TALON Metal Affinity Resin (Cloech). Transformedt. coli BL21
cells were cultivated in Super broth with Kanamy¢sOug/ml) at 37°C, and protein
expression was induced with 1mM IsoprofyD-1-thiogalactopyranoside for 3h. After cell
lysis by French Press, the lysate was centrifugetthe supernatant was incubated with
TALON for 1h at 4°C. After two washes with IMAC-%im(mobilized metal ion affinity
chromatography with 5mM imidazole), the bound prgewere eluted with IMAC-200
(200mM imidazole). Proteins were analyzed by SDSs5EAand the concentrations were
determined by the Bio-Rad Bradford assay.

4.2.4 |Immunization of mice

Female BALB/c mice aged from 6 to 8 weeks were Ipased from the Central Animal
Services of Monash University and were kept in a&c#g pathogen free (SPF)
environment. They were used at 6—8 weeks of agerdiog to the protocol approved by
the Monash University Animal Ethics Committee regments and the Australian Code of

Practice for the Care and Use of Animals for SdientPurposes (Permit Number
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MARP/2011/011). All efforts were made to minimizeiffering, and animals were

humanely sacrificed under anesthesia.

In the first stage of the study, each group coirigin5 mice was intramuscularly
immunized through their thigh skeletal muscle ab ssites with different formulations of
naked DNA, PEI/DNA at N/P (nitrogen in PEI / phoaph in DNA) ratio of 15 and
SPIONs/PEI/DNA complexes at N/P ratios of 10, 18, 2nd 30, according to the
immunization schedule (3 times at 2-week intervidlice were prime-immunized at day 0
and two subsequent boosters of SPIONS/PEI/DNA cexgsl (25 pg of PyMSR4

plasmid/mouse for each immunization) were givedaat 14 and 28 (Figure 4.2).

A total volume of 100-200 pl suspended in 5% glecbsffer with the PyMSR3mass of
25 pg / mouse was used for each immunization. Alsmadymium-iron-boron Nd-Fe-B
permanent magnet was tightly attached for 1 h tmecsurface of the injection site for the
groups of mice injected with SPIONS/PEI/DNA commsxwith different N/P ratios
(Xiang, Bin et al. 2007). Two weeks after the lasmunization (2 boost) (day 42),

pooled sera were collected from all the mice falgsis by ELISA.

In the second stage, groups of 6-8 week-old ferBAlEB/c mice (n = 5 per group) were
immunized with either SPIONsS/PEI/DNA complexes & Katio of 15, or naked DNA in a
5% glucose buffer with PyMSkidmass of 100 pg / mouse (for each immunization)
according to the immunization schedule (3 time-ateek interval) (Figure 4.3). The
animals were prime-immunized by SPIONs/PEI/DNA cterps or naked DNA (either
subcutaneously, intradermally, intramuscularlyraperitoneally, and intravenously) at day
0 and two subsequent boosters of SPIONs/PEI/DNAptexes or naked DNA was given
at day 14 and 28 (Figure 4.3). Nd-Fe-B permaneagmat was attached above the
injection site with SPIONs/PEI/DNA complexes forhldepending on the injection site.
Complexes were produced in different final volundepending on the injection route but
with equal dosing DNA (10Qg/dose). The total volumes were 100-200 pul for i.m., s.c.
groups and 100 pl for i.d. group, respectively. Tweeks after the second immunization
(1% boost) on day 28 and the last immunization on4y2™ boost), pooled or individual

sera were collected from all the mice for ELISAg(iie 4.3).
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To test the efficiency of heterologous DNA prim@fgin boost strategy in stimulating
antibody immune responses against PyM$FRdntigen, two weeks after the final
immunization (3% boost) with SPIONsS/PEI/DNA complexes via i.p., i.md., and s.c.
routes, all mice were immunized intraperitonealiyhva single dose of 25 pg / mouse of
recombinant ECPyMSRJ(Escherichia coli PyMSP1g) proteinemulsified in an incomplete
Freund’'s adjuvant (Figure 4.6A). Purification ofcoenbinant EcPyMSR3 protein is
described in detail in section 4.2.3. Pooled sezeeveollected 2 weeks (day 56) after the

final protein booster.

4.2.5 Antibody determination by enzyme-linked

Immunosorbent assay (ELISA)

To detect PyMSP} specific antibodies, polyvinyl chloride microtitglates pre-coated
with recombinant ECPyMSR4(5pg/ml)in 0.2 M sodium bicarbonate buffer (pH 9.6) by
incubating at 37C for 2 h (or at 2C overnight) as a coating antigen for determination
antibody titre and IgG profiles. The plates wereckked with blocking buffer (5% skim
milk powder in phosphate buffered saline PBS) fdér at 37 °C, washed 5 times with PBS
containing 0.05% (v/v) Tween-20 (Sigma Aldrich) amttubated for 2 h at room
temperature with serial dilutions of pooled andividhial mice sera. The plates were then
washed and incubated with horseradish-peroxidag&PjHconjugated rabbit anti-mouse
IgG (Invitrogen) for 1 h at room temperature RT ti§an-specific 1IgG1, I1gG2a, 1gG2b and
IgG3 subclasses were also assayed using a panklR&conjugated rat anti-mouse
immunoglobulin subclass 1gG1, 1gG2a, IgG2b and Ig8B, Pharmingen) for 1 h at RT.
After 1 h, the plates were washed again before atidition of a developing buffer
containing substrate (TMB) (Invitrogen) for 30 mifhe reaction was then stopped at 30
min by the addition of 1 M HCI, and absorbance wesad at 450nm using Thermo
Scientific Multiskan microplate reader. Data isg@eted as a mean standard deviation (SD)
for each dilution of the sample, or as an antibedygpoint titre. The result of antibody
endpoint titres was defined as the inverse of fighdst dilution reaching an absorbance

equal to or higher than the mean ffPplus 3 x standard deviations (SD) of naive mice.
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4.2.6 Statistics

Statistical analysis of differences between the rmafathe inverse of titer by ELISA for
different immunized animal groups were comparedgisine-way ANOVA and the Tukey
post-test. Comparisons were considered statistis@gnificant at p < 0.05. All data were

analyzed using GraphPad Prism 5 software (GrapBe#diare, Inc., La Jolla, CA).

4.3 Results and discussion
4.3.1 Size and zeta potential of magnetic gene vectors

The co-precipitation of Fe (Il) and Fe (lll) in alkne in the presence of trisodium citrate
resulted in formation of SPIONs, with the averagdrbdynamic diameter in suspension of
around 160 + 5 nm. SPIONs were negatively chagé zeta potential around -42 + 2
mV due to the presence of carboxylic groups on ghdace that would enhance the
electrostatic interaction with positively chargeBlPolymer. As reported previously (Al-
Deen, Ho et al. 2011), as-synthesized SPIONs wesdominantly superparamagnetic at
room temperature with a specific saturation magnetf >62 emu/g under 15 kOe applied
magnetic field and 0.01 emufgmanance (Appendix AFigure A.2)), while the X-Ray
diffraction pattern of the sample was identicathte standard X-Ray diffraction pattern for
pure magnetite JCPDS (Card No. 01-072-6170) (Appefd(Figure A.3)). Transmission
electron microscopy (TEM) showed that freshly predamagnetic nanoparticles are
clusters of distinctive particles with an averageecsize of 10 + 2 nm (Figure 4.1A). Upon
adding PEI, the surface charge of SPIONs was ctetvdrom highly negative to highly
positive 37.7+ 1.9 mV, indicating PEI polymer agg@n on SPIONs (Figure 4.1C).

Figure 4.1B shows the volume-based size distrinutibSPIONSs aggregates in suspension
as determined by Dynamic Light Scattering (DLS). the absence of PEI, SPIONs
aggregates have a wide size distribution rangioghf10 nm to several microns. On the
other hand, when PEI was added to SPIONs with RElfass ratios (R) of 10, the
population of large aggregates (>1um) disappeatethsh entirely, with most of the

particles demonstrating narrower size distributionth aggregate sizes predominantly in
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the 50 nm — 500 nm range (volume-based). The preseh cationic polymer PEI on
SPIONs has dual roles for increasing SPIONs stghiliagueous solution and at the same
time acting as a condensing agent for plasmid DRAUre 4.1C). The ratio of PEI
nitrogen atoms to DNA phosphate (N/P) is an impuartactor influencing the degree of
DNA complexation on particles and consequentlytthasfection efficiency (Zhao, Chen
et al. 2009). In this study SPIONs/PEI/DNA vectavsre prepared by adding DNA to
SPIONS/PEI at the different N/P ratio in 5% glucbséfer to investigate the optimal N/P

ratio for ourin vivo gene delivery (Table 4.1).

The naked plasmid VR1020-PyMSk1molecules exhibited a mean hydrodynamic
diameter of 162.5+ 9.2 nm and negative zeta pateofi-54.2+ 2.9 mV. Adding highly
negatively charged plasmid DNA molecules to PEypwr at N/P of 15 resulted in small
particles with a hydrodynamic diameter of around@364£.3 nm and positive zeta potential
of 37.5+ 1.4 mV, indicating the compact structuféhe complex between PEI and plasmid
DNA molecules. On the other hand, adding DNA to-B&ted SPIONs at N/P ratio of 10
reduced the high positive charge of PEI/SPIONsigest to around 14.2 + 2.4 mV,
indicating DNA molecules condensation on the s@fatmagnetic complexes. At N/P of
10, the measured hydrodynamic size appeared targerlaround 174+ 1.4 nm, while the
surface charge was slightly positive due to thesgmee of DNA in excess of PEI, which
could induce some aggregation between particles.Zéta potential increased to 30.4+ 8.6
mV at a N/P ratio of 30, providing enough repulstonavoid further aggregation (Table
4.1).
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Figure 4.1: (A) TEM micrographs (JEOL 2011) of as-gnthesized SPIONs; (B) Size
distributions of magnetic nanoparticles before andfter coating with PEI, suspended in water
at pH 7.4 at 37 C; (C) A schematic representationfeurface modification of SPIONs with PEI
and DNA through electrostatic interactions.
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Table 1
Characteristics of the tested complexes
Characteristics Mean particles size Zeta potential
(nm) (mV)
DNA 162.5+9.2 -54.2+29
PEI/DNA 64.3%2.3 37.5 +1.4
- 10 174.0+ 1.4 14.2 +2.4
SPIONs/PEI/DNA
. 15 147.0 £ 8.5 209 +1.7
N/P ratios _
20 132.5+7.8 23.1 £1.2
L 30 104.1 + 16.8 30.4 +8.6

Table 4.1: Characteristics of the tested complexes

4.3.2 Determination of the N/P ratio for SPIONS/PEI/DNA

complexes based on antibody responses to PyMSP1

Early studies have shown that the muscle was arddvmute for DNA vaccine delivery
because skeletal muscle cells have an unusual ibapactake up and express foreign
plasmid DNAin vivo without any special delivery mechanism (Danko aviolff 1994).

Here the muscle tissue was chosen for the admatimtr of the SPIONS/PEI/DNA

complexes to determine a suitable N/P ratio foramalPyMSP1sgene expressioim vivo.

To test elicited antibody levels, OD values of kdtgs antibodies specific for PyMSRl
from each group of mice were measured by ELISAhwicombinant EcPyMSkdas the
coating antigen to determine the total serum Ig@iresy PyMSPiy. Figure 4.2 shows that
the levels of IgG antibody responsevivo were significantly higher for vectors injected

with magnetofection than without magnet. In additithe level of antibody induced by
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magnetofection was higher than those induced byCINA complexes at the N/P ratio of
15, whereas the level of antibody induced by ndBBid was very low compared to other

groups.

The specific reason for magnetofection to imprawenunization reactions vivo remains
unclear. Zhou et al. claimed that the external retigrfield could improve the distribution
of magnetic gene complexes within the skeletal heusssue by drawing complexes across
the tissue and accelerating the accumulation ot gamplexes on the cell surface by
magnetic force (Zhou et al. 2007). Although antigaipression in myoblasts may have a
role in regulating immune responses following DN&cwgination, there is a clear evidence
that only professional antigen presenting cell (ARQch as dendritic cells (DCs) are
actually able to prime immune responses after Dldécination (Iwasaki et al. 1997). DCs
could uptake a large number of magnetic nanopestitci a wide range of size distribution
from 10-200 nm (Goya et al. 2008). Considering #naigen-presenting cells (APCs) are
less available in the muscle than in the skiapid gene transfection of magnetic gene
complexes under an external magnetic field couléti@uted to a higher transfection of
APCs in the muscle tissue expressing relativelgdaamounts of antigen. In addition,
activation of both B and T cells take place eithgra direct uptake of plasmid DNA and
the expression of protein in professional APCd)transfer of the expressed protein from
myocytes to APCs in order to process and presemt tm MHC molecules (cross-priming)
(Doe et al. 1996). For these reasons, the use ghatafection in DNA vaccination strategy
could enhance both APCs and myocytes transfectreaulting in higher immune

responses.

The highest level of IgG antibody response agaiRgMSPls was induced by
magnetofection using SPIONs/PEI/DNA complexes aW/R ratio of 15 (p < 0.001)
compared with other groups. Magnetofection with GB¥$/PEI/DNA complexes at N/P
ratio of 20 also induced comparatively high leval$gG response, although they were still
lower than those at the N/P ratio of 15 (p < 0.0Sypure 4.2). The data were relatively
consistent with a previous vitro magnetofection studgf PyMSP14expression in COS-7
cell line, where the gene expressions of SPIONSIPNEA complexes at N/P ratios of 10
and 15 were higher than those from other N/P rgAb®een, Ho et al. 2011).
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In thein vivo delivery, a balanced interaction between PEI dadmpid DNA is important.
The influence of PEI on IgG antibody response ofPHA complex is moderate (Figure
4.2), suggesting that PEI by itself could not adnea as an efficient carrier for gene
transfectionin vivo, although it has a high buffering capacity in grelosome, known as
the proton sponge effect (Godbey, Wu et al. 1988¢ amount of PEI should be enough to
condense plasmid DNA against enzymatic degradatidrlst at the same time weak
enough to allow for a complete release of plasniADnside the cell. SPIONS/PEI/DNA
complexes at moderate N/P ratios were previousigahstrated to form loose-structured
complexes, which still offered space to allow otivaterials such as polymerase to interact
with DNA for gene expression (Prasad, Gopal et 24l03). In contrast, a stronger
complexation of DNA with large amounts of highlyopsnated amine groups in PEI
molecules could cause gene blocking that may redaREONS/PEI/DNA transfection
efficiency / protein expression. Although magnettiten using SPIONsS/PEI/DNA
complexes at the N/P ratio of 15 and 20 togethewsk highest IgG antibodies against
PyMSP1, (Figure4.2), the highest endpoint titres were obtainednvNé& ratio was 15
(Appendix B. (Figure B.1)). Therefore, the N/P oatif 15 was used in the second stage to
investigate the delivery of SPIONS/PEI/DNA complexeia different administration
routes.
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Figure 4.2: Total IgG obtained from BALB/c mice imnunized intramuscularly with different
combinations of PyMSP1,(naked DNA, DNA-PEI, at a N/P ratio of 15 and SPION/PEI/DNA
at different N/P ratios with or without magnet). Two weeks after the last immunization (day
42), sera were collected from immunized mice in ehcgroup (n = 5), pooled sera were
analyzed for IgG by ELISA as ODsonmat 1:150 dilution using recombinant protein as a
capture antigen. Values are mean + SD of duplicateneasurement. One-way analysis of
variance (ANOVA) and Tukey multiple comparison testwere used to find the difference
between different groups. Statistical significancés designated as *p < 0.05, *** p < 0.001.
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Administration routes of SPIONs/PEI/PYMSP1,4 complexes

The type of administration route is of interest fmarticulate gene delivery systems in
nanometers or small micrometre range, since theypeanaturally phagocytised by various
APCs toward an effective immune response agairesttdhget antigenGene complexes
with small particle size are able to drain freelynh the injection site to the lymph nodes,
which is a key trigger of immunity in genetic immzation for stimulation and regulation
of adaptive immune responses (Manolova et al. 200®)st reported studies for DNA
vaccine administration using PEI/DNA or SPIONs/EEA complexes were via
intramuscular or intravenous injections using syem (Chollet, Favrot et al. 2002; Xiang,
Bin et al. 2007; Zhou, Liu et al. 2007). Here tlife@ of magnetofection on the level of
IgG antibody responses against PyMSP119 antigen wmasestigated using
SPIONs/PEI/DNA complexes via different adminiswatiroutes (intraperitoneal (i.p.),

intramuscular (i.m.), subcutaneous (s.c.), intrade(i.d.), and intravenous (i.v.)).

4.3.3 Safety evaluation

The safety of SPIONs/PEI/DNA complexes was evatlibiemonitoring the appearance of
mice directly after injection, while the generalatlih of mice was also checked twice a
week after immunization. SPIONs/PEI/DNA complexegjected with different
administration routes, except for i.v., did not exbely influence the survival of mice, with
all animals remaining in good health until the eridhe experiment. On the contrary, i.v.
immunizations of SPIONs/PEI/DNA complexes causeddient shock with most animals
dying in the first 30 min. These results suggesied Balb/c mice strain in this experiment
was sensitive to SPIONsS/PEI/DNA complexes toxicityrough i.v. immunization,
especially at a high concentration (100 pg/ mL DNM)e observation was in agreement
with Collet et al., which showed that the toxicaf a high dose (more than 100 pg ) of
PEI/DNA complexes after i.v. injection was more mwanced in Balb/c strains than in
Swiss nude mice where all treated animals diedho€lsin the first 30 min (Chollet, Favrot
et al. 2002).
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Since the same concentration of complexes delivesigd other routes did not show any
symptoms of toxicity, the prevailing hypothesis wdbat the aggregation of
SPIONs/PEI/DNA complexes could cause a physicatkaigeof lung capillaries (Ogris et
al. 1999). Different studies showed that PEI/DNA@garticles injected intravenously into
mice resulted in gene expression that was stroimgéire lung than liver, heart, spleen, or
kidney, and was accompanied by high toxicity duethe accumulation of PEI/DNA
nanopatrticles in the lung resulting in death forstnaf the animals within the first 30 min
after injection (Wightman, Kircheis et al. 2001; dllet, Favrot et al. 2002). At the
concentration used fdn vivo experiments, micrometer-sized particles could drenéd
when DNA are mixed with positively charged PEI.n& PEI/DNA complexes are still
highly positively charged, they are able to inténaith negatively charged serum proteins
such as opsonins in the serum, adversely affectingvo gene expression (Wightman,
Kircheis et al. 2001; Chollet, Favrot et al. 200Zhe agglomeration of magnetic PEI-
coated nanoparticles in this study could be furthduced by strong magnetic dipole—
dipole attractions between particles, leading togkage of small capillaries within body
tissues (Gupta and Gupta 2005).

4.3.4  Antibody responses induced by SPIONs/PEI/DNA

complexes

The pre-immunization serum sample (depicted by vwerkFigure 4.3) did not contain any
detectable antibody response against recombinaateipr ECPyMSP{L in ELISA.
Generally, mice that were vaccinated by SPIONsPEK complexes with the 3 DNA
boosting protocol developed IgG antibody respoie.significant difference was noted
for IgG endpoint titers observed after tH&Hoost for all administration routes. After the
2" boost, the IgG antibody response via i.p. routs wgnificantly higher than other
groups (Figure 4.3), with IgG endpoint titers rggsimore than 21- fold higher (p < 0001)
than the T booster injection. In comparison, IgG endpoinettafter 2 booster injection
were only moderately elevated (8- fold higher) canepwith the T injection for i.m., i.d.

and s.c. routes (Figure 4.3).
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Mice immunized with SPIONS/PEI/DNA complexes inteafoneally with the application
of external magnetic field developed significarttigher antibody responses after tHé 2
booster injection with endpoint titres of 11.0470%tompared to 54.07 for control mice
(naive) (p < 0.001) (Figure 4.4). The antibody ceses induced by i.m., i.d. and s.c. routes
under the applied magnetic field were comparativelyer than those induced by i.p.
(endpoint titres of 3.126x£01.096x16, 1.118x16 compared to 11.047 xi0p < 0.001)
(Figure 4.4). The lower immunogenicity of magnejene complexes via i.m., i.d. and s.c.
routes implies the inherent difficulty in anticipad gene expression after injection, even
for the same gene complexes, probably becauseeadeébreased immuno-accessibility of
the antigen, since the main dose portion remainéhleasite of injection or was degraded

before reaching secondary lymphoid organs.

Repeated intraperitoneal administration of SPIONBIPNA complexes were found to be
highly reproducible for high gene expression, dagsidue to its 'depot effect' for
nanopatrticles in the peritoneum, as proposed pusiydor PEI/DNA complexes (Intra and
Salem 2008). Intraperitoneal administration of geamplexes has several advantages for
transfection efficacy to antigen presenting celRCS by SPIONS/PEI/DNA due to 1) high
accessibility to APCs in the peritoneal cavity d&yrdph nodes; and 2) few bio-components
that reduce transfection activity (Hattori et aDOB). The application of an external
magnetic field after injecting the gene complexessiblycaptures andetains particles for

a longer duration in the peritoneal cavity to remai contact with peritoneal cells and
lymphoid tissues. The stronger antibody responsdsced in the intraperitoneal group
could be due not only to the adjuvant effect of R$/PEI/DNA complexes with the
application of a magnetic field, but also becaust® physiology of peritoneum as a major
reservoir for macrophages (Weck et al. 1999) andudiéc cells (Rezzani et al. 1999),
which are key triggers for activation of the adeptinmune system through the processing
to present the antigen as peptide-MHC complexestigen-specific T cells. Taking into
consideration the prolonged and strong interactidmedween these cells and i.p.
administered SPIONs/PEI/DNA complexes in the pagtl cavity under a magnetic field,
the opportunity for cellular uptake of these compke and generation of long-term gene
expression would increase. The fact that an extenagneticfield could enhance the

cellular uptake capacitgf macrophages and dendritiells for magnetic particldsas been
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reported undern vitro (Chapman, Hassa et al. 2008; Goya, Marcos-Camipak 2008)
and in vivo (Guedes et al. 2005) conditions. The intraperdébnénjection of
SPIONs/PEI/DNA complexes possibly enhanced the exunation of these complexes in
the peritoneal fluid and adjacent lymphoid tissuehsas lymphoid organs and local
mesenteric lymph nodes inside the peritoneal cadwtya rapid accumulation of the full
vector dose within a close vicinity of target cetisa few minutes (Zhou, Liu et al. 2007).
Since the intraperitoneal cavity is a good storégeself-replenishing cells that play a
significant role in the mucosal immune responsec@se et al. 1989), the gene delivery
formulation (SPIONsS/PEI/DNA) could work as well the mucosal route of delivery

system.

Different studies have reported the immediate ibistion of magnetic nanoparticles in the
liver and spleen after injection, with negligibleades reported in the brain, heart, and
kidney (Kim et al. 2006; Zhao et al. 2012). Theldgical distribution and toxicity effects
of 50 nm magnetic nanoparticles through intraped#d injection in mice has been studied
histologically by (Kim, Yoon et al. 2006), reporgirthat magnetic particles were rapidly
and widely distributed in different organs, witkethighest concentrations in the liver and
spleen without any apparent toxicity even after eeks, while the spread into the lungs
was minimal. The size of magnetic gene vectorslumd fused in this work (Table 4.1)
implied that fast and free drainage of these gdadiinto different lymphoid organs and
local mesenteric lymph nodes were possible afteaperitoneal injection. The impact of
particle size drainage to lymph nodes has beerribedcby (Manolova, Flace et al. 2008),
who reported that nanopatrticles in the range of 20 nm were able to drain freely and
directly to lymph nodes penetrating deeper intcasreurrounding B cell follicles. In
contrast, the magnetic susceptibility of our magneérticles to an external magnetic field
(Appendix A.(Figure A.1)) mightporevent most of these particles from freely mowirogn
the peritoneal cavity until the permanent magnet reanoved from the injection site after 1
h. The response of magnetic gene complexes to tamnek magnetic field should enhance
the efficiency of gene delivery to peritoneal cedthough their interactions depended on
various parameters, including physiological fluldw velocity inside the body, particle
size, magnetic field properties (placement, sibape, and strength), crucial for targeting
magnetic particles (Nacev et al. 2010). The dingicaperitoneal injection of PEI/DNA was

88



Chapter 4

also demonstrated by (Aoki et al. 2001) to be anmwmg delivery method to transduce a
gene into disseminated cancer nodules in the peadccavity. Intraperitoneal injections of
PEI/DNA complexes have been shown to effectivellvde a luciferase gene (Intra and
Salem 2008) and siRNA against human melanoma tgrawth (Aigner et al. 2002) in

mice.

The results obtained here are in good agreemehtthase reported by (Cherif, Shuaibu et
al. 2011), where intraperitoneal immunization of &REI/y-PGA complexes as a delivery
system for plasmid DNA encoding. yoelii MSP1-C-terminus resulted in significantly
higher levels of IgG and subclass antibodies. Hmesstudy also showed that i.v. injection
of DNA/PEI/-PGA complexes stimulated antibody responses agii®1, although at a
lower level than those by i.p. injection. In thease, negatively charged DNA/PERPGA
gene vectors (—14.8 + 0.7 mV) were used (Cherifyja8u et al. 2011), avoiding the
aggregation of complexes with blood componentsearsiiing blockage of small capillaries
in the lungs, in contrast to our case with strongbgitively charged SPIONs/PEI/DNA
complexes (20.9 £ 1.7 mV) (Table 4.1).

The magnetic DNA gene transfer vaccine approachiges a unique and simple tool to
increase the efficiency and the speed of gene aelglito different tissues, subsequently
provides robust, consistent antigen expressioniemmiune responses, therefore increase
the vaccine efficacy. With good safety, tolerabibind reproducibility data showed in this
study as well as clinically acceptable administrati such an approach has a great

translational potential to the clinic in the future
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Figure 4.3: Effects of administration routes on toal IgG produced after the second and third
boost in BALB/c mice immunized with SPIONs/PEI/DNA through different routes of
administration with magnet. Two weeks after the seand immunization (day 28) and the third
immunization (day 42), sera were collected from immmnized mice in each group (n = 5),
pooled sera were analyzed for the level of IgG afitbdies against recombinant protein as
capture antigen. The results shown are the last dition of sera at which the ODsonm is higher
than mean+3SD of control mice. The results are expsesed as means + SD of duplicate.

Statistical significance is designated as **p < 010 *** p < 0.001.
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Figure 4.4: Effects of magnetofection on total lg@®btained in BALB/c mice immunized with
naked DNA or SPIONs/PEI/DNA complexes at the N/P & of 15 through different
administration routes after the third immunization. Two weeks after the third immunization
(day 42), sera were collected from immunized micenieach group (n = 5), pooled sera were
analyzed for the level of IgG antibodies against mmbinant protein as a capture antigen. The
results shown are the last dilution of sera at whit the OD;s0,m is higher than mean+3SD of
control mice. One-way analysis of variance (ANOVARNnd Tukey multiple comparison test
were used to find the difference between magnetotmn and naked groups. Results are
expressed as means + SD of duplicate. Statisticamificance is designated as *** p < 0.001.

4.3.5 Isotype distributions of antibodies to PyMSP1,

The immunoglobulin (IgG) subclass distribution oftiesPyMSP1y antibodies is an
important parameter for protection against blooagst malaria infection. Pooled sera
obtained on day 42 after the last booster via petridoneal and intramuscular routes
demonstrated significantly higher IgG2a responsempared with IgGl and 1gG2b
subclasses (Figure 4.5A). Both intradermal and wiaimeous routes failed to show any

differences between IgG subclass profiles becatig@nolgG responses produced against
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both complexed and naked PyMSP{IFigure 4.5A). Since i.p. and i.m. groups showed
differences between IgG subclass levels in pooke, svariations between individual
mouse IgG antibody subclasses were analyzed witigse two groups for 1gG1, 1gG2a,
IgG2b and 1gG3 antibody levels (Figure 4.5B). Thexere some differences in the mean
antibody titers between pooled and individual msega, attributed to assay variability.
Significant differences were observed in levelsligB2a, IgG1l, and 1gG2b responses
between SPIONs/PEI/DNA complexes and naked DNA nthtered intraperitoneally,

with little difference observed for the intramusautoute (Figure 4.5B).

Isotype profiles for pooled sera from mice injectetlamuscularly revealed that the 1IgG2a
was the predominant subclass for SPIONs/PEI/DNAperes compared to 1gG1, 1gG2b,
and 1gG3 (Figure 4.5A). High lgG2a level after DNAccination may be attributed to
unmethylated CpG dinucleotide motifs present intér@a genomes, responsible for
driving immune responses toward Thl-type respoases sign of serum IgG2a antibody
production (Chu et al. 1998). Previously othersorggd that IgG2a subclass were
frequently found after i.m. injection of plasmid BNPertmer et al. 1996; Feltquate et al.
1997). However, unlike the responses recorded dotgal sera, no significant differences
for IgG2a (and even other subclasses) were obsdreexlbetween complexed and naked
PyMSP1y in the individual mice vaccinated via the i.m. t@{Figure 4.5B), due to the
variability in 1gG responses between individual ei©n the other hand, the intraperitoneal
injection of complexed PyMSRd induced significantly higher 1gG2a, 1gG1, and Id¢G2
subclasses, respectively in individual mice, witbdgominant IgG2a responses compared to
the naked PyMSR4 When comparing IgG1 and IgG2b, it was evident I9&1 level was

higher than 1gG2b for i.p. route, whereas 1gG1 levas lower than 1gG2b for i.m. route.

Several studies indicated that the IgG2a resposs@redominantly responsible for
protection observed againBt yoelii (White et al. 1991; Bouharountayoun and Druilhe
1992; Ling et al. 1997)Highest level of 1gG2a response is the most federdgor

therapeutic applications since it activates antyedependent cellular cytotoxicity, and
confers protection against parasite invasion (L0O6&). Furthermore, a high level of IgG2a
has a main role in modulatifg) yodlii parasitemias in passive transfer study (White nEva
et al. 1991). It is also believed that IgG2a sutxlhas a crucial role in antimalarial

immunity especially againd®. yoelii (Ling, Ogun et al. 1997). Bouharountayoun et al.
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(1992) reported that antibody-dependent cell-mediatytotoxicity (ADCC) against the
blood-stage phase (merozoite) of theyoelii parasite is mediated by IgG2a, but not IgG1
in mice. It has been reported that induction of Itfi&1 isotype in mice is driven by Th2-
type cytokines, whereas the IgG2a isotype is dagbtty Thl-type cytokines (Coffman et
al. 1988; Carcaboso et al. 2004). This analysaisdicator of whether immune responses
are biased toward Thl- or Th2-type (Sin et al. 20B@hough IgG2a response is important
for antimalarial immunity, associations between 1g&hd IgG2b subclasses to PyM&P1
and low peak parasitemias were also demonstrateqHioynpetcharat et al. 1997),
suggesting that both cellular and humoral immunspaases have frequently been
correlated with protection againBtasmodium infection. In addition, although antibody
immune responses mediate blood-stage protectienlRy production as a mark of Thl
activation is also associated in blood-stage ptiotecthat can eliminate intracellular
parasites (Plebanski and Hill 2000). These findisgggested that SPIONs/PEI/DNA
complexes administered via the i.p. route inducecthigzed Th1/Th2 response with a
predominantly Thl biased responsehis study. The existence of IgG2a isotype g6 1
and IgG2b observed here suggested that the usagretic nanoparticles for malaria gene
delivery provided an advantage over traditionaladpts to provoke both Thl and Th2
type cell-mediated immunity in systemic compartrsemarticularly when delivered via

intraperitoneal or intramuscular routes.
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Figure 4.5: Effects of magnetofection on antibody dG subclass profiles with
SPIONSs/PEI/DNA complexes: (A) IgG subclasses antidg titre in  the  pooled sera
collected from immunized mice after the thirdimmunization with different routes of
administration; (B) Individual IgG subclass antibody titre in the groups of mice immunized
with SPIONs/PEI/DNA complexes intraperitoneally andintramuscularly. One-way analysis of
variance (ANOVA) and Tukey multiple comparison testwere used to find difference between
magnetofection and naked groups. Statistical signdance is designated as * p < 0.05, *** p <
0.001.
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4.3.6 Protein boost strategy

The immune responses generated by repeated DNAna#ionn may be sub-optimal for
protection because of the low amount of actualginoaintigen synthesized in the host.
DNA can be however an excellent priming agent tanfenemory cell that can then be
recalled and boosted by other delivery modaliti¢sterologous prime-boost strategies, for
example by using consecutive DNA priming followeg & purified protein boosting have
the potential to improve DNA-based vaccines dracadlti (Ramshaw and Ramsay 2000).
The most common is a heterologous booster usimg@mbinant protein boost formulated
in an appropriate adjuvant after DNA vaccinationll(dt al. 2010). In this study, it has
been hypothesized that this strategy may lead prawed antibody responses over groups
immunized with DNA vaccine only. For consistencgcambinant EcCPYMSR4 protein
boost has been selected to test in combination M\ vaccine for all groups of mice
immunized with SPIONs/PEI/DNA complexes.

Figure 4.6A shows that the antibody response icimated animals after 3 x DNA priming
and 1 x protein boost regimen led to a significhoost in 1gG responses for all groups
(Appendix B ( Figure B.2)). The last protein boogtiwith recombinant EcCPyMSR1
significantly stimulated antibody responses in(igtl., i.m., i.d., and s.c.) groups (p< 0.001)
compared to only 3 x DNA immunization in terms g6l endpoint titres, with the endpoint
titre for i.p. group significantly higher than treosf other groups (p< 0.001) (Figure 4.6A).
Boosting with recombinant protein resulted in angigant increase in endpoint PyMSfg1
specific antibody titres in i.p. group (IgG endpditers 3271922 + 17) compared to only 3
x DNA immunization (IgG endpoint titers 11047.231890) (p< 0.0001) (Figure 4.6A).
Notably, a single inoculation of recombinant EcCPY®3 alone in DNA unprimed mice
failed to induce detectable anti-PyMSPantibodies (p < 0.001) compared to those of 3 x
DNA + 1x protein group especially via i.p. routeigiire 4.6B). Mice receiving 3 X
SPIONs/PEI/DNA complexes followed by a single rebomant EcCPyMSPy boost
intraperitoneally generated significantly strondewels of anti-PyMSPg3 antibodies
compared to the animals receiving 3 x naked DNAxtptotein boost via i.p. route group
(p < 0.001) (Figure 4.6B). Together these resutiswed that naked DNA and single
recombinant protein immunization induced only ngigle antibody responses, but the
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combination of magnetic vectors/DNA priming and aebinant protein single boosting
induced much more rapid development of high-titgitedies especially via the i.p. route

of administration.

Regarding 1gG subclass analysis of 3 x DNA + 1 ot@in boost regime, the presence of a
high level of 1gG2a than IgG1 subclasses with Ig@Zal ratio of 1.9 was found for i.p.
group, showing the same trend as 3 x DNA immunineze with IgG2a/IgG1 ratio of 1.23
(Figure 4.6C, Appendix B (Figure B. 3B)). This weansistent with an earlier report by
(Sin, Bagarazzi et al. 2000), describing the abildf DNA-DNA vaccination to
significantly increase 1gG2a levels, with higheGRa response level observed when the
animals were primed with DNA and boosted with pirotemulsified in an incomplete
Freund’s adjuvant intraperitoneally. The total Ig&sponses for vectors administered via

I.p. route did not change in response to succegsineinizations.

In contrast, 3 x DNA + 1x protein boost regime destoated a higher prevalence of IgG1
than IgG2a in i.m., i.d., and s.c groups of micenpared to 3 x DNA-immunization.

Interestingly, the overall patterns of 1gG isotypeoduction were independent of the
presence of the incomplete Freund’'s adjuvant (IFAhe protein boost induced a
qualitative switch in relative levels of the antilyosubclass profile toward 1gG1 isotype in
i.m., i.d., and s.c groups (Figure 4.6&ppendix B (Figure B.3A)), with total IgG antibody

response level higher than in 3 x DNA-vaccination.

The exact mechanism of protein boost switching Ebclass from IgG2a to IgG1 in

general is not understood. A possible explanatias that due to an initial weak antibody
response and lack of significant differences betwg& subclass titres in the i.m., i.d., and
s.c. routes after 3 x DNA-vaccination (Figure 4.6Ahe last protein boost caused
fluctuations in Thl and Th2 cytokine productionteats affecting the original isotype
profile. This enabled the protein boost to playrdical role in the subclass switching
toward IgG1, as evident from the predominant Ig@ctass in i.m., i.d., and s.c. Groups
(Figure 4.6C,Appendix B (Figure B.3 A)). Furthermore, we couleesa pattern of the

isotype profile in which responses from the higheghe lowest were in the order of IgG1,
IgG2a, 1gG2b, and 1gG3 in these three groups dfterprotein boost. This pattern was

consistent with that found in a single unprimedt@irogroup, confirming the superior role
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of a protein boost (Appendix B (Figure B.3 A)). Toleservation that the 1gG1, rather than
IgG2a, was the predominant subclass elicited bgméinant ECPYMSP3 immunization

wasalsoreported by (Ma et al. 2012).

Diverging results after the protein boost in micened with the complexed DNA delivered
via different routes are consistent with the ideat the type of antibody responses elicited
following DNA-protein immunization regimen is demEmt on the strength of the initial
IgG response, the route of primed DNA administratend the identity of the antigen. This
study suggested that vivo immune responses to DNA vaccine with magneticarsowvere
characterized as mixed lgG2a/lgG1l subclasses, uthdgG2awas thepredominant
subclassproducedover other subclass. It has been reported thaukttion of the IgG1l
subclass is driven by Th2-type cytokines, wherbaslgG2a subclass is directed by Thl-
type cytokine (Coffman, Seymour et al. 1988; Siag&azzi et al. 2000). By introducing
SPIONs/PEI/DNA complexes, or by boosting with rebomant PyMSP1, especially via
I.p. route, both humoral and Thl and Th2 type imenuesponses may be stimulated for
protection against malaria infection in this casktraperitoneal injection of
SPIONs/PEI/DNA complexes is attractive because sinple, reproducible and might lead
to a depot effect of gene complexes residing inpgéBtoneum for several hours (Aoki,
Furuhata et al. 2001). The outcome is useful foretiping protocols for a variety of
diseases including cancer gene therapy. Ovariangreatic, and gastric cancers are
predominantly attractive targets for i.p. injecsg\oki, Furuhata et al. 2001; Kasuya et al.
2002; Jayne 2003; Louis et al. 2006), as the istitgneal injection of gene complexes
allowed the straightforward distribution of plasmidthe whole peritoneal cavity (Louis,
Dutoit et al. 2006).
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Figure 4.6: DNA prime-protein boost regime effect n IgG levels against PyMSPi, in mice
immunized with SPIONS/PEI/DNA complexes. Groups ofnice were immunized with three
doses of SPIONs/PEI/DNA complexes via different rdaas of administration with magnet
followed by a single boost with recombinantprotein formulated in incomplete Freund’s
adjuvant injected intraperitoneally. Sera were obtdned two weeks before and after protein
boost and pooled for endpoint against recombinanprotein: (A) Total IgG antibody titre
obtained before and after protein boost for differat groups; (B) Total IgG antibody titre
obtained from pooled mice sera immunized intraperioneally with three doses of either naked
DNA or SPIONs/PEI/DNA followed by single dose of prtein boost or primed with only single
dose of protein; (C) IgG antibody subclass titre inthe pooled sera collected from different
groups before and after single protein boost. Restsl shown are the last dilution of sera at
which the ODjss0nm is higher than mean+3SD of control mice. One-way atysis of variance
(ANOVA) and Tukey multiple comparison test were usd to find difference  between
groups. Results are expressed as means + SD of dogte. Statistical significance is designated
as *** p < 0.001.

4.4 Conclusion

The efficacy and the type of vivo immune responses elicited by magnetic gene vectors

delivered via different routes were studied usingiBPLg condensed oiBPIONS/PEI
particles. Intramuscular injection of SPIONs/PEI/M®NMomplexes at the N/P ratio of 15
with the application of the external magnetic fialdthe site of injection demonstrated the
highest IgG antibody response compared to thosergtsd with other N/P ratios. The
stimulation of IgG2a and IgG1l subclass levels wo ancreased with delivery of

SPIONs/PEI/DNA complexes with magnetofection, patarly for intraperitoneal and
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intramuscular injections. Heterologous prime-boastategies greatly enhanced IgG
response titre and at the same time significamhaaced IgG2a/ IgG1 ratio for i.p. route in
a similar manner or even more than DNA immunizatomty. While the stimulation of
IgG1 antibody immune responses after a single prdieoster injection was observed for
i.m., i.d., and s.c. routes. The stimulation of BgGimmune responses was strongly
dependent on the route of administration for thenpd DNA and the total IgG level
produced. Both IgG2a and IgG1 responses are ingdlvéhe protective immunity against
malaria, thus these magnetic vectors could be diciezit immunological adjuvant.
Antibody induction is a vital component for protect against toxin producing pathogens,
as well as the key to prevent initial viral infecti In blood-stage malaria, antibodies are
acknowledged as the primary stage of defense.therefore highly likely that the novel
approaches described herein will support furthediss towards the potential clinical

applicability of magnetic DNA vaccine delivery foralaria and other diseases.
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HAPTER 5

On designing Stable Magnetic Vectors as

Carriers for Malaria DNA Vaccine

5.1Introduction

Several approaches have been targeted towardsodewglan effective malaria vaccine,
with DNA vaccination emerging as the promising aawh for the prevention and
treatment of malaria and many other diseases (Doatal Hoffman 2001; Moreno and
Timon 2004). The main advantage of the DNA vacsniés ability to induce both humoral
and cellular immune responses against antigensdedday recombinant DNA (Doolan and
Hoffman 2001; Moreno and Timon 2004).

A variety of non-viral vectors have been used fene delivery in order to increase
transfection efficienciesMagnetically guided gene transfection (magnetodegti has
emerged as a promising strategy to improve theafji of gene delivery with low dose
vitro and site specifitn vivo applications (Dobson 2006). Additionally, the dioa of the
transfection process can be significantly reduced rbagnetofection compared to
incubation time required with standard protocolbe Tapplications of superparamagnetic
iron oxide nanoparticles (SPIONSs) for therapeuticppses required them to be stable in
aqueous conditions at physiological salinity andtreé pH 7.4. A major issue for magnetic
nanopatrticles is their tendency to aggregate eslhecinder high-ionic strength biological
media (Wiogo et al. 2011). Such colloidal stabikffects particle size, which should be
sufficiently small (< 200 nm) to increase cellulaotake and blood circulation time within
the body. The surface properties also influencerexgdion behavior, blood circulation

time, and cytotoxicity of the magnetic particleshe body (Gupta and Gupta 2005).
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A few studies on magnetic nanopatrticles for bioroaldapplications have focused on the
stability and magnetization of particles in biolog)i media. Wiogo et al. (2011) examined
the stabilization of magnetic iron oxide nanop&eBdn a biological medium (RPMI-1640)
via surface modification with fetal bovine serunB@), reporting that the aggregate size of
the magnetic particles with surface carboxyl groomsld be maintained at 190 nm = 2 nm
for up to 16 h in media containirig 4 vol % FBS. Their stability in this medium was
attributed to the presence of both hard and saftepr coronas of FBS on the particle
surface, providing steric hindrance from magnetid aan der Waals forces. Other studies
also found that the association of particles withum protein in cell media affect their
physicochemical interactions and provide bettegradtions with cellular receptors (Nel et
al. 2009; Arsianti, Lim et al. 2010).

The stability of magnetic nanoparticles in a biatady fluid can be improved by modifying
their surface to increase repulsive forces betwmaticles, thus balancing magnetic and
van der Waals attractive forces. PolyethyleneinfiPel) is a good candidate to modify the
surface of SPIONs as the polymer belongsre of the most efficient family of cationic
compounds for delivery of plasmid DNA into mammaliaells due to their extensive
buffering capacity through the “proton sponge” eff@Boussif, Lezoualch et al. 1995; Behr
1997). PEI has ability to capture protons that@mnped into endosomes, accompanied by
an influx of chloride ions to maintain charge nality and subsequent osmotic swelling
and disruption of the endosomes. This permits gleety of plasmid from the degradative
lysosomal trafficking pathway. On the other harnd tise of PEin vivo is limited by the
intrinsic high cytotoxicity and the relatively low gene expressanPEI is owing to the
highly positive surface charge (Neu, Fischer eR@05). The toxic effect on cells is due to
permeabilization of cellular membranes and disaupbf phospholipids bilayers of the cell
membrane (Godbey, Wu et al. 1999). The decreasedféction efficiency of PEh vivo

is partly attributed to serum protein-induced aggtmn and coagulation of blood cells
(Koyama et al. 2003). PEIl-coated SPIONs usuallyregpge immediately in commonly
used cell media such as RPMI or DMEM (Dulbecco Medi Eagle’s medium) in the
presence of serum protein, due to the high amimgeots of PEI that interact with
negatively charged molecules such as opsoninseamsénum (Neu, Fischer et al. 2005).

Such non-specific interactions of PEI complexeshviilood components and target cells
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could be reduced by shielding positive chargeskdfvidth other polymers to create a steric
barrier against aggregation (Kichler 2004). Fornegle, PEGylation of PEI via covalently
attached polyethylene glycol (PEG) segments to RiBlecules could increase their
circulation timein vivo due to the reduction of non-specific interactiomgh serum
albumin and cellular components in the bloodstrégithler 2004).

Another strategy is to develop a delivery systeat tiot only resists aggregation but also
incorporates cell-binding ligands to combine irgrintransfection activity with receptor-
mediated cellular uptake mechanisga. example is the use of cationic PEI derivatives o
hyaluronic acid (HA) (Han, Kang et al. 2009) thauld decrease cytotoxicity, diminish
non-specific interactions with serum protein in thieysiological fluid (Yao, Fan et al.
2010), and enhance CD44 receptor-mediated endasy{dsmng, Park et al. 2009).
Amphoteric HA derivative with PEI using high moléau weight of HA showed little
aggregation in a phosphate buffer at the optimalgd ratio (Yao, Fan et al. 2010). The
complexes also exhibited higher gene transfectibciency with lower cellular toxicity in
HepG2 cells than PEI/DNA alone, due to both bgitetection of DNA from nuclease and
timely dissociation of DNA from complexes that rited in increased DNA uptake by HA-
specific receptor-mediated pathway. Ito et al. @O0®eported that amphoteric HA
derivative with spermine side chains (Spn-HA) showegher transcription-enhancing
activity than HA alone, while PEI/DNA coated witlpi&HA exhibited 29-fold higher gene
expression than PEI/DNA alone. The better perfoceanf Spn-HA complexes could be
due to their high mobility groups (protein-like tisriptional activation properties) that
loosen the tightly compacted DNA/polycation compex thus enhancing plasmid
transcription (Zappavigna et al. 1996). Ito et(2D08) also found that the pre-addition of
HA to DNA prior to PEI, successfully decreased #ggregation size of gene complexes,
with some patrticles remaining without aggregatiathva diameter of < 80 nm, even at a
relatively higher concentration of DNA (200 mg /yml

Shielding of cationic magnetic gene vectors suchPBbcoated SPIONs by HA through
electrostatic interaction between amine @Nigroups in PEI and the carboxyl (COOH)
groups in HA should influence their stability inffdrent biological media and also the
efficiency of gene transfection. To design effeetimagnetic malaria gene vectors, a simple

invitro assay was developed in this study to investigaeeffects of order of assembly for
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complexes comprising SPIONs, PEI, HA, and DNA ilatien to their stability in different
cell media. The complexes were formed as followEH:configuration vector: layered
assembly of PEl-coated SPIONs by DNA, followed b ESPIONS/PEI/DNA/HA); 2™
configuration vector: coupling of PEIl-coated SPIONs with DNA+HA mixture
(SPIONS/PEI/DNA+HA); 3¢ configuration vector: coupling of bare SPIONs with
PEI+DNA+HA mixture (SPIONs/PEI+DNA+HA). The staltiliof these gene vectors was
measured in terms of size distribution, surfacergdiaand DNA binding capacities in
water, in a 150 mM NacCl buffer solution, and in RPM40 media with and without fetal
bovine serum (FBS) at pH 7.4. Commercially avadafdtal bovine serum (FBS) was
added to RPMI media as a model serum to test #iglisy of different magnetic vector
configurations in a relatively identical environméa the human blood serum. Different
gene configurations were also exposed to cleavgdgéNnse | to test the ability of these
complexes in protecting DNA from digestion by DNasgum. The resistance of these
vectors to polyanion-mediated dissociation by hiepaas also investigated to understand
the impact of the negatively charged compounds iblamd-like environment on the

stability of the complexes.

5.2 Materials and methods
5.2.1 Materials

Polyethylenimine with an average molecular weigh® kDa (PEI branched), trisodium
citrate dihydrate (€HsNagO.2H0) and heparin sodium salt were purchased from &igm
Aldrich. RPMI 1640 medium (GIBCO), fetal bovine sar, Quant-iT PicoGreen dsDNA
reagent and kits were supplied by Invitrogen (GQads CA). Sodium hyaluronate (HA)
with an average molecular weight of <10 kDa waspased from Life Core Biomedical
LLC. Fe (Ill) chloride (FeGL6H,0) and Fe (Il) chloride (FegVH,O) were purchased
from Ajax Finechem and Ajax Chemicals, respectivédammalian expression vector
VR1020 (Vical Inc., San Diego, CA), the VR1020-PyRIg plasmid was kindly provided
by Prof. Ross Coppel's group (Department of Micoddigy, Monash University). The
plasmid VR1020-PyMSR4 (Appendix A (Figure A.1)) was amplified i&scherichia coli

104



Chapter 5

(strain DH®) and purified using an endotoxin-free Mega-prepsplid kit (Qiagen)

according to the manufacturer’s protocol.

Methods

5.2.2 Preparation of magnetic gene vectors

Superparamagnetic iron oxide nanoparticles (SPIOMNSE synthesized by alkaline co-
precipitation of Fe (lll) chloride (FegbH,O) and Fe (lI) chloride (Fe€VH,O) (1:2 molar
ratios) in an aqueous solution in the presenceisddium citrate (§HsNazO;.2H,0) as an
electrostatic stabilizer, as described previoush-Oeen, Ho et al. 2011). Details of
SPIONSs synthesis and purification of plasmids DNk de found in the sections (3.2.2
and 3.2.3).

The iron oxide suspension (0.1mg/ml) was mixed vif§6 (w/v) PEI solution (25 kDa
branched polyethyleneimine), with PEI/Fe mass safi®) =10 and during which they were
sonicated for 5 min. The SPIONs/PEI complexes weiayzed using Spectra/Por
membranes (MWCO = 12000 -14000) with deionized wébe 3 days to remove any
unbound/excess PEI.

Different magnetic vector configurations were pregaby changing the mixing order of
vector components. The proposed vector configurasidllustrated in Figure 5.2. Ternary
complexes (SPIONs/PEI/DNA) (Figure 5.3.B.1) were prepared rbixing SPIONs/PEI
complexes with plasmid DNA encoding VR1020-PyM&Rfene (8 pg/ml) at N/P ratio of
10 in Milli-Q water for 30 min, a period of time imhich DNA should have been entirely
complexed (Al-Deen, Ho et al. 2011). The vectorsenmepared as followed:

1 configuration: SPIONS/PEI/DNA/HA (Figure 5.3.B.2) was prepared by mixing
ternary complexes with various amounts of HA solutito adjust HA: PEI % charge ratio
from 0.5% to 100%, incubated for 30 min at roompgenature.

2" configuration: SPIONS/PEI/DNA+HA (Figure 5.3.B.3) was prepared by first adding
HA solution with various amounts (as mentioned a&)dw plasmid DNA (8 pug/ml) for 30
min at room temperature. The HA+DNA mixture was nthadded to SPIONSs/PEI

complexes, at N/P of 10 and incubated for 30 mimoam temperature.
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3 configuration: SPIONS/PEI+DNA+HA (Figure 5.3.B.4) was prepared by firstly
mixing PEI, DNA, and HA with various HA: PEI % clug ratios and N/P of 10. After 30
min incubation in Milli-Q water, the zeta potent@ the complexes (PEI+DNA+HA) was
measured using a Malvern Zetasizer ZS (Malvermunseénts Ltd., U.K.). Table 5.1 shows
that PEI+DNA+HA mixtures were positively chargedrfr +33 mV to +12.2 mV when HA

: PEI % charge ratio varied from 0 to 25%, while tharge became negative from -8.89
mV to -20.23 mV with higher % HA : PEIl between 5G2d 100% due to the presence
high amounts of polyanions. For these vectors, gbsitively charged PEI+DNA+HA
complexes were mixed directly with negatively clerdare SPIONs (-40 mV £ 2 mV),
producing vectors referred to 8®I0Ns/PEI+DNA+HA (A-3" configuration vectors 0-
25%). On the other hand, the negatively charged PEI+BINA complexes mixed with
positively charged SPIONSs/PEI complexes were referr to as
SPIONSs/PEI/PEI+DNA+HA (B-3" configuration vectors 50-100%)

PEI+DNA+HA complexes Zeta potential (mV)

% HA: PEI charge ratio

0 33 +3
5% 28 +2
10% 25.9+3
2506 122 +7
50% -8.89 +2
7504 -19.86 +2
100% -20.23 + 4

Table 5.1: Zeta potential PEI+DNA+HA complexes withdifferent % HA : PEI charge ratios
incubated in water for 30 min (n = 3, £ SD).
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5.2.3 Characterization of magnetic gene vectors

Typically the vectors were suspended in Milli-Q @ratin 150 mM NacCl, in RPMI, and in
RPMI containing 10% FBS at pH 7.4. The pH of afldia was adjusted to 7.4 with either
the addition of 1.0 N NaOH or 1.0 N HCI. The sarspheere then incubated for 1 h at 37
°C prior to measurements. The average hydrodynamimeters (expressed as dynamic
light scattering (DLS)) of different configuratiorend their zeta potential in aqueous
solution were measured using Zetasizer® Nano ZSv@a Instruments Ltd, Malvern,
UK) at 37°C using a DTS 1060C clear disposable zetia (Malvern Instruments). Using
this technique, the volume size distribution of thggregates was also determined.
Measurements were conducted on different samplasaf@rage from 3 samples) of
complexes with SPIONs concentration of 0.05 mg/ndpended in four different media.
Transmission electron microscopy (TEM) was perfatmeing a JEOL 2011 microscope
operated at 200 k. A drop from each suspensiondepssited onto a carbon-coated copper

grid and dried at room temperature for TEM obseovat

5.2.4 DNA retardation assay

The effects of HA addition on the electrophoretichitity of DNA incubated in different
cell media were assessed using agarose gel elbotexis. The vectors were incubated for
30 min in different cell media at room temperatpréeor loading into agarose gel (1%
agarose in Tris-borate EDTA buffer containingu5 ethidium bromide, EtBr at fg/ml).
Electrophoresis was carried out at 60 V for 90 ramj DNA bands were visualized with a

UV illuminator.

5.2.5 DNA binding assay

DNA binding to complexes was determined using a Bdy&cific fluorescence reagent
PicoGreen dye to quantify the amount of unbound DNAolution (Ferrari et al. 2001,
Arsianti, Lim et al. 2010). PicoGreen assay reagemats prepared according to the

manufacturer’s protocol: the PicoGreen dsDNA rea@ewitrogen) was diluted (1: 200) in
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10 mM TE buffer (10 mM Tris-HCL, 1mM EDTA, pH 7.4Diluted PicoGreen reagent
500 pl was added to 500 pl of supernatant aftetribegation at 12,800 xg for 2 min.
Samples containing DNA alone and complexes witHOMA were used as references.
Samples were prepared in the duplicates and inedksttroom temperature for 10 min in
the dark. The intercalation of the PicoGreen retiggth free (unbound) DNA was detected
using a fluorescence microplate reader SpectraMaX (Mlolecular Devices). The
fluorescence was measured at an excitation wavdeonf§ 480 nm and emission

wavelength of 520 nm.

5.2.6 Stability of magnetic gene vectors

The effects of heparin with different concentratiam vector’s stability in the presence of
other glycosaminoglycans such as HA polymer werseplked from the change in

fluorescence intensity using a fluorescent prolieideim bromide, EtBr) with agarose gel
electrophoresis at pH 8. The vectors were incubat&PMI media for 30 min followed by

the addition of different concentrations of hepainl, 0.3, 0.5 mg/ml) to the solution.
After a further incubation for 30 min at room termgdere to study the possible
destabilization of complexes, DNA in the superntataas recovered via centrifugation for
2 min at 12,800 x g, and analyzed by agarose getrephoresis at 60 V for 90 min. DNA

bands were visualized with a UV illuminator.

5.2.7 DNase sensitivity assay

To assess DNA protection for different magnetic egerector configurations against
degradation by DNase I, vectors with 50 pg/ml ofAWNere first diluted with a volume of
2x DNase reaction buffer (100 mM Tris HCI (pH 7.500 mM MgC}, 13 mM CaC))
containing RNase-free DNase | (Thermo scientificadinal activity of 250 U/ml for 30
min at 37°C (both naked DNA and DNA complexes wereubated with DNase I)
(Bertschinger et al. 2006). After incubation, tteample tubes were rapidly placed on ice
and the enzymatic reaction was terminated by adsldignM EDTA.
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To estimate the approximate amount of liberated DNdlecules from complexes which
were possibly degraded by DNase, heparin soluticm @ncentration of 0.5 mg/ml was
then added and the sample was incubated for 3Gatmoom temperature to release DNA
molecules, followed by addition of DNase | for 30nmat 37°C before the enzymatic
reaction was inactivated in the presence of 500 EBDITA. The integrity of DNA
molecules in the complexes after different treatmewith DNase and heparin was
determined by treating different complexes with B&ld for 30 min at 37°C (as described
previously). Then DNase was inactivated in the gmes of 500 mM EDTA, followed by
addition of heparin (0.5 mg/ml) for 30 min at ros@mperature. For all preparations, 20 pl
of the samples were analyzed by 1% agarose gdet@dboresis.

5.3 Results and discussion
5.3.1 Magnetic gene vectors

The hydrodynamic diameter of SPIONs indicated fhe & suspension of 80 nm =5 nm.
The particles were negatively charged with zeteemidl of -40 mV £ 2 mV due to
carboxylic groups on the surface. As-synthesizedlOSB were predominantly
superparamagnetic at room temperature with a speeafuration magnetism of >62 emu/g
under 15 kOe applied magnetic field and 0.01 efuegnanance (Appendix AFigure
A.2)), while X-ray diffraction pattern indicated magnetite (Fg€),) phase (Appendix A.
(Figure A.3)). Addition of PEI to SPIONs reverse@ turface charge to 35 mV = 3 mV
(Figure 5.2).

Upon adding HA to SPIONS/PEI complexes, electrasiateractions between carboxylic
groups in HA and amine groups in PEI (Figure 5.8)ld lead to a decrease in the positive
charge of the complexes. Bare SPIONs displayederthi®f distinctive particles with an
average core size of 8 nm — 10 nm (Figure 5.1A)erAdssembling SPIONs, PEI, DNA,
and HA with different mixing orders ((Figure 5.3mall clusters of several particles were
observed. However due to the low atomic numberodfrpers (Sawyer et al. New York :
Springer (2008)), there was an inherent lack otremh to be able to clearly distinguish the

morphology of different gene vectors (Figure 5.DB-
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Figure 5.1: TEM micrographs (JEOL 2011) of (A) as-gnthesized SPIONs; (B — D) magnetic
vectors with different configurations in water at pH 7. (Arrows indicating layer of adsorbed
PEI, DNA, and HA on SPIONS).

110



Chapter 5

PEl 5 &
q
SPIONs

PEI+HA+DN

A-3"d configuration (SPIONs/PEI+DNA+HA) 0.5-25%

\/
e e e e e

SPIONSs/PEI

B-3"configuration(SPIONs/ PEI/PEI+DNA+HA ) 50-100%

Figure 5.2: Schematic figure of surface
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Figure 5.3: (A) Chemical structure of PEI and HA; B) Magnetic vectors prepared with
different mixing orders of SPIONs, PEI, DNA and HA:

(1) Ternary complex (SPIONs/PEI/DNA); (B) Magnetic vectors prepared wth different mixing
orders of SPIONs, PEI, DNA and HA:

(2) 1* configuration vector (SPIONs/PEI/DNA/HA);

(3) 2" configuration vector (SPIONS/PEI/DNA+HA);

(4) 3° configuration vector A-(SPIONs/PEI+DNA+HA) with 0.5-25% HA : PEI;
B-(SPIONs/PEI/PEI+DNA+HA) with 50-100% HA : PEI.
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5.3.2 Effects of different cell media on stability of magetic

gene vectors

In water: Figure 5.4 shows that magnetic gene vectors sdegem salt-free condition
(Milli-Q water) underwent no significant agglomecat after 1 h incubation.
Hydrodynamic diameters of*'1configuration vectors (SPIONs/PEI/DNA/HA) and®2
configuration vectors (SPIONs/PEI/DNA+HA) increasdhtly to ~300 nm at HA: PEI
charge ratio of 25% (Figures 5.4A), however the slecreased with higher charge ratio,
eventually to < 100 nm for 100% charge ratio.

Without HA, the vectors exhibited highly positiveacge at ~32 mV in water (Figure 5.5A)
due to protonation of the amine groups in repeatings of PElI (Sun et al. 2011).
Increasing amounts of HA in thé'land 2° configuration vectors reduced their positive
charge as the repulsive forces were reduced, tngivectors became negatively charged
with further HA addition (Figures 5.5A). Botti'*and 2° configuration vectors would have
HA on the outer layer of the particles. In watee backbone of HA would be stiffened due
to hydrogen bonding between hydroxyl groups aldmg polymeric chain (Liao et al.
2005). The interactions with water molecules resliin fully ionized carboxylic groups
within D-glucuronic acid of HA forming hydrogen bds between the two molecules (Liao,
Jones et al. 2005; Necas et al. 2008), which erdtatiee dispersion of these vectors in the
solution (Ito, lida-Tanaka et al. 2008). Thus thabgity of these complexes especially at
high HA: PEI ratio could be attributed to the prase of a hydrated shell of HA polymer.
On the other hand, thé“Xonfiguration vectors (A3 SPIONs/PEI+DNA+HA 0.5-25%,
and B-3° SPIONs/PEI/PEI+DNA+HA 50-100%) in water displayediifferent behavior.
All vectors exhibited relatively small hydrodynamitameters of < 200 nm in water
(Figure 5.4A), with the zeta potential measurenrenealing positive surface charges of
about 29 mV = 4 mV (Figure 5.5A), possibly due tghhprotonated branched PEI that not
only condensed the negatively charged DNA and HA,diso embedded them inside the
polymeric structure. This finding was in agreemeith the previous study on the ability of
PEI/SPIONs complexes to entrap DNA molecules witthia branched structure of PEI
polymer as a result of protonation under physiaalgcondition (Al-Deen, Ho et al. 2011).

The A-3¢ configurationvectors displayed a larger size of ~400 nm whex there without
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HA or with a very small amount of HA (0.5-1% changeios). A similar finding has been
reported elsewhere, with Arsianti et al. (2010)wimg a significantly larger size of 1 — 2
um when PEI+DNA mixture was added directly onto b&RIONs. In this study, the
coupling of SPIONs with PEI+DNA complexed with HAsulted in smaller sizes of less
than 200 nm or even 100 nm, since HA could assisigpersing small complexes due to
their interaction with water molecules (Liao, Joe¢sl. 2005; Ito, lida-Tanaka et al. 2008;
Necas, Bartosikova et al. 2008).

In 150mM NaCl: All vectors showed relatively large aggregate sizéhen they were
suspended in NaCl compared to other media. The lexep were unstable and quickly
agglomerated in NaCl, reaching several microngHerB-3¢ configuration vector at 100 %
HA: PEI charge ratio (Figure 5.4B). The larger loginamic diameter of different vectors
incubated in 150 mM NaCl buffer was attributed e aggregation of polycation/DNA
complexes through interparticle ionic bridging (B=uz et al. 1995). Depending on the
amount of added HA, their surface charges gradukdbreased when the complexes were
suspended in 150mM NacCl, to as low as ~ -8 mV @4 M™A : PEI charge ratio (Figure
5.5B). The aggregation of complexes in a high i@tiength buffer such as NaCl was due
to the accumulation of ions that suppressed thetredal double layer around the particles
(Kitchener 1972). Since an important property of khsolution is its ability to bind to
water and become hydrated to such an extent that-ike system, high ionic media may
dehydrate HA coating layers. This causes the catiraof polymer chains by disruption
of intermolecular interactions that reduces theegiement between HA molecules, thus
inducing aggregation (Eberbeck et al. 2010).

In RPMI media: The stability of magnetic complexes was also testel commonly used
cell medium, RPMI 1640, to mimic the interactionpafrticles with a real biological fluid.
Generally, an agglomeration of complexes in RPMtimeavere markedly less than in 150
mM NaCl buffer after 1 hour incubation, except &veral of ¥ configuration vectors
where they showed slightly larger sizes in RPMI iaeithan in 150 mM NaCl buffer
(Figure 5.4C). The RPMI 1640 medium (GIBCO) ssipplemented with different
components such as vitamins, amino acids, salts,oéimer components specifically for
different cell lines according to the manufactwddrmulation, with NaCl (103.45 mM)
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and glucose (11.11 mM) present at much higher cdraetgons than the rest of the trace
elements. Therefore, NaCl and glucose should playentonsiderable roles in the
agglomeration of magnetic vectors suspended in MIRRedium. The presence of sugars
such as glucose in RPMI could retard the disentanghts of HA molecular chains
induced by another component such NacCl in the sagdium (Mo et al. 1999; Liao, Jones
et al. 2005), and thus strengthening the transietwork structure to promote hydrogen
bonding via polymer—polymer or polymer— glucoseup® (Mo, Takaya et al. 1999),
consequently improving their stability.

The increasing amounts of HA led to more stablepieres in the and 29 configuration
vectors (Figure 5.4C), suggesting that HA adsorpba the complexes was sufficient to
provide steric stabilization under a physiologi@ndition. Smaller aggregates were
obtained for 2 configuration vectors by pre-addition of HA to DNgior to SPION/PEI
(Figure 5.4C), with size reaching ~100nm at HA: eE&rge ratios >50 % in RPMI media.
Although RPMI solution contained salts that coulduce particle aggregation (Schweiger
et al. 2011), adding HA significantly reduced thgglegate size by maintaining the
negative zeta potential of complexes from around riV to -20 mV (Figure 5.5C),
inhibiting salt-induced aggregation particularlyr 8" configuration vectors (Sun et al.
2009).

In 10% FBS supplemented RPMI media: Incubation of complexes in RPMI medium
supplemented with 10% FBS was done to demonsthegestability of magnetic gene
vectors in conditions normally encountergdvivo. All complexes were generally more
stable in this medium, compared to other medid) watmplexes without HA displaying the
largest aggregate size at 150 nm = 20 nm (FigutB)5and lowest zeta potential at ~ -18
mV (Figure 5.5D). The complexes with HA showed aoe charges of around ~ -10 mV
regardless of % HA: PEI charge ratios or mixingessdof different components (Figure
5.5D). Upon incubation, sizes of around ~ 40 nmewebserved for most complexes
(Figure 5.4D). The HA coating had been shown tosgme protein fouling and provided
steric hindrance against aggregation (Ito, lidagkanet al. 2006; Ito, lida-Tanaka et al.
2008; Sun, Ma et al. 2009). The high stability leéde complexes could be caused by the

effective reduction in absolute protein adsorplievels by depletion stabilization through
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unanchored (free) proteins component of serum,tiogeaepulsive forces that prevented
particles from aggregating (Petri-Fink, SteitzleQ08).

The 3 configuration vectors showed slightly larger siZe80nm) than others (Figure

5.4D). Since HA was possibly embedded to some extside branched PEI molecular

chains due to protonation of PEI under physioldgamanditions (Sun, Tang et al. 2011),
some unmasked PEI amine groups could remain teacttevith serum proteins, inducing

agglomeration (Petri-Fink, Steitz et al. 2008). 3dedata confirmed that even small
amounts of HA could provide relatively high collaldstability of complexes in serum-

containing media. Since the composition of RPMIhwit0% FBS medium closely

simulated ionic contents of the biological fluiddawas identical to the human blood serum
assembly, these results indicated promisimg vivo applications for HA-modified

complexes

Size distribution of 2" configuration vector (SPIONS/PEI/DNA+HA) in RPMI media: as

2" configuration vectors showed more stability in RRivedia than the other vectors, size
distributions of these vectors in RPMI media weds® gresent (Figure 5.4E). The average
sizes of SPIONs/PEI/DNA complexes were relativelsgé in the absence of HA with a
wide size distribution from 200 nm to several migdin volume). On the other hand, pre-
addition of HA to DNA resulted in the reduction thie population of large aggregates, to
give an average of < 90 nm (in volume) at HA : RBarge ratio of 100%. Since the
colloidal stability of gene complexes in differecgéll media or in body fluids is an
important parameter for efficient gene deliverye i configuration formulation displayed
the desired degree of stability in terms of pagtisjgregate size in RPMI media, rendering

it a promising vector for gene delivaryvivo.
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Figure 5.4: Hydrodynamic diameters of different coffiguration vectors after 1 h incubation in
different media with pH maintained at 7.4: (A) In water (B) In 150mM NaCL; (C) In RPMI ;
(D) In 10% FBS supplemented RPMI; Hydrodynamic diametersof different vectors after 1 h
incubation. Error bars represent means = SD for n =3. (E) Volume-based size distributions of
2" configuration vectors in RPMI.

119



Chapter 5

(A)

Zeta Potential (mV)

1st configuration
In Water

O 2nd configuration

M 3rd configuration

w
o
SONRH

20 -

10

o
NN
e

-10 -

-30

0 0.50% 1% 5% 10% 17% 25% 50% 75% 100%

HA:PEI Charge Ratios %

(B) 25 £ 1st configuration

Zeta Potential (mV)

In 150 mM NaCL O 2nd configuration

M 3rd configuration

-10

-15
0 0.50% 1% 5% 10% 17% 25% 50% 75% 100%
HA:PEI Charge Ratios %

120




Chapter 5

(C) 20 - @ 1st configuration
In RPMI media
O 2nd configurations
15
M 3rd configuration
10
£ 5
K]
2 _
g ] % ]
o
a
£ 5
N [ oy 1]
20 2l a7 7
10 - Pl
a0 1 4 7 7
s 1
e2 T T 1
_20 |
0 0.50% 1% 5% 10% 17% 25% 50% 75% 100%
HA:PEI Charge Ratios %
(D) In RPMI +10% FBS media
(o] 0.50% 1% 5% 10% 17% 25% 50% 75% 100%
g 0 " T
K] 2 ]
= 7 7 7
2 -4 ] ] ]
° ] ] ] 7
S s 1A “ %
@
N
8 / /
-10 - g :f//
7 4
]
12 - £ d
14
7 7] 1st configuration
-16
18 | % O 2nd configurations
HA:PEI Charge Ratios %
20 - M 3rd configuration

Figure 5.5: Zeta potential of different configuration vectors after 1 h incubation in different
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5.3.3 DNA retardation assays

In water: The release of plasmid DNA was detected fbcdnfiguration vectors when the
charge ratio increased above 25% (Figure 5.6A). Téleased DNA had the same
electrophoretic mobility as super-coiled DNA, irgling that they were no longer
associated with PEI. In contrast,<all7% charge ratio, no release of DNA was observed.
Partial disassembly of DNA was also observed fSrc@nfiguration vectors without any
band of free DNA, indicating that a complete disasisly of complexes did not occur
(Figure 5.6A). This was probably due to the facttlow charge density of HA was not
strong enough to release DNA molecules from theptexes (Ruponen et al. 1999). No
release of DNA or even partial disassembly of caxes was observed in thé® 3
configuration vectors (Figure 5.6A).

The accessibility of DNA molecules to ethidium biden in water after 1 h incubation
indicated either de-condensation of DNA in the ctaxes or charge reversal. With the
high amount of HA on the surface, th& and 2° configuration vectors possessed highly
negative charges (Figure 5.5A) that would promdéstsophoretic mobility through the
agarose gel. The presence of HA as a coating Eg@med to loosen DNA binding (Ito,
lida-Tanaka et al. 2008). These results suggestatdimteractions with deionized water
could be an important mechanism to release plaiA due to osmotic swelling effects
following water penetration to the matrix (Surirti &. 2003; Liao, Jones et al. 2005).
Increasing DNA release front'Tonfiguration vectors with increasing HA indicattétht
swelling of HA patrticipated in the disassociatidrDiNA. However, no DNA release from
the 3%configuration further confirmed that DNA moleculesre possibly embedded inside
the PEI+DNA+HA matrix in a compact structure. DNAlecules could also interact with
components from complexes that prevented theirtrelgicoretic mobility, when their

negative charges were neutraliZ€tjure 5.6A).

In 150 mM NaCl solution: No releases of DNA were observed from any of iagexes
when incubated in NaCl buffer solution for 1h (Figb.6B). These results demonstrated
that the aggregation of complexes in NaCl coulcedffthe release of plasmid DNA.

Particles that were incubated in NaCl buffer did result in any liberation of plasmid
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DNA, even at a high amount of HA (Derouazi, Giradal. 2004). It was noted by
Danielsen et al. (2005) that complexes appearbe toore easily dissociated in water than
the buffer solution, due to the tight binding of BNo the vectors because of the
contraction of HA chains in NaCl-containing solutithat might entrap DNA molecules
inside more compact structures (Mo, Takaya et @9). For DNA delivery applications,
this would reduce their transfection efficiency daenaccessibility of the DNA template to
the polymerase (Prasad, Gopal et al. 2003; DerpGaard et al. 2004).

In RPMI: Incubation for 1 h could loosen plasmid DNA birglidepending on the mixing
order of complexes. Figure 5.6C shows that thaiveldluorescence intensity was detected
in 1% and 29 configurationvectors. The ' configuration vectors clearly displayed
fluorescence intensity in the wells with higher Hihsage (charge ratio > 17%). With
increasing HA amounts, DNA condensation became tesspact, thus increasing its
accessibility to ethidium bromide. The loose DNAmmexes in RPMI indicated that this
medium could be suitable for transfection of HA4emacomplexes. The fact thaf and 2°
configurationvectors demonstrated a relatively good stabilityRiaMI media in terms of
small aggregate sizes (Figure 5.4C), combined leitse binding of DNA in the presence

of HA, should favor the gene transfection efficigiof these complexes in this media.

In 10% FBS supplemented RPMI: Figure 5.6D indicates that DNA complexation fahd

2" configurations was more susceptible toward partisassembly than in the™3
configuration (Bertschinger, Backliwal et al. 200@he fluorescence signal increased
slightly with HA dosage, indicating interactionstiween serum components and HA
molecules. For almost all lanes of tiécbnfiguration vectors, a spot was observed (Figure
5.6D), which could be due to some of the releasadtibns of external DNA when the
complexes were incubated in RPMI with 10% FBS. B& dther hand, for almost ali’3
configuration vectors, no obvious fluorescence aigwas observed. These data again
confirmed that adding HA as a mixture with PEI abNA before adding to SPIONs
caused DNA molecules to form more compact strusttiat prevented their release. Too

stable complexes are not very favorable in geneealglas they would not disassociate and
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release DNA intracellularlly to gain access to tlular transcriptional machinery
(Prasad, Gopal et al. 2003).
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Figure 5.6: Agarose gel electrophoresis data shovgrthe effects of 1 h incubation in different
cell media on DNA stability in complexes. Lane MA H/E molecular weight size marker; Lane
N: plasmid VR1020-PyMSP1, Lane O: ternary complexes without HA; Lane 0.5 -100:

complexes with different % charge ratios of HA : PH.
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5.3.4 PicoGreen assay

This assay was performed using 5% and 100% chatipeaf HA: PEI to test the effects of
different HA quantities on the unbound DNA in susgien. The percentages of unbound
DNA for different configurations after 1h incubation RPMI medium are presented in
Table 5.2. In general, all SPIONs vectors retaiD&A after 1 h incubation in RPMI with
negligible amount of unbound DNA remaining in theearnatant after centrifugation at
12,800 x g for 2 min. The lowest percentage of wmtoDNA was found in complexes
without HA and in the supernatant fdf 8onfiguration vectors with very little amounts of
DNA (~1%) released into the solution. These results tedethat the these complexes
completely reduced DNA release at a N/P ratio ofAleDeen, Ho et al. 2011), indicating
strong interactions between DNA and protonaRigl that entrapped DNA molecules
within the branched structure of polymer withouy aregative effects from HA on DNA
condensation on the complexes (Kircheis et al. 2@0Deen, Ho et al. 2011). On the
other hand, incubation of$land 2 configuration vectors in RPMI showed slightly
increased amounts of unbound DNA (Table 5.2). Edit@n or even post-addition of HA
to DNA as a coating layer on SPIONs/PEI complexay fnosen the strong complexation
between PEI and DNA.

Sl HA:PEI charge ratio % Bounded DNA
SPIONs/PEI/DNA Ternary complexes 0 99+1%
5% e
+
SPIONs/PEI/DNA/HA 1% configuration 100%
- 94 +1 :,6
+
SPIONS/PEI/DNA+HA 2™ configuration 100% shsat
SPIONs/PEI+HA+DNA | 3" configuration 5% :: :—:;’-;%
SPION's/PEI/PEI+DNA+HA 100% *

Table 5.2: Percentage of bounded DNA in different anfigurations (incubated in a RPMI
medium for 1 h) as detected in the supernatant aftecentrifugation for 2 min at 12,800 x g
using a PicoGreen assay (n = 3, + SD).
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5.3.5 Effect of heparin on the stability of complexes

Interactions between glycosaminoglycans (GAGs) gentk delivery system could impede
gene transfer towards the target cell and redulb@lareuptake. Negatively charged GAGs
bind to positively charged gene complexes, indu@MNA dissociation, or by changing the
size and surface charge to cause dissociationeotdimplexes (Danielsen, Strand et al.
2005). Heparin and HA are glycosaminoglycans (GA@sat are present in the
extracellular matrix and on the surface of différeall types with different concentrations
(Kolset et al. 2004; Kuberan 2011). Although inaraiing HA polyanions does not
disassociate DNA from complexes, it is importanathieve sufficient stabilization against
the extracellular environment with the ability tsgbciate inside the cellherefore, the
ability of competitive anionic moiety heparin wilbNA to bind to complexes in the
presence of other polyanions (HA) would be an iation of their stability in an
extracellular environment.

It was reported that the release of DNA by hep@riconcentration-dependent (Moret et al.
2001). Therefore, the exposure of these vectomsc@asing amounts of heparin (0.1, 0.3,
0.5 mg/ml) was tested here. After incubation in RRIMd adding heparin solution, the
amount of heparin at which DNA was released wasl ugeevaluate the stability of the
complexes. Figure 5.7 shows that DNA was releasad the ternary complexes when the
heparin concentration was 0.1 mg/ml and frothahd 2° configuration vectors at 0.3
mg/ml, but no release of DNA was detectable thc®nfiguration vectors until heparin
concentration reached 0.5 mg/ml. DNA was releaseu B8-3° configuration vectors when
HA : PEI charge ratio was 100% (SPIONs/PEI/PEI+DN&), while 5% HA : PEI
(SPIONS/PEI/ DNA+HA) (A-8 configuration vector) did not show any release. Titgh
amount of HA in the B8 configuration at 100% charge ratio could rendemitre
susceptible to heparin disruption than 5% compldxgdoosening the tight binding of
DNA, vyielding a partial destabilization of complaxe¢hat facilitated the approach of
heparin to release DNA after 1 h exposure. Theifsignt difference in the capabilities of
heparin and HA to dissociate the complexes as vbddnere was attributed to the much

higher anionic charge density of heparin than diddA, which could disturb the integrity
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of cationic gene complexes, in agreement with jnevistudies (Ruponen et al. 2001;
Ruponen et al. 2003).

The amount of heparin needed to release DNA froen dbmplexes without HA (0.1
mg/ml) was less than that for complexes with HA{0.5 mg/ml) (Figure 5.7). As evident
for 39 configuration vectors, HA could hinder DNA releabg heparin, possibly by
entrapping DNA inside strong complexes of HA fragisewith PEI molecular chains that
provided some protection, while only fractions oée DNA were released. Polyanionic
glycosaminoglycans such as heparin and heparaatsuifive been reported to preferably
bind with PEI and thus release DNA binding from pbexes (Moret, Peris et al. 2001), but
this interaction could be less important when tindage charge was reduced due to coating
with HA (Hornof, de la Fuente et al. 2008). Thusnptexes with HA were more resistant

to disruption by heparin than those formed in tysesn without HA.
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Figure 5.7. Agarose gel electrophoresis showing treffects of heparin on the stability of the
complexes. Samples were diluted with RPMI and varigs amounts of heparin solution (as
indicated) were added to the suspension for 1 h abom temperature. After centrifugation,
DNA in the supernatant was analyzed by agarose gelectrophoresis. The arrow in each panel
indicates the position of complexed DNA without therelease by heparin. Lane M:A H/E
molecular weight size marker; Lane N: plasmid VR102-PyMSP1lgy Lane 0: ternary
complexes without HA; Lane 5%-100%: complexes withdifferent % charge ratios of HA:
PEI in different configurations.
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5.3.6 Stability against nuclease

A good gene delivery system should be able to dfffier protection of DNA against
degradation by nuclease in the cellular environmEigure 5.8A shows the agarose gel
electrophoresis from DNase | digestion for différerectors to monitor plasmid DNA
degradation. Complexation of DNA with PEI and HAdifferent configurations appeared
to protect DNA from DNase degradation, while nak#dA was completely destructed to
nucleic acid debris when treated with DNase | fomdn.

The amount of free DNA molecules liberated fromfetént complexes by heparin (0.5
mg/ml) and the efficiency of DNase | enzyme to digdhem were also observed. Figure
5.8B shows that almost all of free DNA moleculeseased from complexes were
fragmented to nucleic acid debris after 30 min agzyne treatment. However, the
intensities of fragmented DNA band in lane 0 andvabwere significantly less compared
to the bright band from naked DNA in lane N/D (Fig.8B). These results indicated that
only small portions of DNA molecules were releafedn each complex to be degraded by
DNase |, in the presence of high amount of hepa¥io. bands of fragmented DNA
molecules were observed in thd Bonfiguration vectors, indicating that regardle$she
amount of HA, these complexes were able to cond&ié& in more compact structure
against heparin release and DNase | degradation.

Since preserving the structural integrity of plasmdNA is crucial for transfection
efficiency, the most stable component of plasmidADN the supercoiled configuration
(Weintraub et al. 1986; del Barrio, Novo et al. 200t is thus very important to control the
stability of plasmid DNA during different treatment Thus, the possibility of
compromising DNA integrity with DNase | on the coewes was investigated, following
the enzymatic treatment. Figure 5.8C shows thatleesed DNA molecules were released
by heparin, while more intact DNA survived the DMadegradation. These results
indicated that PEI should provide a sufficient pobion against enzymatic degradation
without any negative interference by HA. Howeveo migration of free DNA was
observed again in lanes 5% and 1009 ¢8nfiguration) vectors (Figure 5.8C), indicating
that the condensed DNA was not released fr6heéhfiguration vectors by heparin, again

confirming the compact condensation of DNA insidese particular complexes.
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1t conf. 2" conf. 3rd conf.

M N N/ 0 5% 100% 5% 100% 5% 100%

S5k —

Figure 5.8: Stability of complexes against DNase With arrows indicating plasmid VR1020-

PyMSP1,4 degradation: (A) Samples were diluted with 100 pbf 1x DNase buffer containing
DNase | 250 U/ml at 37 °C for 30 mins; (B) Samplewere diluted with 100 pl of RPMI

containing 5 mg/ml heparin for 15 mins and 100 plfolx DNase buffer containing 250 U/ml of
DNase | was added for 30 mins; (C) Samples were died with 100 pl of 1x DNase buffer
containing 250 U/ml of DNase | for 30 mins and 1000f 5 mg/ml heparin was added for 30
mins.
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5.4 Conclusion

This study demonstrated that size, surface chaaijdal stability in different cell media,
and polyanions-mediated dissociation by heparirségrerparamagnetic DNA vectors were
highly dependent on the assembly order of diffecamponents comprising complexes for
gene delivery. Depositing HA as a coating layerrionpd their stability and enhanced the
loosening of tightly compacted DNA/polycations oisithe complexes. The pre-addition of
HA to DNA in the 29 configuration vectors, in particular, played atical role in
producing vectors with narrow size distributiongd dmgh stability in RPMI media via
electrostatic and steric effects. All complexeshwitA regardless of the assembly order
showed a reduced ability to interact with seruntgiroin RPMI supplemented with 10%
FBS, indicating the role of HA in minimizing nonespfic interactions with serum proteins
through depletion stabilization. It is also critita prevent premature DNA release outside
the cells, and at the same time to control theodiasion and release of DNA to gain access
to cellular transcriptional machinery. Adding HA ¢ene complexes as a coating layer
could decrease their strong cationic charge, whlubuld allow for timely dissociation of
DNA-polymer complexes prior to nuclear entry. Aethame time, incorporation of HA
protected complexes against polyanions-mediatesbdiation by heparin and preserved
plasmid DNA in the supercoiled configuration agaibNase degradation. This study
provided a template to design non-viral vectorshwgblymers incorporating cell-binding
ligands for optimal plasmid DNA vaccine encoding th9-kDa C-terminal fragment of
malaria merozoite surface protein 1 (M@§pIransfection. It is recommended that further
work be conducted on the use of tHéc@nfiguration magnetic gene vectors to efficiently
target dendritic cells (DCs) that require high @éincy of binding and up-take of the

malaria vaccine by cells, followed by DC activatiorand maturation.
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APTER 6

Design of Magnetic Polyplexes Taken Up
Efficiently by Dendritic Cell for Enhanced
DNA Vaccine Delivery

6.1 Introduction

A valuable characteristic of DNA vaccination is tb&pacity to induce both cellular and
antibody immunity (Liu 2011). This is particularlyseful when attempting to protect
against diseases where an effective cellular imm@sponse is crucial in controlling
intracellular pathogens, including malaria, AID®dauberculosis (Seder and Hill 2000).
Various non-viral vectors have been utilized toiagl genesin vitro andin vivo (Park,
Jeong et al. 2006), including lipid-based and p@gxepated gene vectors. High levels of
gene expressiom vitro were also generated with biodegradable poly @amkglycolic
acid) (PLGA) microparticles of polyethylenimine (Econdensed plasmid DNA encoding
the blood-stage malaria protein PyMSP4/5 (Liu, Deget al. 2009), attributed to the
narrow particle size distribution (0.8-1.9 um) dmgh DNA encapsulation efficiencies
(82%—-96%). The same group subsequently reporteld leigls of gene expression and
moderate cytotoxicity in COS-7 cells using a simgarrier with plasmid DNA encoding
PyMSP1q formulated via ultrasonic atomization (Liu, Danfuet al. 2010).

Previously, it has been shown that magnetofectignifecantly improved the transfection
efficiency of DNA encodingP. yoelii MSPLg (VR1020-PyMSP41g) in COS-7 cells (Al-
Deen, Ho et al. 2011). The vector compositions opesparamagnetic iron oxide
nanoparticles (SPIONs) and PEI complexed underiacandition showed better DNA

transfection than at neutral condition, possiblye da the protonated structures of PEI
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polymer that entrapped and condensed higher amainBNA. More importantly, the
application of an external magnetic field during tiene transfection process dramatically
increased the COS-7 cell transfection efficiencit. is to be noted however that the
transfection of COS cells can only be indicativeta potential of any DNA patrticle-based
vaccine to transfect specialized antigen presentieigs (APCs) involved in inducing
immunity, and specifically the critical primers ohmunity, the dendritic cells (DCs),
which contain unique particle uptake pathways, nanyhich are not present in COS cells
(Xiang et al. 2008).

Insights into optimizing the transfection of DCetmost powerful APC, are needed if we
are to develop effective vaccines that targetiD@vo, as well as optimize DC transfection
for use in ex-vivo therapies. Although the uptak®blA or DNA-loaded vaccine carriers
by DCs is a vital step for the transfection of theslls, it is by itself not enough to ensure a
successful expression of the antigen in DC, or enthat the DC are activated and able to
interact positively with T cells, usually monitorbg surface expression of CD86 and MHC
class Il molecules. In general, the transfectiditiehcy of non-viral gene delivery systems
in non-dividing primary cells like DCs decreasesnsiderably when compared to
transformed cell lines (Hamm et al. 2002). A stuelgently done by Chapman et al. (2008)
found that the application of permanent and puigatnagnetic fields could significantly
enhance the efficiency of gene delivery in primacglls such as macrophages,
synoviocytes, chondrocytes, and others isolateah fldferent organs if polyethylenimine-
coated magnetic nanoparticles were used.

To achieve optimal gene transfection specific f@sOhrough improved cell entry, various
barriers including DCs cellular targeting, particigtake, and DNA endosomal escape have
to be overcome. DCs further needs to be in a maittreated state to express high levels
of major histocompatibility molecules MHCI and MHC&s well as T cell costimulatory
molecules such as CD86, to effectively stimulate8CGInd CD4 T cell immunity. With
respect to transfection of DCs, certain plasmid DidAnulations or delivery systems may
be able to target DCs for improved DNA uptake — éaample, polyplexes with longer
diblock copolymer chain showed the highest cellulptake by DCs compared to a short
chain followed by effective gene transfection (Tatgl. 2010).
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Hyaluronic acid (HA) is a high molecular weight nopolysaccharide naturally present in
all living organisms, as the most important spaliex element concentrated in the
extracellular matrix and mammalian joint liquids ed4s, Bartosikova et al. 2008). It
consists of a linear, unbranched, polyanions forime®-glucuronic acid and N-acetyl-D-
glucosamine repetitive units, proven to be low ¢dyj non-antigenic, hon-immunogenic,
biodegradable, and biocompatible (Necas, Bartosikew al. 2008). Toll-like receptors
(TLR) including TLR4 and TLR2CD44, RHAMM, TNFIP6, HARE and LYVE-1 have
been described as the main receptors for HA fdemiht biological functions (Oh, Park et
al. 2010). A gene delivery system consisting of CB¥$/PEI/DNA-HA polyplexes can
therefore be used to target DCs. The uptake oethel/plexes would be facilitated by HA
receptor-mediated endocytosis on the surface of, W@8e at the same time maintaining
the endosomal escape capacity of the PEI polymedig€y, Wu et al. 1999). Such a
system could also provide an additional layer afggdng by combining magnetic
nanopatrticles, which initiate the surface of DCslaman external magnetic field, with
targeting of specific DC receptors by HA ligandstbae surface of the magnetic vectors.
Here for the first time the results of utilizingrevel system of SPIONs/PEI/DNA-HA
malaria gene complexes were reported to targetrandfect DC. Given the magnetic core,
and the potential opportunity offers for directibtransfection, the transfection efficacy has
been further analyzed with or without the addedaide of an external magnetic field.
Additionally, the maturation/activation state ofetDCs in vitro was assessed after
interaction with these nanoparticles and magnetdd. It has been focused on a
quaternary system (SPIONs/PEI/DNA-HA) for bloodg&tamalaria DNA vaccine that
encodesP. yodii merozoite surface protein MSBYVR1020-PyMSPiy). The effects of
combining different molecular weights of HA withfi@rent percentage charge ratios of
HA: PEI on the stability, cytotoxicity, and DC tisfection/ maturation efficiency of the
polyplexes were all investigated vitro. This illustrates how the interactions of suchlwel
designed quaternary complexes under magnetic finglgd markedly influence the delivery

of genetic cargos to DCs.
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6.2 Materials and methods
6.2.1 Materials

Sodium hyaluronate (HA) with average molecular weigf <10 kDa and 900 kDa was
purchased from Life Core Biomedical LLC. RPMI 16d@dium, 0.05% trypsin-EDTA,
penicillin/ streptomycin, L-glutamine, Lipofectangirand fetal calf serum 2000 were from
Gibco-BRL (Gathersburg, MD). Hamster-anti-mouse APCQ11c antibody, rat-anti-mouse
biotinylated-CD86 (B7.2), rat anti-mouse APC-CD4# aat-anti-mouse PE-MHC Class |
were purchased from BD Pharmingen, while granumcgind macrophage colony
stimulating factor (GM-CSF) were ordered from Pdmch.PE-Cy7-streptavidin was from
BD Bioscience while rat-anti-Mouse APCCy7-MHC Cldksvas from eBioscience. Live
/Dead fixable dead cell stains kit (Aqua LIVE/DEADyitrogen) and Lipofectamine 2000
(Gibco-BRL, Gathersburg, MD) were supplied by Inmjen (Carlsbad, CA). Mammalian
expression vector VR1020 (Vical Inc., San Diego,)C¥R1020-PyMSPi and VR1020-
YFP plasmids were obtained from collaborators @& @oppel's lab (Department of
Microbiology, Monash University). C57BL/6 mice (abé—8 weeks) were supplied by the
animal facilities in the Alfred Medical Researchdagducation Precinct (AMREPArrays

of permanent magnets of neodymium iron boron (N@}-e the format of a 6-well plate
were used forn vitro transfection experiments. The magnets were ciralikk Nd-Fe-B

magnets (diameter 25 mm, height 5 mm) glued oreédtiitom of a 6-well plate.

Methods

The SPIONs were prepared and characterized asopsdyidescribed in the sections 3.2.2,
while SPIONs were coated with PEI polymer as desdrpreviously in the section 5.2.2.
VR1020-PyMSP1y and VR1020-YFP plasmids were amplified usingscherichia coli

DH5a and prepared as reported before in the sectioB.3.2
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6.2.2 Preparation of SPIONs/PEI/DNA-HA quaternary

polyplexes

To prepare the quaternary polyplexes, MSFYEP plasmids mixtures, prepared by mixing
MSPLowith YFP plasmid in the ratio 1:1 (w: w) with a total sseof 2ug of DNA, were
addedto each well in the 6 wells plate. The MS®PYFP plasmids mixture was then mixed
with equal volumes (e.g. 100 pl) of HA solutionsi@ning HA <10 kDa (low molecular
weight LMW) or HA 900 kDa (high molecular weight HIV) to form DNA-HA mixture,
and then incubated for 10 min at room temperat®iig.(At the molar ratio of PEI nitrogen
to DNA phosphate (N/P) of 10, DNA-HA matrices werdded to 100 pl of SPIONs/PEI
solutions. The amount of HA was adjusted accordmthe different % charge ratio of -
COOH (carboxylic group of Hyaluronan): N (from amigroup of PEI). In this study, 5%
and 100% charge ratios of HA : PEI were used. Tin& mixtures were then mixed and
incubated at room temperature RT for 30 min to toos the SPIONS/PEI/DNA-HA
quaternary polyplexes. The resulting suspensionadassted to 1 ml at the pH value of 7.4
by the addition of RPMI medium before use. For carigpn, SPIONs/PEI/DNA ternary
complexes were also prepared by addingl00 pl of MPFFP plasmids mixtures
solutions (2ug plasmid/ml) to 100 pl of SPIONS/PEI solutionsfdoe incubating at RT for
30 min. Lipofectamine 2000 reagent (Invitrogen) waed as a positive control according

to the manufacturer’s instructions.

6.2.3 Characterization of SPIONs/PEI/DNA-HA quaternary

polyplexes

Size distribution and zeta potential of the polyelein aqueous solution were measured by
dynamic light scattering (DLS) using Zetasizer Nan® (Malvern Instruments, UK).
Nanoparticle suspension was diluted to 1 ml withVRR640 medium at g DNA/mIl and
ultrasonicated for 30 min before the samples wesasured. The results were presented as
average values of three replicates. The morphotdgyanoparticles was also observed by

transmission electron microscopy (TEM) using a JEOIL1 TEM microscope.
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6.2.4 DNA retardation assays

DNA binding capabilities of the quaternary polyptex (SPIONS/PEI/DNA-HA) were
determined by gel electrophoresis (1% agarose §EI)ONs/PEI/DNA-HA was formed at
a N/P ratio of 10 and HA: PEI charge ratios of 59d 400%. In each case, the appropriate
amount of 0.5ug plasmid MSPik/ HA mixture was mixed with SPIONs/PEI complex in
20 ull PBS buffer. These solutions were incubated at@7or 30 min and mixed with il

of the loading dye (bromophenol blue/ xylene cyasolution before loading into agarose
gel (1.0% agarose in 1 x TBE Tris-borate EDTA bufientaining 0.5ug/ml ethidium
bromide). Electrophoresis was carried out at 6@MI0 min. DNA bands were visualized
and photographed using a UV transilluminator andedaar Imager Gel Doc XR System

imaging system (BIO-RAD).

6.2.5 Nuclease resistance

The DNase | sensitivity assay was carried out tduate the protection of DNA molecules
in the complexes against DNase degradation. FreeA,DNernary complex
SPIONSs/PEI/DNA, and quaternary polyplexes with 586 400% charge ratios with two
different molecular weights of HA (total mass of @R (MSP1g) of 50 ug per ml ) were
formed at N/P ratio of 10. The complexes were takmwed to mature in RPMI medium
for 30 min at 37C. Free DNA and the DNA complex solution were safsly incubated
with the DNase | reaction buffer (pH 7.5, 100 mMsTHCI, 500 mM MgC4, 13 mM
CacCy}) included RNase-free DNase | (250 U/ml) for 30 mtr87C. After incubation, the
sample tubes were rapidly placed on ice and thgneatzc reaction was terminated by
adding 100 pl of stop solution of (500 mM EDTA) @t 8 per milliliter of extract and
mixed well. Then the samples were centrifuged aBa@ xg for 2 min, and twenty
microliters of the supernatant were analyzed by Hytagarose gel electrophoresis. To
further ensure DNA super-coil integrity the complexes following DNase digestion, the
complex solutions were diluted by the addition epéarin solution to 5 mg/ml for 30min at

37°C after the termination of the DNase | enzymatiaction. Then the solutions were
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centrifuged at 12,800 xg for 2 min and twenty mitecs of the supernatant were analyzed
by 1% agarose gel electrophoresis.

6.2.6 Cytotoxicity assay

The toxicity of SPIONs/PEI/DNA-HA quaternary polggles were studied by co-culturing
the polyplexes with COS-7 cells, to determine tak ariability by the MTT colorimetric
assay (Jaracz et al. 2005). For comparison, SPRENEINA ternary complexes and naked
DNA solutions were also tested. The cells wereiatiéd in the complete RPMI 1640
medium supplemented with 10% fetal calf serum, 2 mML-glutamine, 100ug/ml
streptomycin, and 10QAg/ml of penicillin at 37 °Gncubator with 5% CO2. COS-7 cells
were seeded onto 96-well plates at a density of1®'xcells/well and incubated for 24 h.
The cells were then treated with SPIONS/PEI/DNA-g#aternary polyplexes, SPIONs/
PEI/DNA ternary complexes, and naked DNA respebtivifter another 24 h culture, @

of MTT solution at a concentration of 5 mg/ml inggphate buffer was added to each well,
with a further incubation for 2 h. Then the supéinawas aspirated, and the formazan
crystals were suspended in 1d®f dimethyl sulfoxide (DMSO) with an incubatiorod

of 1 h. The intensity of color was measured sp@tiotometrically at wavelengths of 570
and 690 nm simultaneously using an ELISA plate eegdlagellan, Tecan, Austria).
Untreated cells were taken as control with 100%bilitg. The relative cell viability (%)
compared to control cells was calculated accortbhn@means absorbance of sample/means
absorbance of control) x100%. All experiments were repeated at leastetitimes (Al-
Deen, Ho et al. 2011).
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6.2.7 Generation of murine bone marrow—derived dendritic
cellsDCs

Bone marrow-derived dendritic cells (BM-DC) werengrated as previously described
with minor alterations (Inaba et al. 1993). Briefly harvest the bone marrow cells, four to
six-week-old C57BL/6 mice were sacrificed and tHemur and tibia bones were removed,
cleaned, and soaked in 70% ethanol for 1 min. Tévee® were then washed twice and
transferred into a complete RPMI 1640 medium coimagi 2% HEPES buffer, 0.1 mM 2-
ME, 100 U/ml penicillin, 100 pg /ml streptomycin,n2M glutamine and 10% Fetal Calf
Serum (FCS) (all from GIBCO, Gathersburg, MD). Tdmnes were cut at both ends and
the marrow was flushed out using complete RPMI 18#@ium. The marrows were then
filtered through cell strainer (100 pm nylon meBb Falcon, Franklin Lakes, NJ, USA),
centrifuged at 1500 rpm at RT for 5 min, and trdatéth lysing buffer (0.15M NECI, 10
mM KHCO;3, and 0.1 mM NgaEDTA, pH 7. 2) to lyse the erythrocytes. The hatedsells
were then washed with excess volume of complete REB0 medium and centrifuged to
remove the supernatant. The cells were subsequealiyred in complete RPMI 1640
medium supplemented with 10 ng/ ml GM-CSF (PeproT&ocky Hill, NJ. USA) at a cell
density of 5 x 10 cells/ml in 6-well plate (3ml/well), and maintamheat 37 °C in a
humidified incubator containing 5% G@r 5 days.

6.2.8 Magnetofection-based DCs transfection and maturatio

in vitro

To examine the effects of quaternary polyplexe®@s transfection and maturation state,
on day 5 of the BM-DC culture, the culture platesr@vcentrifuged and the medium was
removed as above. The cells in each well were vehshigh serum free RPMI 1640
medium. Freshly prepared ternary and quaternary polyplexeSPIONs/PEI/DNA-HA
with two different molecular weights of HA and twidferent ratios of HA: PEI (charge) at
N/P of 10 was diluted in serum free RPMI 1640 medfor 15 min at RT. The polyplexes

were then added to the cells with a fixed amou18PL /YFP plasmid mixtures of 2g
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per well. The cells were cultured with a neodymiwom-boron magnet positioned under
each well for two hours. After 5 hours, the cultunedia containing polyplexes were
removed from each well and replaced with 2 ml| &f fiesh complete medium containing
10 ng/ml (GM-CSF) and cultured for a further 24nh3i7 °C incubator with 5% CODCs
transfection efficiency by quaternary polyplexesswaxamined with or without the
application of the magnetic field during the prace$ransfection of DCs with plasmid
DNA alone without complexation in the polyplexessnaso examined for comparisdio
examine the transfection efficiency of quaternaojyplexes in DCs and maturation of
CD11c+ DCs, the non-adherent cells were harvestddvashed with PBS after 24 h. The
cells were stained using the following antibodid®C-CD11c, biotinylated-CD86, APC-
CD44, PE-MHC Class I, APC-Cy7-MHC Class While dead cells were excluded using
live/dead fixable dead cell stain kit (Aqua LIVE/BB, Invitrogen) Biotin-labeled mAbs
was developed with PE-Cy7-streptavidin and analyaeflow cytometry (FACSCalibur).

Untreated DCs were also included as negative csntro

6.2.9 Statistical analysis

Statistical analyses were conducted with GraphRenRversion 5, Graph Pad Software)
for the preparation of graphs and statistical aialyComparison of two relevant groups
was conducted using an unpairedest. The significance for all statistical analyses
performed was set at *p < 0.05, ***p < 0.001 and*¥ < 0.0001.

6.3 Results and discussion

The magnetic particles showed a magnetization 68>mu/g under 15 kOe of applied
magnetic field at room temperature, with 0.01 emu/gmanance indicating
superparamagnetic behavior (Appendix(Bigure A.2)), while Appendix A(Figure A.3)
shows that the X-Ray diffraction pattern of the panwas identical to the standard X-Ray
diffraction pattern for pure magnetite JCPDS (Cdod 01-072-6170).
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6.3.1 Stability of SPIONs/PEI/DNA-HA quaternary polyplexes

The quaternary polyplexes were synthesized usindayer-by-layer approach via
electrostatic interactions between the componéntthe first step, the negatively charged
SPIONs were coated by the cationic polymer PEI,taed the negatively charged mixture
of DNA and HA were added onto the PEIl-coated SPIORgure 6.1A showed the TEM
image of the synthesized SPIONSs, with average demm@®f 10 nm + 2 nm, whereas the
hydrodynamic diameter (as measured by dynamic kghttering) was predominantly 85
nm = 3 nm, representing the particle size in susipan The particles were negatively
charged with an average zeta potential of -40 m\8 iV, thereby enhancing the
interaction with PEI to form a stable coating oe gurface of the magnetic particles (Al-
Deen, Ho et al. 2011). When PEI was added to thepeticles with PEI/Fe mass ratio (R)
of 10, the adsorption of PEI polymer onto SPIONsréased the surface charge from
highly negative to positive (15 mV + 3 mV). In teecond step, when negatively charged
DNA solution was added to PEI-coated SPIONs witR Nitio of 10, the surface charge of
the polyplexes decreased slightly to 10 mV + 2 meinifying DNA adsorption (Figure
6.1B). To examine what occurs in the culture mediutarnary complexes of
SPIONs/PEI/DNA were incubated in RPMI 1640 mediwunX hour. Upon incubation, the
hydrodynamic particle size increased to approxitgad®0 nm + 30 nm (Figure 6.1B),
while the zeta potential was 10 mV + 2 mV, indingtia rather weak net positive charge.
Wiogo et al. (2011) proposed that the aggregatiamagnetic particles incubated in a high
ionic strength medium, such RPMI-1640 or PBS buffeas due to the suppression of the
double layer around the particles which decreabedetectrostatic repulsion. From the
TEM image (Figure 6.1A), it appeared that by addimg DNA-HA mixture, a thick layer
could be seen covering the surface of the magmpeatiticles. Similar hydrodynamic size
distributions were displayed for quaternary polyekewith 5% and 100% charge ratio (HA
: PEI) using different molecular weights of HA ilPRIl 1640 medium, giving a mean size
of 150 nm. Addition of HA caused the reduction be tpositive zeta potential of the
complexes from 10 mV £ 2 mV tel5 mV = 3mV (Figure 6.1B), thus minimizing the
interaction with the components of RPMI medium tbaaild induce aggregation (Sun, Ma
et al. 2009).
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Figure 6.1:Characterization of magnetic gene compi@s (A) TEM images of as-synthesized
SPIONs, SPIONs/PEI/DNA-HA complexes; (B) Zeta potdial (mV) of SPIONs/PEI/DNA-HA
polyplexes and hydrodynamic diameter (hm) of SPIONPEI/DNA-HA polyplexes, measured
in RPMI media at pH 7.3 at 37°C. The data were analyzed statistically using oneay analysis
of variance (ANOVA), with comparison of means condcted using Tukey multiple
comparison test. Results are expressed as meansxS(n =3), * P<0.05. All measurements
were measured at least in triplicate.
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6.3.2 DNA condensation in the polyplexes

The image from the gel retardation assay is showiigure 6.2A, with a slight intensity of
ethidium bromide fluorescence in the applicatiostsslindicating tightly associated DNA
in the ternary complex SPIONs/PEI/DNA at N/P raifdl0. No free DNA was detected in
the polyplexes with a low molecular weight of HA ML), confirming that the

disassembly of quaternary polyplexes did not o¢€igure 6.2A) (Sun, Ma et al. 2009).
On the other hand, large amounts of DNA stayedhénwells with small fluorescent trails
formed (as indicated by arrows in Figure 6.2A) fbe polyplexes with high molecular
weight HA (HMW). This could be due to the increasimolecular length and negative
charge of high molecular weight HA, which could qmete with DNA molecules to interact
with PEI without releasing DNA completely from tipelyplexes (Ito, lida-Tanaka et al.
2006). The short fluorescence trails of free DNAoliied that the disassociated DNA from
polyplexes was not in free-form, but might be coempld with high molecular weight HA
molecules, whereas the large size of these conmplexevented them from migrating
through the gel pores (Kim et al. 2003). NotablWAXHA complexes prevented DNA

release as no clear band was noted in the samamiypas the naked plasmid DNA.

6.3.3 Nuclease resistance

The stability of plasmid DNA in the complexes frddiNase degradation was examined
using DNase I. Figure 6.2B shows the agaroselgetrephoresis from DNase | digestion
of DNA with and without complexes. It was expectibat the plasmid DNA in either
ternary or quaternary complexes would be more teestiso DNase | degradation than free
DNA. Free DNA (uncomplexed) was rapidly degradediyase | and almost all DNA
molecules were fragmented with enzyme treatmenshasn in Figure 6.2B, while DNA
complexes displayed no fluorescent bands eitheteforary or quaternary complexes. The
complexes maturation in RPMI medium and incubatigth the DNase | reaction buffer
(pH 7.5, 100 mM Tris HCI, 500 mM Mg&l13 mM Cad)) for 30 min may also participate
to entrap DNA molecules inside the polymers stmectut was noted by (Al-Deen,

Selomulya et al. 2013) that no complete or evetigdarelease of DNA molecules from
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SPIONs/PEI/DNA or SPIONs/PEI/DNA-HA complexes hadbserved when these
complexes were incubated in the salt containinglian€lue to the contraction of the
polymers chains in a salt-containing solution tnéght entrap DNA molecules inside more
compact structures (Mo, Takaya et al. 1999). Thesalts indicated that the complexes
could protect DNA from nuclease degradation, wiiie presence of HA in quaternary

complexes did not adversely affect PEI efficientypiotecting DNA from degradation.

A further study of the effects of the DNase | diges on the integrity of plasmid DNA
molecules in the complexes was also evaluated &éyatidition of heparin. As shown in
Figure 6.2C, the entire supercoiled structure asplid DNA remained un-degraded in all
complexes after DNase | treatment. Low electropimon@obility of the released DNA
from some complexes, especially from ternary and BRAN (HA with low MW)
polyplexes compared to the free DNA, suggestedtti@plasmid remained bound to PEI
or HA, but in conformations that allowed interactiwith ethidium bromide. The released
DNA from 100% LMW (HA with low MW), 5% HMW and 100%iIMW (HA with high
MW) polyplexes displayed different forms from thatural conformation after DNase |
treatment, as indicated by smearing on the gel é@n@&igure 6.2C). These smears may
indicate that the released DNA was not in free-famm possibly complexed with PEI or
HA molecules, thus preventing them from migratihgotigh the gel pores. In general,
these results demonstrated that the complexatio®N# with ternary or quaternary

complexes effectively protected supercoiled DNA ecale structures from DNase |.
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Figure 6.2: Gel retardation assay of DNA complexed.ane M: A H/E molecular weight size
marker; Lane N: plasmid VR1020-PyMSP1, Lane 0: SPIONsS/PEI/DNA; Quaternary
polyplexes: Lane: 5% LMW, 100% LMW; 5% HMW; 100% HM W. (A) DNA condensation
in the polyplexes, arrows indicating fluorescent tails formed by disassociated DNA that
might be complexed with HMW HA, preventing the migrmtion through the gel pores; (B)
DNase | treated DNA complexes; samples were dilutadith DNase reaction buffer including
DNase | for 30 min, and then centrifuged. DNA in tle supernatant was analyzed by agarose
gel electrophoresis, while an equivalent amount offree DNA as used in particle formation
was loaded on the gel as a control (Lane DNA). Tterow indicates degraded DNA molecules
in uncomplexed free DNA after DNase treatment; (CAfter samples were treated with DNase
| for 30 min, heparin solution was added for 30 min The arrow indicates the position of
supercoiled DNA MSP1, molecules. (5%, 100% indicate HA : PEIl charge rat; HMW,
LMW indicate high and low HA molecular weights, repectively).
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6.3.4 Cytotoxicity assay

Cell cytotoxicity increased significantly in COS-€ells when co-cultured with
SPIONS/PEI/DNA at N/P ratio of 10 with cell vialylireduced to ~60% (Figure 6.3), in
agreement with previous work (Arsianti, Lim et 2010; Al-Deen, Ho et al. 2011). The
cytotoxicity was significantly reduced when HA polgr was added at a physiological
concentration similar to that of the naturally otowg HA in vivo. Figure 6.3 shows that
the cells treated with polyplexes containing HAymoér gave approximately similar or
even better viability than the unmodified DNA-tregtcells or control cells (untreated
cells). Adding HA to the SPIONs/PEI/DNA complexesluced the toxicity of complexes
by partly shielding the highly positive chargescomplexes, as shown by the zeta potential
measurement (Figure 6.1). Furthermore, there wasgmificant difference in cell viability
when comparing different charge ratios of HA : BEEven different molecular weights of

HA in complexes.
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Figure 6.3: Cell viability as measured by MTT assay in COS-7 cells treated with different
complexes. Experiments were performed at least theetimes. The data were analyzed
statistically using one-way analysis of variance (WOVA), with comparison of means
conducted using a Tukey multiple comparison test. &ults are expressed as means +S.D (n
=3), * P<0.05. All measurements are measured at ldas triplicate. Quaternary polyplexes:
5% LMW; 100% LMW; 5% HMW; 100% HMW.
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6.3.5 Magnetofection-based DCs transfection and maturatio

in vitro

The rationale for selecting this system of geneivdel comprising SPIONSPE],
hyaluronic acid (HA), and DNA with special assembiger of SPIONs/PEI/DNA+HA&as
been discussed in the recent publication (Al-D&tomulya et al. 2013).

The effects of magnetofection using quaternary gekes on mouse bone marrow-derived
DC transfection and subsequent maturation (assdgsegpression of MHCI, MHCII and
CD86) after five hours incubation with two hourgpbgation of an external magnetic field
have been examined. As shown in (Figure,&hg typical purity of CD11c+DCs which is
the transmembrane protein found at high levelshennhost dendritic cells in the cultures
was approximately 70-80%. Treatment with differeDNA complexes, especially
quaternary polyplexes, showed no significant negatiffects on the expression of CD11c
on DCs compared to the normal control. Internaliratof exogenous antigens is a
prerequisite for APCs transfection with the antigeninterest and would improve their

antigen presentation to T cells.

An important concern resulting in insufficient getielivery of non-viral gene vectors
vitro is the low accumulation of gene complexes at tbk surface. Here an external
magnetic field was applied on the quaternary magmene vector to accumulate the gene
vector on DCs in the culture media (Scherer, Argbral. 2002; Plank, Schillinger et al.
2003). DNA encoding a fluorescent protein (YFP) mixed &t tatio with the MSPik
expressing vector was used to allow readingtbatefficiency of DNA uptake. Western
blot analysis using anti-PyMSRlantibodies was further performed on transfecteds DC
pellets to identify the identity of the recombinagmmbteins produced by PyMSRIplasmid

in CD11c+ DCs. The result showed that expresseteipravas equal to the PyMSR1
proteinexpressed ifEscherichia coli (Appendix C. (Figure C.1)).

Flow cytometry analysis results of YFP expressioitD11c+DCs showed that almost all
SPIONs/PEI/DNA-HA polyplexes increased significgritie transfection efficiency under
the magnetic field, compared to transfection wittheo DNA complexes and even

quaternary complexes without an applied magnetid firegardless of the HA : PEI charge
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ratio or HA molecular weight (Figure 6.5 A, C).ighs possibly due to the gene delivery
system playing dual roles; increasing the sedintiemtaf gene vectors on DCs and also
facilitating the receptor-mediated endocytosis id&€s of magnetic vector via HA
recognition (Scherer, Anton et al. 2002; Plank,iBober et al. 2003; Al-Deen, Ho et al.
2011). A trend was further observed between DQuizlluptake via magnetofection and
increasing the molecular weight of HA in the quagey polyplexes.

The ability of DCs to drive antigen-specific immtynis dependent on their degree of
maturation. Flow cytometric analyses provided ek that generally, the treatment of
DCs cells with plasmid DNA or even plasmid DNA lealdonto nanopatrticles enhanced the
expression of CD86 in total CD11c+DCs. In particu@aD11c+DCs treatment with naked
plasmid DNA showed a significantly higher CD86 mration signal compared to untreated
DC (Figure 6.5B, p < 0.0001). This is because Wedtplasmid DNA possesses inherent
immune adjuvant activity based on its unmethyla@us motifs in the plasmid DNA
backbone, previously shown to act as a potent DBElécwme adjuvant in rodents (Hartmann
et al. 1999). On the other hand, culturing DCs wgtiaternary polyplexes, although it did
not induce substantial up-regulation of CD86 indlerall culture, it specifically increased
both the efficiency of YFP gene transfection in @Qb4DCs and concomitant maturation
through up-regulated expression of costimulatorylecide CD86 and MHC molecules
(Figure 6.5C, D).

In contrast, DCs treatment with different DNA coexas excluding quaternary polyplexes
did not enhance YFP gene expression and also tiet & stimulatory markers (CD86,
MHC molecules) on the CD11c+DCs expressing YFPgesting that internalization was
the main contributor in quaternary polyplexes-irethiconcomitant DC gene transfection
and maturation (Figure 6.5C). The YFP gene expvassind phenotypical maturation
signals observed during DCs exposure to quatermaiyplexes were much higher
compared to those of ternary polyplexes. Theselteesupported the notion that factors
such as endocytosis via HA receptors may play @ mIDNA complexes-induced DC
maturation, since HA was present in the quatersgsyem. In addition, unmethylated CpG
motifs of plasmid DNA are known to be recognizedtbg Toll-like receptor 9 (TLR9) in
DCs which play an important role in long-term vaetion protocols (Spies et al. 2003). It
is likely that upon endocytosis, plasmid DNA becsmtleast partially degraded by DNase
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Il in the endosomal-lysosomal compartment to releasG motifs. As TLR9 is not present
on the surface of the cells, targeted deliverylamid DNA by means of nanoparticles to
the endosomal compartment might be important feemal association of DNA with the
TLR9 receptor in the endosome and trigger DC m#amafollowed by the immune
response.

The effects of polyplexes gene transfection on Ex@ssfection and maturation in the
vitro culture correlated with the extent iof vivo DC maturation through the consequent
adjuvant effect on the immune response towardsutiigen of interest. The data obtained
highlight (for the first time) the direct interaatis of DC with magnetic gene complexes
coated with PEI and HA polymers in promoting DCstumation. Therefore, suitable
surface modifications by HA should allow specifitdecytosis of gene complexes to affect
the pathways of intracellular processing and trhifig. It also suggests that the prime
mechanism by which the gene complexes enhance @ptia& immune response is the
maturation of the antigen presenting cells, spedliff DC, such that they become efficient
at antigen presentation and T-cell stimulation emegate an immune response to the
antigen of interest.

As these results suggested that quaternary polyplexere stimuli of DC maturation
through internalization, probably by specific HAceptors, further investigation of the
effects of HA molecular weight and magnetic fiefipkcations on the uptake of quaternary
polyplexes by murine DCs was made, to determinghat extent the particle endocytosis
played a role in DC maturation. As shown in Fig@&&A, C, SPIONs/PEI/DNA-HA
polyplexes at high molecular weight HA and 100%rgkaatio of HA : PEI (100% HMW
polyplexes) displayed the highest YFP gene expassiccompanied also by maturation
through up-regulated expression of CD86, compavedansfection with other complexes.
The efficiency was much higher than DNA alone (p3001). Although SPIONS/PEI/DNA
ternary complexes-mediated transfection was alseedonder a magnetic field, they
showed a significantly lower transaction efficiertbgpn SPIONS/PEI/DNA-HA quaternary
polyplexes and DNA-Lipofectamine 2000 (a standaesheg delivery agent) (p< 0. 05)
(Figure 6.5 C).

Interestingly, 100% HMW polyplexes showed approxehathe same levels of YFP and

CD86 expression under or in the absence of magheliic The physicochemical properties
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of HA are related to its molecular weight (Liao,nde et al. 2005). Higher molecular
weight is associated with longer molecular chahe in turn increase the mucoadhesive
properties of HA in solution. Lim et al (2002) afsmund that the incorporation of HA with
the molecular weight of 8.5x10Da into macro-particles increased mucoadhesive
properties more than chitosan-based systems. Higlecwar weight HA in quaternary
polyplexes is likely to increase the mucoadhesinel @iscoelastic properties of the
complexes, accordingly enhances large moleculanshad HA ligands accessibility to the
DC cell receptors and promotes the multivalent inigdo receptors (Laurent et al. 1986),
regardless of the presence or absence of the niadietd. The efficiency of HA polymer
with high molecular weight in accessing DC cellssvessociated with their ability to bind
to DCs receptors, with a previous study showing thigh molecular weight HA binding
was irreversible to CD44 cell receptors, while theding became weaker and reversible
with decreased HA molecular weight (Wolny et al1@p

On the other hand, applying an external magnetid tould enhance the accumulation and
attachment of low molecular weight (LMW) quaterngolyplexes on the surface of DCs,
resulting in significant increases of the cellulaptake of the complex (p < 0.001),
accompanied by the improved phenotypic maturatibrD8s (Yao, Fan et al. 2010).
Indeed, the effects of magnetic field on LMW (lowolecular weight HA) quaternary
polyplexes were more pronounced in the 5% LMW plelyes (Figure 6.5C). This new
observation is in good agreement with a previoudysby Qhattal et al (2011) showing that
the DC cellular targeting efficiency of HA-liposomeanoparticles depended strongly upon
HA molecular weight and grafting density, with higholecular weight HA resulting in
better cellular adhesion and internalization of H#esomes to DCs.

In this study, the concentration of hyaluronic aaigs in the range of 0.012 - 0.14 pg/ml,
approximately similar to the range used by Do €R@D4) who found that the addition of
0.01 - 1 pg/ml of HA in DCs culture were very efige in growing cells, while high HA
concentration of 0.5 pg/ml inhibited the growth@€s. In agreement with our data, the
polyplexes with these concentrations could intepoperly with DCs and promote their
maturation. In addition, the goal of this study was determine whether HA-coated
quaternary polyplexes could increase the functiomaake of DNA by dendritic cells for

targeted gene expression and antigen presentdiiter. DC transfection, the produced
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antigen was processed and presented by major dmsfatibility complex MHC class | and
MHC class Il to stimulate cytotoxic T-cells (CTLsnd helper T-cells, respectively
(Banchereau and Steinman 1998). These intracelu@duced-antigens by DCs cells are
hard to detect and present as MHC class | anthdeghe molecular endocytosis of antigen
is not necessarily sufficient to ensure efficiemtigen presentation (Watts 1997). However,
here the quaternary polyplexes showed consideraplganced antigen uptake and
presentation by DCs, probably via HA-mediated egtlisis that has been enhanced by the
application of an external magnetic field. The wdfequaternary polyplexes under a
magnetic field significantly upregulated MHC cldssd MHC class Il expressions on DCs
expressing YFP, supporting further their advancatunation profile (Figure 6.5D).

HA molecules may also act as a condensation ager@NA in a similar manner to PEI,
especially as DNA molecules were mixed with HA poér before addition to SPION/PEI
complexes. Kim et al. showed by gel electrophoréisé& DNA could interact to some
degree with HA fragments, with only small portioosthe DNA molecules able to be
released from the DNA-HA matrix (Kim, Checkla et 2D03). It is also known that the
positively charged PEI condenses DNA into a comgatioid while affording a good
protection from DNase digestion (Godbey, Wu etl@P9). Thus, the interaction of DNA
with HA and then condensation together with PEltedeSPIONs could well increase the
stability of DNA in the complexes, and at the satime protect DNA from DNase
degradation. However, strong interactions betweehadd DNA may delay DNA release
from complexes or even prevent all DNA moleculeacheng the nucleus, leading to a
decrease in transfection efficiency and gene esmesHA might be useful in this regard
as well behaving here like a transcriptional adtwvaby lessening the electrostatic
complexation between DNA and PEI polymer (refeFigure 6.2A, gel retardation assay),
thus facilitating the interaction of transcriptitactors with plasmid DNA.

Granulocyte macrophage colony stimulating factoM{GSF) was added at a final
concentration of 10 ng /ml to the cell culture irder to stimulate DC differentiation.
Adding this cytokine to DC culture has been destilpreviously to activate DCs
proliferation and cellular uptake (Hamilton and A&nsbn 2004). Adding this cytokine to
the cell culture with the quaternary polyplexes migromote cellular uptake of the gene

complexes, followed by gene expression in the DC® result of this study seemed to
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confirm the finding by Ali et al. (2008) in suggest that placing DC in the media
containing low levels of GM-CSF (50 ng/ml) durindelIPDNA gene transfection could
greatly enhance gene transfection, comparativehigh amounts of GM-CSF (500 ng/ml)
that could promote the degradation of intracell&rA and its protein products.

Modifying the magnetic gene vector with HA polymadso led to the higher stability of
complexes in the DCs media. This could lead to neetilar uptake of the complexes with
well-timed dissociation of the DNA—polymer complé&ther possible mechanisms of high
gene expression which relate to the presence ofhidie, was the notably decreased
cytotoxicity (Figure 6.3) and the size of quateynpolyplexes in the cell media to around
150 nm at the optimal charge ratio of 100% (Figbr®EB), leading to better distribution
with high cellular uptake (Manolova, Flace et &08).
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Figure 6.4. Percentage of CD1llc marker expressionnoDCs derived from mouse bone
marrow precursors under different culture conditions.
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Figure 6.5: YFP expression and maturation of CD11d»Cs induced by functionalized DNA

complexes added to cells at a mass ofug per well. DCs were isolated from the old C57BL/6
mice and incubated with the indicated different DNAcomplexes. After 24 h, the cells were
harvested and stained for the expressions of CD8®&JHC class | and MHC class Il and

analyzed by flow cytometry: (A) Representative setfdlow cytometry histograms of CD86

expression on CD11c+DCs expressing YFP. Gray shadeatea: untreated cells; CD86

maturation markers on (B) total CD11c+DCs and (C) CQ1c+DCs expressing YFP; (D) YFP
expression level and MHCI, MHCII costimulatory molecule expression on CD11c+DCs
expressing YFP. The data were analyzed statisticgllusing one-way analysis of variance
(ANOVA), and the comparison of means conducted usinTukey multiple comparison test.

Results are expressed as means =S.D. (n =3). * FB&).**p< 0.001, *** p<0.0001 (w magnet
indicates application of an external magnetic fiel[dw/o magnet indicates without application

of an external magnetic field).

6.3.6 Effect of HA blocking on cellular uptake of the

guaternary polyplexes with HA receptors

Quaternary polyplexes coated with HA can be eaBgéipersed in a cell medium, favorably
responding to receptor-ligand interactions with kfeptors positive-cells such as DCs,
while they could also loosen strong electrostatieractions between DNA and PEI (Figure
6.2A, gel retardation assay). A way to prove thestexnce of these interactions was by
deliberately blocking HA-receptors on the cellspgog-treatment with a saturable amount of
free HA prior incubation with different plasmid cpftexes. Before adding different
polyplexes to the cells, 200 of HA solutions (3 mg/ ml in PBS) (HMW or LMW) we
added to DC cells in addition to 1 ml of RPMI mediuAfter incubation for 60 min at 37
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°C, the cells were washed with RPMI media to remombound HA and then different
complexes were added to the wells by applicatiomrofexternal magnetic field for 2 h,
with similar treatment as previously referred tathe transfection assay. Flow cytometric
analysis results of YFP expression in CD11c+DCsaglabthat the DC pre-treated with
excess HA ligand had nearly 50% reduction in YFRegexpression compared to the
transfection with cells pre-treated with PBS al@Rigure 6.6A). The YFP gene expression
in CD11c+ DCs treated with HMW HA-polyplexes withiopre-treated HA showed
significantly the highest gene expression (p< 0100@hile LMW HA-polyplexes with and
without pre-treated HA did not show any significalifference in gene expression. This
suggested that the YFP expression of HMW polypleoeedd be mediated by HMW HA-
specific receptors on the surface of DC cells, mii@n the LMW HA that could be
competitively inhibited by excess free HA. Internegly, Figure 6.6B showed that all wells
treated with quaternary polyplexes pre-treated WBS alone (without HA) upregulated
CD86 maturation marker on CD11c+ DCs expressing ¥¢rdless of the HA molecular
weight, in contrast to pre-treated HA wells. Thiasnin agreement with Ito et al. (2006),
who showed that the CHO cells (Chinese hamsteryasalt line) pre-treated with HA had
diminished gene expression compared to the highivaeced luciferase gene expression of
HA-coated ternary complexes (DNA/PE/HA) pre-treateith only PBS. Taken together,
these results suggested that the interactions batweA special receptors on DC
specifically with HMW HA-coated polyplexes couldaurage uptakeia these receptors
(Ito, lida-Tanaka et al. 2006).
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Figure 6.6: Effects of HA-pre-addition on the YFP &pression and co-stimulatory surface
marker (CD86) on CD11c+DCs mediated by quaternary @lyplexes: (A) The percentage of
total CD11c +DC cells expressing YFP; (B) The perctage of CD11c+ DCs expressing YFP

with up-regulation of CD86 maturation signal (n = 3.

***p< 0.0001 (Black columns indicate DCs pre-treatrent with PBS alone; White columns

indicate HA pre-treatment (high or low molecular weight HMW or LMW)).
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6.3.7 HA-coated polyplexes induced activation of DC
independently of CD44

CD44 is a principal cellular HA receptor (Cultyat 1992; Oh, Park et al. 2010), raising
the question on whether CD44 could also mediateHAecoated quaternary polyplexes
uptake. We assessed the CD44 expression leveltah@®11c+DCs and CD11c+ DCs
expressing YFP after treatment with different gesmenplexes compared with CD44
expression level in untreated CD11c+DCs. Our resiibwed strong expression of surface
CD44 receptor around 90% in all CD11c+DCs indigatthe presence of this type of
receptor in our DC cultures (Figure 6.7).

In general, untreated or treated CD11c+DCs withHedkht DNA polyplexes showed
approximately the same percentage of CD44 expmessihe ternary polyplexes,
DNA/Lipofectamine complexes, and even free DNA fHdig but not significantly,
upregulated CD44 expression level on DCs espeaiatty cells expressing YFP compared
to control DCs. In contrast, DC pre-treated witgrhconcentrations of HA before adding
the quaternary polyplexes showed significant treiglsard decreasing CD44 in total DCs
or DCs expressing YFP compared to control DCs (Eidu7A, B). Adding HA at high
concentration may potentially inhibit CD44 expressias the previous study of Kaya et al.
(2000) suggested that the abnormal accumulatidnyaluronate in superficial dermis due
to some medical reasons was accompanied by théneleal CD44 expression in the
keratinocytes, and it could be argued that a sinmlachanism could promote low CD44
expression on DCs when pre-treated with high ansoohHA (Figure 6.7).

A previous report showed that under normal cond#joCD44 receptors are rapidly
recycled back from the intracellular compartmenttihe plasma membrane following
internalizatiorand the release of cargos (G.Garg and Hales 2084jefore, the possibility
of a lower expression of CD44 due to uptake ofHiAecoated quaternary polyplexes as a
receptor for HA could be excluded, as the FACSyamswas performed 24 h after adding
the polyplexes in the cell culture, allowing enouighe for CD44 to recycle back to the cell
surface.

The transfection study (Figure 6.5) showed that Dfesmtment with the quaternary
polyplexes especially under a magnetic field digpthasignificantly higher levels of YFP
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gene expression accompanied by significant up-atigul in the CD86 expression, thus
implying that quaternary polyplexes were activebyake by DCs via different types of HA
receptors than CD44. Most interestingly, there wwmassignificant difference in CD44
expression levels between total CD11c+DCs and CBRCs transfected with a YFP gene
for cells treated with different HA coated quategnpolyplexes compared to control DCs.
Taken together, these data potentially demonstrateCD44 receptors were not actively
involved in HA-quaternary polyplex uptake by DCserteby suggesting a possible role of
other receptors of HA, such as toll like recept@snd -4 , CD38, LYVE-1, RHAMM or

even unknown novel receptors (Oh, Park et al. 200@hers have suggested that the
mammalian endocytic HA receptor is HARE instead Gi44 (Weigel et al. 2002)

Furthermore, Do et al. previously reported that ldéuld activate DC through CD44
independent pathway, while CD44 on antigen Ag-djedi-cells played a critical role
during interaction with DC to present antigen Agl aibsequently T-cells expansion (Do,
Nagarkatti et al. 2004). Moreover, Termeer andeagles (2000) found that CD44KO-
derived DCs (knock-out mice) showed similar up-taion of costimulatory molecules
like wild type-derived DCs after HA treatment. haald be noted that these studies were
different from the current study in that they prithainvestigated the ability of the HA-
treated DCs to activate alloreactive T-cells. Whilee aim of the present study was to
transfect DCs using malaria DNA vaccine condensedHA-coated magnetic quaternary
polyplexes, and at the same time to increase DCsirateon through upregulation of
costimulatory molecules. HA on the surface of thgaaternary complexes could act as
ligands to enhance receptor-mediated endocytosisigh specific HA receptors on DCs.
However, itcannotbe entirelyeliminated the possibility that CD44 could make son
contribution to the cellular uptake of quaternanjlyplexes involved in the polyplexes
transfection and maturation of wild type-derived DGince the expressions by other
receptors in mature or immature DC by RT-PCR wettedetected, the effects of other HA
receptors could be excluded. Further study wilhbeessary to determine the specific type

of DCs receptor contributing to the uptake of quedey polyplexes.
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Figure 6.7: Effects of different DNA complexes onhe expression of CD44 receptors on
CD11c+ DCs population: (A) The percentage of total B11c +DC cells; (B) The percentage of
CD11c+ DCs expressing YFP. The data were analyzedasstically using one-way analysis of
variance (ANOVA), and the comparison of means wasooaducted using Tukey multiple
comparison test. Results are expressed as meansixf =3).

***p< 0.001 (Black columns indicate DCs pre-treatmen with PBS alone; White columns

indicate HA pre-treatment (high or low molecular weght HMW or LMW).

6.4 Conclusion

As it is reported in the literature that DC is desbatic to transfect, however here it has
been demonstrated that the quaternary magnetiglpals containing hyaluronic acid
(HA) could be used to transfect D@s vitro high effectively with a model DNA based
malaria vaccine candidate. The transfection cowdebhanced by increasing the HA
molecular weight and the application of an extemmalgnetic field. The size of the HA
ligand on the polyplexes was an important deterntired its cellular uptake, with higher
molecular weight of HA resulting in better cellukalhesion and internalization. Moreover,
the presence of HA loosened the strong complexdeiween DNA and PEI polymer, but
did not result in DNA disassembly, with higher ceiability compared to those treated

without HA in the polyplexes. These quaternary ptdyes also had adjuvant activity that
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encouraged DC maturation (specifically for the dliat had internalized the complexes),
while the application of an external magnetic figtgproved gene delivery to DCs at low
DNA doses, while also resulting in up-regulation@E maturation markers. This new
information will be crucial for the design of thaNB gene delivery tool to somatic cells
such as DCs for potent immune activation, Viittther studies recommended to investigate
the detailed uptake mechanisms and also the spégge of DCs receptor of this gene

delivery system botn vitro andin vivo.
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CHAPTER 7

Conclusions and Recommendations

7.1 Conclusions

The initial work of this thesis shows that the meigifiection technique is promising for the
delivery of malaria DNA vaccine. SPIONs/PElI comm@sxproduced under an acidic
condition showed less aggregation, better DNA migdiand high gene transfection
efficiency than those generated under neutral pi¢, @ the protonated structure of the
branched polymer that entrapped and protected DNRecules from enzymatic digestion.
The expression of VR1020-PyMSRBIn COS7 cell line showed that complexes formed
under an acidic condition were able to deliver malagene better especially with
magnetofection. The enhancement of gene delivedemuan external magnetic field was
possibly because the magnetic force drew the cotaplento the cell surface, leading to an
increase in their cellular uptake. In addition, 8RRIONs/PEI/DNA complexes containing
moderate amounts of PEI at N/P ratio of 10 and lé&wed the highest transfection
efficiency compared with others. This is attributexd sufficient amounts of PEI for
condensation and timely release of DNA moleculeanfrthe complexes for nuclear
localization.
SPIONs/PEI-DNA complexes containing VR1020-PyM&Rgere used for malaria DNA
vaccine deliveryin vivo. In terms of an immune response, the magnetofe¢éonnique
was able to considerably improve the responsedratiimal model compared to the naked
DNA. The applicability of SPIONs/PEI/DNA complexé&s in vivo study was first studied
by assessing the best N/P ratio to stimulate an unemresponse via intramuscular
injection. Moderate amounts of PEI at N/P ratioléfand 20 stimulated the highest IgG
antibody level against PyMSRlunder a magnetic field. The effects of magnetadecbn
the level of IgG antibody responses using SPIONSIMNEA complexes via different routes
of administration showed that the magnetic fielghgicantly induces high IgG antibody
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responses via intraperitoneal routes compared teanmuscular, subcutaneous and
intradermal routes. These results were attribuddtié physiology of peritoneum as a major
storage of macrophages and dendritic cells, allgwietter gene transfection opportunity in
the peritoneal cavity under an external magnet@dfi On the contrary, intravenous
injection of SPIONs/PEI/DNA complexes caused a diemt shock with most animals
dying a short time after the injection. The higlsiiwe charge of complexes rendered them
able to interact with negatively charged blood senproteins such as opsonins in the
serum, leading to aggregation that could causeysiqdl blockage of lung capillaries with
an intravenous injection.

Heterologous DNA prime followed by a single reconait EcCPYMSP} protein boost
vaccination regime also significantly stimulatedilaody responses in all immunization
groups in terms of 1gG endpoint titres, with thelgoint titre for the intraperitoneal group
significantly higher than those of other groupgjigating the induction of appropriate
memory immunity that can be elicited by proteinreaall. In addition, heterologous prime-
boost strategies greatly enhanced the 1gG2a / Iggsd for intraperitoneal route in a
similar manner or even more than DNA immunizatiarlyo The stimulation of 1gG2a
immune responses was strongly dependent on the obadministration for priming DNA
and the total IgG level.

A surface functionalization strategy of magnetictipbes was also developed here to add
anionic polymer such as hyaluronic acid in ordereduce the strong net positive charge of
the PEI polymerln vitro study showed that although SPIONs/PEI/DNA com@exehibit
high gene transfection in the COS-7 cell, theseptexes also showed toxic effects on the
cell viability which are mainly associated with teongest net positive charge of the PEI
polymer that lead to strong interactions and digompof the plasma membrane. Therefore,
a new system is developed here to decrease th@dPgther cytotoxic effect and also to
incorporate receptor-mediated cellular uptake meishas. Notably, hyaluronic acid was
used in this study to functionalize PEI coated nedign nanoparticles via a direct
electrostatic binding with the surface amino groop#EIl. By adding hyaluronic acid to
the SPIONS/PEI/DNA complexes, the cytotoxicity @bblke decreased by diminishing non-
specific interactions with serum protein in the giblogical fluid, and enhance receptor-

mediated endocytosis via HA receptors on the cells.
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The assembly orders of different magnetic vectaorfigarations comprising SPIONSs, PEI,
and hyaluronic acid (HA), acting as carriers fa thalaria DNA vaccine and their stability
in different cell media were investigated. Gengradll complexes showed relatively small
sizes in the water, whereas higher degree of agfjoegwas detected instantly after
transferring to high-ionic strength media such as NaCl buffer and RPMI media.
However, pre-addition of HA to DNA prior to SPIOREI configuration vectors
effectively reduced the extent of aggregation invVRihedia particularly at the highest %
HA : PEI charge ratio. Partial disassembly of saramplexes was observed in all media
except in NaCl buffer where all complexes prese®™Bdd\ molecules without showing any
detectable release. This indicates that the incubatf complexes in the NaCl buffer prior
to transfection may limit the intracellular releasfeplasmid DNA for gene transfection.
DNase sensitivity assay showed that the plasmid DiN#e all configurations preserved
their structural integrity without damage, evereafdNase | treatment. The benefit of this
characterization study is significant, particulariyhandling these particles in malaria DNA
vaccine delivery system fon vivo applications.

Magnetic gene vectors comprising SPIONs, PEI, DNhd HA to target antigen-
presenting cell APCs were applied to deliver mal&NA vaccine to dendritic cell (DC) as
a model of potent APCs. The cells were treated widse particles to facilitate receptor-
mediated endocytosis via the hyaluronic acid serf@ceptor on DCs. The ability of these
complexes to transfect dendritic cells has beetedessing different molecular weights of
HA and with different % charge ratios of HA: PEldar a magnetic field. Vectors formed
by pre-addition of HA to DNA prior to SPION/PEI dioguration were used for DCs
transfection as they were more stable with smaliees under physiological conditions.
Flow cytometry analysis was used to assess DCféetien and maturation by monitoring
the up-regulation of the surface expression of CO86s major histocompatibility
complexes MHC class | and MHC class Il expressi@unaternary complexes with high
molecular weight of HA and high charge ratio of HREI yielded better transfection
efficiency and maturation of DCs than others. Thespnce of magnetic fields also
significantly enhanced DC transfection and matoratin DC cell cultures, particularly
with low molecular weight hyaluronic containing cplexes. The result was attributed to

the stability and transfection efficiency of thesemplexes, due to long molecular chains
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and higher mucoadhesive properties of high moleautaght HA, thus enhancing the HA
ligands accessibility and promoting the multivalemding to DCs receptors. As DCs are
pivotal in the stimulation of a primary immunogengsponse to plasmid encoded antigens,
and they are far superior in the presenting antigempared with other APC following
DNA vaccination. The result of this study represemtbig step forward to the transfection
and simultaneous maturation of DCs, which offerpatential approach for treating

different diseases via gene therapy.

7.2 Recommendations for future work

The promising results from this study warrant farthinvestigation of magnetic
nanoparticles for malaria gene delivery applicatiofuture work could address the

following topics:

(1) Although the difference in the gene expressi@aiue mediated by SPIONSs/PEI
complexes formed under acidic and natural conditivave been testedvitro (Chapter 3),
no study has been donevivo to determine if a different pH complexation ald$feets the
level of stimulating IgG antibody production. Theng complexes under acidic condition
displayed more stability in terms of small partideze and more DNA condensation
capability making them ideally suitable for vivo gene delivery condition, since compact
complex structure can offer a good protection froegradation through nuclease in the
blood circulation. Therefore, evaluating the antiporesponse value elicited by the
complexes under different pH condition is very impot to determine the best
complexation condition fom vivo application, since the mechanisms of gene deliuery

vivo were different than thosa vitro.

(2) Since intraperitoneal administration of the piemes was found to stimulate higher
immune responses under the external magnetic (@ha@pter 4)jn vivo assessment of the
optimal N/P ratio via intraperitoneal injection sitdb be done to enhance the response via
this route of vaccination. Intraperitoneal vactio is predominantly used in veterinary

medicine due to the simplicity of administratiomymared to other routes and stimulation
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of protective immune response in several typesnohals. However, effective translation
of this approach to a human clinical setting ddo¢ tasking and possibly controversial.
Therefore, investigating other more practical adstiation routes such as oral or
intradermal tattoo vaccination with a high immuresgonse may be more appropriate

under clinical conditions.

(3) The study of the properties and behavior ofteunary polyplexes comprising SPIONSs,
polyethylenimine, and hyaluronic acid as carriensrhalaria DNA vaccine (Chapter 5) can
be extended to include other competitors or comattithat gene complexes normally
encounter in the bloodstream. Additions of thesaetitors such as RNA and DNA, or by
changing the pH or osmolality of the cell culturedia would provide a better prediction of
the actual behavior under physiological conditiguesticularly for high molecular weight

HA-containing polyplexes that have shown betteregegansfection and maturation in DCs.

(4) An optimized protocol for the efficient transfen of dendritic cells would be highly
desirable, because transaction of this type of gmyntells with plasmid DNA by using
non-viral reagents is very difficult (Awasthi andxC2003). Effective gene tranfection to
dendritic cells using quaternary polyplexes SPIGRS/DNA+HA with high molecular
weight of HA was demonstrated in Chapter 6. The tmotresting aspect is that a
considerably lower dose of condensed DNA in theypekes elicited significantly high
DCs transfection and maturation under a magnetld.fiThus, the same polyplexes can be
used for targeting DCis vivo, since the success of DNA vaccination system Isiragethe
ability of targeting DNA vaccines to DCs. Furthems, additional detection tests baoth
vitro andin vivo should be also conducted to determine the detaipgdke mechanisms

and also the specific type of DCs receptor for ¢fgse delivery system.
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Appendix

Appendix A General information about plasmid DNA and

magnetic particles

This section provides general details about PyM$SPtasmid structure and
SPIONSs properties.

VR1020-PyMSP14Plasmid

The widely used model system of human malaria isgaanalaridlasmodium yoelii MSP1
(PyMSP1) gene which revealed a homologytdalciparum (PfMSP1) gene. The PyMSP1
protein also has a close structure resemblingdh@fMSP1) with similar putative signal
peptide and GPI anchor.

Current malaria DNA vaccine includes PyMSP&ncoded gene was inserted into a
mammalian expression vector plasmid VR1020 (Vicad.,| San Diego) via appropriate
restriction digestiongam HI andBig Il) VR1020 site. PyMSP} gene was fused at its 5
end to an in-frame tissue plasmiongen activatorAjT§ecretionsignal. The recombinant
plasmid VR1020-PyMSR4 contains a tissue human cytomegalovirus (CMV) imhize
early promoter/enhancer elements (CMV promoter @wlV intron A), bovine growth
hormone (BGH) terminator and a Kanamycin resistageee for selection purpose, see
Appendix A (Figure Al).
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Figure A.1: Schematic figure of plasmid VR1020-PyMB1,4
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Figure A.2: Magnetisation plots for SPIONs and SPI®Is/PEI. The x and y axes indicate
applied field (H, kOe) and magnetization (M, emu/g)respectively.
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Figure A.3: X-ray diffraction pattern of Fe ;0,nanparticles prepared Co-precipitation
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Appendix

Appendix B: The results of antibody responses against PyMSR1

of chapter 4.

The section provides details abdie 1gG level obtained in BALB/c mice immunized kwvit
homologous (DNA vaccination alone) or heterologoiRNA prime-protein boost)

regimen.
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Figure B.1: Total IgG obtained from BALB/c mice immunized intramuscularly with different
combinations of PyMSP1, (naked DNA, DNA-PEI, at the N/P ratio of 15 and
SPIONS/PEI/DNA at different N/P ratios with or without strong magnetic field). Two weeks
after the last immunization (day 42), sera were ctdcted from immunized mice in each group
(n=5). Pooled sera were analyzed for the level of Gyantibodies against recombinant protein
as a capture antigen. Results shown are the lastldlion of sera at which the ODsonm Was
higher than mean+3SD of control mice. Results arexpressed as means = SD of duplicate.
Statistical significance is designated as *** p<O(.
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Figure B.2: DNA prime-protein boost effect on totallgG levels against PyMSP{ in mice
immunized with SPIONs/PEI/DNA complexes. A group ofmice were immunized with three
doses of naked DNA or SPIONs/PEI/DNA complexes vidifferent routes of administration
with magnet application, followed by a single boostvith recombinant protein formulated in
incomplete Freund’s adjuvant injected intraperitoneally. Sera were obtained two weeks
before and after protein boost and pooled for endpat titre against recombinant protein.
Results shown are the last dilution of sera at whitthe OD,s0nm Was higher than mean + 3SD
of control mice. Results are expressed as means B 8f duplicates. Statistical significance is
designed as *** p<0.001.
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Figure B.3: DNA prime-protein boost regime effecton IgG levels against PyMSP}in mice
immunized with SPIONs/PEI/DNA complexes. A group ofmice were immunized with three
doses of SPIONs/PEI/DNA complexes via different rdas of administration with magnet
application followed by a single boost with recomimant protein formulated in incomplete
Freund’s adjuvant injected intraperitoneally. Serawere obtained two weeks before and after
protein boost and pooled for endpoint titre againstrecombinant protein: (A) IgG antibody
subclass titre in the pooled sera collected fromm., i.d., and s.c. groups before and after single
protein boost; (B) IgG antibody subclass titre in he pooled sera collected from i.p. group
before and after single protein boost. Results shaware the last dilution of sera at which the
ODys0nm Was higher than mean + 3SD of control mice. Resultse expressed as means + SD of
duplicates.
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Appendix C: The result of Western blot analysis to detect

PYMSP1;4 expression in dendritic cells DCs.

25KDa

Figure C.1: Western blot detection of PyMSP4, in DCs at 48h post-transfection. Lane DCs,
dendritic cells without transfection (control); Lanel, the cells transfected with naked
PyMSP1,q Lane2, the cells transfected with DNA-Lipofectarme; Lane 3, SPIONs-PEI-DNA
with magnet; Lane 4-11 SPIONs/PEI/DNA-HA polyplexesLane 4, 5% LMW w/o magnet;

Lane 5, 100%LMW w/o magnet; Lane 6, 100% HMAW w/o nagnet; Lane 7,5% HMAW w/o

magnet; Lane 8, 5% LMW w magnet; Lane 9, 100%LMW wmagnet; Lane 10, 100% HMAW

w magnet; Lanell, 5% HMAW w magnet; Lanel2; PyMSPi protein expressed in
Escherichia coli.
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