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Project Code : TRG5480020

Project Title : Nanodelivery System for Effective Reduction of E6/E7 Oncogenes in

HPV-Induced Cervical Cancer Cells Using RNA Interference Approach

Investigator : Nattika Saengkrit, National Nanotechnology Center (NANOTEC),
National Science and Technology Development Agency (NSTDA), Pathumthani,
Thailand

E-mail Address : nattika@nanotec.or.th

Project Period : 15 June 2011-14 June 2013

We examined the potential of cationic nanoparticle — polyethyleneimine-
introduced chitosan shell/poly (methyl methacrylate) core nanoparticles (CS-PEI) for
siRNA delivery. Initially, DNA delivery was performed to validate the capability of CS-
PEI for gene delivery in the human cervical cancer cell line, SiHa. siRNA delivery were
subsequently carried out to evaluate the silencing effect on targeted E6 and E7
oncogenes. Physicochemical properties including size, zeta potential and morphology of
CSPEI/ DNA and CS-PEI/siRNA complexes, were analyzed. The surface charges and
sizes of the complexes were observed at different N/P ratios. The hydrodynamic sizes
of the CS-PEI/DNA and CS-PEI/siRNA were approximately 300—400 and 400-500 nm,
respectively. Complexes were positively charged depending on the amount of added
CS-PEI. AFM images revealed the mono-dispersed and spherical shapes of the
complexes. Gel retardation assay confirmed that CS-PEl nanoparticles completely
formed complexes with DNA and siRNA at a N/P ratio of 1.6. For DNA transfection, CS-
PEI provided the highest transfection result. Localization of siRNA delivered through CS-
PEl was confirmed by differential interference contrast (DIC) confocal imaging. The
silencing effect of siRNA specific to HPV 16 E6/E7 oncogene was examined at 18 and
24 h post-transfection. The results demonstrated the capacity of CS-PEI to suppress the
expression of HVP oncogenes.
Keywords : Chitosan, Polyethyleneimine, Core/shell nanoparticle, DNA delivery, siRNA
delivery
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andhTsduainn (viral vector) warszuuf ldandslismduaimn (Non-viral vector)
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LwaLleda Squamous cell USL’Jmﬂ’mM@Qﬂ (Squamous cell carcinoma) meluoasiise
v &aA o \ . v = X = A
HPV ﬁ’]ﬂl‘W%‘g‘Yl 16 E]’]ﬁﬂlﬂ%l 1-2 COpleS LLﬂx’%@Lﬂ%L‘ﬁﬂEﬂuﬁdﬂ’)UNZL?Gﬂ’]ﬂ&I(ﬂQﬂiZUZ‘H 2
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iwrasuzivtnuegnaiia Hela wimadimzidssuuuinizldunandiuiayi
u3mnuagn (Adenocarcinoma) Mululadiiiia HPYV suWusn 18 anduat) 18]
iwasuzistnuagnafia C33A (waadimnzidssuuuinzldinandiubayin

vinmhnuagnmululifire HPY andbag [19]

2.1.2 NaNdNA, SIRNA Laz@INIE AT URIEIEH

Wa1sia DNA 7@ pGL3-basic vector containing CMV enhancer promoter
(pGL3-CMV) lfana7n Tencomnao uazamzludl 2008 @snmwdl 1 [20] lay wanade
é’aﬂﬁinﬁﬂﬁmiﬁgﬁmﬂ%mm;J Luciferase S'i?aa%imﬂléfﬂ'ﬁmmmaa CMV
enhancer/promoter  MwNzaNEIRSUMIuEasaonvadawlss Luciferase luiaasaas

Lﬁﬂd@ﬂﬁwuw

M 1 ansaclassansvasnaiaia DNA ofia pGL3-CMV [21]



siRNA ﬁi%ﬁwaiaLiﬁgﬂsmﬁmﬁaﬂ"mmgn SiHa SILATIERAISIAUILRVY Putral
wazamzludl 2005 Sefidrduasil Sence: 5-GCAACAGUUACUGCGACGUUU-3' uae
Antisence 3-UUCGUUGUCAAUGACGCUGCA-5' [22] lat siRNA é’andnﬁqmauﬁ'&ﬁ
$uwnznuBu E6 voaBa HPV mﬂﬁuﬁ:ﬁ 16 fighuniifinedlalngd 123-141 Faufadn

ﬁ’]lﬁLﬁ@ﬂiZU’J%ﬂ’]i RNAi 928N0170NAN1ILEAI8aNT83 E6/E7 mRNA A4NIW1 2

n)
562 8§58/865
104 559
E6
HPV GENOME
|
Species: EB E7 Coding Potential:
A I . .- ES, E7
E6* E7 830
B - - .. . ..--- E6',E7
226 409 830
e - M E7
.-l E6CILET
226 526 830
)

siRNA target sequence 10
123 141

1 \/ 226 sd 409s.a 477

I I I ]
HPV 16E6 nucleotide sequence

AN 2 anwaeIUuLLUIa9 mRNA Aigd991nin E6 way E7 1adtTa HPV lag
' Aa @ o o A A =< ' Y
suninIAaaenTRRIzuNUMsIURMRBUNULATEIUTRY  Intron  zUNUAILIALTE
o 1 =) { & =)
(MW N), FLAUI sequence 10 (adla lnan 123-141) va38% HPV 16E6 Taiduuim

7 Sz SIRNA (MW 2) [22]



é’awwﬂi:mwwa?zL;Jﬂ‘?ﬂi:ﬁgmﬂﬁsl%ﬁwdawmaﬁ@ pGL3-CMV ilaz siRNA L“fl"]'g.j

Lsﬁaﬁs\l:ﬁdﬂ’muﬂﬁﬂ fa Polyethyleneimine-Introduced Chitosan Shell/Poly(methyl

Methacrylate) CoreNanoparticles (CS-PEI) vlﬁmmmmy,mn:ﬁmﬂ AT HPYINT WUNE

[17]1 andduaimnasanzilnindunafinasuansening PEI uaz Chitosan 03

Methyl Methacrylate (Juununaeadnnyd 3 lasfoansmlasimin (ww) 289

CS/PEI il% 0.5/0.5

TBHP, H
+ o~

Methyl Methacrylate

80°C

Polyethyleneimine (PEI)

CS/PEI shell and PMMA core
nanoparticle

MW 3 dawdszinnwedinafilszauanita CS-PEI nanoparticle (W1 CS-PEI) [17]

ﬁlW’]ﬂizLﬂﬂ%ﬁ%ﬂ‘izﬁ;U’m%ﬁ@ Lipofectamine™ 2000 (Invitrogen, New York,

USA) lglunmsiiaswanaiia DNA pGL3-CMV Laz siRNA LﬁaLﬂuﬂéwé’aLLﬂsmqu

LiﬁzmLﬁﬂhﬁ'ﬂﬂﬁjwmsmaaaﬁﬁmﬂ@Ulﬁéﬁww CS-PEI

MWD 4 é’awnﬂszmwhﬁuﬂszqmmﬁ@ Lipofectamine™ 2000 [23]



2.2 NNSLAIYNAINT CS-PEL, Na1§3A pGL3-CMV Waz siRNA
USUANUENTUVRIAINT CS-PEI wazwanadia pGL3-CMV Mt 1 pg/ul lasls
inauduamdsuanudnduwlunasanasadrwia 1.5 ml vueh siRNA lFaavinazany

usihnaundnaaniawlasf Ribonuclease duans Diethylpyrocarbonate (DEPC)

23 m‘sm‘mﬁaumwmmsn‘lumsﬁ'v DNA uaz siRNA LLR&QMﬁﬂEmz‘ﬂﬂdlﬂﬁ

NYATNVBIAINT CS-PEI

2.3.1 N1IATIVFUANNAINIIAVAIAINT CS-PEI 1n159Uny DNA uag
siRNA Taa 33 Gel retardation assay

eAnHNANNEINNTalMIIURY DNA sz SiRNA 18969W1 CS-PEI 7
sanaInlunazaanvad lulasiauuuarninunesiauwnsafiiaddn (N/P ratio) @19 9
LA TEInas complex ﬁmmm%’uﬁ'ﬂﬁammuyid laLaTay complex 32H3IN4
§IW1 CS-PEI fuwanalia pGL3-CMV luwasanassszwia 1.5 ml fisasdin NP
Winnu 0.1, 0.2, 0.4, 0.6, 0.8, 1.6 LLaz 4 T,@Uéizaﬁﬂ'?ﬁqmﬁgﬁﬁauﬂunm 30 WAt 1fia
asumAmnualiin complex GINS1INENAL 1X loading dye udmpaassaaazmlss
Aflanudutu 1% wavih Gel electrophoresis Tagldanuansdns 90 Tradiduwaa 30
Wit ansisineadileld oy Ethidium bromide uazdedagnolduas Ultraviolet (UV)
GT’JEJLﬂ%Ia\‘] Gel documentation systems (Syngene, Cambridge, United Kingdom) lasUnd
W82 DNA uaz siRNA ﬁ]:m'ﬁ'auﬁﬁnﬂﬁzmuvlﬂmi?amrﬂ,umi‘ﬁ'} Gel electrophoresis U6

A A v o o A A o v a Y A A
LALNANITAIUNUNUAINT  CS-PEI 61503J‘1Ji$§ﬂ’3ﬂﬁ1$ﬂ’11%Lﬂ@lﬂ’]i@l’luﬂ”lil,ﬂaau‘mladﬂm

] [
a

fheadnainan  sIRalWilszoenensiadoufiauadsutiiosnnan complex AAaTwil
mmmmzﬂszqﬂumﬂmﬂéﬁu Tunsdiieann CS-PEI ﬁmmm%’ﬂﬁaﬂwaauyitﬁa:ﬁﬂﬁ
linuwounsiedeuiivesnsafiindsnunisnias

1TV complex TEWINWAINT CS-PEI NU siRNA ¥iNINaaadtswaeInuis
TreaudslEeaain NP Wity 0.4, 0.6, 0.8, 1.2, 1.6, 4 uaz 8 lag¥i gel retardation

assay NANNA1ANE 70 Tadilluiian 30 Wi



232 N1IATNADUANHMINWAMIININGIVAY  CS-PEI/DNA  uaz CS-
PEI/siRNA complex Taa Atomic force microscope (AFM)
[ o a . {a &
aﬂwmxmaamgﬂmwmmaaagmﬂmiu CS-PEI/DNA 18z CS-PEI/SiRNA fiLiadn
RATNATIIFAL LAee NADIANTIAULLULILIIBTADY (Atomic force microscope: AFM)
‘:S' I dl = n:ll %] d‘y a L5 o > o %]
smLﬂumsaauaﬂlﬂumsmfmaauaﬂﬂm:wum'saqlmmumh NALRANNTVDIDUAT
A3 ILIITERINdaTAaN (Atomic force) TTRINIRITNIAIUITZAUM IUALNURIVEIENT
° o ¥ a =2 ° o = o '
LRZALYNMTUTZUIANAD AN IR N BT U B INTWN LA ma:mlmsﬂmuaﬂungﬂﬁwaa
A a [ Py % . A o '
complex Me3oxle Nsnasaditlals CS-PEI/DNA waz CS-PEISIRNA flaasaiw N/P
WINAL 1.6 WAz 4 1uraaanaaesrwia 1.5 ml Unliiiansaauwsiuueas complex tuiaan
= @ v a @ Z/ < 9 & ' v = Y
30 WHALEIUTUUSNNATMIBENAIAATL 20 Pl NUURDAaIUBLHL luNLRI AT A
WA TEN 5 W Lﬁa‘lﬁmgmﬂ%’ummmzizmaﬁﬂ MW AFM Twanudauitl ey
@8 AFM Seiko SPA4000 (Chiba, Japan) WNEATIIROU complex luysim 5 Mm X 5 pm

A8ANNLIIVDITN 1.0 Hz

2.3.3 msmfmaaummmLtaz@hﬂ‘szqﬁ”uﬁ'mm complex ALUNNIIN Zetasizer

L‘ﬁa?mmmmmml,a:mﬂizﬁ;mm CS-PEI/DNA uaz CS-PEI/siRNA complex f
damdin NP 619 9 doldiniesia Zetasizer zs Fulweiosfeflddmsuiamamwa
auM1A28983UTI9 0.6 nm 9 6 um laglEmann1s Dynamic Light Scattering (DLS)
LRZENNNIORIAN  Zeta Potential ﬁ%amﬂszgiwuuﬁuﬁwaamgmam‘[u"[ﬁ LAY
CS-PEI/DNA complex Naamaiw NP whiu 04, 08, 1.6, 4 uaz 8 uazl@3zu
CS-PEI/SiRNA complex aaTaiw N/P 1¥nfiu 0.4, 0.8, 1.6 uas 4 lasassulunaaa
NARDIVUIA 1.5 ml é”'aﬁﬂ'?ﬁqmmgﬁﬁauﬂunm 30 W MNsBLTUSINATER YN NAL
Thdu 1 mi LLﬁn‘hvlﬂi'@mm@madamgmml,a:ﬂs:a;uuﬁaﬁ’;Um“’%'aa Zetasizer Nano ZS
(Malvern Instruments Ltd., Malvern, UK) ‘ﬁqm%ﬂﬁ 25 OC Naﬁvl,ﬁiwmmﬂummﬁwaa

U

PWAA8819NNINITIA 3 ATI W3BNAT standard deviation (SD)



2.3.4 N1IAIVFDUIDALVDINTTIU siRNA 2a3@IN1 CS-PEI

ANURIANTOIBNNTIL SIRNA 289691 CS-PEI a1N13091 bldannwnsasazuadanis
$U  SiRNA 18961 CS-PEI (% Binding capacity) N8assu N/P @19 lagldya
Quant-iT™ RiboGreen® RNA Reagent (Invitrogen, New York, USA) ‘%dﬁmi
Fluorophores ﬁﬁqmauﬁ'@lumﬁuﬁu siRNA LLﬁ’JLﬁ@mﬂﬂﬁidLLaGWQQBLSﬁLGﬁu@ﬁu 9
@1 Fluorescence intensity fsaldazulsiuautSunomad unbound-siRNA ‘ﬁlaaﬂagﬂu
saupuaeshlimanInlidwmindalyldin siRNA gnivliaguudann cs-Pel ldda
Hudosazirlaiiofiouiu siRNA Gudn

33mTiTuvinlauaion complex 3:#N96AW7 CS-PEI fU siRNA fisasaaw N/P
\WinAu 0.4, 0.6, 0.8, 1.6, 4 Uaz 8 lunaaANANEIIWIA 1.5 m ﬁqmﬁgﬁﬁauﬂunm 30
wft i ldiufianuss 12,000 g Wwnan 15 wifidadussineslmds 100 i
e 1X TE buffer 1u 96-well microplate dntingnfildamiagaumnitsanm siRNA a0
Quant-T' " Ribogreen® RNA Assay Kit adlunguaz 100 pl dadwaa 5 witudasi
81%A1  Fluorescence intensity @Twm'%ao EnSpire® Multimode Plate Reader
(PerkinElmer, Inc. Massachusetts, USA) in8110an 485/530 innsneaaas 3 Asd

FATUMINIAURRY Uaza1 SD ind N laundwimmiuanTosaz 10901390 siRNA 699

YeuazaasnIiniy siRNA Tudwn = — 500 siRNA Gufiu— 15370s siRNA fiadawas — X 100

1Fan0 siRNA FuAiu



a A o 1 R A 1 6 o
24 ﬂﬂiﬂﬂﬂﬂﬂﬂizﬁﬂﬁﬂﬂﬂﬂﬁi%’lﬁﬂﬁ%LLEXﬂ'J'I&IHJ%WNGIElL‘ﬁﬂﬁ?.l'él\‘l(ﬂ')ﬂ'l CS-PEI

2.4.1 n3dsziinilsz@ansmwnmsinasinlagasronisuandaanaad
Luciferase
WNa UL An s ANT WL 090 UUBIAINT CS-PEI lun13iingsnanala DNA Tiia
A A A . v & = Aa o
pGL3-CMV Nuss9finlaradnany Luciferase iingiaadauziislnuaganufiadng o Taea
YSunamanlod Luciferase Ag9nwanaliaingaeie3d Luciferase assay LAgLE
Luminescence 1130 latinaniUfi3en Oxidation matalvasansasaw Luciferin tiaifln
Oxyluciferin lasnsyinauwadan bl Firefly Luciferase AF9NNANERa pGL3-CMV

d' 1 d' £ L =3 6 o 1 s d'
FaaN leazunlsiuwandSunmuadton loiainand asn1wi 5

M 5 138N Bioluminescence 9NN B8t |ad Firefly Luciferase [24]

"aﬁﬂ’]iﬂ(ﬂamLé&lﬁ]’mﬂ’lil,gﬂdL‘ﬁﬂ&?&]zf‘%dﬂ’m&]@@ﬂ"ﬁﬁ@ SiHa, HeLa uaz C33A lu
91%137%@ Minimum  Essential Medium (MEM) Alpha media %Gﬁ Fetal bovine serum
(FBS) 8 10% owadiasuifulalduszanm 80-90% Confluence litnuimagadlu
96-well microplate laslfuSunmiaadnauaz 30,000 %é’amnfuﬁﬂﬂﬂuﬁqmmgﬁ 37 °C
Tuagnazfidansuanlasanlos 5% vudwaan 24 $alus asarihmsaislaniuda’ly
\3uu CS-PEIDNA laglgdamsiu N/P vy 0.8, 1.6, 4 uaz 8 lasfidannluliuisz
UINTha Lipofectamine™ 2000 (Invitrogen, New York, USA) Lﬂuyﬂﬂ’mﬂulumiﬂiufm
UseansmwmainaslaslfuUSanm 0.4 yl dewanafia DNA 1 pg Wasuamsa9masi
w3odlidu Serum free media naw wdld CS-PEIDNA complex, Lipofectamine™
2000 Uaz naked DNA vuiuimailunm 4 52lus wasaniussilasuanmsnavads
10% FBS MEM Alpha media tagsiatiuiian 24 5lu9 593ausunamonles Luciferase
T@ﬂ@@mmﬂﬁmmaaﬂm’amguaamLé’aLauﬁwm Cell culture lysis reagent a4lUnguaz

30 pl wWedeniwad  9nuwiMTIaU{Asun Bioluminescence lawldya Luciferase

= @ & o . a RS o 4 .
assay system ezl drasnadannmstasdSuna 10 1] davheniatewlas Luciferase
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UIunme 90 pl VBIUARZAGNVY 96-well luminescence plates nniwhldSaddoeias
VICTOR™ X3 Multilabel Plate Reader (Naqu3unsiuastanlms Luciferase lagsinivald
unutduniigvad Relative Luminescence Units (RLU) L8N normalize ALNNTAN
13U Total protein maamagﬂuu@iawquﬁa 837 Bradford protein assay 133TN1AIIIH
[25] |@ulTasnasannmMItasadls 96-well microplate Wauaz 5 pl WaL@w Bradford

vl

reagent Bauaz 250 pl mﬂﬁf’ué?aﬁavbwqmﬁgﬁﬁaﬂuﬁﬁmﬂunm 5 WALEIAAINT
@@ﬂammdﬁm'}&lm’mgu 595 nm @?’mm‘%m Synergy Mx Monochromator-Based Multi-
Mode Microplate Reader (Biotek instruments, inc., Vermont, USA) ’mnﬂ?uﬁﬂmmm
UsunmlusauanmafisuiunsW  Standard curve L#a¥  Normalization fUHE
Luciferase lﬁa%ﬂu%m #1289 RLU/mg protein

2.4.2 msm'maaum'mLﬁ%ﬁﬂmaasxnnﬁ'\éaﬁﬁdamaa(mﬁaﬂ'muﬂgn
TagAs MTT assay

£

ad & ad A9 o & A & \ Aq o
A5 MTT assay (Huitanaspuinldasrasauanuiuisvassasdaaiagnanls
& o o & . . cAAAa & o
nagau [unmyiamsvinauvadiaw lasi Mitochondrial reductase ThradaniTia H9azvin
U731 Reducton  Ausign  (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
_ - o v ¥
bromide) (MTT) naneiiuaznan Formazan #1991 ldazanesih lasaunaazanslaln
. . A Y 1 g
Dimethyl sulfoxide (DMSO) Tvazlidnisganauuailuiig 570 nm luminanssdt
tY & A > ' o & = & .
dasnanaseuanuiuivvasdmndaisadloslfizaduziiainuagninizidoss  SiHa,
HelLa way C33A (Jwaaanagay Ao oaandaysials 10% FBS MEM Alpha media
\Waiaaalaldiszanm 80-90% Confluence fnuiaaand 96-well microplate %aaaz 30,000

a

LTAR awnfuﬁﬂﬂﬂwﬁqm%gu 37 °c luamizfifianiuonlesanlod 5% (Jwam 24
72139 1@388 complex TeMI196AWT CS-PEI AUNANEAA pGL3-CMV s Lipofectamine
IwwaganumMInasadtiifintseinimwmsingilasmaiasyanos  Luciferase U&7
ﬁmmﬂ’]g}mﬁ MnuuasIseuanuluRdaraslads MTT assay Tagldrien MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide) luudaznquvadioasly
ANUENTUA 0.1 mg/ml udrviaas luadi 37 °c snzidensuonlassnlad 5% 1

0'4 g: ¥ v v 1 IQ J v
e 4 mImmnuugammslﬁ&'mLmaﬁaaﬂlﬁﬁu@LLma:mﬂmﬂauﬁmaﬁmmumu
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DMSO 150 pl #1 plate luifufinnnui3a 2,500 saudawiiduiia 10 wfl usgasdiuls
100 pl NIAAINIYANALEINANNEIAAK 550 nm §I8LATBI Synergy Mx
Monochromator-Based Multi-Mode Microplate Reader #nenfiialdundnuinmsasas

a

M3I78ATIAVBITAR (% cell viability) A%

— —

. . - 1 = 1 o 1
% cell viability = < ﬂ”lﬂ“li‘@ﬂﬂﬂﬂ:.ﬂaﬁ“lﬂLsﬁﬂ'ﬁ.ﬂﬂ_‘i.lﬁl’.!l"i‘lﬂ“laﬂ X100

' = '
AMNITAR ﬂﬂﬂ;Lﬂaﬂﬁ“lﬂLsﬁﬂ'ﬁ.ﬂﬂquﬂ"JUﬂiJ

e J—

o 1 1 [~
2.5 N19ATVFADUNANITWIAI siRNA L‘fl”]iﬁt"ﬁﬁ&f&dzﬁdﬂ’lﬂ&ﬂﬁﬂ

v & ¢ ®
2.5.1 N3AIIVFDUNANIITULINIIWAAIDAN Vasdw HPV EG/E7 Twnaanztse
ihnangnaaa35 RT-PCR
32 INTAWNANTUNFS sSIRNA @8N CS-PEI LiTﬁgiLsnaé‘fu:L‘%aﬂﬂﬂu@gﬂ Taganee
MITAINIRLAANTZUIWANT RNAI [Na8ULINIIURAdaanvadtn HPV E6/E7 luizau
mRNA §1WNT0ATIIROUAIBAT RT-PCR 13489370 RNAI Lﬂum:mumsmqumi
o é ¥ g 1 (<3 1 . d
LRAIDNVIDWIUIZAL MRNA sﬁaamaamﬂﬂmaqa RNA &8dumalan 1w siRNA f
Fuwzsaduaadira HPV luwmytninldiianszuiunisasna)n lagandu@ini CS-PEI
ﬁﬂéal,ﬁ%jl,eﬁaﬁ? PRINUBINIATEALNITLRAIAANUAY HPV E6/E7 mRNA lagdd RT-
= v & AN o o [ A A o 1 o
PCR  fINaNIIHULINIILRAIAANT beaz T uaTanul s anTAwlun131in 89209070
[ 1 A A ¥ 6 . & . & &l
AINA IWNAaaIhRanl a8 SiHa MNINaARaY Llagtaud SiHa 1ha1mi1IL R uILTaan
il 10% FBS MEM Alpha media Liatmaatasnldilszanms 80-90% Confluence tngLwas
& & o oA Aa
839 12-well cell culture plate nauae 30,000 QR AN lUNN 37 °C a1
AM3suanlaaanloa 5% Liwiaan 24 %’aTuaLﬁaWiaﬁﬁﬁaL%ngaﬁ PNUULGATEN complex
WG CS-PEI iU siRNA N18aTau N/P 1.6 lasiidawn Lipofectamine (Hunga
% ] o % d' n}/ 6 & . 1
RIBIECRHLEY Aawrinnnasauliilfswaivisiaoaaasiils Serum free media faw
¥ o 1 [ ' v & & <o & = P o &
La3has complex asnaLdngiaaiduiig 4 2109 NIl fsuwnautiln 10% FBS

MEM Alpha media LazlapLmaaaantione 12, 18, 24, 48 uas 72 T2lud &na RNA

PNLTRIRAIN AN TUNRINTIIIRIAINED T,@y@@mmﬂﬁmmaﬁaanawmuﬁuau
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en TRI Reagent® avlwauaz 1 mi daduiam 5 wiil mntugasulaniuala
NROANARBIVMIA 1.5 ml WaILGN Chloroform adlUnaaaaz 200 pl wanliidnAuee
= . . v o Y oA < <
L3849 Vortex mixer (FINEPCR, Gyenggi-do, Korea) ka1 lUdunanuiss 12,000 g 1w
LAY 15 W7 ﬁaqnmgﬁ 4 °C @18La389 Micro high speed refrigerated centrifuge (g]@ﬁhu
laduunlylanaaanasasawia 1.5 m wasalndusnda 100% Isopropanol adlulu
WaaAsIWIU 500 pl udIeanelingongll 20 °C (Wum 30 wifl duanaznaud
& o v A & ' a A . v
AT IAUENAII nanlansluazidin 70% Ethanol in DEPC adld 1 mi uaatfu
§19NANuTY 7,500 g Lllwam 5 wiiigannd 4 °C indnlafisBnasiudianazna
RNA fana la liliuaiazanaaznaw RNA deiiinas DEPC-treated Water iasinluvin
RT-PCR laul47@ Transcriptor One-Step RT-PCR Kit (Roche) dia
Aauns¥in RT-PCR azdaslauaaunsiaa DNA fdwleusnluduasuvasns
[ @ . . < %
fNa RNA I@lﬂll“ﬁ"g@ RQ1 RNase-Free DNase (Promega, Wisconsin, USA) Faltanu
WWadwSudusas RNA Nana lalvnnu 55 ng lasiasoudasiutediasialand 9 lunaea

nasasawa 1.5 ml Usznavlddroasdre g aei

G317 1 memﬁ@LLazﬂ%mmmaamimﬁﬁlﬂu{fmaum‘sﬁﬁ@ DNA 3N&46128819

s difle USanowiile (un)
RQ1 DNase 10X Reaction Buffer 1
RQ1 RNase-Free DNase 1
RNA aNULTNT% 55 ng/ul 1
DEPC-treated water 7

lﬁl = Q 1 v Y o Qs 1 1 tﬁl a |

Wanssuasamnanasuudiliinasanasasananlutangungli 37 °c 1w
1981 30 w17l 9NTuLGEN Stop Solution a9yl 1 pi udviludan amngil 65 °C 8n 10
WAL RNA frumsiiaa DNA Avwdewluvihn RT-PCR dalulasldaasin

saadluauasunivilizen RT-PCR a9
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N3N 2 LRAITHALATUS NN WU DIRITLANN M lsiw@ a1sn139i1 RT-PCR

e difle VSaunowfi 1 (ul)
5X Reaction buffer (vial 2) 3
Forward primer (61’13’1\‘1“7{ 3) final concentration 0.4 um
Reward primer (@1’15’1\‘1"7% 3) final concentration 0.4 uym
Transcriptoe Enzyme Mix (vial 1) 0.2
Water PCR Grade (vial 3) Final volume 15 pl
Template RNA (5 ng/ul) 1

WaINIATHNEIAEYN RT-PCR a5asuiunoudelUfiazinnasanasas PCR I
lﬁislum‘%lad Thermal Cycler éu DNA Engine I@U&OMSLLT}W%% Reverse Transcription ﬁ
gawnnil 50 °C 30 wifidiadap9% Iniial Denaturation 71 94 °C 7 Wil euaaptu
Standard PCR profile wideantily Denaturation ‘ﬁ 94 °C 10 E‘J‘I,lrl"ﬁ, Annealing ‘ﬁ 58 °C
30 5317 waz Elongation 74 68 °C 30 Jwfilasasanly 30 soulunmsrin mnﬁ?miﬂ;j{?u
Final Elongation 71 68 °C 7 w17 Lﬁ'a‘éuq@ﬂﬁﬁ%mﬂ'} PCR product flaluamasaulag
MY Agarose Gel Electrophoresis laslfanadutuvadian 3% uazlianuans
andlWind 90 Thad 30 Wil antiudontaade Ethidium bromide udiinlugoaneld
W&d Ultraviolet @‘T’Jmﬂ%ad Gel documentation (Gel doc) systems (Syngene, Cambridge,

United Kingdom)

a13197 3 ugas Primer 71lElun13vin RT-PCR [26]

AANNEIIVB
Primer Sequence
PCR product

forward primer | 5 TGAGGTATATGACTTTGCTTTTC 3
E6 297 bp
reverse primer | 5 CAAGACATACATCGACCGGTCC &

forward primer | 5° AAATGACAGCTCAGAGGAGGAG ¥
E7 209 bp
reverse primer | 5 GTTTCTGAGAACAGATGGGGCAC &

forward primer | 5 GACCACAGTCCATGCCATCACT ¥
GAPDH 452 bp
reverse primer | 5° TCCACCACCCTGTTGCTGTAG 3’
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2,52 MIAINRADUHANIIUIES SIRNA 12"gLmaan 835 Confocal laser scanning
microscopy

WWOANBINANTINES  SIRNA  lau@awi  CS-PE Lﬁﬁgil,maﬁmﬁamﬂmgﬂ

g o v = 6 a . v = & A

ZLREY leuandun It u R TaaLasAanaIn SiRNA mmw;iaal,smsnumu@
Rhodamine I@]f;ll”ﬁ’?;@ Label IT® siRNA Tracker Intracellular Localization Kit 53382 UNAK
@18 Confocal laser scanning microscopy I@U’g@ﬁ,’]m The Label IT® siRNA Tracker
Kits fltGaaanfiguanddlumidunusiuzas siRNA lagldldilfouudaslasiais

LLa:qmauﬁ@lumﬁnﬁﬂﬁﬁ@m:mumi RNAI %8391ninss siRNA hiaeaainidng
LIARLAINTIFULALNNIHINUVEd Confocal laser scanning microscopy TAAUURI
Laser Lﬂmma’aﬁﬁLﬁmtaadmmuvlﬂﬂ’ai’@q Lﬁai'@qvlﬁ%'uwé'wmmmm Laser N3
. v A = A & ¢ a & A
Ua@ﬂaaﬂwaamuaaﬂmlugﬂLLuumadmsnaaLLm Faagllum sz Airasniatitaitie
@4 9 ildlsmuansasesaasuzsadhnuagnildiss siRNA W ldmolussd
& a a . A o v a 6
TuluaaULINALTNNNMTAARAIN SIRNA m:l%’l,umimmmﬂaw;g]aamamum
29la Rhodamine 1@ Ul"fﬁj@] Label IT® siRNA Tracker Intracellular Localization Kit (Mirus

. . < @ ' o ¥
Bio Corporation) S9i§af1uuadansaiad 9 asda lUh

AN 19N 4 LEAITRALAZ LTI WRIIA TN 1T lbn13Aaaa1N siRNA @288 Rhodamine

g iifild USanowfile (u)
H,O (Molecular biology grade) 70
10X labeling Buffer A 10
siRNA duplex ANULTNTH 1 ug/pl 10
Label IT siRNA Tracker Reagent 10

Qs dl a Qs 1 =3 v Y o 1 dl
nadnAaseNaIadnanlunasanasasawia 1.5 ml @sauen s lduun
gannil 37 °C iluiam 60 wift (Rarwly 30 wiusnliimaseanasasaanan Spin
down) laasunal#lay 5M NaCl §7%3% 10 pl 38R 100% Ethanol Nusifin adly

250 pl mﬂﬂfuwaulﬁﬁwﬁmtﬁaﬁwvlﬂ"ﬁﬁqmﬁﬂ“ﬁ -20 °C 1Jwan 30 Wil Tuaaudaunli

i ldiufinnuda 13,500 g iiluaan 15 wafl 4 °C udrgasIu Ethanol 8anIINUUA
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aznaudnIaudis 70% Ethanol USanms 500 pi dufinnuiinduudigaiondiulasan az
ldaznauras siRNA Nidaaandrud Rhodamine Tugarnalazaoaznaudis siRNA
Dilution buffer 40 ul \iNalglumsinasdhgisaddaly

g ¢ . . A & a o

\§pdLas SiHa 1w 10% FBS MEM Alpha media Liatwastasn ladszunas 80-

' d . 2 A

90% Confluence tineilwaaad 6-well cell culture plate 18 Cover slip 21419 35 mm ag‘ﬁ
AunaulaslflFanausadnguaz 500,000 vhlduun 37 °C anzidaiveunlasanlsd
5% LJuiaan 24 Tl

|33 complex J:WIN4GIW1 CS-PEI U siRNA fifiaamnedisangaaliaisud
79l@ Rhodamine Na@asain N/P winnu 1.6 1iata3uy complex W&33RWINUALU1WT
g & & . \ @ o 4 o ' v & &
Wosmasiin Serum free media fiauud1EI complex ainaNITFITAAITUIA 4
g lusanniuifeunausniie 10% FBS MEM Alpha media uaaiaaddaldan 18 13l

Lﬁamunmlﬁ@@mm‘n‘é‘mLsﬁaﬁ‘?aaﬂa]wn%qulﬁ%u@LLéhé’N@Tw Phosphate
buffered saline (PBS) 8843834 Fixed cell 28l& 100% Ethanol 31131 2 ml 849k

d'nl 6 Y e dd' Aa v 3; 2 a nql’ 6
lunguinfiimadudrduiag 10 wiingumnivesnnuugasanudnduanmaiosad 2
ml AinguAUFTHA Hoechst 33258 $1W3u 40 pl (ANLDNTU 0.1 mg/ml) usib luvialug
mg & A = a & = =g & o o
Weamaangungil 37 °C 1una 30 mfnuuIIgaamIsiasdimaneandnd PBS Ui
° . . Y @ £ A e o ' a & \ ¢ A
iuiu Cover slip duldvasnquislimasndonaginiaivubuunualaditonmasey

dalusunaad Confocal laser scanning microscopy 31 Olympus FluoView 1000

(Olympus Corporation, Tokyo, Japan)

2.6 NFILATITHNITNARDI

NANNINARY Luciferase assay, 3888r284nINNAL siRNA Aalu@inn CS-
PEI, Cell viability uszmssuginsuaaseanluizay mRNA vzugaaidudn Mean +
Standard deviation (SD) Tagvindn 3 a3 wazlumsiansianuuandsasaaisly
Lwiazmjuﬂﬁmaaw:‘lﬁaﬁ@ One-way analysis of variance (One-way ANOVA) 478l
maaummLmﬂ@hwaa@hLaﬁﬂttuuﬁ'ugiwmmmaa Tukey's HSD (honestly significant

difference) test fivzautiudATy 0.05 Molusunsndiwin1iaid SPSS ju 17.0
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unn 3

NANIINARDY
3.1 NamsmmaanQmé’nvm:uazqmauﬁ?maaﬁ'zm CS-PEI

3.1.1 HANIINITIVADUAINEINITOLBNITIUARADIAINT CS-PEI Nu DNA
waz siRNA laa33 Gel retardation assay

AMNRINIIDIUNNTIL DNA Uaz siRNA Uad@IW1 CS-PEI nagaulelaanisvi

v
addA v

Gel retardation assay ’J"ﬁ%ﬁldl"fﬁ’]&ﬂi’]ﬁ’;%ﬁmm:amlad complex ﬁLﬁ@mi’:fmlm CS-
PEI uaz DNA ld8nes n33udawiues DNA we3oulaanay CS-PEIDNA complex 7
DAIEI amine/phosphate molar ratio (N/P) madmfgmmmzwmaﬁ@ CS-PEI/pGL3-CMV
w04, 0.8, 1.6, 4.0 usr 8.0 WATNMIILAL siRNA La3uulauNan CS-PEI/SIRNA
complex fi6aTd N/P 111w 0.4, 0.6, 0.8, 1.6, 4.0 uaz 8.0 LialAAMTTUAKIZAINIGA
W1 CS-PEI s’fidﬁﬂixqmr}ﬁ’u DNA #38 siRNA "fﬁdﬁﬂi:ﬁqlauﬁl5@1?’15&’3%&@17’1@’1\‘15% L1
complex ﬁﬁmmmmzﬂizﬁ;ﬁmn@mﬁu SnadaanHIEMIAAaWTTa complex
aT3FaU lAmEMIvn Gel electrophoresis %mﬁmif:ﬁ_lﬁ'ua&hdﬁ&lyirﬁ‘jzij CS-PEI
waz DNA wia siRNA lwlimansoedoniildadnedass anrihsaullaanTn

@3798AUNL DNA %38 siRNA luaa leliatauals ethidium bromide
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WAN1IYN Gel retardation assay WUINNa@&@I% N/P 1¥innu 1.6 @awW1 CS-PEI
FINNTDIUNUNT DNA Wae siRNA "Loﬁ’aﬂwaauysﬁm’%amﬁuuﬁ'ué'ﬂumzl,mmaa DNA
wae siRNA e lailéaunuaamn (Naked DNA uaz Naked siRNA) luumuefiansain

] > P=1 Qs ~ ‘ﬁl Qs ‘ﬁl % Q ‘ﬂl 1 { %
N/P NNy 0.4 919 0.8 mmmmmumsmaauaumaamﬁnﬂmsﬁmﬂmvl,uauysmmaam

o PN
WIAINTINN 6

CS-PEI/DNA CS-PEI/siRNA

Naked DNA
MNaked siRNA

0406 0816 4.08.0

04 08 16 4.0 8.0

WA 6 NaM 3T Gel retardation assay laglddawn CS-PEI §URU DNA (pGL3-

CMV) taz siRNA (Si16E6-Sequence 10) fisaaIn NP 61 9
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3.1.2 HANIIATIVADUANBMEN WA WHINWING1229 CS-PEIDNA 1Az CS-

PEI/siRNA complex Taa Atomic force microscope (AFM)

1 N dl =Y Qs Qs

MIATIIFBUFLUTINVBIMWY LAz complex MLAAIINNAUNUYBY CS-PEI Uas
DNA lalagld AFM @9a38u@0t9d R URBINRBIeENITALAAIDENIAILIbIEY
mica 1Na@28ENIULAILAD TINFUARAINGILTNNAMNSTI 1.0 Hz TuuSiiae 5 ym x 5
pMm A8l Dynamic force microscope (DFM) mode (Seiko SPA4000, Japan) Wan13
a o { ! & { o
ATIZAAINIWA 7 WU complex N/P 1.6 Uaz 4.0 JUw1aunIwLHaIaInmIauvad

A @ A v @ . A a o o ' &al
DNA Tal#naigaandadriunn gel retardation 71 complex LAansuRuataauyIaii

NP adna1?  uwananbeswudn complex danwaziidunssnavuwatdanininizang

aaddaszuazirwasiigua uazlawmalngarnidnditosanmaszauuas DNA

a

TunInaaaditldasiamu CS-PEISIRNA complex tufih uaitiiasain siRNA &
=3 g: o v & £ o a o ™ a U d' R 1
PUALANULRLRWAN AL UT 2SN FINTUNITATIINHNANITIUGIY  AFM  Wa7 baad bl

WUIUANGNIZTRINNAINLEE CS-PEI/SIRNA complex (N1 8)

WA 7 ANBUENIFUIIWANDIT06AN CS-PEI WAz complex T2Wi19 CS-PEI
1L DNA (pGL3-CMV) N1aa3&2% N/P iy 1.6 uaz 4
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NN 8 ANBIATNIFUIIUINGIVEIAINT CS-PEI Uaz complex 3e%319 CS-PEI

fiu SiRNA (Si16E6-Sequence 10) fiaas1st N/P Lvinfiu 1.6

3.1.3 HANIATINAIUVWIAUAZAIIEANUAI229 CS-PEIDNA uaz CS-

PEI/siRNA complex A28n1570 Zetasizer

AMFULANIATINBATWYEY  CS-PEI/DNA complex 8ulsznaudissmaves
auNALLINRDY (Z-average hydrodynamic diameter) LLaz@i’lﬂizﬁgﬁuﬁ’maGm&ﬂm vlﬁgﬂ
Azieny dynamic light scattering (DLS) (Malvern Instruments Ltd., Worcestershire,
UK) uafildsanuiludiadouasdasnefivnnsia 3 a9 wiaudn standard deviation

(SD)

VIAUAzALIzaANURIT89 CS-PEIDNA complex ifaindiy DLS uaadnalu

nw 9 wuhldfianuuandslunguuas CS-PEVDNA nfidamsiu NP 1w 04, 0.,

a4 y -

1.6, 4.0 uaz 8.0 1U1A28I complex Mifiaduaglutis 300 fia 400 nm Taiduvwiad

vaniulddmiunstieloutin [27, 28] andunedzgrasayna CS-PEI i

22.23 mV udiliaifiaiiln complex ud1ed3zau09 complex Waswluf N/P ratio 69 9
' Ao [y [ [ . ' = A

HapedrnLIzafiin ldranndaInunaTal gel retardation Nanafa N N/P 0.4 waz 0.8 U323

71484 complex solution HendusuuazdszafidnduviniiuGes 9 lamla NP 1.6,

4.0 LAz 8.0 ﬁﬂ"]ﬂiz‘glﬂu 32.80, 45.36 Laz 45.80 mV @NS1AL
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> '

NANTIATUIAWLIN CS-PEISIRNA complex Naas&dw N/P winnu 0.4, 0.6,

0.8, 1.6 uaz 4.0 NfluwiliuiTwdnIiy CS-PEISIRNA complex 1w1afi ldatilugas 400-
] A £ A i [ \ A & g I

500 nm LLa:mﬂs:fgmeum’mmﬂwmao N/P ratio @AW 10 mﬂs:ﬁ;mﬂumnmuﬂu
6o o o a1 A A o Y= o eL

Useloamidaniunsringaiiiasann complex ﬂs:qmnumﬂwﬁauLLazw"lmﬂuwmLsﬁaasm

ﬁﬂi:ﬁyﬂuauvl@?ﬁ

450

400 T

180 +

5
300 T 3
£ 20 £ [Emsize
N 200 1 € |—z=ta
[f)) O

5

(]

100
50

0.8 1.6

CSPE! CS-PE/pGLI-CMV MN/P)
nanoparticle

.- .
|

WA 9 APwaLszLlIzauase w1 CS-PEI Uaz complex 3¢Win9 CS-PEI fy
DNA (pGL3-CMV) figas18% N/P tvinfiu 0.4, 0.8, 1.6, 4, uaz 8
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a340 5 @iwmml,azﬂizgmaaﬁam CS-PEI W&z complex 32#319 CS-PEI NU
DNA (pGL3-CMV) figas1sm N/P tvinfiu 0.4, 0.8, 1.6, 4, uaz 8

Sample N/P Size (nm) Zeta (mV)

CS-PEI 305 + 59 22+1.0
CS-PEI/DNA 0.4 293 + 52 -31+£1.0
CS-PEI/DNA 0.8 380 + 24 -17 £ 0.5
CS-PEI/DNA 1.6 356 + 37 32+6.0
CS-PEI/DNA 4.0 402 + 18 45 + 0.6
CS-PEI/DNA 8.0 388+7 45 + 3.0
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700 35
- 30
600 T f’“’, | s
500 I ; S0 =
_ 1 . 15 £
I [1:]
£ 400 1 / - 10 = |msize
@ B &
N 390 | 3 o ——7eta
0 E
1]
200 ’/ —+ -5 ]
100 N ] b0
- -15
0 T T T T -20
04 06 0.4 16 40

CS-PEISIRNA (N/P)

M 10 Awiauazlizaves complex iAW1 CS-PEI nU  siRNA
(Si16E6-Sequence 10) fidasndu N/P Wiy 0.4, 0.6, 0.8, 1.6 Ua 4

a7 6 @hmmmmzﬂi:ﬁ;maa complex 2#IN9@INT CS-PEI NU siRNA
(Si16E6-Sequence 10) idaa1w N/P i1 0.4, 0.6, 0.8, 1.6 Las 4

Sample N/P Size (nm) Zeta (mV)
CS-PEI/siRNA 0.4 455 + 22 -14 £ 0.7
CS-PEI/siRNA 0.6 409 + 29 -12+ 0.5
CS-PEI/siRNA 0.8 509 + 31 1217
CS-PEI/siRNA 1.6 545 + 65 24 + 3.1
CS-PEI/siRNA 4.0 475 + 101 30+0.8




3.1.4 N13LAINETHAMNFINIIATHNI1IU siRNA 1239151

AMNRINIAMANNTIL siRNA 28396791 CS-PEI 1iataSeus complex NaasaIn
N/P L¥iriu 0.4, 0.6, 0.8, 1.6, 4.0 uaz 8.0 ManInAATzHeanIlwdilTanalddnga
Quant-iT™ RiboGreen® RNA reagent (Invitrogen, New York, USA) Nﬂﬂ’]iﬂ@ﬂﬂdﬁ?ﬂﬁd
d A = { [ o . ' . '
319N 7 DodunanzennnadnUNa gel retardation N&anIfAa gel retardation WLIN
a Aa 1 { ~ °’ 1 . . . {
complex (3uifinadndauy okl N/P 1.6 T4039AUN binding capacity 71 99.5 + 0.50 %
' A A . A . o \ A X A
uaasiunuazlidUTunn unbound siRNA wiaay wazwiiitazldgaumaiinaun NP
£ = ' . . . & e A v a a A
il 4.0 uae 8.0 @1 binding capacity NEsdAlnALABLANAD 99.3 + 0.30 % WAz
97.9 + 0.50 AINAIGL MINARBIRLEAILAAUDIUTERNTAWIUAIIIL SiRNA wasiudn

' o ' a & v A | @ ! o & 4 o o 1
'J']Naﬂ’]?‘ﬂllaU']\‘iallyiﬂil,ﬂ@?]uvl,@Lﬁa N/P t1nu 1.6 ‘ﬁ%alﬂﬂﬂqq GNBUFIRIUNTTIUIN

SiRNA LN UEINILEAI0aNTaIauIIRan N/P 1.6 S m3un1Idnsnda b

719N 7 anuRII T LIUANIIL siRNA 183 CS-PEI TS

CS-PEI/siRNA (N/P) Binding capacity (%)
0.4 359+ 128
0.6 59.7 + 14.7
0.8 725+ 13.3
1.6 99.5 + 0.50
4.0 99.3 £ 0.30
8.0 97.9 £ 0.50
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o 1 @ A %
3.2 HaNIINAFADUNIINEY ﬁ%tlﬁz@i'ﬂﬂlﬂ%ﬂﬂﬁ')ﬂﬁ')ﬂﬂ CS-PEI

3.2.1 wansdsziinissansnnnsinaslagn1siadawanms Luciferase

D

' a

ADWNAZININARBUMIUNFS  SIRNA Liﬁgl%l,smﬁu:tf%dmﬂmgﬂﬁfu NI e
o 1 A A = P’ o & ) oo
NARDIYNFIH LN wU T I UANRINIDVIAINT  CS-PEI  luiilasdw lagldaind
CS-PEI ingdwanada DNA Lﬁﬁg«'maﬁfmﬁamﬂmgﬂ HelLa, SiHa uaz C33A 1fu
= o 1 Al' A % ] % dl (% o ] U 1 6 =3 U A = g;
mmﬂmmsaamawmmwmwmhmmmmmmglﬁﬁaammmﬂmgﬂ"l,msa anNg
o 1 A a a a v A A [ ) . ° [
MINEIEREINTIIRAMNUTEENT AW Ie Ll s UNUNI TS siRNA fRTU
complex 184 CS-PEIDNA pniaisulasliwaiaiin DNA ofla pGL3-CMV fidasain
N/P 11w 0.8, 1.6, 4.0 uaz 8.0 § Lipofectamine Taiuarminieanisan uaznataiailan
v & ' Aa A o 1w £ a 6
(Naked pGL3-CMV) 1mﬂuﬂqumuqu UIzANTNINMIINEIa ldnUIu wadtat L
. A = A A o 1w ¢ A [ I
Luciferase fiunannmiuaasaanvaswaaiangnindidingioas s9ziaaanunin
fin Relative Luminescence Units (RLU) inunudSanmlusduudaznguinadiulwaglu
31289 RLU/mg protein

NANITUIRINAIRNA DNA LiTﬂgjLSﬁmT SiHa WUINNaaTd@I% N/P 33 INIAINN

a

CS-PEI NUWA&N@ pGL3-CMV Ny 4 lﬁﬂizaﬂ%mwmsﬁmLiTﬂgJ%Lenaﬁgma@

q

T89RINNABNTHNEIAIHAINT Lipofectamine Waz@IW1 CS-PEI 71 N/P 1.6 @us1aL @9
WA 11
NANITHIRINAIRNA DNA L‘ﬁ”]@jL‘Iiaa( HeLa WUINNEAN&EIW N/P 32RINIAINN

CS-PEI NUWa&Ne@ pGL3-CMV wihny 4 Wﬂiz?m%mwmsﬁwdaLiﬂgmaﬁgaﬁa@

q

T89R9NNABNIINEIGILAINT Lipofectamine Waz@IW1 CS-PEI 1 N/P 8 @N&aL @9
NN 12

NANTHNFINANENS DNA LiTﬂ;jLeﬁaﬁ C33A WUINNOAIN&EIN N/P TeRINAIN

=

CS-PEI NuWaale pGL3-CMV wihny 4 Wﬂiz?m%mwmiﬁﬁaaLiﬂg&Lsﬁaﬁgwa@

q

o

sa9asnnAam g lasltaini CS-PEI Naa3a1w N/P Ny 8 uaz 1.6 aNa1ay a4

ﬂ’]Wﬁl 13



25

NNN 11 UEAIUIIN ST I Luciferase 1831 1aaTHa SiHa tatginaaiie
pGL3-CMV lagi@awn CS-PEI i N/P ¥innu 0.8, 1.6, 4.0 Was 8.0 TIWINFUAILANT

1NF908 Lipofectamine, Naked pGL3-CMV Waziaaatlal aus1au

A a a . & A A o 1 a
MWN 12 WIS AT Luciferase 2adtaaanita Hela taiaswaalia
pGL3-CMV lag@Inn CS-PEI 835184 N/P ¥innu 0.8, 1.6, 4.0 Laz 8.0 TiINgu

AUANNINEIFIY Lipofectamine, Naked pGL3-CMV uaziaraailan aud1eiu
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M 13 uaaslTuma I Luciferase 2091 maaTHa C33A Lainsinasiia
pPGL3-CMV laudaw CS-PEI N8aTain N/P Ly 0.8, 1.6, 4.0 uaz 8.0 Twfiengy

mquﬁﬁﬁdoﬁm Lipofectamine, Naked pGL3-CMV uaziaatlan aus1au

NANINARDIMNINT 11, 12 uaz 13 URAIIALHAWINT CS-PEI &unIntingsdin

luciferase  igLras Iauazlinadiinuideldny  Lipofectamine Usz&nTawnmaings
& £ YN ' ' o

284 CS-PEI wulinagiudn N/P uad complex wui1 NP lugad 1.6 uaz 8.0 Tiwan1s
felaung I@m:aﬁq@ﬁ N/P 4.0 Twlraanignusia win N/P ¢1ni1 1.6 wanisonalan
Uz ANTAINE a'mLﬁaama’mﬂ%mmmaomgn’mvl,;il,ﬁmwaﬁazﬁ'u DNA 133w 1
ug benue lamsihasuaznsUnilaes DNA thale lidndszansan warnanslan
= v dl . a a & a ] a g o v
Bude complex i N/P ratio anniiinld dianmaynmadsiiaguiniiunaaiaazininly
a I a 1 6 dl t:ll a a v o v (u'/ 2 té (%
Aaanuduisdaimasitasnndszauinfinnniiuiivw ikt lfiosd i ld 99216

NAFDUAN I UABVDITTUUINFIINATIEA LA lasn3¥in MTT assay @9naznaniea b
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1 3

[T o A [
3.2.2 HaN13IM 380 UAMNNLLBNBVIIZUURISINNADIBaaNzLtIIUINn

unanlagis MTT assay

AnuuisaiiInn CS-PEI dalmasuziislinuagnuiia SiHa, Hela uaz
c33A Alasunmsdrolaniuuds amaseulasds MTT assay Lewnionazuessains
J0ATAAV0ILTAS (% Cell viability) wafi Leiduasnwd 15, 16 uaz 17

namsaTasauanuiufindormas SiHa wuindalddawn CS-PEI fidamain
N/P ¥innu 0.8, 1.6, 4 Uaz 8 aanmITeadiavasaasilu 91%, 91%, 70% Was 28%
Tuwausfidamn Lipofectamine 33079 Naked pGL3-CMV ﬁ'umjmsﬁaﬁl,ﬂmlﬁ@ha%iﬁ 91%,
100% W8z 100% ANEGY GINTWT 14

namsaTasauanuufindormas HeLa wuinialddana CS-PEI fidamain
N/P NNy 0.8, 1.6, 4 uaz 8 aasnITaadiavadiaaaiilu 94%, 80%, 83% Waz 53%
Tunmeidanwn Lipofectamine 39379 Naked pGL3-CMV ﬁ'umjmsﬁaﬁmmlﬁmagjﬁ 81%,
112% waz 100% MNEIGL §9In WA 15

namsaTasauanuufindormas C33A wuinieldaann CS-PEI fdamain
N/P ¥innu 0.8, 1.6, 4 Uaz 8 MaamMITaadiauadwasilu 76%, 72%, 67% Was 55%
Tupmeidann Lipofectamine 33389 Naked pGL3-CMV ﬁ'umjmsﬁaﬁl,ﬂdﬂﬁ@hagﬁ 69%,

67% WAz 100% SNNEIAU AINTWN 16
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120 SiHa cell
100
Z g0 -
=
o
> 60
K]
[
£ 40 -
20 _ .
0 ,
0.8 ‘ 1.6 ‘ 4.0 ‘ 8.0
CS-PEI/pGL3-CMV (N/P) Lipo Naked Cell

MWA 14 LEAITRHAZUI8NIINTIENTINVBILTaa SiHa (% Cell viability) Liald

§AW1 CS-PEI ¥Naswanafia pGL3-CMV fidamaiw N/P 1¥infiu 0.8, 1.6, 4.0 uas 8.0

muﬁaﬂﬁjumquﬁﬁmaﬁw Lipofectamine, Naked pGL3-CMV LLa:ﬂﬁjuLﬁmﬁmma‘"}é’u

MW 15 LEAISDERZUBIBNTINNTIOATINVBILTAR Hela (% Cell viability) Liald
GIW1 CS-PEI #aswanadia pGL3-CMV Nla@ain N/P 1vinnu 0.8, 1.6, 4.0 uaz 8.0

sauﬁaﬂéjumuquﬁﬁﬂdﬁm Lipofectamine, Naked pGL3-CMV LLazﬂéjuLmaa‘muﬁwé‘u
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MWA 16 LEAITBURZVBIBATINTIOATINVBILTAR C33A (% Cell viability) Liald
@IW1 CS-PEI #aswanala DNA pGL3-CMV Naasaik N/P Lvinnu 0.8, 1.6, 4.0 Laz

8.0 TWMINFUAIWAUMINEIFIL  Lipofectamine, Naked PpGL3-CMV URSNFULTAR

ANAIAU

< A o A & < .

Namsmaaummmuwmaamwmmamaammﬂ'mmgﬂ SiHa, HelLa &y

C33A 1agAt MTT assay WuiLlahadd8@3awn CS-PEI, Lipofectamine LazWa&ia
' & A Ao Aa A ' o & > A o

DNA dan LraaLaazTHANDAIINIIIAATINNUANE NN UIUILNUTHATBININ Tagln
SiHa W8z HeLa WU31 CS-PEI/DNA i N/P ¥innU 4 Lay 8 9zfINavniiAaNuealas
({8931M370A6 1N 70 %) FEAAABINUNANTINGS luciferease Miazviawinminanalan
A v A . a a g o v Aa < a ] 6
fluaat complex 7 N/P ratio unnLfAn ﬂimmmgmmwﬂml%m@mwmﬂuwwalfﬁaa
uwazlungeazyinldimadiuazansld  damunisld@mwdszauinlumdiolaubiuuudes

>

sl,%ﬂ%mmmaaagmﬂﬁwammzﬁasl WuNu&Inain C33A HaasnniIsaandinin SiHa

s v A

ez Hela G9nUdmWiLMIas siRNA 67 paglaaanld SiHa LHulmaanagaLLng-

' a P = e 2 \ o a &
RN QL] Luﬂd‘ﬂ’]ﬂL‘]J%L‘ﬁﬂaﬂl,wf]zl,ﬂﬂl\']dqﬂ FeAINGNIIRNG RNA NW'JLFI?’]Z%@QVLII
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) ] ] ®
3.3 HANIIAIIVFADUHNANITHIEI SiIRNA Lif'\gwﬁaafml,saﬂ'lnuﬂ@ln
o [] I3 . N . .
3.3.1 mi?mﬂ%msl,ihgmaa (Cellular internalization) 289 CS-PEIl/siRNA
complex
ANNAM TN FITBLRzA NN T WA BA18AINT CS-PEI 14 SiHa WUINNEaTIEI
NP Ny 1.6  MUszAnTawn g luszauna el nalaesnuniTsingdeaaand
. . =3 [ ] 6 & A > ' > ] ) 1 .
Lipofectamine 3INH9ANNUABANHGBLTAR 3992LRBNBATFIUAINAINN MTHNFI SIRNA
n3umnzeatin E6/E7 vadTa HPV luimasuziisthnuagn SiHa laslutuitazaasey
ANNENNNTDVBIAINT CS-PEI lum33inads siRNA 7idaaain@l8d Rhodamine (Rho-
SiRNA) ud? lasi@3un CS-PEI/Rho-siRNA complex i N/P 1.6 #&ddn SiHa L#e
m’maaumsl,ﬁ’]gjl,énaﬁmaa complex WAJININANIYN  transfection 18 Tlud el
differential interference contrast (DIC) confocal imaging lagladaniinfuauadsasaiy
& Hoechst 91NMWN 17 WURQM89 Rho-siRNA 1w cellular compartment w&@97
o 1 . [y 0o & A @ 1Y °
AN3UN&9 SiRNA @28 CS-PEI UTsRUNAENISD TIRINITDEWEW [GIINATNANIYIN Z-stack
. a [ ] 6 & & o v & . ' (2
confocal image lasfsugaiaimasrimoasiiugn g vilAiAn siRNA agmﬂlwﬁnaﬁ@

(MW7 18)

AIWN 17 DIC confocal imaging LRAIHNANIIAIIINAUNIIUIRI SIRNA nAaaan
@288 Rhodamine (Rho-siRNA) @28@2W1 CS-PEl Naa& 1wy CS-PEI/Rho-siRNA

N/P LYINNU 1.6 ®adan13snadtduiaan 18 mlad adssuadiaas SiHa £add Hoechst
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MWA 18 WANNIYIN Z-stack WaILTas SiHa #WaINIIUIRS 18 TALNY @28 CS-

PEI/Rho-siRNA 71 N/P 1.6 M ldannmstiuratatsasaatnasaantin 7 o

3.3.2 HAMIATIIDUMSHUSINSUEAIaanInsEAU mRNA 289iln HPV
E6/E7 lwimaaaziSelnangn Ingds RT-PCR

namsnssinazanuluRsaadann CS-PEI lu SiHa wuinfisamain N/P
Wity 16 IWdsansmwmahdsluszauiia  Senlnsdsanumahasssain
Lipofectamine Y3059V UaaAALABLTAR LAZNIWAN DIC confocal imaging T281Hien
mIdngLoad 16939289 SiRNA sailumInasastuitssidania3oy CS-PEISRNA
Sanausinaialtiings sSiRNA Aswizdatin E6/E7 va9ida HPV lwaasuzi3ethn
uAan SiHa 2840UAINAN lagld Lipofectamine udwaugulumaigs  uaz
IaNehuamIvinaeis RT-PCR Lﬁag]wamiﬁuﬂv‘omma@oaaﬂsl,m:ﬁu mMRNA #aIN1T
Wds 18 uaz 24 92lug lawld Primer Asuwnzdain E6 uaz E7 wenaniisadiu
GAPDH uditlsuendaassanaonaniiludn Relative expression levels Laafisuns
tholaw siRNA uiseandu 3 mjumimaaaﬁa mjmmaﬁmuqu, ﬂéj&]L%&Tﬁﬁ’]ﬁh
siRNA Taelf Lipofectamine ua mjmma&?ﬁmm SIRNA 18§21 CS-PEI nafi leuaas
il 19

HANINARBINLIINITUEINITURAI80NTES E6 Wz E7 mRNA LAaduina 18
Waz 24 TlInEINMIINET SIRNA vihguradadnelin@dyneada (p< 0.05) ooy

o . & ) A A o & A A , & a
nuy ﬂq&]lfﬁﬂaﬂ'ﬂu@l&l LL@Iﬂitﬁ“ﬂﬁ.ﬂ’]WﬂqiﬂuU\ﬁ]ﬁﬁ@]a\‘]le]LﬂJaLW&ILfJaqﬂqiﬂstﬁﬂﬂ@la‘lﬂaﬂ
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A P @ ' & o o 1 A < @ A o
WA UNUNTUNTRARRINITINGINIIRT 18 war 24  Talad  uiAnsunuin
AMNRINIID N THULINITUEAIAaNUDIEUAY SIRNA NN LLRDLT AIWNANITHLEN
a t-ﬂl (% d' J a 6 o g
aelimaudslfonldmunananasay wananiiszoemsasauazaninsaaaoiv
thasimanylumsfnwwamsgugidis  adelaiann  nsdnmasakuaasliidinds
UTeANTNWBINTHNES siRNA @28 CS-PEI LNanan1shaadaanaadduninenunums

ﬂ'au:ﬁdmﬂmgﬂ

ﬂ’]Wﬁl 19 Semi-quantitative RT-PCR LL&@]GN&ﬂ’]iET‘]Jgﬂﬂ’]itmﬂdﬂ@ﬂ"ﬂﬂdﬁu E6/E7
‘lm:é’u mRNA ﬂlaGLéﬁaE\i{ SiHa ﬁéﬁ’fﬂ’]ﬂﬂ’]iﬁ’]ﬁd siRNA ﬁL’Jﬂ’] 18 Uae 24 °1“TI/’JISJ<]
Wisufisuszninamasianslauss naked siRNA (1 pg), Lipofectamine 2000™/siRNA
lipoplex ez CS-PEI/SiRNA complex, * = m’mLmn@i’m:wj’mmjuéfqaﬂ"mﬁmizﬁu

wo&1A7Y 0.05  (p< 0.05)
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Ao & X « o 1 A . \ [ o o
NWIBa TR dwNImaseuTIULINEId L SIRNA LLuuvl,stﬂvahsmmg
6 < g v s AA . .
imaduziUnuagniwizided lasld@awnfiTa PEHintroduced chitosan shell/poly(methyl
methacrylate) core nanoparticles #38@3W1 CS-PEI luninaaadsitlavinniimesay
Wasdulaanslaaan CS-PEI 1udwidmiuings DNA Lﬁﬂ;jlfﬁaa‘mﬁamﬂmgﬂ
SiHa WWaMIFNMZLAZ AT F AT EN ITERTUYN &I SIRNA
mManesasd@InuInidumInasaua mauUAUeIaINT CS-PEI i DNA LAz siRNA
AN Gel retardation assay lasassu complex 283 CS-PEI/pGL3-CMV a8z CS-
PEI/SIRNA 718a318% N/P @19 ¢ nBilananuLananslagandoansmensianaui
284 complex UAAGILNITUF INT (Gel electrophoresis) §1%ILFUULLNITUAUVEI
WINU DNA usz siRNA Hu2ABUIITEnINeLsz9289817NA926 1900  (Electrostatic
. . 4 A A o [ .
interaction) 4LAAIINLIZAVINVIRALOAULBAIWT CS-PEI nuszaavnasnywasing
o A Aa A9 v o a o A v ) A A
uumiwugmmm@mﬂaaﬂﬂlmmm lagUSunmzasarmnniTinadanisinfonives
complex NnuUSnmaNuadnaniduwinavldniuin wanlewuingawn  CS-PEI
FNIDILNUNINAIENA DNA Uaz siRNA Vl,ﬁamaauymiﬁé'm’]dm N/P ¥innu 1.6
FINAMNNIN MWLLALNNTARBUNAVEI complex LLAR INNNITANBINLINE N/P 289
119 CS-PEI/DNA W8z CS-PEI/SiRNA Janrinnuuaadbiiimninanyaauisalun1ssu DNA
. o & o A \ N v @
ez siRNA 2896w CS-PEI Iuagnudianaesvyjiaiinuazaaine laléAsdaany
2U19289 DNA 1Lag siRNA
MIATIIROUAN WU T UIIWINGNVBIAINES complex G35 AFM W16
W1 CS-PEl Uanwoctdunssnasamalan nizansd uelarin complex NUWaIgda
Ao , . o ' AN va o & Aa
pGL3-CMV Naa3&@ 1 N/P LYinnU 1.6 uaz 4 wmnmgmw"[muaﬂwm:mummawaJ
IJ e I3 Qs s 1 s Qs a s 1 dw
PR IR BWIUNRNINNMITUAUIZRINAIWNIALNATNA DNA Q9na1? wanand
a 1 I°’ 1 { J 1 o v a 1 Qs d 1
FINUINDATEIU N/P ﬁgwmmawaml%mgmﬂmanauLﬂ@ﬂﬁiLﬂw:ﬂ§unu TIUNe
WWuNan13neInT CS-PEI ﬁﬁﬂizﬁgmnmﬂLﬁuwavl,ﬂuzio%'uﬁ'uﬁ'uwmaﬁ@ DNA 7ii1szq
Ay atdlsneny wmafla AFM ldsanIaiensianunandisves CS-PEI way CS-

PEI/siRNA complex 16 anainiluiniz siRNA duduuwnatdnau bisnaunsnasiadiy AFM
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& Lﬁ'a%mezﬁ"ummmzﬂs:ﬁﬁuﬁang%"uaa complex WU11 1W1AU8I CS-PEI/DNA ot
lug29 300-400 nm uaz CS-PEI/SiRNA agiwﬁqa 400-500 nm @IW1 CS-PEI 81017031
l¢is DNA uaz siRNA 5N 1 ug "lﬁasmamymiﬁé'mﬁdm N/P 1¥innu 1.6 uazi
ﬂszaﬁuﬁasamﬂumn mn@LLazﬂszqﬁ"l@Tﬁmm:aué’]%%’ﬂ%ﬁmLﬂT’]LGﬁaﬁ [29, 30] lu
§7u89 CS-PEI/SIRNA complex 1t usfazlsianansnasianunissy siRNA uumgmﬂvl,éf
WANAIINMTIAUTNMMIIL  sRNA  @onaflanIaTagaunge  Quant-iT™
RiboGreen® RNA Reagent G9iwanm3fasns Fluorophores Jomuand@lunsduiy
siRNA LLﬁQLﬁ@ﬂ’]SLﬂd\‘lLL&GWQQE]L?&L%%@T%% lasien Fluorescence intensity fsaldasuds
NWANUINIMUEY  unbound-siRNA ﬁaayagiummmuaaﬂ Gobuguldin  CS-PEI
§17090 siRNA 16339 wasfidamain NP wiiny 1.6 Timnanmssulddszanm 100 %

NANINARDI LUEINY aamimaauqmauﬁamam HATWNVBIGIWT  CS-PEI nleNainu

ROAARBINUNANIINAREIT8Y Pimpha uazamzlull 2010 [17]

o A I a £ Qs
INMInageuMInsIinuaznasouaNduine10aIW CS-PEI laanaasd
d@IWaalia pGL3-CMV LiNgias SiHa, HelLa uaz C33A i Lipofectamine \udiuily
' o ° ' a ' 6 o V o ' v
ALQuIINNUMIhaINatala DNA Wi asddsznaunanzasdmiaanailsznavedin
i A = a & A o val N v o o Al
Chitosan (CS) Fuiduwafiwaiannsymwmarliiiquand@lumadhiunuissd ldauss
' ' P = o 1 A v & @ Ao A
dapaaodie udetslanamanumansnlumyhddwdigioadues S Geladin o
a A A a v o v a ] a
faananuldeiioTwes complex Meiowld vihldAanmamznguaguinanisuen
A v & v a A ¥ &0 K2 wa o
vaslaiuaas sinaldlininmwnadnguoaden [27] uddisqmant@ves PEI uuen
] g a 6 o v @ o A A =3 a A ) A
wdndunwediwaslauingslimunniviuduldanuiiseinimumshaigs
o vada o ., 2 PN ) a
lasadugmanti@fiiionda “Proton sponge effect’ Tailunalni PEI ldwaundnaanain
1 g: o 1 v 1 & { v 1 '04 1
§7ur89 Endosome lutuaaumshaudngioad (28] Tanafldwuindandu NP
] L v o 1 ad A ] a = A ® o v
Wiy 4 Winanath&dnge $9haziinan complex fdszauananiiluuings ilv
dhgaa ldauazaunsndniomaalannmaiaslasiewloidng 9 aolweasd
NAINIWaURANeanIINEIUBad  Endosome  LNadanddaswanalaingiuafuaan
iansusaseaniuige lasdinaanna Luciferase assay lunsiadnygimvasianlsd

Luciferase fiassanwaaliaasnarilathdudigioad luameh Lipofectamine wazdn

W1 CS-PEI 18031874 N/P 1.6 I3 aNTAmMWATinaINI098981 LalUanNanTamNans
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& a Qs dld 1 6 1 s 0 dl L 1 1 %
‘n@aaumwLﬂuwmaqmwmwamaamugnﬂﬂnauwmmamﬁmu N/P winnu 4
v Aan 6 |n=i d! & a 1 6 1 dll = g
1%am'm'mammmaamaaagwﬂi:mm 70% Suiuiwsdaimadgonindaifisuiuns
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In this study, we examined the potential of cationic nanoparticle — polyethyleneimine-introduced chi-
tosan shell/poly (methyl methacrylate) core nanoparticles (CS-PEI) for siRNA delivery. Initially, DNA
delivery was performed to validate the capability of CS-PEI for gene delivery in the human cervical cancer
cell line, SiHa. siRNA delivery were subsequently carried out to evaluate the silencing effect on targeted
E6 and E7 oncogenes. Physicochemical properties including size, zeta potential and morphology of CS-
PEI/DNA and CS-PEI/siRNA complexes, were analyzed. The surface charges and sizes of the complexes
were observed at different N/P ratios. The hydrodynamic sizes of the CS-PEI/DNA and CS-PEI/siRNA were
approximately 300-400 and 400-500 nm, respectively. Complexes were positively charged depending
on the amount of added CS-PEL. AFM images revealed the mono-dispersed and spherical shapes of the
complexes. Gel retardation assay confirmed that CS-PEI nanoparticles completely formed complexes with
DNA and siRNA at a N/P ratio of 1.6. For DNA transfection, CS-PEI provided the highest transfection result.
Localization of siRNA delivered through CS-PEI was confirmed by differential interference contrast (DIC)
confocal imaging. The silencing effect of siRNA specific to HPV 16 E6/E7 oncogene was examined at 18
and 24 h post-transfection. The results demonstrated the capacity of CS-PEI to suppress the expression
of HVP oncogenes.
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1. Introduction of DNA or RNA at target site. Furthermore, the preparations of

polymer and DNA/RNA complexes by adsorption can avoid the

Effective gene delivery is needed for effective DNA and RNA-
based therapeutics, since both DNA and RNA are easily degraded
by the digestive enzymes in the body. This results in a decrease
in the quantity of DNA or small interference RNA (RNAi) enter-
ing the cells after intracellular delivery. To make DNA and RNA
delivery more efficient, both viral and non-viral carriers have been
developed (Mastrobattista, van der Aa, Hennink, & Crommelin,
2006; Walther & Stein, 2000). Among the non-viral gene delivery
approaches, polymeric-based nanoparticles have been intensively
studied because of their safety and biocompatibility (Anderson,
1998; Schaffert & Wagner, 2008).

Adsorption of nucleic acid onto cationic nanoparticles is one
of the approaches used for DNA or RNA delivery (Wong, Pelet, &
Putnam, 2007). This technique facilitates the immediate release
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chemical effects used in other approaches such as encapsulation.
Polyethyleneimine (PEI) is a cationic polymer widely used for
nucleic acid delivery. PEI possesses very high positive charges from
amines in molecules which can form complexes with phosphate
groups of nucleic acids through electrostatic interaction (Bivas-
Benita, Romeijn, Junginger, & Borchard, 2004). The complexes can
later be delivered into the cell through endocytosis (Urban-Klein,
Werth, Abuharbeid, Czubayko, & Aigner, 2005). While PEl is consid-
ered to be the most effective cationic polymer due to its buffering
capacity via the proton sponge effect, it is a highly cytotoxic poly-
mer which presents a major obstacle to applying PEI in human
gene therapy (Boussif et al., 1995; Kunath et al., 2003). Another
polymer that is often used for gene therapy is chitosan which
is well-known as a biocompatible polymer (Kumar, Muzzarelli,
Muzzarelli, Sashiwa, & Domb, 2004). Chitosan is a cationic polysac-
charide, produced by deacetylation of chitin from crustacean shells.
Previously, the gene delivery effectiveness of PEl-introduced chi-
tosan shell/poly(methyl methacrylate) core nanoparticles (CS-PEI
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nanoparticles) was demonstrated in rat mesenchymal stem cells
(Pimpha, Sunintaboon, Inphonlek, & Tabata, 2010). The study con-
cluded that the CS-PEI nanoparticle was a promising carrier for
gene delivery. In the current study, we focused on the application
of CS-PEI nanoparticles for both DNA and siRNA delivery in cervical
cancer cells.

Cervical cancer is a malignant tumor which occurs when abnor-
mal cells in the cervical area divide rapidly and grow out of control.
The main cause of cervical cancer is infection by the sexually trans-
mitted human papillomavirus (HPV) (Walboomers et al., 1999).
HPV is a double-stranded DNA virus, which is divided into low risk
and high risk categories based on the ability to transform normal
cells into cancer (Bosch et al., 1995; Govan, 2008). Viral DNA repli-
cation, regulatory functions, and activation of the lytic life cycle
are controlled by six early expressed genes (E1, E2, E4, E5, E6 and
E7). Meanwhile, the viral capsid protein is regulated by two late
expressed genes (L1, L2). Malignancy occurs through integration of
the HPV DNA with the host genome, resulting in over-expression
of the viral genes E6 and E7 (Grassmann, Rapp, Maschek, Petry, &
Iftner, 1996; Jeon & Lambert, 1995). The HPV oncoproteins E6 and
E7 interfere with the cell cycle by inhibiting the two tumor sup-
pressor proteins, p53 and pRb, which control cell division (Dyson,
Howley, Munger, & Harlow, 1989; Werness, Levine, & Howley,
1990).

In general, the treatments for cervical cancer are surgery, radi-
ation and/or chemotherapy. However, there is no satisfactory
approach which completely eliminates cancer. RNA interference
(RNAI) is a promising, novel mechanism for gene silencing which is
being considered for use in cancer therapy. Introduction of exoge-
nous short interfering RNA (siRNA) causes of RNA silencing at the
posttranscriptional level, providing the novel approach to manipu-
late gene of interest in sequence-specific manner (Hannon, 2002).
The over-expression of the HPV E6/E7 oncogenes results in cellular
transformation into HPV-positive cervical cancer cells (von Knebel
Doeberitz, Rittmiiller, Hausen, & diirst, 1992). The loss of E6/E7 gene
over-expression results in suppression of cervical cancer devel-
opment. Therefore, the use of RNAI to inhibit the expression of
E6/E7 genes has been studied intensively (Alvarez-Salas, Benitez-
Hess, & DiPaolo, 2003; Butz et al.,, 2003). Furthermore, several
studies revealed that treatment of cancer with siRNA was able to
enhance the effect of anti-tumor drugs such as cisplatin (Tan et al.,
2012), doxorubicin, and gemcitabine (Koivusalo, Krausz, Helenius,
& Hietanen, 2005).

The aim of this study was to develop the nanoparticle for deliv-
ery of siRNA into cervical cancer cells. The feasibility study of the
role of CS-PEI nanoparticles in siRNA delivery was validated ini-
tially by DNA delivery. The cervical cell line SiHa was selected
as a cell model for transfection because SiHa is the cervical can-
cer cell infected with high-risk strains of human papillomavirus
type 16 which is one of the prevalent genotypes of HPV (Howley,
Munger, Romanczuk, Scheffner, & Huibregtse, 1991; Khan et al.,
2005). After evaluation, we then subsequently performed siRNA
delivery to investigate the potential of CS-PEI as a siRNA carrier.

2. Materials and methods
2.1. Chemicals

Chitosan (Mw 45kDa) was purchased from Seafresh Chi-
tosan Lab, Thailand. Branched PEI (Mw 750kDa) was purchased
from Aldrich, Missouri, USA. The PEl-introduced CS shell/PMMA
core nanoparticles (w/w, 0.5/0.5) was synthesized as previously
described (Inphonlek, Pimpha, & Sunintaboon, 2010). Lipofec-
tamine 2000™ was purchased from Invitrogen, New York, USA.
Plasmid pGL3-basic containing CMV promoter/enhancer was used

to monitor transfection efficiency (Tencomnao, Rakkhitawatthana,
& Sukhontasing, 2008). The plasmids were propagated in
Escherichia coli which were grown in LB broth (10g/l tryptone,
5¢g/l yeast extract and 10g/l NaCl) supplemented with ampi-
cillin under shaking conditions, 250 rounds per minute at 37 °C.
The plasmid was extracted using the PureLink™ Hipure Plasmid
DNA Purification Kit (Invitrogen, New York, USA). The extracted
plasmid was observed by electrophoresis on a 1.0% agarose gel.
Plasmid purity and concentration were determined by measur-
ing light absorbance at 260 and 280 nm using a SpectraMax M2
microplate reader (MDS Inc., Canada). The siRNA duplex was
synthesized by Stealth technology (Invitrogen, New York, USA).
The sense strand and antisense strand sequences for siRNA 16E6
sequence 10 were: 5'-GCAACAGUUACUGCGACGUUU-3" and: 3'-
UUCGUUGUCAAUGACGCUGCA-5, respectively (Putral et al., 2005).

2.2. Preparation of CS-PEI/DNA and CS-PEI/siRNA 16E6 complexes

CS-PEI/DNA or CS-PEI/siRNA complexes were prepared by
adding CS-PEI particles into DNA or siRNA solutions. Briefly, CS-PEI
was suspended in doubled-deionized water to prepare a stock solu-
tion with final concentration 1 pg/pl. Different amount of CS-PEI
were then mixed with 1 .l of doubled-deionized containing 1 j.g of
plasmid. The mixtures of complexes were incubated for 30 min at
room temperature. The complexes were prepared at various nitro-
gen/phosphate molar ratios (N/P) depending on the amine group
(N) in the nanoparticle and the phosphate group (P) in the DNA or
siRNA. The amount of amine groups on CS-PEI surface was deter-
mined by conventional 2,4,6-trinitrobenzene sulfonic acid (TNBS)
assay as previously described in Pimpha et al. (2010).

2.3. Characterization of complexes by AFM analysis, size and zeta
potential measurement

The AFM images of CS-PEI/DNA and CS-PEI/siRNA 16E6 com-
plexes were obtained using a dynamic force microscope (DFM)
mode (Seiko SPA4000, Japan). Samples were prepared by drop-
ping the complex solutions on a mica surface and leaving them
for air drying. All images were obtained with a scanning speed of
1.0Hz over 5 pm x 5 pm areas. The Z-average hydrodynamic diam-
eter, polydispersity index (PDI), and surface charge of methylated
Ch derivatives/DNA complexes were determined by dynamic light
scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments
Ltd., Worcestershire, UK) at room temperature. The complexes
were prepared and made up to 1 ml with DI water. All samples
were measured in triplicate.

2.4. Gel retardation assay

The ability of CS-PEI to bind DNA or siRNA was confirmed using
gel retardation. The CS-PEI/DNA and CS-PEI/siRNA complexes were
mixed and incubated at room temperature for 30 min at different
N/P ratios. Then, their DNA binding affinity was analyzed using
1% agarose gel containing 0.1 mg/ml of ethidium bromide (EtBr).
The gel electrophoresis was performed at 100V for 30 min in a
TAE buffer solution (40 mM Tris-HCl, 1%, v/v, acetic acid and 1 mM
EDTA). The gel were visualized under a UV transilluminator using
a GelDoc imaging system (G:box, Syngene, Cambridge, UK).

2.5. Invitro gene transfection and luciferase assay

SiHa (HPV type 16 positive) was grown in MEM alpha supple-
mented with 10% FBS containing 0.1 mM non-essential amino acids
(100 pg/ml L-glutamine, 100 pg/ml streptomycin and 100 U/ml
penicillin). Cells were grown at 37°C in a humidified atmosphere
containing 5% CO,. The medium was changed every other day.
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For cell study, SiHa were plated in T-75ml culture flasks. For
in vitro transfection, SiHa cells were seeded in a 96-well plate
at a density of 1 x 10° cells/well. Prior to transfection, the media
were removed and the cells were rinsed twice with PBS then
plated and incubated with serum-free media. Cells were incu-
bated with complexes at 37 °C for 4 h then replaced with growth
media. Twenty-four hours post transfection, the luciferase activ-
ity in each well was determined according to the manufacturer’s
recommendations (Promega, Wisconsin, USA). Luciferase expres-
sion was quantified as relative light units (RLU) using a luciferase
assay system (Promega, Wisconsin, USA). Luciferase activity was
normalized for protein concentration using the Bradford assay.
Lipofectamine 2000™ (Invitrogen, New York, USA) was used as
a control carrier for gene transfection.

2.6. Evaluation of cytotoxicity

MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay was performed to evaluate cell viability after
treating with the complexes. Cells were seeded at the same
density as during transfection and were incubated overnight at
37°C in humidified air with a 5% CO, atmosphere. The assay was
performed 24 h after transfection according to the manufacturer’s
recommendations.

2.7. Determination of siRNA 16E6 loading efficiency

The CS-PEI/siRNA complexes at N/P ratios of 0.4, 0.6, 0.8, 1.6, 4.0
and 8.0 were centrifuged at 13,000 x g for 15 min. The siRNA loaded
on nanoparticles was detected by Quant-iT™ RiboGreen® RNA
reagent (Invitrogen, New York, USA) which is an ultra-sensitive
fluorescent nucleic acid stain for quantization of RNA in solution.
The siRNA loading efficiency was calculated from the percentage

difference between the total amount of siRNA added and the
amount of non-loaded siRNA. Three replicate experiments were
conducted to obtain data for statistical analysis.

2.8. Internalization of CS-PEI/siRNA complexes

siRNA was labeled with CX-Rhodamine using a Label IT® siRNA
Tracker Intracellular Localization Kit (Mirus Bio Corporation, Madi-
son, USA). The labeled-siRNA was utilized to form complexes with
CS-PEI resulting in CS-PEI/Rho-siRNA complexes. SiHa cells were
seeded on a cover slip in a 35mm? petri dish at a cell density of
5 x 107 cells. The CS-PEI/Rho-siRNA complex with a N/P ratio of 1.6
was incubated with the cells for 4 h at 37 °C. 18 h after transfection,
cells were fixed using 70% ethanol for 10 min and were stained with
Hoechst 33258 solution. Confocal imaging was observed using an
Olympus FluoView 1000.

2.9. siRNA delivery, RNA isolation and gene silencing
determination

For siRNA delivery, CS-PEI was diluted to a concentration of
1 pg/pl and mixed with 1 g of siRNA to form complexes with
N/P ratios of 0.8 and 1.6. The complexes were incubated at room
temperature for 30 min. A day before transfection, plated cervical
cancer cell lines in a 96-well plate at a density of 3 x 10° cells/well
and incubated the cells at 37 °C in a CO, incubator for 24 h. The CS-
PEI/siRNA complexes were incubated with cells for 4h and then
replaced with growth media for detecting gene silencing using RT-
PCR. Cells transfected with naked siRNA and normal cells were used
as controls.

Total RNA from SiHa and SiHa transfected with CS-PEI/siRNA
complexes was extracted after transfection for siRNA delivery and
incubation for 18 and 24 h. One hundred milliliters of Trizol reagent

Fig. 1. Gel retardation analysis of CS-PEI/DNA complexes at different N/P ratios. One microgram of DNA was applied to form a complex (a). Atomic force microscope (AFM)
images of the topology of CS-PEI/DNA complexes (b). Size and zeta-potential of CS-PEI/DNA at different N/P ratios (c).
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(Invitrogen, New York, USA) was added to the cells and incubated
at room temperature for 10 min. Then 200 pl of chloroform was
added to extract the RNA in the aqueous layer after centrifugation
at4°C12,000 x g for 15 min. The RNA was precipitated using 500 jv1
of isopropanol, washed with 75% ethanol, dried, and then dissolved
in DEPC-treated water. For the RT-PCR, the isolated RNA samples
were treated with RNase-Free DNase (Promega, Wisconsin, USA)
to removed double-stranded and single-stranded DNA from the
RNA sample. The resulting RNA was finally diluted to a concen-
tration of 5ng/ul for RT-PCR. Gene silencing was monitored by
a one-step reverse-transcription-polymerase chain reaction (RT-
PCR). A transcriptor one-step RT-PCR kit (Roche, Indiana, USA) was
used to synthesize cDNA and to carry out the PCR reaction. The
primer sequences for HPV type 16 E6, E7, and GAPDH are shown in
Table 2. GAPDH gene expression was also measured to be a factor
for normalization of E6 and E7 gene expression. RT-PCR products
were separated on a 3% agarose gel at 100 volts for 30 min. The RT-
PCR products were analyzed by the GeneTools program in a G:Box
(Syngene, Cambridge, UK).

2.10. Statistical analysis

Luciferase assay, siRNA loading efficiency, cell viability, and gene
silencing assay were performed in triplicate. One-way ANOVA with
Tukey’s post hoc test was applied in the statistical analysis with
p<0.05 considered as a statistically significant difference.

3. Results and discussion

3.1. CS-PEI/DNA complex formation and physicochemical
characterization

The CS-PEI/DNA complexes were prepared simply by physically
mixing CS-PEI nanoparticles and DNA via a micropipette. The mix-
tures were then incubation for 30 min at room temperature to
promote electrostatic interaction. Gel retardation was employed
to monitor the binding affinity of DNA on the CS-PEI surface. The
complexes were prepared by fixing 1 g of plasmid DNA to form a
complex with CS-PEI at N/P ratios of 0.4, 0.8, 1.6, 4.0 and 8.0. The
results revealed that DNA binding affinity increased in parallel with
CS-PEI concentration (Fig. 1a). The complexes were completely
formed since no DNA migration was found on the gel with a N/P
ratio of 1.6. The AFM result for N/P ratios of 1.6 and 4.0 revealed
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Fig. 2. Transfection efficiency (a) and cell viability (b) of CS-PEI/DNA complexes in
SiHa. The results are compared to positive control Lipofectamine 2000™ (Invitro-
gen, USA) (Lipo), naked plasmid pGL-3-basic containing CMV promoter/enhancer
(Naked) and control free cells (Cell).

the adsorption of DNA onto nanoparticles as shown in Fig. 1b. The
adsorption of the DNA strands was visible especially at N/P ratios
of 1.6 but the complex was difficult to see at a N/P ratio of 4.0. This
may have been because of the high number of particles forming
complexes with DNA in the mixture. The particle size and zeta-
potential were determined at a pH of 7.4. As shown in Fig. 1c, there
were no size differences among CS-PEI/DNA-formed complexes at
different N/P ratios. Generally, the average size of the complexes
ranged from approximately 300-400 nm which is acceptable for
transfection (Rakkhithawatthana et al., 2010; Tencomnao et al.,
2011). Zeta potential measurements exhibited a dynamic change
in total surface charge in proportion to the CS-PEI concentration.
The CS-PEI nanoparticles exhibited a zeta potential of 22.23 mV in
accordance with their cationic properties. Similar to the gel retar-
dation results, at N/P ratios of 0.4 and 0.8, the total surface charge

Fig. 3. Gel retardation analysis of CS-PEI/siRNA at different N/P ratios. One microgram of siRNA was applied to form a complex (a). Size and zeta-potential of CS-PEI/siRNA

complexes (b).
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Fig.4. Confocal images of CS-PEI/siRNA complexes in a SiHa cell. The blue fluorescence is the nucleus of a SiHa cell and the red fluorescence is the signal of rhodamine-labeled
siRNA (a). Confocal Z-stack series of images of a SiHa cell 18 h post-transfection by CS-PEI/Rho-siRNA (b). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)

of all nanoparticles was negative while the complexes were not
completely formed. Supplementation with more CS-PEI in the for-
mulation induced an increase in zeta potentials to 32.80, 45.36 and
45.80mV at N/P 1.6, 4.0 and 8.0, respectively. These zeta values
were strongly positively charged and facilitated cellular uptake.
This result, taken together with the results from gel retardation
and AFM, confirmed that the adsorption of DNA onto the surfaces
of CS-PEI nanoparticles occurred through charge neutralization.
Therefore, the CS-PEI nanoparticle has promise for use as a car-
rier for gene delivery. This result is corresponded with the previous
study of Pimpha et al. (2010).

3.2. CS-PEI/DNA delivery into human cervical cells

In this study, we aimed to silence the expression of onco-
genes in cervical cancer cell lines. Therefore, the human cervical

cancer cell, SiHa (HPV type 16 positive) was selected to investi-
gate the transfection efficiency of CS-PEIL To evaluate the ability of
CS-PEI, in vitro DNA transfection was performed with 1 pg of plas-
mid pGL3-CMV promoter/enhancer containing a luciferase gene
marker for quantitative gene expression signals (Tencomnao et al.,
2008). Control-free cells, cells incubated with naked DNA, and cells
transfected with DNA-loaded Lipofectamine 2000™ were used as
controls. As shown in Fig. 2a, the results demonstrated the potency
of CS-PEI as a gene carrier since the DNA cargo was successfully
introduced and expressed. The transfection efficiency depended on
the N/P value. Compared with the control-free cells and cells trans-
fected with naked DNA, the optimal transfection efficiency was
obtained from CS-PEI/DNA complexes at N/P ratios in the range
of 1.6-4.0. At an N/P ratio lower than 1.6 or higher than 4.0, the
transfection efficiencies were low indicating that transfection effi-
ciency depended on CS-PEI concentration. Complex formation at
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Table 1
Binding capacity of siRNA 16E6 sequence 10 (Putral et al., 2005) to the CS-PEI at N/P
ratios of 0.4, 0.6, 0.8, 1.6, 4.0 and 8.0.

CS-PEI/siRNA (N/P) Binding capacity (%)

0.4 359+ 12.8
0.6 59.7 + 14.7
0.8 725+ 133
1.6 99.5 + 0.50
4.0 99.3 + 0.30
8.0 97.9 + 0.50

low N/P ratios is not effective due to remnant unbound DNA while
the excess complexes can cause toxicity to the cells. To evaluate
the cytotoxicity of CS-PEI, we employed the MTT assay on SiHa
transfected with the CS-PEI/DNA complex at different N/P ratios.
While the viability of control cells and cells transfected with naked
DNA remained constant, cytotoxicity of the CS-PEI/DNA complex
which was dependent on the N/P ratio was induced (Fig. 2b). Excess
CS-PEI can induce cell membrane leakage due to the aggressive
penetration of highly positively charged complexes (Godbey, Wu,
& Mikos, 1999). Therefore, the use of cationic nanoparticles needs
to be considered carefully because excess amounts of particles will
ultimately induce cellular leakage.

3.3. CS-PEI/siRNA complex formation

CS-PEI/siRNA complexes were prepared and characterized for
siRNA delivery. Similar to CS-PEI/DNA complexation, the com-
plex formation of CS-PEI/siRNA was confirmed by gel retardation
using 1 pg of siRNA. The results indicated that siRNA strands were
adsorbed onto CS-PEI as a result of retardation of siRNA migration
by gel electrophoresis (Fig. 3a). Complete binding occurred at a N/P
ratio of 1.6. The bind affinity corresponded with the CS-PEI con-
centration. The complexes were approximately 400-500 nm in size
(Fig. 3b) and the zeta potential increased with increasing N/P ratio.
Unlike the CS-PEI/DNA complex, there was no distinction observed
between CS-PEI and CS-PEI/siRNA using AFM analysis due to the
limitation of AFM in detecting the siRNA strand (data not shown).

3.4. Binding capacity of siRNA on CS-PEI

The binding capacity of siRNA adsorbed on the surfaces of CS-PEI
at N/P ratios of 0.4, 0.6, 0.8, 1.6, 4.0 and 8.0 was measured quantita-
tively using the Quant-iT™ RiboGreen® RNA reagent (Invitrogen,
New York, USA). As shown in Table 1, almost 100% siRNA-binding
capacities were detected in CS-PEI/siRNA complexes at N/P ratios
of 1.6, 4.0, and 8.0. The results suggest that the adsorption of siRNA
is dependent on CS-PEL This result corresponds well with gel retar-
dation in which no migrated bands of siRNA were observed for the
complexes with N/P ratios ranging from 1.6 to 8.0.

3.5. Cellular internalization of the CS-PEI/siRNA complex
Cellular internalization of the siRNA complex was confirmed by

differential interference contrast (DIC) confocal imaging (Fig. 4a).
At 18 h after transfection, a siRNA signal (red fluorescence) was

Fig. 5. Determination of E6 and E7 mRNA expression of a SiHa-transfected cell at 18
and 24 h post-transfection. The siRNA strands were delivered in the form of naked
siRNA (1 g), Lipofectamine 2000™!/siRNA lipoplex and CS-PEI/siRNA complex. The
expression profiles were investigated by semi-quantitative RT-PCR. Samples were
prepared in triplicate and statistically analyzed by one-way ANOVA (p <0.05).

detected in the cellular compartment. A Z-stack confocal image
confirmed the localization of siRNA inside the SiHa cell (Fig. 4b).
These results suggest that siRNA can be delivered into the cell by
CS-PEL

3.6. Gene silencing efficiency

The role of CS-PEI as a DNA carrier in HPV-transformed cells was
verified. Based on the same strategy, CS-PEI was expected to be a
carrier of siRNA as well. In vitro transfection was performed in SiHa
cells. We inhibited the activity of two oncogenes encoded by HPV,
namely E6 and E7, through the activity of siRNA. These two genes
are best known for their ability to inactivate the tumor suppressors,
p53 and pRb, respectively (Schwock, Pham, Cao, & Hedley, 2008).
After transfection, the cells were continually incubated for 18 and
24 h.The RNA was thenisolated for RT-PCR as described in Section 2.
The RT-PCR was performed to examine E6 and E7 expression using
the primer (Table 2) (Divya & Pillai, 2006). The expression signals of
both E6 and E7 were normalized by GAPDH, a house-keeping gene.
The differences in the expression levels of E6 and E7 between free
cells and transfected cells were detected using gel electrophoresis.

The gene silencing effects were evaluated as presented in Fig. 5.
It is noted that amount of Lipofectemine 2000™ used in this study
was not optimized the time period for transfection with our siRNA
and cell. Lipofectemine 2000™ was used to be the control for our
experimental procedure. Therefore, the gene knockdown efficiency
obtained from Lipofectamine 2000™ may not represent its best
result. For CS-PEI-mediated siRNA, expression of E6 and E7 genes
was statistically significant different compared with free cell. The
achievement of siRNA mediated CS-PEI delivery to silence of E6
and E7 expressions was verified at 18 and 24-h post transfection.
However, siRNA suppression of gene expression usually is time
dependent(Liao etal.,2010). Therefore, the silencing effect of sSiRNA
may vary over time. The use of CS-PEI is proposed here as the

Table 2
Primers for RT-PCR (Divya & Pillai, 2006).
Gene Sequence Size (bp)
HPV type 16 E6 Sense strand: 5'-TGAGGTATATGACTTTGC C-3 297
Antisense strand: 5-CAAGACATACATCGACCGGTCC-3'
HPV type 16 E7 Sense strand: 5'-AAATGACAGCTCAGAGGAGGAG-3' 209
Antisense strand: 5-GTTTCTGAGAACAGATGGGGCAC-3'
GAPDH Sense strand: 5'-GACCACAGTCCATGCCATCACT-3 452

Antisense strand: 5'-TCCACCACCCTGTTGCTGTAG-3’
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carrier of choice for both DNA and siRNA delivery using cationic
polymeric-based nanoparticles.

4. Conclusions

The capacity of CS-PEI to deliver nucleic acids to cervical cancer
cell lines was reported here. CS-PEI can form a complex with either
DNA or siRNA via electrostatic interaction between the amine
groups of cationic polymers and the phosphate groups of nucleic
acids. The binding affinities of both DNA and siRNA to the surfaces
of CS-PEI nanoparticles were confirmed by gel retardation assay.
The results indicated that the complexes were completely formed
at a N/P ratio of 1.6. The particle sizes were 300-400 nm on aver-
age while the zeta potentials became positively charged when the
N/P ratio of the complex was 1.6. The optimal transfection effi-
ciency of CS-PEI/DNA complexes delivered into SiHa was detected
at a N/P ratio of 1.6. A confocal laser scanning microscope con-
firmed the penetration of siRNA-bound CS-PEI complexes. In vitro
siRNA delivery revealed gene silencing efficiency at 18 and 24 h
post-transfection. As a result, CS-PEI nanoparticles show potential
as carriers for both gene and siRNA into cervical cancer cell lines.
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Background: The purpose of this study was to demonstrate the potential of magnetic poly(methyl
methacrylate) (PMMA) core/polyethyleneimine (PEI) shell (mag-PEI) nanoparticles, which pos-
sess high saturation magnetization for gene delivery. By using mag-PEI nanoparticles as a gene
carrier, this study focused on evaluation of transfection efficiency under magnetic induction. The
potential role of this newly synthesized nanosphere for therapeutic delivery of the tryptophan
hydroxylase-2 (TPH-2) gene was also investigated in cultured neuronal LAN-5 cells.
Methods: The mag-PEI nanoparticles were prepared by one-step emulsifier-free emulsion
polymerization, generating highly loaded and monodispersed magnetic polymeric nanoparticles
bearing an amine group. The physicochemical properties of the mag-PEI nanoparticles and
DNA-bound mag-PEI nanoparticles were investigated using the gel retardation assay, atomic
force microscopy, and zeta size measurements. The gene transfection efficiencies of mag-PEI
nanoparticles were evaluated at different transfection times. Confocal laser scanning microscopy
confirmed intracellular uptake of the magnetoplex. The optimal conditions for transfection of
TPH-2 were selected for therapeutic gene transfection. We isolated the TPH-2 gene from the
total RNA of the human medulla oblongata and cloned it into an expression vector. The plasmid
containing TPH-2 was subsequently bound onto the surfaces of the mag-PEI nanoparticles via
electrostatic interaction. Finally, the mag-PEI nanoparticle magnetoplex was delivered into
LAN-5 cells. Reverse-transcriptase polymerase chain reaction was performed to evaluate TPH-2
expression in a quantitative manner.

Results: The study demonstrated the role of newly synthesized high-magnetization mag-PEI
nanoparticles for gene transfection in vitro. The expression signals of a model gene, luciferase,
and a therapeutic gene, TPH-2, were enhanced under magnetic-assisted transfection. An in vitro
study in neuronal cells confirmed that using mag-PEI nanoparticles as a DNA carrier for gene
delivery provided high transfection efficiency with low cytotoxicity.

Conclusion: The mag-PEI nanoparticle is a promising alternative gene transfection reagent
due to its ease of use, effectiveness, and low cellular toxicity. The mag-PEI nanoparticle is
not only practical for gene transfection in cultured neuronal cells but may also be suitable for
transfection in other cells as well.

Keywords: magnetic nanoparticle, non-viral vector, gene delivery, tryptophan hydroxylase-2,
LAN-5, neuronal cells

Introduction
Magnetic nanoparticles have previously been used in biomedical applications, especially
in the area of medical imaging,! and drug and gene delivery.? Magnetic-assisted gene
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transfection could improve transfection efficiency by using
magnetic force induction to introduce a therapeutic gene into
atarget cell. Application of an external magnetic field for gene
delivery was first reported by Mah et al.® Magnetic micropar-
ticles were coated with adenoassociated virus encoding green
fluorescent protein. It was demonstrated that adenoassociated
virus conjugated with magnetic microparticles enhanced
transduction efficiency both in vitro and in vivo. Since then,
several intensive studies of magnetic-based gene delivery
have been performed.*> Magnetic-assisted gene delivery
can be applied to transfection reagents and gene therapeutic
vehicles, and the first report focusing on the use of magnetic-
assisted targeted gene delivery used polyethyleneimine (PEI)-
coated nanoparticles for in vitro gene transfection.® The study
demonstrated the advantages of magnetic-assisted transfec-
tion in terms of reducing incubation time and DNA dose. To
date, magnetic-assisted transfection has been demonstrated
as one of the approaches for nucleic acid transfer, includ-
ing DNA and RNA interference, in various cell lines. For
example, the combination of cationic lipid-coated magnetic
nanoparticles with transferrin and PEI was developed for
transfection in a human cervical cancer cell line. This sys-
tem enhanced the transfection efficiency by approximately
300-fold compared with control transfection reagents in the
presence of an external magnetic field.® A hybrid nanoparticle
system consisting of superparamagnetic nanoparticles and
PEI was used as a vehicle to transfer the interleukin-10 gene
into vascular endothelial cells.* This particle showed high
transgene expression using a very low vector concentration
and in a very short incubation time. This system is promising
for treatment of patients with vascular disorders who require
fast and target-specific delivery of the genes concerned. Apart
from being an effective transfection reagent, incorporation of
magnetic nanoparticles into lipid-based or polymeric-based
carriers has also been considered as an alternative approach
for improvement of non-viral vector-based gene therapy.”®
At present, many research groups are aiming to develop a
vehicle which could facilitate gene therapy in several genetic
disorders, including the hematological,® cardiovascular,* and
immunogenic systems.

Non-viral approaches for nucleic acid delivery have also
become a novel strategy for treating neurological disease.*?
Neuron-targeted nucleic acid therapy remains one of the
few options available for the treatment of neurodegenerative
disease. In previous studies, viral vectors were used as the
gene carrier for transfer of nucleic acid into target neuron
cells, and adenoassociated virus was the most common
viral vector for gene transfection.®*-> However, there has

been a recent focus on non-viral vector-based gene vectors
for neuron systems, with some reported examples, includ-
ing lipid-based and polymeric-based carriers. PEGylated
immunoliposome-mediated brain-specific delivery of a gene
encoding tyrosine hydroxylase for the treatment of patients
with Parkinson’s disease has been studied successfully in
an animal model.*® Modified transfection reagents, ie, PEI-
PEG and Tet1 complexes, demonstrated increased luciferase
expression levels in neural progenitor cells compared with
unmodified PEI-PEG complexes.t

In this study, we investigated the use of novel synthesized
magnetic nanoparticles for gene delivery in neuronal cells.
Magnetic PEI/poly(methyl methacrylate) (PMMA) core-shell
(mag-PEI) nanoparticles were prepared using ultrasonication-
assisted emulsifier-free emulsion polymerization. Loading of
magnetic nanoparticles enhanced gene transfection efficiency
by accelerating the cellular uptake of nanoparticles. The
physicochemical properties and morphology of the mag-PEI
nanoparticles were characterized, and a feasibility study was
performed to evaluate the gene transfection efficiency of the
mag-PEI nanoparticles using plasmid pGL3-basic containing
cytomegalovirus (CMV) promoter/enhancer encoding the
luciferase reporter gene (pGL3-CMV). In vitro transfection
of pGL3-CMV could be measured quantitatively using the
luciferase assay system. Different N/P ratios of magnetoplex
were prepared to investigate the transfection efficiency
at different transfection times with and without magnetic
induction. The cytotoxicity of the mag-PEI nanoparticles was
examined using the MTT assay. Transfection under magnetic
induction strongly promotes cell internalization, as shown by
confocal laser scanning microscopy. Optimal conditions were
selected for transfection of pGL3-CMV, a plasmid containing
tryptophan hydroxylase-2 (TPH-2), a rate-limiting enzyme
for production of the serotonin neurotransmitter.*® This study
proposes an alternative nanocarrier, which is applicable for
neuronal gene therapy.

Materials and methods

Materials

Ferrous chloride tetrahydrate (FeCl,-4H,0), ferric chloride
hexahydrate (FeCl,-6H,0), methyl methacrylate (MMA),
and t-butyl hydroperoxide were purchased from Fluka
(St Louis, MO). PEI (molecular weight of 25 kDa) was
purchased from Sigma-Aldrich (St Louis, MO). All chemi-
cals were of analytical grade and used for synthesis of mag-
netic core/shell nanoparticles. Lipofectamine 2000™ was
purchased from Invitrogen (Carlsbad, CA). A PolyMAG and
magnetoFACTOR-96 plate was purchased from Chemicell
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GmbH (Berlin, Germany). Plasmid pGL3-basic containing
CMV promoter/enhancer, which is an expression vector for
human cell lines, was used to monitor transfection efficiency.*
Plasmid DNA was propagated in Escherichia coli, which
were grown in Lysogeny broth (10 g/L tryptone, 5 g/L yeast
extract, and 10 g/L NaCl), and supplemented with ampicillin
under shaking conditions of 250 rounds per minute at 37°C. The
plasmid was extracted using the PureLink™ Hipure Plasmid
DNA purification kit (Invitrogen). The extracted plasmid
was observed by electrophoresis on 1.0% agarose gel.
Plasmid purity and concentration were determined by
measuring light absorbance at 260 nm and 280 nm using a
SpectraMax M2 microplate reader (MDS Inc, Sunnyvale,
CA). Primers for reverse-transcriptase polymerase chain
reaction (RT-PCR) of GAPDH and TPH-2 genes are listed
in Table 1.

Preparation of magnetic

core/shell nanoparticles

Mag-PEI nanoparticles with a PMMA core and PEI shell
were prepared by emulsion polymerization.? In brief, iron
oxide at a concentration of 25 mg was dispersed thoroughly
with 2 g of MMA using an ultrasonicator for 5 minutes. For
a total of 50 g of solution, the iron oxide-MMA dispersion
was mixed with 47 g of PEI solution containing 0.5 g of PEI
using a homogenizer (Sonics Vibra cell, amplitude 40%). The
dispersion was homogenized for 15 minutes and then trans-
ferred into a water-jacketed flask equipped with a condenser,
a magnetic stirrer, and a nitrogen inlet. The dispersion was
purged with nitrogen for 30 minutes, followed by addition
of t-butyl hydroperoxide aqueous solution (1 g, 0.5 mM) to
initiate polymerization. The mixture was then continuously
stirred at 80°C for 2 hours in a nitrogen environment. After
the reaction, the particle dispersion was purified by repeated
centrifugation (13,000 rpm), decantation, and redispersion
until the conductivity of the supernatant was close to that of
the distilled water used. The amine density on the surface
of the nanoparticles was evaluated using a typical acid-base

titration method.?* The titration was carried out with an
Autotitrator (Mettler Toledo, T50, Columbus, OH) and a
pH glass sensor (Mettler Toledo, DGi115-SC) using 0.01 M
NaOH standardized by potassium hydrogen phthalate as a
titrant. The sample preparation was performed using an aque-
ous solution composed of 0.5 mL of the sample suspension
(30-40 mg/mL), 50 mL of deionized water, and 0.40 mL of
0.1 M HCI. Each value reported was an average of at least
three measurements. The characteristics of mag-PEI nano-
particles were then observed through a transmission electron
microscope at an accelerating voltage of 80 kV.

Preparation of magnetoplex

For the feasibility study of mag-PEI nanoparticles in
gene delivery, plasmid DN and pGL3-CMV encoding the
luciferase reporter gene at a concentration of 1 mg/mL was
mixed with mag-PEI nanoparticles at the same concentra-
tion to form the mag-PEI nanoparticle/DNA magnetoplex.
The magnetoplex was prepared at various N/P ratios, ie,
0.4/1,0.8/1,1.6/1, 4.3/1, 8.7/1, and 17.5/1. The solutions of
magnetoplex were subsequently incubated at room tempera-
ture for 30 minutes before use. The optimal N/P ratio from
pGL3-CMV transfection was used for pGL3-CMV-TPH-2
transfection, in which the magnetoplex was prepared in the
same manner.

Gel retardation assay

After forming the magnetoplex, loading dye was added and
mixed before loading into 1.0% agarose gel. Electrophoresis
was carried out at 100 V for 60 minutes. Agarose gel was
stained in 1 ug/mL ethidium bromide. The presence of plas-
mid DNA was visible under an ultraviolet transilluminator
(Syngene, Cambridge, UK). The shifted bands, correspond-
ing to free plasmid, were determined.

Atomic force microscopy analysis
Atomic force microscopic images of magnetoplex were
obtained using a dynamic force microscope (Seiko SPA4000,

Table | Polymerase chain reaction primers used for tryptophan hydroxylase-2 cloning and semiquantitative assay of GAPDH and

tryptophan hydroxylase-2 gene expressions

Primer Sequence Product (Kb) Reference
TPH-2-Nhel_pGL-CMV 5’-CCT gCT AgC gCC TTC CTC TCA ATC TC-3’ 1.5 The present study
TPH-2-Xbal_pGL-CMV 5’-CCC gCT CTA gAT AgT TCC Agg CAT CAAATC C-3’

GAPDH sense 5’-gAC CAC AgT CCA TgC CAT CAC T-3’ 0.4 Divya and Pillai

GAPDH antisense
TPH-2 sense
TPH-2 antisense

5-TCC ACC ACC CTg TTg CTg TAg-3'
5-AAC CAC TAT TgT gAC gCT gAA TCC TCC AgA gAA-3’ 02
5-ACC CAT AAC CCA TCg CCA CAT CCA CAA AA-3

The present study

Abbreviations: CMV, cytomegalovirus; TPH-2, tryptophan hydroxylase-2.
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Tokyo, Japan). All samples were prepared by dropping the
magnetoplex solution onto a mica surface for air-drying. All
images were obtained with a scanning speed of 1.0 Hz over
a2 umx 2 um area.

Size and zeta potential analysis

The mean zeta hydrodynamic diameter, polydispersity index,
and surface charge of the magnetoplex were determined by
dynamic light scattering using a Zetasizer Nano ZS (Malvern
Instruments Ltd, Malvern, Worcestershire, UK) at room
temperature. The magnetoplex was prepared and combined
to achieve 1 mL in deionized water. All samples were mea-
sured in triplicate.

Cell culture

In this study, human neuroblastoma (LAN-5) cells were used
as the neuronal cell culture model. The cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco-BRL, Grand
Island, NY) supplemented with 10% fetal bovine serum
(HyClone, South Logan, UT) and incubated for 24 hours at
37°C with 5% CO, before use.

Transfection and cytotoxicity
To evaluate the transfection efficiency of the mag-PEI
nanoparticles, LAN-5 cells were seeded into a 96-well plate
at a density of 5 x 10* cells per well. Before transfection, the
medium was removed, the cells were rinsed with phosphate-
buffered saline twice, and then plated and incubated with
serum-free Dulbecco’s modified Eagle’s medium. Cells were
incubated with the magnetoplex at 37°C for 15, 30, 60, 120,
and 180 minutes with or without magnetoFACTOR-96, in
serum-free medium which was then replaced with growth
medium. Twenty-four hours after transfection,*® luciferase
activity was determined in accordance with the manufacturer’s
recommendations (Promega, Madison, WI). Luciferase activity
was quantified as relative light units using a luciferase assay
system (Promega). Luciferase activity was normalized for
protein concentration using the Bradford assay. The commercial
transfection reagents, Lipofectamine 2000 and PolyMAG, were
used as positive controls for comparison of their transfection
efficiency with our synthesized mag-PEI nanoparticles. Naked
DNA (DNA transfected without a gene carrier) was used as
the negative control for transfections. The Lipofectamine/DNA
complex and PolyMAG/DNA magnetoplex were prepared
according to the manufacturer’s directions.

MTT assays were performed to evaluate cell viability
after treatment with magnetoplex. LAN-5 cells were seeded
at the same density used for transfection. The cells were

cultured at 37°C under 5% CO, overnight. The assay was
performed 24 hours after transfection according to the
manufacturer’s recommendation. Percentage viability was
calculated for cells transfected with naked DNA.

Magnetoplex internalization into cells
LAN-5 cells were seeded onto glass coverslips in 6-well plates
at densities of 7.5 x 10° cells per well. Before transfection, the
medium was removed, the cells were rinsed with phosphate-
buffered saline twice, and then plated and incubated with
serum-free Dulbecco’s modified Eagle’s medium. Cells were
incubated with rhodamine-B-isothiocyanate (RITC)-labeled
mag-PEI nanoparticle/DNA magnetoplexes at 37°C for
60 and 180 minutes with and without a magnetoFACTOR-96
plate in serum-free medium which was then replaced with
growth medium. Twenty-four hours after transfection, the
transfected cells were stained with acridine orange then
washed with phosphate-buffered saline twice and visualized
under a confocal laser scanning microscope (LSM 700, Carl
Zeiss Inc, Oberkochen, Germany) with a 100x objective lens
under 405 nm excitation for acridine orange and 561 nm
excitation for RITC. The results were analyzed using LSM
700 ZEN software.

Isolation of TPH-2, cloning,

and construction of expression vector
cDNA for the TPH-2 gene was synthesized by RT-PCR using
human brain medulla oblongata total RNA (Clontech cDNA
panels, BD Biosciences, Franklin Lakes, NJ) as a template.
The RT-PCR reaction was performed using ImPromt-11™
reverse transcriptase in accordance with the manufacturer’s
recommendations (Promega). The resulting cDNAs were
used as a template for PCR using TPH-2-Nhel_pGL-CMV
and TPH-2-Xbal_pGL-CMYV as forward and reverse primers,
respectively (Table 1). The specific PCR products were then
cloned into the pPGEM-T™ easy vector (Promega) to verify
TPH-2 sequences by restriction enzyme digestion using
Hindlll (Fermentas, Glen Burnie, MD) and Xbal (NEB,
Hitchin, UK) as the restriction enzyme and confirmed this
result by DNA sequencing. The TPH-2 gene was finally
cloned into pGL3-basic containing CMV promoter/enhancer,
generating pGL3-CMV-TPH-2.

Monitoring of TPH-2 expression

by RT-PCR

To determine TPH-2 expression, LAN-5 cells were seeded into
6-well plates at a density of 7.5 x 10° cells per well. pGL3-
CMV-TPH-2 was mixed with mag-PEI nanoparticles to prepare
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magnetoplex at an N/P ratio of 0.8, which was previously
optimized. PolyMAG and Lipofectamine 2000 were used as
positive controls and naked DNA was used as a negative control
for transfection. Cells were incubated with the magnetoplex
at 37°C for 60 minutes with and without external magnetic
induction in serum-free medium which was then replaced with
growth medium. Twenty-four hours after transfection, RNA
extraction with TRIzol (Invitrogen) was performed according to
the manufacturer’s recommendations. The quantity and integrity
of the RNA obtained were evaluated by spectrophotometry and
gel electrophoresis stained with ethidium bromide. The RNA
samples obtained were then treated with a deoxyribonuclease
I amplification grade kit (Promega) at 37°C for 30 minutes
to eliminate any contaminated DNA. Two steps of RT-PCR
were carried out using Impromt Il reverse transcription to
synthesize first-strand cDNA. Taq polymerase (NEB) was
then used for PCR under the following conditions: 95°C over
2 minutes for the TPH-2 gene and 94°C over 5 minutes for the
GAPDH gene, followed by 35 cycles of denaturation (95°C
over 30 seconds for the TPH-2 gene and 94°C over 15 seconds
for the GAPDH gene), annealing (60°C over 30 seconds for
the TPH-2 gene and 55°C over 15 seconds for the GAPDH
gene), extension (68°C over 30 seconds for the TPH-2 gene
and 72°C over 15 seconds for the GAPDH gene), and finally a
single extension (68°C over 10 minutes for the TPH-2 gene and
72°C for 15 minutes for the GAPDH gene). A control negative
RT-PCR was performed in the absence of reverse transcriptase
to check for DNA contamination in the RNA preparation. Each
TPH-2 expression was normalized against expression of the
GADPH gene to eliminate the effect of the cell population.
Each relative TPH-2 expression was then compared with naked
DNA transfected cells.

Statistical analysis

Experiments were carried out in triplicate. The independent
Student’s t-test was used for the statistical analysis, with
P < 0.05 considered to be statistically significant.

Results and discussion

Fabrication of core shell nanoparticles
Transmission electron microscopy revealed that we could
obtain magnetic polymeric core/shell nanospheres, ie,
mag-PEI nanoparticles, with high magnetic nanoparticle
loading (Figure 1). The size distribution was found to be
narrow, as indicated in the histogram. The zeta potential
determined by dynamic light scattering indicated that the
mag-PEI nanoparticles had positive surface charges around
39.3+£1.9mV.

Figure | Transmission electron microscopic image. (A) Mag-PEl and histogram
showing size distribution. (B) Mag-PEl nanoparticles with high magnetic loading.
Abbreviation: Mag-PEl, magnetic poly(methyl methacrylate) core/polyethyleneimine
shell.

Gel retardation assay

DNA binding affinity and magnetoplex formation were
confirmed using the gel retardation assay. One microgram of
plasmid pGL3-basic containing the CMV promoter/enhancer
was applied to a prepared magnetoplex with mag-PEI nano-
particles at different N/P ratios. Trailing of DNA disappeared
in the gel at an N/P ratio of 0.8/1 (Figure 2). The results
showed that plasmid DNA was adsorbed onto the mag-PEI
nanoparticle surface by electrostatic interaction, resulting in
the magnetoplex. Our cationic mag-PEI nanoparticles could
neutralize the negative charge of plasmid DNA and increase
the mag-PEI nanoparticle-induced cationic properties of the
magnetoplex, corresponding to the results of the dynamic
light scattering analysis (Table 2).

Figure 2 Gel retardation assay.

Notes: One microgram of plasmid DNA was applied to the magnetoplex with mag-
PEI nanoparticles at different N/P ratios. Lane | is the control DNA without mag-
PEl nanoparticles. Lanes 2—7 represent mag-PEI NP/DNA magnetoplexes with N/P
ratios of 0.4/1, 0.8/1, 1.6/1, 4.3/1,8.7/1,and 17.5/1.

Abbreviation: Mag-PEl, magnetic poly(methyl methacrylate) core/polyethyleneimine
shell.
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Table 2 Size and zeta potential of mag-PEl nanoparticle/DNA magnetoplex at N/P ratios of 0.4/1, 0.8/1, 1.6/1, 4.3/1, 8.7/1, and 17.5/1

N/P Size (nm) Zeta potential (mV) PDI
Mag-PElI NP 123.8 + 3.1 393+ 1.9 0.26 + 0.02
Mag-PEI NP/DNA 0.4/1 231.3+247 63x 1.7 0.36 £ 0.03
0.8/1 370.0 £ 324 25+ 1.4 0.45 +0.05
1.6/1 2985 £ 65 348123 0.75+0.15
4.3/1 286.8 +£23.3 224+3.2 0.42 + 0.06
8.7/1 251.3+5.1 56+0.5 0.34 +0.06
17.5/1 2154+ 175 33%07 0.36 £ 0.05

Abbreviations: Mag-PElI NP, magnetic poly(methyl methacrylate) core/polyethyleneimine shell nanoparticles; PDI, polydispersity index.

Magnetoplex formation

The morphology and size of the magnetoplex were analyzed
under atomic force microscopy at two different N/P ratios,
ie, 0.8 and 4.3. Atomic force microscopy detected that the
magnetoplex appearance was spherical, corresponding to
the core structures, ie, mag-PEI nanoparticles (Figure 3).
It is likely that addition of more mag-PEI nanoparticles
with N/P ratios in the range of 0.8/1-4.3/1 could improve
the magnetoplex condensation. This result correlated well
with size analyzed by dynamic light scattering (Table 2).
However, magnetoplex distribution changed in response to
changes in the N/P ratio, as shown at ratios of 0.8/1 and 4.3/1
(Figure 3). As a result, use of excess mag-PEI nanoparticles
caused aggregation of the magnetoplex (Figure 3C), which
may have interrupted cell transfection. Therefore, the mag-
netoplex formed at an N/P ratio of 0.8/1 was selected for cell
transfection in further studies.

Size and zeta potential analysis

The size and zeta potential of the magnetic nanoparticles
were determined at pH 7.4. During magnetoplex formation,
a dynamic change in size and charge occurred at N/P ratios

in the range of 0.4-17.5 (Table 2). The size of the mag-PEI/
DNA was larger than that of mag-PElI, indicating that adsorp-
tion of DNA had occurred on the particle surface. With a
constant amount of DNA, the total charges at each N/P ratio
were dependent on the amount of mag-PEI nanoparticles
added to the DNA solution. At N/P ratios in the 0.4-1.6
range, the charges increased according to the amount of
mag-PEI nanoparticles added. However, at N/P ratios in the
range of 4.3-17.5, the excess amount of mag-PEI nanopar-
ticles destabilized the complex, as indicated by a decrease
in zeta potential.

Optimal transfection conditions

and transfection efficiency

Gene transfection was investigated in the human LAN-5
neuroblastoma cell line. Cells were transfected with the
magnetoplex at an optimal N/P ratio of 0.8. Gene transfec-
tion was performed by incubation of the magnetoplex with
cells for 15, 30, 60, 120, and 180 minutes in the presence
and absence of an external magnetic plate. Transfection via
Lipofectamine 2000 and PolyMAG, two commercial trans-
fection reagents, was carried out in the positive controls.

A B [* C [
< < <
Fe oo F o™
H 5 H
F o BN F o
T o T T T o T o
0 1 2 3 0 1 2 3 0 1 2 3
[um] wm] [um]
0.00 [nm] 223.81 0.00 [nm] 155.26 0.00 [nm] 201.12
Mag-PEI NP N/P =0.8/1 N/P =4.3/1

Figure 3 Atomic force microscopy images of mag-PEl nanoparticles (A) mag-PEl nanoparticles forming magnetoplexes with DNA at N/P ratios of 0.81/1 (B) and 4.3/1 (C).
Abbreviation: Mag-PEl, magnetic poly(methyl methacrylate) core/polyethyleneimine shell.
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Luciferase signals expressed in transfected cells were
determined quantitatively. At all tested N/P ratios, the
results confirm that magnetic-induced transfection was a
very effective system for gene transfection (Figure 4A).
Luciferase expression levels were enhanced when DNA
transfections were stimulated under magnetic force using the
magnetoFACTOR-96 plate. Our results show that incorpora-
tion of magnetic nanoparticles in polymeric-based vectors
is an effective strategy to elevate the transfection signal and
shorten the transfection time. The efficiency of gene trans-
fection was increased through physical stimulation by an
external magnetic field. Among the N/P ratios in the range
of 0.4-17.5, the highest transfection efficiency was obtained
at an N/P ratio of 0.8. This result indicates that transfection
efficiency was affected by several physicochemical proper-
ties of the magnetoplex. With a low amount of mag-PEI
nanoparticles (N/P ratio < 0.8), the DNA strands are not
completely adsorbed onto the nanoparticles. Therefore, the
DNA delivered into the cells is not properly protected and
easily digested by intracellular enzymes. The N/P ratio of
0.8 is probably the optimal condition, including for size, zeta
potential, and complex stability. Although at an N/P ratio
of 1.6-4.3 the magnetoplex also has an appropriate size and

zeta potential, it can also cause cell membrane damage due
to the greater number of nanoparticles with a positive surface
charge added to the system. Furthermore, the atomic force
microscopy results indicated that the magnetoplex at an N/P
ratio of 4.3 was agglomerated, which was an unsuitable con-
dition for transfection. Therefore, to obtain high transfection
efficiency, several factors needed to be compromised.
Unlike for PolyMAG, the results indicate that the
increased transfection efficiency for mag-PEI nanoparticles
is time-dependent. PolyMAG is a commercially available
carrier enhancing the transfection signal within a short
induction time, and expression levels are fairly constant at
different incubation times. The difference in improvement
of transfection over time is probably due to the difference
in magnetic properties between PolyMAG and mag-PEI
nanoparticles. PolyMAG has very strong magnetic properties,
which strongly enforces cell internalization of particles into
the cell within a short time. However, after 120 minutes of
induction, the transfection efficiency obtained from mag-PEI
nanoparticles was about the same level as that obtained from
PolyMAG, and was increased after 180 minutes of induc-
tion time. Apparently, for LAN-5 cells, a magnetic-assisted
transfection system is more effective than a liposome-based
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Figure 4 Transfection efficiency (A) and cytotoxicity (B) of mag-PEl nanoparticles at 15, 30, 60, 120, and 180 minutes in LAN-5 cells.

Notes: The transfection efficiency and cytotoxicity was compared with positive control Lipofectamine 2000™, PolyMAG, and negative controls (naked DNA, plasmid pGL-
3-basic containing CMV promoter/enhancer). *Significant differences between cells transfected with and without a magnetic plate in each transfection reagent (P < 0.05).
The gray and white bars show the results of cells incubated with or without magnetic induction, respectively.

Abbreviation: Mag-PEl, magnetic poly(methyl methacrylate) core/polyethyleneimine shell.
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system like Lipofectamine 2000, and there was no statisti-
cally significant difference between cells transfected with
and without a magnetic plate.

Evaluation of cytotoxicity

In this study, the toxicity of mag-PEI nanoparticles towards
LAN-5 cells was investigated using the MTT assay. Cells
were treated with the magnetoplex under the same conditions
as the transfection procedures. The viability of LAN-5 cells
after transfection was in the range of 80%—-100% when incu-
bated with magnetoplex at N/P ratios of 0.4/1, 0.8/1, 1.6/1,
4.3/1,8.7/1, and 17.5/1 for 15, 30, 60, 120, and 180 minutes
(Figure 4B). Viability of cells exposed to magnetic induction
was lower than that of unexposed cells. However, the differ-
ences were not statistically significant. Therefore, this result
verifies that the cytotoxicity of mag-PEI nanoparticles is very
low, making these particles suitable for use in gene therapy.

Cellular internalization

Visualization of uptake of mag-PEI nanoparticles into
LAN-5 cells was observed by confocal laser scanning
microscopy. The RITC-labeled mag-PEI nanoparticle/DNA
magnetoplex at an N/P ratio of 0.8/1 was incubated with
the cells for 60 and 180 minutes. The incubations were
done separately with and without external magnetic induc-
tion. At 24 hours after transfection, confocal laser scanning
microscopy images revealed the degree of intensity of the
magnetoplex entering into LAN-5 cells (Figure 5). At both
60 and 180 minutes of incubation, the intensities were sig-
nificantly increased when transfection was performed under
magnetic induction. The results indicate that the magnetoplex
distributed into the intracellular compartment, the cytoplasm,
and the region of the nucleus. Internalization was confirmed by
confocal Z-stack image scanning (data not shown). The result
corresponded well with the luciferase activity in Figure 4A.
This provides more evidence of acceleration of the transfection
period through magnetoplex transfection in neuronal cells.

TPH-2 cloning

cDNA synthesized from human brain medulla oblongata total
RNA was used as a template for synthesizing the TPH-2 gene
fragment. PCR was performed using the specific primers
described in Table 1. The PCR product showed a specific
band at 1.5 kilobases under an ultraviolet transilluminator
(Syngene, Cambridge, UK). The band was cut and ligated
into a pPGEM®-T vector (Promega). DNA sequencing veri-
fied that the isolated PCR product had 99.5% similarity to
Homo sapiens TPH-2 mRNA. The TPH-2 gene was then

A 60 minutes

Magnet (-)

Magnet (+)

B 180 minutes

Magnet (-)

Magnet (+)

Figure 5 Confocal image of LAN-5 cells 24 hours after transfection. Cells incubated
with or without a magnetic plate for (A) 60 minutes and (B) 180 minutes were used
for investigation of the cellular uptake of mag-PEI nanoparticles.

Note: Green, acridine orange-stained live cells; red, RITC-stained mag-PEI
nanoparticles.

Abbreviations: RITC, rhodamine-B-isothiocyanate; Mag-PEl, magnetic poly(methyl
methacrylate) core/polyethyleneimine shell.

finally transferred into pGL3-CMV basic containing the
CMV promoter/enhancer.*® The resulting plasmid was used
for gene transfection into LAN-5 cells.

Role of mag-PEl nanoparticles

as a carrier for TPH-2 expression

The aforementioned data indicate that mag-PEI nanoparticles
are a promising carrier for magnetic-assisted transfection
due to their effectiveness, with low cytotoxicity and a short
transfection time. We are continuing to test mag-PEI nano-
particles at an N/P ratio of 0.8/1 as a carrier for delivery
of the neuronal TPH-2 therapeutic gene into LAN-5 cells.
The magnetic induction time was fixed at 60 minutes. After
transfection, the cells were incubated for 24 hours and total
RNA was isolated by the TRIzol reagent, as described earlier.
Expression of the TPH-2 gene was measured by RT-PCR
using isolated total RNA as a template. PCR products from
the housekeeping gene, GAPDH, were used to normalize the
gene expression values. As a result, mag-PEI nanoparticles
showed efficiency in induction of TPH-2 expression compa-
rable with that of PolyMAG (Figure 6). Cells transfected with
the mag-PEI nanoparticle/pGL3-CMV-TPH-2 magnetoplex
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Figure 6 Semiquantitative reverse-transcriptase polymerase chain reaction result
shows expression of the TPH-2 gene in LAN-5 24 hours after transfection by
mag-PEl nanoparticles compared with positive control Lipofectamine 2000™ and
PolyMAG, and negative control (naked DNA).

Notes: *Significant differences between cells transfected with and without magnetic
plate in each transfection reagent (P < 0.05). The gray bars and white bars show the
results of cells incubated with and without magnetic induction, respectively.
Abbreviations: Mag-PEl, magnetic poly(methyl methacrylate) core/polyethyleneimine
shell; TPH-2, tryptophan hydroxylase-2.

under magnetic induction showed a signal that was 13 times
stronger than that obtained without induction. We compared
the effectiveness of mag-PEI nanoparticles for therapeutic
gene delivery with that of a liposome-based system, ie,
Lipofectamine 2000. The results show that the difference
between TPH-2 expression in cells transfected with and
without magnetic induction was not significantly different.
Therefore, this study demonstrates the potential of our syn-
thesized nanoparticle for magnet-assisted gene transfection.
Mag-PEI nanoparticles successfully enhanced the transfec-
tion efficiency of TPH-2 gene delivery.

Conclusion

In this study, we demonstrated the potential of mag-PEI nano-
particles, possessing high saturation magnetization, for gene
transfection in vitro. The mag-PEI nanoparticles at an N/P
ratio of 0.8/1 showed the highest transfection efficiency and
low cytotoxicity in neuronal LAN-5 cells. The results obtained
from the luciferase assay were consistent with those of the
cell internalization investigation by confocal laser scanning
microscopy. Significant acceleration of transfection efficiency
within a short induction time revealed that mag-PEI nanopar-
ticles are a promising alternative carrier for gene delivery.
This newly improved magnetic nanoparticle is suitable for
magnetic-assisted transfection, which may be further applied
in gene therapy for neuropsychiatric and other diseases.
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Abstract: This study was performed to validate the capability of CS-PEIfor gene delivery
in human cervical cancer cell line, HeLa, SiHa and C33A. Physicochemical properties
including size, zeta potential and morphology of CS-PEI/DNA complexes were analyzed.
The CS-PEIVDNA complexes exhibited positive charges nanoparticles. The morphology of
complexes was spherical shape under AFM analysis. DNA transfection revealed the
optimal transfection efficiency at N/P 1.6 which provided 80-90 % cell viability in all cell
lines. This study verified the potential of CS-PEI as DNA catrrier in cervical cancer
treatment via gene therapy.

Introduction: The adsorption of nucleic acid on cationic nanoparticle is one of the
approaches used for gene delivery. This method protects nucleic acid from chemical and
physical effects during fabrication of nanoparticles. Polyethyleneimine (PEI) is a cationic
polymer which has a very high positive charge from amines in molecules (Bivas-Benita,
Romeijn, Junginger, & Borchard, 2004). PEI formed complexes with nucleic acids through
electrostatic interaction. The complexes can be delivered into the cell through endocytosis
(Urban-Klein, Werth, Abuharbeid, Czubayko, & Aigner, 2005). PEI is considered as the
most effective cationic polymer due to its buffering capacity via its proton sponge effect
helping DNA to escape from the endosome (Boussif et a., 1995). Another polymer often
used for gene therapy is the chitosan. Chitosan is a cationic polysaccharide, produced by
deacetylation of chitin which is crustacean shells. CS has been widely used in gene
delivery system because it is known to be a biocompatible, biodegradable and low-toxicity
(Kumar, Muzzarelli RA, Muzzarelli C, Sashiwa, & Domb 2004). The aim of this study was
to demonstrate the use of PEI-introduced chitosan shell/poly(methyl methacrylate) core
nanoparticles (CS-PEI nanoparticles) for delivery of DNA in cervical cancer cell cultures.
Three different cervical cell lines including HeLa (HPV type 18 positive), SiHa (HPV type
16 positive), and C33A (HPV negative) cells were selected to be the model in this study.

Materials and methods: Chitosan (Mw of 45 KDa) was purchased from Seafresh
Chitosan Lab, Thailand. Branch polyethyleneimine (PEI; molecular weight 750 KDa) was
purchased from Aldrich. The PEI-introduced CS shel/PMMA core nanoparticle was
synthesized as previously described (Inphonlek, Pimpha & Sunintaboon, 2010). USA.
Plasmid pGL3-basic containing CMV promoter/enhancer was used to monitor transfection
efficiency (Tencomnao, Rakkhitawatthana, & Sukhontasing, 2008). CS-PEI/DNA
complexes were prepared by adding CS-PEl particle into DNA solution. The mixtures of
complexes were incubated for 30 minutes at room temperature. Physicochemical
properties of the complexes were analyzed including AFM, size and zeta potential
measurement. Transfection efficiency and cell viability of CS-PEI/DNA was studied in
HelLa (HPV type 18 positive), SiHa (HPV type 16 positive) and C33A (HPV negative).
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Result: The CS-PEIVDNA complexes were simply prepared through physical mixing CS-
PEI nanoparticles and DNA solution by micropipette. This study was performed with a
series of the CS-PEIVDNA complexes at N/P ratios of 0.4, 0.8, 1.6, 4.0 and 8.0. The
complexes were completely formed since the N/P 1.6 in which no DNA migration found on
the gel retardation assay. Under AFM, the adsorptions of the DNA strands were clearly
observed. Generally, the average sizes of complexes were approximately 300 to 400 nm
which can be used for transfection. The CS-PEI nanoparticles exhibited zeta potential at
22.23 mV in accordance with their cationic-based properties. The zeta potential
measurement indicated that the adsorption of DNA on the surfaces of CS-PEI nanoparticle
occurred though charge neutralization. The in vitro transfection was performed with
plasmid pGL3-CMV promoter/enhancer in HelLa, SiHa and C33A. The result demonstrated
the potency of CS-PEI as a gene carrier because the DNA cargo was successfully
introduced and expressed. While the viability of control cells and cell transfected with
naked DNA were retained, the cytotoxicity of CS-PEI nanoparticle at N/P ratios up to 4.0
was considered at low (70 % cell viability).

Conclusion: The CS-PEI formed a complex with DNA via electrostatic interaction by the
amine groups of cationic polymers and the phosphate of nucleic acids. The binding affinity
of DNA on the surfaces of CS-PEI nanoparticles was confirmed. The study found that the
complexes were completely formed at the N/P 1.6. The particle sizes were 300 to 400 nm
in average while the zeta potentials turn to positive when N/P of complex was ratiol.6 or
higher. Cell transfection study revealed the capability of CS-PEI in gene delivery to
cervical cancer cell lines.
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