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ABSTRACT
Project Code: RMU5480003

Project Title: Synthesis of cationic lipids for drug delivery to targeted cells
Investigator: Boon-ek Yingyongnarongkul

E-mail Address: boonek@ru.ac.th

Objectives: To synthesize new cationic lipids by solid phase chemistry and evaluate
their DNA binding and transfection efficiency and to use cationic liposome to deliver
cytotoxic natural products into cancer cells

Methodology: Cationic lipids were synthesis by solid phase chemistry. DNA binding,
transfection efficiency and cytotoxicity of the synthesized compounds were evaluated.
Delivery of cytotoxic natural products into targeted cells using synthesized lipids was
also studied.

Results: Thirty four cationic lipids with structural diversity have been synthesized. The
synthesized lipids were tested for their transfection efficiency. Four compounds
exhibited higher transfection efficiency than commercially available agents,
Lipofectamine™ 2000. The cholesterol-based cationic lipid was able to encapsulate the
natural products, curcumin. Liposomal curcumin exhibited 2-8 times higher
cytotoxicity than free curcumin against cancer cells.

Discussion and Conclusion: Transfection efficiency evaluation of the synthesized
compounds had led to a better understanding of structure-activity relationships of the
synthesized cationic lipids. Cationic lipids with high DNA and natural products
delivery efficiency could be used as lead compounds for further study for drug delivery
system.

Suggestion/ Further Implication/ Implementation: Further work on structure
modification of lead compounds or synthesis of novel cationic lipids for better
transfection efficiency should be conducted. Further study of lead compound as in vivo
drug delivery system should be carried out.

Keywords: Solid phase synthesis, cationic lipids, cationic liposome, DNA delivery,

drug delivery
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MEmANAN solid phase synthesis LEANAN Scheme 1 MIFUATIEHRAOUUINIVUAUFHAVDS amine
{ { 1 o o o
%30 polyamine (317 1) 714 Aiv HuINN 1 (route A) TFduns 1z luiulszqun Aa—Ec azuurna

{ o o Y
12 (route B) l¥duns1zed luiifuilszauan Fa—Ge
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Wolo

route A / \ route B
O

0
LN, NN NN
0" N NH
@/\O H X @/\ N )
4F; X = NH
2(A-E) 4G; X = CH,NH(CH,),;NHCH,
b f-h
OH
; X
Ao KN
N 0" N NH
@AOJ\ Nx N ~N"0H @™ H ?
H 5F; X = NBoc
3(A-E) 5G; X = CH,NB0C(CH,)4NBocCH,
¢ d b, c,d
0

)l\/\(v)/\ HaN AT N /\/O\n/\/\(v)/n
H,N Ay NN OJ\/\M/n\ I n
(Aa—Ec) (Fa—Gc)
Scheme 1.1. Reagents and conditions: a) diamines A-E (excess) (93 19 1.1), CH,CL,; b) bromoethanol,
DIEA, DMF; c) fatty acids a=c (93 1 1), DIC, CH,Cl,, DMF; d) 20% TFA, CH,Cl,; ) polyamines F and
G (excess) (9 3 17 1.1), CH,CL,; f) Dde-OH, CH,Cl,, MeOH; g) Boc,O, pyridine, CH,CL,; h) 2% N,H,,

DMF.
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laTl1/Tasy IC50 (pg per well)
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Fb 50.3
Fc 82.0
Ga 323
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1. msdunnziludiulszguin Aa-Ec

11 resin 1 (1 equiv) ¥1911RA5817Y diamine A-E (93107 1.1) nunanuwe ludriazars CH,CL,
(10 mL) ¥1fizenduau 819 resin 2(A-E) #11a@0 CH,CL,, DMF, MeOH, DMF ttag CH,CL, (3 x 10
mL) 1% resin 2(A-E) udtameldganma 11 resin 2(A-E) 71lau19h1l§se11u 2-bromoethanol #
wnanune Tagll DIEA (20 equiv) Huwaludviazats DMF vilfiserimau 819 resin #ildae
CH,CL,, DMF, MeOH, DMF 18 CH,CL, (3 x 5 mL) 1@ resin 3(A-E) 11114 resin 3(A-E) ooniilu 3 a2u us
azdu hlvinl§senuasazatonauaes faty acid (4 equiv) (9319 1.1) DIC (4 equiv) 1taz DMAP 1y
Ahazatendn CH,CL/DMF (4 : 1) vhifnsendmau 819 resin 718@20 CH,CL,, MeOH, DMF, McOH
and CH,CL, (3 x 3 mL) 11 resin Nd1waz01Aud 210 1aN 20 % TFA Tu CH,CL, (1.5 ml) ivgansnauuim 2

v Y 4
#2114 nyoUAZINUAIUAITAZAN0 A1 resin A28 CH,CL 2 AT AUEIaza1wi lasuiu semoediai
Y 1 4 5 Y [ o @

azawoanaremsiumas lulasinu wazszmesimeldaaaanuauuiu 2 dalug 18 luiuilszquan

Aa-Ec

2. msdunsze lviiulszquan Fa—Ge

11 resin 1 (1 equiv) NMUYATONY polyamine F 1ag E (@gﬂ‘ﬁ 1.1) napune ludihazats
CH,CL (10 mL) yuffsendwiiu §19 resin 4F uaz 4G 11818 CILCL, DMF, MeOH, DMF iias
CH,CL (3 x 10 mL) 1% resin 4F uaz 4G uanioldgayame 11 resin 4F uag 4G i1 18 irinljazen
1 Dde-OH Tnnmuweludiviazats DMF (5 mL) weasraudauay 819 resin #i Idvuazen 1
resin 171”1@%} lﬂﬁ”l‘ﬂf]ﬁ%fﬂ@]'@ﬁﬂ di-tert-butyl dicarbonate (6 equiv) U@ pyridine (20 equiv) Tu CH,CI, (5

] ann 9 A Y . AN Yy [ ¥y o o ]
mL) g1 ATeIWAN 814 resin 71 1AAI8 CH,CL,, MeOH t1az CH,CI, (3 x 5 mL). #A49INUUMIANY
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Hoariu Dde pon Taehal§Az ety 2% N,H, lu DMF (5 mL) 1w 30 wiiidlugmau 2 500 §14 resin 5F
uaz 5G 1 14a1e CH,CL,, DMF, McOH, DMF 8¢ CH,CL, (3 x 5 mL) 11 resin 5F taz 5G u111gnsen
11 2-bromoethanol 1WA INUMsIAToN luiuls2quin Aa-Ec audiomsvinl§isen esterification Lz

cleavage 228 TFA I8 l3iu1) 529190 Fa-Ge au@0ans

OJ\/\/\/\/\/\

g

H,N N N \/\OJI\/\/\/\/\/\

Aa

Lipid Aa Yield: (resin: 1.1 mmol/g, 150.1 mg) 62.4 mg, 67%; IR v__: 3423, 2923, 2853, 1720, 1676, 1466,
1432, 1379, 1202, 1136, 837, 800 cm ; 'H NMR (400 MHz, CDCL,): 8 0.85 (t, J = 6.7 Hz, 6H, 2 x CH,-
fatty acid), 1.23 (br s, 40H, skeleton CH,-fatty acid), 1.54 (br s, 4H, 2 x COCH,CH,), 2.29 (t, 4H, 2 x
COCH,CH,), 3.41-3.56 (m, 6H, N(CH,),), 3.73 (br s, 2H, NH,CH,), 4.40 (br s, 4H, 2 x NCH,CH,0); "'C
NMR (100 MHz, CDCL,): 8 14.0, 22.0, 24.5, 29.0, 29.3, 29.4, 29.6, 31.9, 33.6, 34.4, 51.5, 53.1, 57.7, 173.4;
ESMS (+ve): m/z (% rel. abund.) 569 [M + H]" (100).

N NN NN NN

g

PSS GOSN

Ab

Lipid Ab Yield: (resin: 1.1 mmol/g, 150.3 mg) 75.3 mg, 73%; IR v, : 3418, 2917, 2849, 1677, 1467, 1428,
1383, 1201, 1134, 838, 800, 723 cm ; 'H NMR (400 MHz, CDCl,,): 8 0.85 (t, J= 6.7 Hz, 6H, 2 x CH,-fatty
acid), 1.23 (br s, 48H, skeleton CH, -fatty acid), 1.59 (br s, 4H, 2 X COCH,CH,), 2.29 (m, 4H, 2 x
COCH,CH,), 3.43-3.56 (m, 6H, N(CH,),), 3.73 (br s, 2H, NH,CH,), 4.41 (br s, 4H, 2 x NCH,CH,0); ESMS

(+ve): m/z (% rel. abund.) 625 [M + H]" (100).
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OJ\/\/\/\/\/\/\/\
o

Ac

Lipid Ac Yield: (resin: 1.1 mmol/g, 150.3 mg) 72.7 mg, 65%; IR v__ : 3443, 2917, 2849, 1729, 1671, 1467,
1431, 1384, 1200, 1136, 838, 799, 721 cm ; 'H NMR (400 MHz, CDCl,): 6 0.85 (t, J = 6.7 Hz, 6H, 2 X
CH,-fatty acid), 1.23 (br s, 56H, skeleton CH,-fatty acid), 1.54 (m, 4H, 2 x COCH,CH,), 2.31 (m, 4H, 2 x
COCH,CH,), 3.43-3.55 (br s, 6H, N(CH,),), 3.72 (br s, 2H, NH,CH,), 4.41 (br s, 4H, 2 X NCH,CH,0);
ESMS (+ve): m/z (% rel. abund.) 681 [M + H] (100).

OJ\/\/\/\/\/\

g

HoN o~ N\/\OJ\/\/\/\/\/\

Ba

Lipid Ba Yield: (resin: 1.1 mmol/g, 150.1 mg) 70.9 mg, 74% ; Yield: (resin: 1.1 mmol/g, 150.1 mg) 62.4
mg, 67%; IR v_ : 3416, 2924, 1678, 1466, 1431, 1381, 1292, 1203, 1136, 941, 838 Cmfl; '"H NMR (400
MHz, CDCL,): 6 0.85 (t, 6H, J = 6.7 Hz, 2 x CH,-fatty acid), 1.22 (br s, 40H, skeleton CH,-fatty acid), 1.54
(br s, 4H, 2 x COCH,CH,), 2.27 (br s, 2H, NH,CH,CH,CH,N), 2.30 (m, 4H, 2 x COCH,CH,), 3.11 (br s,
2H, NH,CH,CH,CH,N), 3.40 (br s, 2H, NH,CH,CH,CH,N), 3.50 (br s, 4H, 2 x NCH,CH,0), 4.39 (br s, 4H,
2 x NCH,CH,0); “C NMR (100 MHz, CDCL,): 6 14.0, 21.8, 22.6, 24.5, 29.0, 29.2, 29.3, 29.4, 29.6, 31.9,
33.6, 36.6, 52.6, 57.6, 173.7; ESMS (+ve): m/z (% rel. abund.) 583 [M + H] (100).

(0]

O)j\/\/\/\/\/\/\

O

HZN\/\/N\/\OJ\/\/\/\/\/\/\

Bb
Lipid Bb Yield: (resin: 1.1 mmol/g, 150.1 mg) 78.0 mg, 74%; IR v__ : 3418, 2934, 2851, 1676, 1468, 1430,

1205, 1136, 836 cmil; 'H NMR (400 MHz, CDC13): 0 0.85(t,J=6.7Hz, 6H, 2 x CH,-fatty acid), 1.22 (brs,
48H, skeleton CH,-fatty acid), 1.53 (br s, 4H, 2 x COCH,CH,), 2.22 (br s, 2H, NH,CH,CH,CH,N), 2.29 (m,
4H, 2 x COCH,CH,), 3.11 (br s, 2H, NH,CH,CH,CH,N), 3.40 (br s, 2H, NH,CH,CH,CH,N), 3.50 (br s, 4H,

2 x NCH,CH,0), 4.39 (br s, 4H, 2 x NCH,CH,0); ESMS (+ve): m/z (% rel. abund.) 639 [M + H]+ (100).
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o]

OJ\/\/\/\/\/\/\/\

o}

HN o~ N\/\OJ\/\/\/\/\/\/\/\

Bc

Lipid Be Yield: (resin: 1.1 mmol/g, 150.2 mg) 87.4 mg, 76%; IR v, _: 3417, 2917, 2849, 1744, 1679, 1658,
1468, 1433, 1383, 1201, 1133, 941 Cmil; '"H NMR (400 MHz, CDCL,): 6 0.85 (t, J = 6.7 Hz, 6H, 2 x CH,-
fatty acid), 1.22 (br s, 56H, skeleton CH,-fatty acid), 1.54 (br s, 4H, 2 x COCH,CH,), 2.22 (br s, 2H,
NH,CH,CH,CH,N), 2.29 (m, 4H, 2 x COCH,CH,), 3.11 (br s, 2H, NH,CH,CH,CH,N), 3.40 (br s, 2H,
NH,CH,CH,CH,N), 3.50 (br s, 4H, 2 x NCH,CH,0), 4.39 (br s, 4H, 2 x NCH,CH,0); ESMS (+ve): m/z (%

rel. abund.) 695 [M + H]" (100).

OJ\/\/\/\/\/\

g

HZN/\/O\/\O/\/ N \/\OJ\/\/\/\/\/\

Ca

Lipid Ca Yield: (resin: 1.1 mmol/g, 102.6 mg) 55.1 mg, 74%; IR v__ : 3424, 2922, 2851, 1686, 1629, 1561,
1430, 1292, 1204 cm '; 'H NMR (400 MHz, CDCL,): 5 0.84 (t, J = 6.5 Hz, 6H, 2 x CH,-fatty acid), 1.22 (br
s, 40H, skeleton CH,-fatty acid), 1.55 (br s, 4H, 2 x COCH,CH,), 2.30 (m, 4H, 2 x COCH,CH,), 3.20 (br s,
2H, OCH,CH,N), 3.49 (br s, 2H, NH,CH,CH,0), 3.59 (br s, 8H, 2 x NCH,CH, and OCH,CH,0), 3.66 (m,
2H, OCH,CH,N), 3.81 (br s, 2H, NH,CH,CH,0), 4.42 (br s, 4H, 2 x NCH,CH,0); "C NMR (100 MHz,
CDCL,): 8 14.0, 22.6, 24.5, 29.0, 29.1, 29.3, 29.4, 29.6, 31.8, 33.7, 39.9, 54.3, 53.4, 58.5, 64.5, 70.0, 173.9;

ESMS (+ve): m/z (% rel. abund.) 823 [M + H]' (100).

OJ\/\/\/\/\/\/\

c oo
HZN/\/O\/\O/\/N\/\OJ\/\/\/\/\/\/\

Chb
Lipid Cb Yield: (resin: 1.1 mmol/g, 102.6 mg) 55.1 mg, 74%; IR v__ : 3424, 2922, 2851, 1686, 1629, 1561,

1430, 1292, 1204 cmﬁl; '"H NMR (400 MHz, CDCl,): 00.84 (t,J = 6.8 Hz, 6H, 2 x CH,-fatty acid), 1.22 (br
s, 48H, skeleton CH,-fatty acid), 1.54 (br s, 4H, 2 x COCH,CH,), 2.30 (m, 4H, 2 x COCH,CH,), 3.38 (br s,
2H, OCH,CH,N), 3.49 (br s, 2H, H,NCH,CH,0), 3.59 (br s, 8H, 2 x NCH,CH,0 and OCH,CH,0), 3.67 (b
s, 2H, OCH,CH,N), 3.81 (br s, 2H, NH,CH,CH,0), 4.40 (br s, 4H, 2 x NCH,CH,0); ESMS (+ve): m/z (%

rel. abund.) 713 [M + H] (100).
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OJ’\/\/\/\/\/\/\/\

g

HZN/\/O\/\O/\/N\/\OJI\/\/\/\/\/\/\/\

Cc

Lipid Cc Yield: (resin: 1.1 mmol/g, 112.2 mg) 80.1 mg, 85%; IR v, :3417,2918, 2850, 1778, 1681, 1469,
1202 cm™'; 'H NMR (400 MHz, CDCL): § 0.84 (t, J = 6.3 Hz, 6H, 2 x CH,-fatty acid), 1.22 (br s, 56H,
skeleton CH,-fatty acid), 1.55 (br s, 4H, 2 x COCH,CH,), 2.30 (m, 4H, 2 x COCH,CH,), 3.23 (br s, 2H,
OCH,CH,N), 3.49 (br s, 2H, NH,CH,CH,0), 3.60 (br s, 8H, 2 x NCH,CH,0 and OCH,CH,0), 3.67 (m, 2H,
OCH,CH,N), 3.80 (br s, 2H, NH,CH,CH,0), 4.42 (br s, 4H, 2 x NCH,CH,0); ESMS (+ve): m/z (% rel.
abund.) 769 [M + H]" (100).

O

OJ\/\/\/\/\/\

o}

HZN/\/\O/\/\/O\/\/ N\/\OJ\/\/\/\/\/\

Da

Lipid Da Yield: (resin: 1.1 mmol/g, 122.0 mg) 66.9 mg, 80% ; Yield: (resin: 1.1 mmol/g, 122.0 mg) 66.9
mg, 80%; IR v__: 3407, 2922, 2852, 1680, 1432, 1293, 1204, 1138 cm ; 'H NMR (400 MHz, CDCL,): 6
0.84 (t, J = 6.8 Hz, 6H, 2 x CH,-fatty acid), 1.22 (br s, 40H, skeleton CH,-fatty acid), 1.54 (br s, 8H, 2 x
COCH,CH,, OCH,CH,CH,CH,0), 1.93 (m, 4H, HNCH,CH,CH,0 and OCH,CH,CH,N), 2.30 (m, 4H, 2 x
COCH,CH,), 3.20 (m, 4H, HNCH,CH,CH,0O and OCH,CH,CH,N), 3.42 (br s, 6H, OCH,CH,CH,CH,O
and OCH,CH,CH,N), 3.53 (br s, 4H, 2 x NCH,CH,0), 3.62 (m, 2H, H,NCH,CH,CH,0), 4.40 (br s, 4H, 2 x
NCH,CH,0); C NMR (100 MHz, CDCL,): 0 14.0, 22.6, 24.5, 24.7, 26.3, 29.0, 29.2, 29.3, 29.4, 29.6, 31.8,

33.7,33.9, 40.1, 57.8, 68.6, 70.1, 71.2, 71.3, 173.5; ESMS (+ve): m/z (% rel. abund.) 713 [M + H]" (100).

o}

OJ\/\/\/\/\/\/\

4o
H,N /\/\0/\/\/0\/\/ N\/\O)j\/\/\/\/\/\/\

Db

Lipid Db Yield: (resin: 1.1 mmol/g, 113.8 mg) 72.9 mg, 76%; IR v__ : 3424, 2918, 2851, 1746, 1676, 1468,
1382, 1202 cm '; 'H NMR (400 MHz, CDCL): & 0.84 (t, J = 6.8 Hz, 6H, 2 x CH,-fatty acid), 1.22 (br s,
48H, skeleton CH,-fatty acid), 1.54 (br s, 8H, 2 x COCH,CH,, OCH,CH,CH,CH,0), 1.93 (m, 4H,

H,NCH,CH,CH,0 and OCH,CH,CH,N), 2.30 (m, 4H, 2 x COCH,CH,), 3.20 (m, 4H, H,NCH,CH,CH,0
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and OCH,CH,CHN), 3.41 (br s, 6H, OCH,CH,CH,CH,0 and OCH,CH,CH,N), 3.53 (br s, 4H, 2 x
NCH,CH,0), 3.62 (m, 2H, H,NCH,CH,CH,0), 4.40 (br s, 4H, 2 x NCH,CH,0); ESMS (+ve): m/z (% rel.
abund.) 769 [M + H]' (100).

O

OJ\/\/\/\/\/\/\/\

o}

HZN/\/\O/\/\/O\/\/ N \/\OJI\/\/\/\/\/\/\/\

Dc

Lipid Dc Yield: (resin: 1.1 mmol/g, 163.9 mg) 79.2 mg, 53%; IR v__ : 3406, 2923, 2852, 1745, 1681, 1433,
1180 cm'; 'H NMR (400 MHz, CDCL,): § 0.84 (t, J = 6.8 Hz, 6H, 2 x CH,-fatty acid), 1.22 (br s, 56H,
skeleton CH,-fatty acid), 1.54 (br s, 8H, 2 x COCH,CH,, OCH,CH,CH,CH,0), 1.93 (m, 4H,
H,NCH,CH,CH,0 and OCH,CH,CH,N), 2.30 (m, 4H, 2 x COCH,CH,), 3.20 (m, 4H, H,NCH,CH,CH,0
and OCH,CH,CHN), 3.42 (br s, 6H, OCH,CH,CH,CH,0 and OCH,CH,CH,N), 3.54 (br s, 4H, 2 x
NCH,CH,0), 3.62 (m, 2H, H,NCH,CH,CH,0), 4.40 (br s, 4H, 2 x NCH,CH,0); ESMS (+ve): m/z (% rel.
abund.) 825 [M + H]+ (100).

O

OJJ\/\/\/\/\/\

O

HaN \/\/O\/\o/\/o\/\/ N \/\OJ\/\/\/\/\/\

Ea

Lipid Ea Yield: (resin: 1.1 mmol/g, 163.2 mg) 82.2 mg, 63%; IR v__ : 3423, 2920, 2851, 1681, 1446, 1429,
1203, 1136 cm ; 'H NMR (400 MHz, CDCL): § 0.84 (t, J = 6.5 Hz, 6H, 2 x CH,-fatty acid), 1.22 (br s,
40H, skeleton CH,-fatty acid), 1.55 (br's, 4H, 2 x COCH,CH,), 1.93 (m, 2H, OCH,CH,CH,N), 2.01 (m, 2H,
NH,CH,CH,CH,0), 2.32 (m, 4H, 2 x COCH,CH,), 3.20 (br s, 2H, OCH,CH,CH,N), 3.39 (br s, 2H,
H,NCH,CH,CH,0), 3.54-3.59 (br s, 12H, 2 x NCH,CH,0 and OCH,CH,0CH,CH,0), 3.70 (m, 4H,
H,NCH,CH,CH,0 and OCH,CH,CH,N), 4.40 (br s, 4H, 2 x NCH,CH,0); ""C NMR (100 MHz, CDCL,):
14.1, 22.6, 24.7, 26.0, 29.0, 29.2, 29.3, 29.4, 29.6, 31.8, 33.7, 33.9, 39.9, 55.6, 55.8, 57.7, 57.8, 69.5, 69.7,
70.3, 173.3; ESMS (+ve): m/z (% rel. abund.) 769 [M + H]+ (100).

(0]

OJ\/\/\/\/\/\/\

7o
HzN \/\/O\/\o/\/o\/\/ N\/\OJ\/\/\/\/\/\/\

Eb
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Lipid Eb Yield: (resin: 1.1 mmol/g, 163.2 mg) 87.6 mg, 62% Yield: (resin: 1.1 mmol/g, 163.2 mg) 87.6 mg,
62%; IR v__ : 3417, 2920, 1745, 1681, 1446, 1354, 1203 cmﬁl; '"H NMR (400 MHz, CDCL,): 0084 (t,J=
6.8 Hz, 6H, 2 x CH,-fatty acid), 1.22 (br s, 48H, skeleton CH,-fatty acid), 1.54 (br s, 4H, 2 x COCH,CH,),
1.93 (m, 2H, OCH,CH,CH,N), 2.01 (m, 2H, NH,CH,CH,CH,0), 2.32 (m, 4H, 2 x COCH,CH,), 320 (br s,
2H, OCH,CH,CH,N), 3.39 (br s, 2H, H,NCH,CH,CH,0), 3.54-3.59 (br s, 12H, 2 x NCH,CH,0 and
OCH,CH,OCH,CH,0), 3.68 (m, 4H, H,NCH,CH,CH,0 and OCH,CH,CH,N), 440 (br s, 4H, 2 x
NCH,CH,0); ESMS (+ve): m/z (% rel. abund.) 825 [M + H] (100).

o]

OJ’\/\/\/\/\/\/\/\

7o
HzN\/\/O\/\O/\/O\/\/N\/\OJ’\/\/\/\/\/\/\/\
Ec
Lipid Ec Yield: (resin: 1.1 mmol/g, 164.4 mg) 78.8 mg, 52%; IR v,__: 3407, 2918, 2850, 1777, 1679, 1484,
1201, 1180, 1141 cm '; 'H NMR (400 MHz, CDCL,): 5 0.84 (t, J = 6.8 Hz, 6H, 2 x CH,-fatty acid), 1.22 (br
s, 56H, skeleton CH,-fatty acid), 1.54 (br s, 4H, 2 x COCH,CH,), 1.93 (m, 2H, OCH,CH,CH,N), 2.00 (m,
2H, NH,CH,CH,CH,0), 2.32 (m, 4H, 2 x COCH,CH,), 3.20 (br s, 2H, OCH,CH,CH,N), 3.39 (br s, 2H,
H,NCH,CH,CH,0), 3.54-3.59 (br s, 12H, 2 x NCH,CH,0 and OCH,CH,0CH,CH,0), 3.67 (m, 4H,
H,NCH,CH,CH,0 and OCH,CH,CH,N), 4.40 (br s, 4H, 2 x NCH,CH,0); ESMS (+ve): m/z (% rel. abund.)

823 [M + H] (100).

O)j\/\/\/\/\/\

’ o
HzN\/\N/\/N\/\OJ\/\/\/\/\/\
H
Fa

Lipid Fa Yield: (resin: 1.1 mmol/g, 124.4 mg) 42.5 mg, 51%; IR: v__ 3423, 2923, 2852, 1685, 1637, 1437,

1411, 1293, 1204, 1137 cm ; 'H NMR (400 MHz, CDCL): § 0.84 (t, J = 6.7 Hz, 6H, 2 x CH,-fatty acid),
1.22 (br s, 40H, skeleton CH,-fatty acid), 1.53 (br s, 4H, 2 x COCH,CH,), 2.29 (m, 4H, 2 x COCH,CH,),
3.31-3.64 (br s, 10H, 2 x NCH,CH,N, NH,CH,CH,NH, NHCH,CH,N and NHCH,CH,N), 3.78 (br s, 2H,
NH,CH,CH,NH), 4.41 (br s, 4H, 2 x NCH,CH,0); "C NMR (100 MHz, CDCL,): § 14.0, 22.6, 24.5, 29.0,
292, 29.3, 29.4, 29.6, 31.9, 33.6, 33.8, 50.9, 53.2, 53.8, 57.7, 173.5; ESMS (+ve): m/z (% rel. intensity):

612 [M + H]' (100).
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OJ\/\/\/\/\/\/\

coo
HZN\/\N/\/N\/\OJ\/\/\/\/\/\/\

H
Fb

Lipid Fb Yield: (resin: 1.1 mmol/g, 115.2 mg) 61.8 mg, 73%; IR: v 3444, 2918, 1730, 1668, 1470, 1434,
1195, 1137 em'; 'H NMR (400 MHz, CDCl,): 6 0.85 (t, J = 6.7 Hz, 6H, 2 x CH,-fatty acid), 1.22 (br s,
48H, skeleton CH,-fatty acid), 1.53 (br s, 4H, 2 x COCH,CH,), 2.30 (4H, m, 2 x COCH,CH,), 3.41-3.71 (br
s, 10H, 2 x NCH,CH,N, NH,CH,CH,NH, NHCH,CHN and NHCH,CH,\N), 395 (br s, 2H,

NH,CH,CH NH), 4.40 (br s, 4H, 2 X NCH,CH,0); ESMS (+ve): m/z (% rel. intensity): 668 [M + H]  (100).

o)j\/\/\/\/\/\/\/\

7o
HzN\/\N/\/N\/\OJ\/\/\/\/\/\/\/\
H
Fc

Lipid Fe Yield: (resin: 1.1 mmol/g, 96.4 mg) 52.7 mg, 69%; IR: v, 3418, 2917, 2850, 1731, 1670, 1469,
1200, 1134 cm '; 'H NMR (400 MHz, CDCL): & 0.85 (1, J = 6.5 Hz, 6H, 2 x CH,-fatty acid), 1.22 (br s,
56H, skeleton CH,-fatty acid), 1.54 (m, 4H, 2 x COCH,CH,), 2.28 (m, 4H, COCH,CH,), 3.46-3.73 (br s,
10H, 2 x NCH,CHN, NH,CH,CHNH, NHCH,CHNH and NHCH,CHN), 393 (br s, 2H,

NH,CH,CH NH), 4.41 (br s, 4H, 2 x NCH,CH,0); ESMS (+ve): m/z (% rel. intensity): 724 [M + H] (100).

OJ\/\/\/\/\/\

g

H
HZN/\/\H/\/\/N\/\/N\/\O)I\/\/\/\/\/\

Ga

Lipid Ga Yield: (resin: 1.1 mmol/g, 153.4 mg) 60.0 mg, 50% ; IR: v__ 3425, 3038, 2921, 2851, 1667, 1469,

1427, 1201, 1136 cm; 'H NMR (400 MHz, CDCL): & 0.81 (t, J = 6.7 Hz, 6H, 2 x CH,-fatty acid), 1.20 (br
s, 40H, skeleton CH,-fatty acid), 1.54 (br s, 4H, 2 x COCH,CH,), 1.74 (br s, 4H, NHCH,CH,CH,CH,NH),
2.08 (m, 4H, NH,CH,CH,CH,NH, NHCH,CH,CH,N), 2.28 (m, 4H, 2 x COCH,CH,), 2.95-3.30 (m, 10H,
NH,CH,CH,CH,NH, NHCH,CH,CH,CH,N and NHCH,CH,CH,N), 3.30 (br s, 2H, NH,CH,CH,CH,NH),
3.43 (br s, 4H, 2 x NCH,CH,0), 4.36 (br s, 4H, 2 x NCH,CH,0); "C NMR (100 MHz, CDCL): & 13.9,
20.7, 22.6, 24.5, 29.0, 29.2, 29.4, 29.5, 30.0, 31.8, 33.6, 44.6, 45.7, 46.9, 51.5, 52.0, 57.9, 173.3; ESMS

(+ve): m/z (% rel. intensity): 711 [M + H] (100).
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OJ\/\/\/\/\/\/\

79

H
H N/\/\N/\/\/N\/\/N\/\O)l\/\/\/\/\/\/\
z H

Gb
Lipid Gb Yield: (resin: 1.1 mmol/g, 152.4 mg) 44.2 mg, 34%; IR: v__ 3442, 2918, 2851, 1627, 1468, 1430,

1202, 1136 cmﬁl; 'H NMR (400 MHz, CDCL): 6 0.85 (t, J = 6.7 Hz, 6H, 2 x CH,-fatty acid), 1.23 (br s,
48H, skeleton CH,-fatty acid), 1.55 (br s, 4H, 2 x COCH,CH,), 1.71 (br s, 4H, NHCH,CH,CH,CH,NH),
2.07 (m, 4H, NH,CH,CH,CH,NH, NHCH,CH,CH,N), 2.29 (m, 4H, 2 x COCH,CH,), 3.02-3.47 (m, 12H,
NH,CH,CH,CH,NH, NHCH,CH,CH,CH,NH and NHCH,CH,CH,H), 3.50 (br s, 4H, 2 x NCH,CH,0), 4.38

(brs, 4H, 2 x NCH,CH,0); ESMS (+ve): m/z (% rel. intensity): 767 [M + H] (100).

OJ\/\/\/\/\/\/\/\

g

H
HZN/\/\H/\/\/N\/\/N\/\OJI\/\/\/\/\/W\

Gc

Lipid Ge Yield: (resin: 1.1 mmol/g, 152.2 mg) 57.4 mg, 42% ; IR: v, 3435, 2918, 2850, 1671, 1469,
1202, 1136 cml; "H NMR (400 MHz, CDCL,): 4 0.80 (t, J = 6.7 Hz, 6H, 2 x CH,-fatty acid), 1.18 (br s, 56H,
skeleton CH,-fatty acid), 1.52 (br s, 4H, 2 x COCH,CH,), 1.72 (br s, 4H, NHCH,CH,CH,CH,NH), 2.02 (br
s, 4H, NH,CH,CH,CH,NH, NHCH,CH,CHN), 2.26 (m, 4H, 2 x COCH,CH,), 2.97-3.42 (m, 12H,
NH,CH,CH,CH,NH, NHCH,CH,CH,CH,NH and NHCH,CH,CH,N), 3.62 (br s, 4H, 2 x NCH,CH,0), 4.35

(brs, 4H, 2 x NCH,CH,0); ESMS (+ve): m/z (% rel. intensity): 823 [M + H]™ (100).

3. matasealal ez sdseneudadeoulalsnnazAdwe

laTiNwuassunnaswanves luiulszguinuagerc  lusasdiuasina 13 Tagldas
sonication naMAewayluiulszauinuazEPC ludvhazaiwdunsd (CHCL, uaz MeOH) s21Mad
avangauvisdooniaelduialulasou viilduasi1al a1y desiccators Shudn shil§uansingi il
&0 Tris buffer (pH 7.4) 122 sonicate Y323t 30 17t 18aTal T virla Tal T e o | dunmen iy

a

ad o J Y a ,3 ~ Y 3‘1 Y = 9
mam@iuamm’mmmmmi ﬂgﬂmuuazamqmmwm @NHLTJ 30 umﬂaumﬂmm

Y



_19_

4. msfinnmsmABweringirad

930U HeLa 1wad (2x10" wadaongw) lu complete medium (MEM 1/52nouade 10% fetal
bovine serum, supplemented with 1 % L-glutamine, 1% non-essential amino acids solution, 100 U/mL
penicillin and 100 pg/mL streptomycin) U 37 C uaz 5% CO, NeUMINAADY 1 31 Tuiuinmsnaasy
i1 medium udrldmsilszneuFedon'laly Tsu-Adue Ty medium 71315 serum 11 24 31 Yusagin

Y Y J . a J a A a 9
AN PBS buffer (pH 7.4) Lmﬂa complete medium NU :uﬂs1314ﬂszﬁmmwiumswmmummq

2 o o I A a A Y Y . e
m;aaTﬂauummuwaamﬂimgﬂmimummmEnmﬂﬂam fluorescence microscope (excitation filter

480/40 and emission filter 535/50).

= | a v d

5. msanmanuilunivnesan
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<] { 1 ] o J ' . !
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1 1 Y v

MTT (1 mg/mL) 1% 4 ¥4 183910 4 ¥4 ld DMSO (Weaza1enan formazan NNAVUIINLEASNTOATIN

Fammaganauuadi 550 w1 Tuwas @054 microplate reader
=< a J
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4
anlnInsa1ndl Mnmanadeudosdunuinluiuilszquan 5 viiafo Fb-Ge naaslszaninmlums
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5 min 10 min 60 min
Phase contrast Fluorescence Phase contrast Fluorescence Phase contrast Fluorescence

(R)

(B)

(€

a

-

51/ 2.2. Fluorescence microscopy images of HeLa cells incubated for 5, 10 and 60 min at 37°C. Row (A):

Y

PBS; row (B): 40 uM curcumin, and row (C): 40 uM liposome-encapsulated curcumin.
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MSAIEN N-(tert-Butoxycarbonyl)-1,3-diaminopropane (3) 11 Di-tert-butyl dicarbonate (5.9 g, 0.0269

mol) azae1u CH,CL, (50 ml) tazAosrienadluesazale 1,3-diaminopropane (2) (10 g, 0.134 mol) T

dvhazats CH,CL, (200 ml) AudsazatduAL seveainazaeeonliivasaiazatodszana
° ~ [ o a o 1 g’; a A Y o g.ll F v 3 Y

100 ml thasn lalaaslunsieana @ur (100 m) wen wengudunsomuld hsuimnanadhaae

g’a a 4 [ 3 o o

CH,CL, (100 ml) 5IuFUeITazAwdUNIoINIA10nU gai1eDNAIY Na,SO, simealiiazatsoanniala
[ o ~ T4 I )

aannuau hashla luendeneaui InsunInns Wl Taold cH,CL-MeOH 1fludrihazats Tag

1 A a Y P

Apes 1NSMUDI MeOH Iaasnaniuaindoms (4.2 g, 89%). JoyanvdinlnInsaInilvesdns

o 1 v 1A 942
ﬂ\iﬂﬁ'l')ﬂﬁ\iﬂﬂﬂ'lﬂﬁ"lﬂ\ﬂﬂqj

miﬁﬁlﬂﬂzﬁ N-(tert-Butoxycarbonyl)-N “(chloroacetyl)-1,3-diaminopropane  (4) W N-(tert-

a

Butoxycarbonyl)-1,3-diaminopropane (3) (1.88 g, 0.0108 mol) mazaelu dry pyridine Lmzﬂu‘ﬁqmmu

U

0°C w1 10 W1# 1AW chloroacetyl chloride (1.46 g, 0.0129 mol) ANRRzNgUHIHe 12 F2Tue
Ugnsenaaluriudu (100 mh) anadie EtOAc (3x50 ml) hansadai lausih lduigniaae . aeduilng
1 Tnns¥l Taeld cH,CL-MeOH iludvhazats Tasaeess mindsuaves MeoH laensnandaain

R04m3 (2.21 g, 81%) laasilundnduitiganasuivai 43-45°C
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IR (KBr): v 3359, 3197, 2956, 2923, 2852, 1660, 1640, 1553, 1468, 1411, 1173, 1137, 702 cm ; H-
NMR (400 MHz, CDCl,) 6 1.30 (9 H, s, CH,-Boc), 1.53 (2 H, quint, J 6.0 Hz, H-2), 3.01 (2 H, br. d, J 5.4
Hz, H-1), 3.20 (2 H, q, J 5.5 Hz, H-3), 3.90 (2 H, s, H-4), 5.27 (1 H, br. s, NHCOO), 7.40 (1 H, br. s,
NHCO); "C-NMR (100 MHz, CDC,) 28.1 (CH,-Boc), 29.4 (C-2), 36.4 (C-1), 37.0 (C-3), 42.2 (C-5), 79.1
(C-Boc), 156.5 (NHCOO), 166.7 (NHCO); MS (ES): m/z 273.7 (IM + Na]’, 100%); HR-TOFMS (ESI ):

m/z 273.0982 [M + Na] ; caled for C,,H,,N,O, + Na, 273.0976.

maif&amwﬁ 3B-Cholest-5-en-3-yl-N-(3-aminopropyl)carbamate (6) ﬁ@ﬂﬂﬂﬂﬂﬁﬁaxmﬂ cholesteryl
chloroformate (5) (6.1 g, 0.013 mol) luavhazaiu CH,CI, (50 ml) asluasazane 1,3-diaminopropane
(11 g 0.14 mol) Tusvhazans CH,CL, (200 ml) aud1sazatedmin @ (200 mh) asluyfisen uas
dfadae CHCL (3x50 mD) hasasai ldunhldu3gnidrenediniTasinTnns il Taeld crcL-
MeOH udihazates Taosaos iu/Sumves McOH & enInansaaiiaeans (6.1 g, 97%)

IR (KBr): v, 3422, 2926, 2852, 1685, 1466, 1382, 1122, 1045 cm™; 'H-NMR (400 MHz, CDCL,) 8 0.62 (3
H, s, Me-Chol), 0.81 (6 H, d, J 6.5 Hz, Me-Chol), 0.86 (6 H, d, J 6.5 Hz, Me-Chol), 0.88—1.50 (21 H, m,
CH-Chol), 1.57 (2 H, quint, J 6.4 Hz, H-2"), 1.6—2.3 (7 H, m, CH-Chol), 2.72 (2 H, t, J 6.5 Hz, H-3"), 3.20 (2
H, br. d, J 5.0 Hz, H-1'), 4.42 (1 H, br. s, CH-Chol), 5.19 (1 H, br. s, NHCO), 5.34 (1 H, br. s, CH-Chol);
“C-NMR (100 MHz, CDCL,) 11.7, 18.6, 19.2, 20.9, 22.4, 22.7, 23.7, 24.1, 27.9, 28.10, 28.14, 31.7, 31.8,
33.0, 35.7, 36.0, 36.4, 36.9, 38.5, 38.7, 39.4, 39.6, 42.2, 49.9, 56.0, 56.5, 74.0, 122.3, 139.7, 156.2; MS
(ES"): m/z 487.4 (IM + H] ', 100%); HR-TOFMS (ESI): m/z 487.4278 [M + H] ; calcd for C,H,,N,0, + H,

487.4258.

MITAATIZHENS 7 1ETaZaBHANVOIET 4 (0.367 g, 146 mmol) @13 6 (0.715 g, 146 mmol) L8 Et,N
(0.61 ml, 0.044 mol) Tugaviazas EtOH (10 ml) 11 refluxed WU 6 %2 T ol §A3onndauysel 1h
Ufnsenndananie EOAc (3x100 ml) ﬁwniaﬁ'ﬂﬁ“lﬁ’mﬁﬂﬁ'n?qw%ﬁ’aaﬂaﬁuﬁﬂmﬂ%ﬂiﬁxl Taeld
CH,CL-MeOH ifludariazan Tasdesq iinfSinaves MeoH ldmsndasuainidesns (0735 g,
72%)

IR (KBr): V. 3364, 2928, 2852, 1720, 1689, 1660, 1545, 1527, 1461, 1366, 1272, 1253, 1174 cm_]; 'H-
NMR (400 MHz, CDC13) 0 0.63 (3 H, s, Me-Chol), 0.82 (6 H, d, J 6.5 Hz, Me-Chol), 0.87 (6 H, d, J 6.5 Hz,
Me-Chol), 0.96 (3 H, s, CH-Chol), 1.00—1.31 (10 H, m, CH-Chol), 1.39 (9 H, s, CH,-Boc), 1.44—1.52 (9 H,
m, CH-Chol), 1.61 (2 H, t, J 6.0 Hz, H-2), 1.70 (2 H, quint, J 6.4 Hz, H-2"), 1.79-2.29 (7 H, m, CH-Chol),
2.65(2H,t, J6.4Hz H-3"),3.11 (2 H, br. d, J 6.0 Hz, H-1"), 3.25-3.30 (6 H, m, H-1, H-3, H-4), 4.43 (1 H,
br. s, CH-Chol), 5.06 (1 H, br. s, NH), 5.13 (1 H, br. s, NH), 5.34 (1 H, br. s, CH-Chol), 7.65 (1 H, br. s,
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NH); “"C-NMR (100 MHz, CDCl,) 11.8, 18.6, 19.2, 20.9, 21.4, 22.5, 22.7, 23.7, 24.2, 27.9, 28.12, 28.18,
28.3,29.4, 29.9, 31.8, 35.7, 36.1, 36.5, 36.9, 37.1, 38.1, 38.5, 39.4, 39.6, 42.2, 46.7, 49.9, 51.8, 56.0, 56.6,
74.3,79.2, 122.5, 139.7, 156.4, 170.9, 175.7; MS (ES): m/z 701.5 (IM + HI', 100%); HR-TOFMS (ESI):
m/z 701.5577 [M + H]; calcd for C,H,,N,O,+H, 701.5575.

msdunsizAluiuldszauan 1 1hasazaiedis 7 (0.20 g, 0.285 mmol) Tudwihazats CH,CL, (5 ml) 11
1N trifluoroacetic acid (1.0 ml) AUUFATEWIM 10 W# Mvaasazawesn Tasldma lulasnu 1dans
HANAUNANADINT (0.16 g, 93%)

IR (KBr): v, 3395, 2929, 2852, 1715, 1679, 1554, 1519, 1462, 1202, 1135 cm'; 'H-NMR (400 MHz,
CDCl,) 6 0.65 (3 H, s, Me-Chol), 0.84 (6 H, d, J 6.0 Hz, Me-Chol), 0.87 (6 H, d, J 5.4 Hz, Me-Chol), 0.97
(3 H, s, CH-Chol), 1.02—1.52 (20 H, m, CH-Chol), 1.83—1.97 (10 H, m, H-2, H2’, CH-Chol), 2.25 (2 H, br.
s, CH-Chol), 2.94 (2 H, br. s, H-3"), 3.08 (2 H, br. s, H-3), 3.20 (2 H, br. s, H-1), 3.30 (2 H, br. s, H-1"), 3.79
(2 H, br. s, H-5), 4.36 (1 H, br. s, CH-Chol), 5.31 (1 H, br. s, CH-Chol); "C-NMR (100 MHz, CDCl,) 11.8,
18.7, 19.1, 21.0, 22.5, 22.7, 23.9, 24.2, 26.4, 27.8, 28.0, 28.2, 31.8, 35.8, 36.2, 36.5, 36.8, 37.4, 38.2, 39.5,
39.7, 42.3, 49.9, 56.2, 56.6, 114.0, 116.9, 122.8, 139.4, 158.0, 166.3; MS (ES): m/z 601.5 (IM + HJ,
100%); HR-TOFMS (ESI"): m/z 601.5089 [M + H] ; calcd for C,H,N,0,+H, 601.5051.

2. MSIASEN liposome-encapsulated curcumin Bilayer lipids for liposomes were cationic lipid 1 and
dioleoyl-L-a-phosphatidylethanolamine (DOPE) taken equivalent weight ratio; different total lipid/curcumin
ratios were used. An appropriate quantity of curcumin dissolved in EtOH (1 pg/pl) and lipid in CHCI, (1
pg/pl) were mixed in Eppendrof tube, organic solvents were evaporated under a stream of nitrogen and
residue was dried under high vacuum for 2 h. The resulting thin film was hydrated with phosphate-buffer
saline (PBS, pH 7.4, 20 ul) at room temperature. The mixture was vortexed for 30 s and sonicated for 20
min; concentration of curcumin in each case was the same. The resulting liposomal curcumin was used
immediately. Free curcumin was prepared by dissolving in DMSO and the final concentration of DMSO was

0.5% (v/v).

3. M3H1 Curcumin encapsulation efficiency The amount of curcumin incorporated in liposome was
determined using HPLC using Waters Model 515 liquid chromatograph. Cationic lipid (1) and DOPE were
mixed in the ratio of 1 : 1 (w/w) in CHCI,. The known amount of curcumin in EtOH was added to the lipid
solution in the weight ratio of 1 : 20 (drug/lipid). The organic solvents were evaporated under a stream of

nitrogen and further dried under high vacuum for 2 h. The resulting thin film was hydrated with PBS at
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room temperature. The mixture was vortexed for 30 s and sonicated for 20 min. The supernatant containing
liposomal-curcumin complex was separated from insoluble un-encapsulated curcumin by centrifugation at
3000 rpm for 5 min on Eppendrof miniSpin. The curcumin pellet obtained was washed twice with water,
dissolved in CH,Cl, and assayed by HPLC (Waters Model 515 device, Model 2487 UV detector, 250x4.60

mm column, luna 5y silica Phenomenex, CH,Cl,/ MeOH, 90/10, v/v).

4. Cell cultures Hel a cells were cultured in growth medium, consisting of S-MEM, 5% horse serum, 5%
fetal bovine serum, 1% L-glutamine and 1% gentamicin-kanamycin. A549 and HepG2 cells were cultured in
D-MEM with 10% fetal bovine serum, 1% L-glutamine and 1% penicillin-streptomycin. K562 and 1301
cells were cultured in RPMI1640 media with 10% fetal bovine serum, 1% L-glutamine and 1% penicillin-
streptomycin. HEK293 cells were cultured in MEM supplemented with 10% fetal bovine serum. Cells were
incubated at 37°C, 5% CO,. 1 x 10° attached cells (HeLa, A549 and HepG2) and 5 x 10° suspension cells
(K562 and 1301) were plated in 500 ul of growth medium in 24-well plate so these cells would be 80—90%

confluent at the time of testing.

5. Cell uptake studies HeLa cells were seeded in 24-well plates at a seeding density of 1 x 10° cells per well
in 500 pl of growth medium and were allowed to attach for 24 h. For the studies of concentration-dependent
uptake, cells were treated with 40 UM of liposomal curcumin or curcumin and were incubated for 5, 10, 20
and 60 min. Each time point, the medium was removed and the cells were washed three times with PBS and

visualized using an Nikon ECLIPSE TE 300 microscope (A =460—490 and A, = 510—520 nm).

6. Cytotoxicity assays In 24-well plates, 100,000 cells were plated per well and allowed to grow overnight.
Curcumin at final concentrations of 5, 10, 20, 40 and 80 pM and liposomal curcumin at final curcumin
concentration of 1.25, 2.5, 5, 10, 20, and 40 UM was added in wells (in triplicate) and incubated at 37°C in
CO, incubator for 6 h. The medium was removed and the cells were washed thrice with PBS buffer before
being changed to complete medium. The cells were incubated at 37°C in CO, incubator for 48 h prior to
testing for apoptosis by staining with propidium iodide and Annexin V-FITC and then detected by flow

cytometer.43 Data (Table 2.1) show the mean of at least three independent experiments = SD.
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Abstract

Yellow head virus (YHV) is a viral pathogen of
shrimp that has caused high economic loss in the
Thai shrimp farming industry, and the RNA inter-
ference mechanism has potential as a virus control
strategy, as previous studies have shown that
injection of virus specific double-stranded RNA
(dsRNA) can inhibit viral replication in shrimp.
However, to date, complete inhibition viral replica-
tion has not been achieved. This study sought to
determine whether cationic liposomes mixed with
an antiviral dSRNA (YHV-Pro-dsRNA) were able to
enhance protection against YHV. The results
showed that injection of a YHV-Pro-dsRNA/cat-
ionic liposome complex markedly increased protec-
tion against YHV as compared with naked
YHV-Pro-dsRNA, suggesting that cationic lipo-
somes enhance the uptake of protective dsRNA
into shrimp cells.

Keywords: yellow head virus, shrimp, double-
stranded RNA, cationic liposome, RNA interfer-
ence

Introduction

Yellow head virus (YHV) is an enveloped virus
containing an approximately 27 kb positive single
stranded RNA genome (Tang & Lightner 1998)
that can infect many species of penaeid shrimp
(Flegel 1997). Upon infection shrimps show signs
of yellowing of the cepharothorax area and gen-
eral bleaching of body colour (Boonyaratpalin,
Supamattaya, Kasornchandra, Direkbusaracom,
Aekpanithanpong & Chantanachooklin 1993), and

© 2012 Blackwell Publishing Ltd

shrimps die some 2-4 days post infection. Over
the last few years, YHV has had a major impact
on shrimp aquaculture in Thailand, causing signifi-
cant economic loss (Limsuwan et al. 2008; Senapin,
Thaowbut, Gangnonngiw, Chuchird, Sriurairatana &
Flegel 2010) and prompting investigation into
strategies to prevent, control or treat infection
with YHV.

RNA interference (RNAI) is an efficient and spe-
cific gene silencing mechanism activated during
development that additionally functions as a
defence mechanism in various organisms (Hannon
2002), and a number of studies have used RNAi
as a therapeutic tool against viral infection of
plants, humans and animals (Schwind, Zwiebel,
Itaya, Ding, Wang, Krczal & Wassenegger 2009;
Hunter, Ellis, Vanengelsdorp, Hayes, Westervelt,
Glick, Williams, Sela, Maori, Pettis, Cox-Foster &
Paldi 2010; Chen, Wang, He, Song, Wu, Gao, Liu,
He, Yang, Chen, Wang, Li, Li, Kaplan & Zhong
2011; Gish, Satishchandran, Young & Pachuk
2011; Jahan, Khaligq, Samreen, Ijaz, Khan,
Ahmad, Ashfaq & Hassan 2011; Ma, Song, Wu,
Jiang, Li, Zhu & Wen 2011). In penaeid shrimp,
double-stranded RNA (dsRNA) injection has been
shown to activate the RNAi pathway and results
have shown that dsRNAs directed against specific
viral sequences can interrupt or inhibit viral repli-
cation (Robalino, Bartlett, Shepard, Prior, Jara-
millo, Scura, Chapman, Gross, Browdy & Warr
2005; Yodmuang, Tirasophon, Roshorm, Chin-
nirunvong & Panyim 2006; Tirasophon, Yodmu-
ang, Chinnirunvong, Plongthongkum & Panyim
2007; Shekhar & Lu 2009), and this methodology
has been used to cure naturally infected shrimp
(Attasart, Kaewkhaw, Chimwai, Kongphom &
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Panyim 2011). However, to date the methodology
has utilized the injection of naked dsRNAs into
shrimp which may not be a particularly effective
methodology in ensuring delivery of the dsRNA
construct to cells, resulting in less than optimal
protection or cure.

A number of biomaterials including cationic
liposomes have been used to deliver either drugs
or nucleic acids through the circulatory system to
target cells while protecting the bioactive molecule
from enzymatic degradation (Iwanaga, Ono, Nario-
ka, Morimoto, Kakemi, Yamashita, Nango & Oku
1997; Mohammed, Westonb, Coombes, Fitzgerald
& Perrie 2004; Mavichak, Takano, Kondo, Hirono,
Wada, Hatai, Hatai, Inagawa, Takahashi, Yoshim-
ura, Kiyono, Yuki & Aoki 2010). Cationic lipo-
somes are small artificial spherically shaped
vesicles with membranes composed of phospholipid
bilayers. They can be made from natural nontoxic
phospholipids and cholesterol with one or multiple
bilayers capable of encapsulating
hydrophilic and hydrophobic molecules. A special
characteristic of cationic liposomes that makes
them suitable for biomolecule delivery is that they

concentric

allow both water-soluble and water-insoluble
materials to be encapsulated together with water-
soluble materials being entrapped in the aqueous
core, whereas water-insoluble and oil soluble
hydrophobic molecules reside within the lipid
bilayer (Wang, Wang, Chen & Shin 2009; Yang,
Jin, Jiang, Li, Di, Ni & Fu 2011). In contrast to
neutral or positively charged liposomes, cationic
liposomes efficiently interact with negatively
charged molecules (such as nucleic acids, includ-
ing plasmids, messenger RNAs and synthetic oligo-
nucleotides, as well as proteins and peptides),
mainly through electrostatic interactions. These
complexes are formed by incubation of both com-
ponents and this process does not require an
encapsulation step which has limited the develop-
ment of classical liposomes as carriers (Lonez, Van-
denbranden & Ruysschaert 2008). Electrostatic
interactions between the positively charged cat-
ionic lipid complex and negatively charged cell
membranes significantly improve uptake by cells,
leading to improved nucleic acid delivery (Felgner,
Gadek, Holm, Roman, Chan, Wenz, Northrop, Rin-
gold & Danielsen 1987; Elouahabi & Ruysschaert
2005; Karmali & Chaudhuri 2007). This study
therefore sought to determine whether encapsula-
tion of dsRNA in cationic liposomes enhanced
delivery of dsSRNA to penaeid shrimp.

Materials and methods

Preparation of cationic liposomes
[(N'-(3-aminopropyl)-N-(3'-(carbamoyl cholesteryl)
propyl)-glycine amide; AmGly-Chol]

Catioinc lipid was synthesized by reacting 1,3-dia-
minopropane with Boc,0 using the high dilution
method to give N-(tert-butoxycarbonyl)-1,3-diami-
nopropane. Condensation of N-(tert-butoxycarbonyl)-
1,3-diaminopropane with chloroacetyl chloride in
the presence of pyridine base at 0°C gave N-(tert-
butoxycarbonyl)-N'-(chloroacetyl)-1,3-diaminopropane.
3B-Cholest-5-en-3-yl-N-(3-aminopropyl) carbamate
was also prepared using the same methodology as
for  N-(tert-butoxycarbonyl)-1,3-diaminopropane.
Alkylation of 3B-Cholest-5-en-3-yl-N-(3-aminopro-
pyl) carbamate with N-(tert-butoxycarbonyl)-N'-
(chloroacetyl)-1,3-diaminopropane to give a mono-
alkylated product which was achieved by refluxing
in EtOH and in the presence of Et;N. Finally, the
Boc protecting group of the monoalkylated product
was removed by treating with TFA in CH,Cl, to
produce cationic lipids with a good yield. A total
of 1 mg of cationic lipid (AmGly-Chol) was dis-
solved in 1 mL of CHCl; in an Eppendorf tube.
The organic solvent was evaporated under a
stream of nitrogen and further dried under high
vacuum for 24 h. When required, the resultant
thin film of AmGly-Chol was hydrated with buffer
containing 150 mM NaCl at room temperature
and the mixture vortexed for 30 s and sonicated
for 20 min.

Double-stranded RNA production and dsRNA-
cationic liposome complex production

A recombinant clone expressing the stem loop of
the YHV-protease (Pro) RNA was used to produce
YHV-Pro-dsRNA as previously described (Yodmu-
ang et al. 2006). Briefly, a single colony of the
recombinant clone was cultured at 37°C in 2x YT
medium containing 100 pg mL~' of Ampicillin
and 12.5 pg mL™ ! of Tetracyclin until an ODgq
of 0.4 was reached after which IPTG was added to
a final concentration of 0.4 mM and cells incu-
bated for a further 4 h. The bacterial cells (10
ODg¢oo) were pelleted by centrifugation and resus-
pended in phosphate-buffered saline containing
0.1% (w/v) SDS. The sample was boiled for 2 min
and immediately cooled on ice. To destroy single
stranded RNA from the bacterial host and in the

© 2012 Blackwell Publishing Ltd, Aquaculture Research, 1-7
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loop region of the stem loop of the YHV-Pro,
RNase A buffer (300 mM sodium acetate, 10 mM
Tris-HCI, pH 8.0) and 1 pg RNase A was added
and samples incubated for 30 min at 37°C. The
double-stranded RNAs were extracted using the
TRI Reagent (Molecular Research Center) accord-
ing to manufacturer’s protocol. Finally, the dSRNA
was dissolved in 150 mM NaCl. The dsRNA con-
centration was determined using spectrophotome-
try at OD,go, and samples were stored at —80°C
dsRNA/cationic liposome complexes
were prepared by mixing 20 pg of cationic lipo-
some with 1 pg dsRNA and incubated at room
temperature for 30 min.

until use.

Transmission electron microscopy

A total of 10 pL of cationic liposomes or dsRNA/
cationic liposome solution was dropped onto form-
var grids and samples were left to stand at room
temperature for 1 min. Excess water was removed
by touching the edge of the droplet to the edge of
a filter paper, leaving a thin aqueous film on the
grid. Subsequently 10 pL of a solution of 2% (w/v)
potassium phosphotungstate (PTA) was applied to
the grid and left it stand for 1 min with excess
solution removed as stated earlier. The negatively
stained cationic liposomes were allowed to dry
overnight in a desiccator. The samples were subse-
quently observed under a transmission electron
microscope operated at 200 kV.

Yellow head virus stock

YHYV titre was determined using primary lymphoid
organ cell culture of Penaeus monodon as described
elsewhere (Assavalapsakul, Smith & Panyim
2003). The YHV stock used in this study had a
titre of 2 x 10” TCIDs, mL~'. The diluted YHV
stock (10* TCIDs, mL™!) was used to inject into
shrimp a dose that caused shrimp to die 3—4 days
post infection.

Shrimp culture

Healthy Pacific white shrimps (Litopenaeus vanna-
mei) (3 g) were purchased from commercial farms
in Thailand. The shrimps were cultured in 80 L
tanks containing artificial seawater at 10 ppt
salinity with aeration. The shrimps were accli-
mated for 2-3 days at 28 + 1°C before use in the
experiments.

© 2012 Blackwell Publishing Ltd, Aquaculture Research, 1-7

dsRNA/cationic liposome complex injection, YHV
challenge and RT-PCR analysis

Healthy Pacific white shrimps (8 or 10 shrimps
per group) were co-injected with 50 pL. mixture of
10* TCIDsp mL™! of YHV and either cationic lipo-
some, YHV-Pro-dsRNA or YHV-Pro-dsRNA/cat-
ionic liposome complex. The ratio of cationic
liposomes: YHV-Pro-dsRNA (ug pg ') used was
20:1. Based on the amount of dsRNA, 2.5 pg of
dsRNA per gramme shrimp was used for shrimp
injection in all treatments. Injection was into the
haemolymph through the arthrodial membrane of
the fifth walking leg by means of a 1 mL syringe
with a 29 gauge needle. Negative control shrimps
were injected with either 150 mM NaCl or cat-
ionic liposomes in 150 mM NacCl. Following injec-
tion, shrimp mortality was recorded daily for
2 weeks. To evaluate YHV presence in shrimps,
gill tissues were collected from individual shrimp
for RNA extraction and RT-PCR analysis as previ-
ously described (Assavalapsakul, Chinnirunvong &
Panyim 2009). Briefly, two to three pieces of gills
from individual shrimp were collected and used to
RNA using TRI
Research Center). One microgram of total RNA
was used for cDNA synthesis using Impromp II
reverse transcriptase (Promega, Madison, WI,
USA) with oligo dT;g primer as described by the
manufacture. Multiplex PCR was performed to
amplify YHV genomic RNA and actin mRNA to
monitor YHV level and for RNA normalization
and internal control respectively. Experiment was
undertaken as three independent replicates.

extract Reagent (Molecular

Statistical analysis

All data obtained from the experiments were anal-
ysed using one-way aNova (GraphPad Prism pro-
gram). A value of P < 0.05 was considered
statistically significant.

Results and discussion

Transmission electron microscopy

The morphology of cationic liposome and dsRNA/
cationic liposomes was observed using transmis-
sion electron microscopy after negative staining.
The diameter of cationic liposomes ranged from
0.1 to 0.4 pm as shown in Fig. 1a, whereas YHV-
Pro-dsRNA/cationic were

liposome complexes
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found to be large spherical aggregates with a
diameter ranging from 0.5 to 1 um (Fig. 1b). The
large aggregates of YHV-Pro-dsRNA/cationic lipo-
some complex are probably due to the positively
charged cationic liposomes efficiently interacting
with negatively charged dsRNA molecules to form
dsRNA/lipoplexes in a manner analogous to DNA/
lipoplexes (Sternberg, Sorgi & Huang 1994; Lin,
Slack, Ahmad, George, Samuel & Safinya 2003).

Protection of YHV infection in shrimp by dsRNA-
cationic liposome complexes

To determine whether the YHV-Pro-dsRNA/cat-
ionic liposome complexes increased the efficiency
of dsRNA mediated protection against YHV
infection, healthy pacific white shrimps were co-
injected with 10* TCIDs; mL™! of YHV and either
cationic liposomes, YHV-Pro-dsRNA or YHV-Pro-
dsRNA/cationic liposome complexes. Mortality was
recorded daily for 2 weeks and samples of gill tis-
sue taken immediately from dead shrimps and
from all shrimps at the end of 2 weeks. RNA was
extracted from all gill samples and the presence of
YHV determined by RT-PCR in parallel with
amplification of actin as a control. Dead shrimps
were excluded from further analysis if the RT-PCR
for YHV was negative.

The result of RT-PCR analysis showed that all
shrimps in the control group (Fig. 2a) were
infected with YHV, whereas three of eight YHV-
Pro-dsRNA injected shrimps (Fig. 2b) and two of
eight YHV-Pro-dsRNA/cationic liposome complex
injected shrimps (Fig. 2¢) were infected with YHV.

Moreover, on the fourth day of injection, the
cumulative mortality of control group (YHV/cat-
ionic liposome) was 100% (P < 0.0001), whereas
cumulative mortality of injected shrimp with YHV/
YHV-Pro-dsRNA and YHV/YHV-Pro-dsRNA/cationic
liposome was approximately 30% (P < 0.0001) and
10% (P < 0.0001) respectively (Fig. 3). By day 10
post infection, cumulative mortality in the YHV-
Pro-dsRNA group had reached 50%, whereas the
cumulative mortality in the YHV-Pro-dsRNA/cat-
ionic liposome injected group remained constant
at approximately 10% (Fig. 3).

In this study a total of 2.5 ug of YHV-Pro-
dsRNA per gramme shrimp was used which is
consistent with several previous studies that have
shown inhibition of YHV replication with this dos-
age (Yodmuang et al. 2006; Tirasophon et al.
2007; Assavalapsakul et al. 2009), whereas the
titre of YHV used was some 10 times higher to
maximize any possible difference between the two
dsRNA treatment groups (with or without cationic
liposomes). The RT-PCR analysis and cumulative
mortality showed that shrimp injected with YHV-
Pro-dsRNA/cationic liposome complex had both
lower numbers of infected shrimp as well as an
increased rate of survival as compared with naked
YHV-Pro-dsRNA injected shrimp. These results
suggest that the cationic liposomes increase deliv-
ery of YHV-Pro-dsRNA to target cells. Most cat-
ionic liposomes share the characteristic of
condensing DNA into small particles which facili-
tate cellular uptake via endocytosis through
charge-charge interaction with anionic sites on
cell surface (Gao, Kim & Liu 2007). It seems likely

Figure 1 Transmission electron microscopy (TEM) of cationic liposome and YHV-Pro-dsRNA/cationic liposome.
Either cationic liposomes (a) or YHV-Pro-dsRNA/cationic liposomes (b) was stained with PTA and observed under a

TEM. The bar represents 1 pm.

© 2012 Blackwell Publishing Ltd, Aquaculture Research, 1-7
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Figure 2 Inhibitory effect of yellow head virus (YHV)
replication in Pacific white shrimp using YHV-Pro-
dsRNA/cationic liposomes. Shrimps (3 g) were injected
with (a) YHV with cationic liposomes, (b) YHV/YHV-
Pro-dsRNA or (c) YHV/YHV-Pro-dsRNA/cationic
liposomes. The YHV load of individual shrimp was
determined by RT-PCR. D denotes a dead shrimp.

therefore that dsRNA might behave in a manner
similar to DNA molecules. Alternatively, a dsRNA-
degrading nuclease has been identified in Bombyx
mori (Arimatsu, Kotanib, Sugimurab & Furusawa
2007) and this nuclease was found in tissues, hae-
molymph and the gut lumen, and it is possible
therefore that other arthropods such as shrimp
may similarly express dsRNA nucleases. In this
case, the cationic liposomes may also protect the
dsRNA cargo from nuclease digestion in the hae-
molymph.

In this study the dsRNA-cationic liposome com-
plex was co-injected with YHV, and further studies
will be required to determine the length of protec-
tion that the complexes can confer. However, the
current method of dsRNA delivery, injection, has
limited potential application to commercial shrimp
farming. Other studies, however, have shown that a
crude extract of bacterially expressed VP28dsRNA
administered orally can provide therapeutic protec-
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tion against White spot syndrome virus (WSSV)
challenge (Sarathi, Simon, Venkatesan & Hameed
2008) and that a DNA construct containing the
VP28 gene of WSSV when administered orally as a
complex with chitosan nanoparticles was able to
protect shrimp from subsequent challenge
(Rajeshkumar, Venkatesan, Sarathi, Sarathbabu,
Thomas, Anver Basha & Sahul Hameed 2009).
Both of these studies show that oral administration
is a viable therapeutic or protective route, and sug-
gest that YHV-Pro-dsRNA/cationic liposome com-
plex coated with shrimp food might be of possible
future application to shrimp farming industries.
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Abstract—A new cholesterol-based cationic lipid was synthesized; liposomes prepared on its basis were eval-
uated as drug delivery vehicles for curcumin. Free and liposome-encapsulated curcumin cytotoxicity against
HeLa, A549, HepG2, K562 and 1301 cell lines was assessed. Liposomal curcumin with EDs, values ranging
from 2.5—10 pM exhibited 2—8 times higher cytotoxicity than free curcumin. The synthetic cholesterol-
based cationic lipid also enhanced cellular uptake of curcumin into tested cells. Cationic liposome alone
showed low cytotoxicity at high doses with EDs values of 90—210 uM.
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INTRODUCTION

In recent years, drug delivery systems enhancing
efficacy of bioactive compounds attract wide atten-
tion. These delivery systems include polymeric
micelles and vesicles [1—3], dendrimers [4, 5], lipo-
somes [6, 7], micelles [7], and nanogels [8, 9]. Among
these, liposomes are considered as promising carriers
for an extensive range of applications in drug as well as
gene delivery [10—12]. Cationic liposomes have been
studied as drug carriers also because of their selective
accumulation in tumor endothelial cells [13].
Enhancement of cellular uptake of drug-loaded cat-
ionic liposomes as well as their in vitro cytotoxicity
have been demonstrated and those results were attrib-
uted to the ability of cationic liposomes to interact
with cells via electrostatic interaction, which could
induce endocytosis of the liposomes and also facilitate
drug release to the cytosol by endosomal escape [14].
These properties of cationic liposomes have been
applied to the delivery of nucleic acid as well as cyto-
toxic compounds.

Curcumin (Fig. 1), a major component of tur-
meric, is used for centuries in Asian countries includ-
ing Thailand as a spice. Curcuminoids exhibited many
interesting biological activities including anti-inflam-

! The article is published in the original.
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e-mail: boonek@ru.ac.th.

matory [15], antioxidant [16—18], anticancer [15, 16,
19, 20] and anti-HIV activity [21, 22]. The pharmaco-
logical safety and efficacy of curcumin makes it a
potential compound for treatment and prevention of a
wide variety of human diseases. However, curcumin
has not yet been approved as a therapeutic agent
because of problems arising from its poor bioavailabil-
ity. Phospholipid-based liposomes have been demon-
strated to enhance bioavailability and biological activ-
ity of curcumin [23—25]. Some of the liposome for-
mulations incorporated cholesterol as a helper lipid
for curcumin delivery [23, 25]. The synthetic choles-
terol-based cationic lipids have been reported as gene
delivery into mammalian cells [26—31]. Cholesterol
was often used here as a lipid anchor due to its lipid
bilayer stabilizing activity [32] and minimal toxicity to
the treated cells. However, the use of cationic lipid
with cholesterol tail to encapsulate and deliver cur-
cumin into cells has not been reported. In this work,
we report the synthesis of new cholesterol-based cat-
ionic lipid (I) (Fig. 1) and evaluation of cellular uptake
and cytotoxicity of curcumin encapsulated into lipo-
somes prepared on the basis of lipid (I).

RESULTS AND DISCUSSION

The designed cholesterol-based lipid (I) was syn-
thesized by solution-phase chemistry (Scheme).
N-(tert-Butoxycarbonyl)-1,3-diaminopropane (III)
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Scheme. Synthesis of cationic lipid (I). Reagents and conditions: (a) Boc,O, CH,Cl,, rt., 89%;
(b) chloroacetyl chloride, pyridine, 0°C, 81%; (c) 1,3-diaminopropane,CH,Cl,, rt., 97%;
(d) Et;N, EtOH, reflux, 72%; (e) TFA, CH,Cl,, 93%.

was prepared by high dilution method [33] and then
transformed into amide (IV) by condensation with
chloroacetyl chloride in the presence of pyridine base
at 0°C (72% yield over two steps). 3p-Cholest-5-en-3-
yl- N-(3-aminopropyl)carbamate (VI) was also pre-
pared in excellent yield by high dilution method in the
same manner as the compound (III). Care must be
taken for the alkylation step of amine (VI) with alkyl
chloride (IV), since the dialkylation product might
have taken place to give undesired product. The
monoalkylation product (VII) was obtained in a good
yield by refluxing compounds (VI) and (IV) in EtOH
in the presence of Et;N. Finally, the Boc protecting
group of derivative (VII) was removed by treating with
TFA in CH,Cl, to afford lipid (I) in 93% yield. The
structures of the synthesized compounds were estab-

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY Vol. 39

lished on the basis of IR, 'H, '*C NMR, and high res-
olution mass spectral analysis.

An important parameter to be evaluated for a lipo-
somal delivery system is the loading efficiency. The
thin-film evaporation method was used to obtain the
curcumin liposomal preparation [34]. The liposome
formulation composed of cationic lipid (I) and dio-
leoylphosphatidylethanolamine (DOPE) at 1 1
(wt/wt) containing curcumin and lipid in the weight
ratio of 1 : 20; this formulation was found to have mod-
erate curcumin encapsulation efficiency (68%). We
suppose that the hydrophobic nature of curcumin
allows it to become incorporated into the lipid bilayer
region of the liposome and improves the encapsulation
efficiency. Similar observations for the hydrophobic
drug have been previously reported [34, 35].

No. 4 2013
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Fig. 1. Structures of curcumin and cholesterol-based cationic lipid (I).
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Fig. 2. Effect of empty liposomes and liposomal curcumin on apoptotic cells. The concentration of curcumin was 10.8 puM in each
liposomal curcumin formulation. The DMSO concentration was 0.5%.

The cytotoxic activity of free and liposomal encap-
sulated curcumin in five different human cancer cell
lines, cervical epithelial adenocarcinoma (HelLa),
lung epithelial adenocarcinoma (A549), liver hepato-
cellular carcinoma (HepG2), erythromyeloblastoid
leukemia (K562), and T cell lymphoblastic leukaemia
(1301), was determined. To find the optimal cur-
cumin/liposome ratio, cytotoxic activities of liposo-
mal curcumin and free liposomes were evaluated
against HeLa cells. Preparations of curcumin/lipid at
1:5,1:10,1:20,1:40and 1 : 80 wt/wt ratios were
prepared, the concentration of curcumin in each for-
mulation being constant at 10.8 uM. Empty liposomes
at the same concentration were also tested for compar-
ison. The results are shown in Fig. 2. At high weight
ratio (1 : 80), cytotoxic activity of liposomal curcumin
and liposomes was the same. This shows that the high
concentration of liposomes was toxic to the tested
cells. At curcumin/lipid ratio of 1 : 20, the concentra-
tion of liposome lipid was equivalent to 120 pM; treat-

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY Vol. 39

ment of tested cells with empty liposomes of the same
concentration gave 25% of apoptotic cells, whereas
the apoptotic cells of liposomal curcumin was at 60%.
Thus, the curcumin/liposome weight ratio of 1 : 20 was
used for the next experiments.

It has been reported that liposomes are toxic to var-
ious cells [36, 37]. First, we investigated whether our
synthetic liposome formulation without curcumin was
toxic to the tested cells. Five cell lines were treated
with liposomes of a range of concentrations; the
results are shown in table. EDs; values of empty lipo-
somes against HelLa, A549, HepG2, K562 and 1301
cells were 180, 210, 105, 165 and 90 uM, respectively.
It was suggested that our cationic liposomes were
weakly toxic to tested cells. The synthetic liposomes
were also tested against normal cells, human embry-
onic kidney (HEK293). In contrast with the previ-
ously reported data on the cytotoxicity of cationic
lipid to the normal cells, we have found that our lipo-
somes were not toxic to the normal cells with the 1Cs,
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Fig. 3. Fluorescence microscopy images of HelLa cells incubated for 5, 10 and 60 min at 37°C. Row (a): PBS; row (b): 40 uM

curcumin, and row (c¢): 40 uM liposome-encapsulated curcumin.

value of 600 uM (data not shown). This data suggest
that our liposomes were suitable as delivery system
with the minimal adverse effects on normal cells. Most
of the commercial liposomes have been reported to
enhance cytotoxicity of encapsulated compounds on
various cells [23—25, 38]. We then investigated
whether our synthetic liposomes enhance cytotoxic
activity of curcumin. Cytotoxicity of liposomal and
free curcumin was evaluated by staining with Annexin
V-FITC and analyzed by flow cytometry. The results
indicated that cytotoxic activity of liposomal and free
curcumin was dependent on cell types (table). Cur-
cumin has been reported to be non-toxic to normal
cells [39]. The pharmacological safety of curcumin
was also shown by the non-toxic consumption of up to
8 g/day for 3 months in humans [40] and up to 5 g/kg
in rats [41]. In our experiment, free curcumin showed
lower cytotoxicity compared to the liposomal cur-
cumin. The low cytotoxicity of free curcumin might be
due to low intracellular uptake and its rapid degrada-
tion. Different types of cancer cells respond to cyto-
toxic drug differently. Encapsulation of curcumin in
our synthetic liposomes increased its cytotoxicity 5—
8 times against A549, HepG?2 and K562 cells, and 2—
3 times against HeLa and 1301 cells.

The cellular uptake of liposomal and free curcumin
into Hela cells was observed under fluorescence
microscope and the results are shown in Fig. 3. Cat-
ionic liposome demonstrated enhanced cellular
uptake of curcumin into tested cells. This might be due
to cationic charge of cationic liposomes, which can
induce electrostatic interaction with negatively-
charged cell membrane and facilitate cellular uptake.
The cellular uptake of liposomal curcumin occurred as
early as 5 min after exposure to cells. The fluorescence
intensity increased upon increasing exposure time. It
was clearly seen that at 60 min all the cells were fluo-

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY Vol. 39

rescent with high intensity. We suppose that cationic
liposomes may protect curcumin from degradation in
cells and gradually release it. Curcumin itself was also
uptaken into cells as early as after 5 min incubation but
with low fluorescence intensity, then the fluorescence
disappeared after 20 min (data not shown). This result
might indicate that most of the uptaken curcumin was
metabolized in the cell and prove the suggestion that
our synthetic liposomes are efficient in delivering cur-
cumin to the tested cells by enhancing cellular uptake.

In summary, our synthetic cholesterol-based cat-
ionic lipid could be used as a basic component of
delivery system capable to enhance stability, cellular
uptake and cytotoxicity of curcumin. The cytoxicity of
liposome-encapsulated curcumin has 2—8 times
higher activity than that of free curcumin. Based on
the structure of synthetic cationic lipid, the polar part
would allow the targeting vehicle to attach to the des-
tination cells and enhance the selectivity in delivering
encapsulated cytotoxic compound. Due to its cellular
entry ability, this cationic lipid might also be used as a
transfection agent.

EXPERIMENTAL

All chemicals were purchased from Sigma-Ald-
rich-Fluka. Pyridine was dried over KOH. Solvents

EDj of curcumin, liposomal curcumin and empty liposomes

Tested preparation
Hela | A549 |HepG2| K562 | 1310
Free curcumin 17 50 30 20 8
Liposomal curcumin| 8 10 4 2.5 3.1
Empty liposomes 180 | 210 105 165 90
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were purchased from commercial suppliers and used
without further purification. Column chromatography
and TLC were carried out using Merck silica gel 60
(<0.063 mm) and precoated silica gel 60 F,s4 plates,
respectively. Spots on TLC were detected by spraying
with anisaldehyde—H,SO, and ninhydrin reagents fol-
lowed by heating. IR spectra were recorded in KBr on
a Perkin-Elmer FT-IR Spectrum BX spectrophotom-
eter. NMR spectra were recorded on a Bruker
AVANCEA400 spectrometer. Electrospray (ES) mass
spectra were obtained using a Finnigan LC-Q mass
spectrometer. High resolution mass spectra were
obtained using a Bruker micrOTOF mass spectrome-
ter.

N-(tert-Butoxycarbonyl)-1,3-diaminopropane (III).
Di-tert-butyl dicarbonate (5.9 g, 0.0269 mol) in
CH,Cl, (50 mL) was added dropwise to 1,3-diamino-
propane (II) (10 g, 0.134 mol) in CH,Cl, (200 mL)
and the mixture was stirred overnight. Then solvent
was evaporated, the residue was suspended in water
(100 mL) and filtered. Filtrate was extracted by
CH,CI, (3 x 50 mL). The combined organic phase was
dried (Na,SO,) and concentrated in vacuo. The crude
product was purified by column chromatography
using a CH,Cl,—MeOH system to yield the title com-
pound (4.2 g, 89%). The spectroscopic data were in
agreement with those found in the literature [42].

N-(tert-Butoxycarbonyl)- V' - (chloroacetyl)-1,3-di-
aminopropane (IV). Amine (III) (1.88 g, 0.0108 mol)
was dissolved in dry pyridine and stirred at 0°C for
10 min. Chloroacetyl chloride (1.46 g, 0.0129 mol)
was then added. The reaction mixture was allowed to
warm up to ambient temperature, and stirring contin-
ued for 12 h. The reaction mixture was poured into
crushed ice and thoroughly extracted with EtOAc
(3x50 mL). Column chromatography using
CH,Cl,—MeOH gradient of the residue from extract
yielded the desired product (2.21 g, 81%). White solid,
mp 43—45°C; IR (KBr): v,,,, 3359, 3197, 2956, 2923,
2852, 1660, 1640, 1553, 1468, 1411, 1173, 1137,
702 cm~!; "TH NMR (400 MHz, CDCI;) 6 1.30 (9 H, s,
CH;-Boc), 1.53 (2 H, quint, J 6.0 Hz, H-2), 3.01
(2H,br.d,J54Hz, H-1),3.20(2H, q, /5.5 Hz, H-
3),3.90 (2 H, s, H-4),5.27 (1 H, br. s, NHCOO), 7.40
(1 H, br. s, NHCO); 3C NMR (100 MHz, CDCl5)
28.1 (CH;-Boc), 29.4 (C-2), 36.4 (C-1), 37.0 (C-3),
42.2 (C-5), 79.1 (C-Boc), 156.5 (NHCOO), 166.7
(NHCO); MS (ES*): m/z 273.7 (IM + Na]*, 100%);
HR-TOFMS (ESI*): m/z273.0982 [M + Na]™*; calcd.
for C,,H,4N,0;3 + Na, 273.0976.

3p-Cholest-5-en-3-yl- N-(3-aminopropyl)carbama-
te (VI). Cholesteryl chloroformate (V) (6.1 g, 0.013 mol)
in CH,Cl, (50 mL) was added dropwise to 1,3-diami-
nopropane (11 g, 0.14 mol) in CH,CI, (200 mL) and
the mixture was stirred overnight. Water (200 mL) was
added to the reaction mixture and extracted with
CH,CI, (3 x 50 mL). Column chromatography of the
product using CH,Cl,—MeOH mixtures gave the title
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compound as neat oil (6.1 g, 97%). IR (KBr): v«
3422, 2926, 2852, 1685, 1466, 1382, 1122, 1045 cm™;
'H NMR (400 MHz, CDCI;) 8 0.62 (3 H, s, Me-
Chol), 0.81 (6 H, d, /6.5 Hz, Me-Chol), 0.86 (6 H, d,
J6.5 Hz, Me-Chol), 0.88—1.50 (21 H, m, CH-Chol),
1.57 (2 H, quint, J 6.4 Hz, H-2'), 1.6—2.3 (7H, m,
CH-Chol), 2.72 (2H,t,J6.5Hz, H-3"), 3.20 (2 H, br.
d,J5.0Hz, H-1"),4.42 (1 H, br. s, CH-Chol), 5.19 (1
H, br. s, NHCO), 5.34 (1 H, br. s, CH-Chol); 3C
NMR (100 MHz, CDCly) 11.7, 18.6, 19.2, 20.9, 22.4,
22.7,23.7, 24.1, 27.9, 28.10, 28.14, 31.7, 31.8, 33.0,
35.7, 36.0, 36.4, 36.9, 38.5, 38.7, 39.4, 39.6, 42.2,
49.9, 56.0, 56.5, 74.0, 122.3, 139.7, 156.2; MS (ES™):
m/z 487.4 (IM + H]*, 100%); HR—TOFMS (ESI*):
m/z487.4278 |[M + H]"; calcd. for C;;Hs4,N,O, + H,
487.4258.

Compound (VII). A solution of chloroamide (IV)
(0.367 g, 146 mmol), compound (VI) (0.715 g,
146 mmol) and Et;N (0.61 mL, 0.044 mol) in EtOH
(10 mL) was stirred and refluxed for 6 h. After comple-
tion of reaction (control by TLC wusing 10%
MeOH/CH,CI, as eluent), the reaction mixture was
extracted with EtOAc (3 X 100 mL); after common
treatment, the product was purified by column chro-
matography using a CH,Cl,—MeOH as eluting solvent
to give compound (VII) as neat oil (0.735 g, 72%). IR
(KBr): v, 3364, 2928, 2852, 1720, 1689, 1660, 1545,
1527, 1461, 1366, 1272, 1253, 1174 cm™!; '"H NMR
(400 MHz, CDCl;) 6 0.63 (3 H, s, Me-Chol), 0.82
(6 H, d, J6.5 Hz, Me-Chol), 0.87 (6 H, d, J 6.5 Hz,
Me-Chol), 0.96 (3 H, s, CH-Chol), 1.00—1.31 (10 H,
m, CH-Chol), 1.39 (9 H, s, CH;-Boc), 1.44—1.52
(9 H, m, CH-Chol), 1.61 2 H,t,J6.0 Hz, H-2), 1.70
(2 H, quint, J6.4 Hz, H-2"), 1.79-2.29 (7 H, m, CH-
Chol), 2.65 (2 H, t, J 6.4 Hz, H-3"), 3.11 (2 H, br. d,
J6.0 Hz, H-1'), 3.25—3.30 (6 H, m, H-1, H-3, H-4),
4.43 (1 H, br. s, CH-Chol), 5.06 (1 H, br. s, NH), 5.13
(1 H, br. s, NH), 5.34 (1 H, br. s, CH-Chol), 7.65 (1
H, br. s, NH); 3C NMR (100 MHz, CDCl,) 11.8,
18.6, 19.2, 20.9, 21.4, 22.5, 22.7, 23.7, 24.2, 27.9,
28.12, 28.18, 28.3, 29.4, 29.9, 31.8, 35.7, 36.1, 36.5,
36.9, 37.1, 38.1, 38.5, 39.4, 39.6, 42.2, 46.7, 49.9,
51.8,56.0, 56.6, 74.3,79.2, 122.5, 139.7, 156.4, 170.9,
175.7; MS (ES*): m/z 701.5 (|[M + H]*, 100%); HR-
TOFMS (ESI*): m/z 701.5577 [M + H]*; calcd. for
C,H,N,Os + H, 701.5575.

Cationic lipid (I). To a solution of compound (VII)
(0.20 g, 0.285 mmol) in CH,Cl, (5 mL) trifluoroacetic
acid (1.0 mL) was added and the solution was stirred
for 10 min. The solvent was removed under stream of
nitrogen to give designed product as neat oil (0.16 g,
93%). IR (KBr): vmax 3395, 2929, 2852, 1715, 1679,
1554, 1519, 1462, 1202, 1135 cm™!; 'H NMR
(400 MHz, CDCly) 6 0.65 (3 H, s, Me-Chol), 0.84
(6 H, d, J6.0 Hz, Me-Chol), 0.87 (6 H, d, J 5.4 Hz,
Me-Chol), 0.97 (3 H, s, CH-Chol), 1.02—1.52 (20 H,
m, CH-Chol), 1.83—1.97 (10 H, m, H-2, H2', CH-
Chol), 2.25 (2 H, br. s, CH-Chol), 2.94 (2 H, br. s, H-
3", 3.08 (2 H, br. s, H-3), 3.20 (2 H, br. s, H-1), 3.30
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(2H,br.s, H-1"), 3.79 (2 H, br. s, H-5), 4.36 (1 H, br.
s, CH-Chol), 5.31 (1 H, br. s, CH-Chol); 3C-NMR
(100 MHz, CDCl,) 11.8, 18.7, 19.1, 21.0, 22.5, 22.7,
23.9, 24.2, 26.4, 27.8, 28.0, 28.2, 31.8, 35.8, 36.2,
36.5, 36.8, 37.4, 38.2, 39.5, 39.7, 42.3, 49.9, 56.2,
56.6, 114.0, 116.9, 122.8, 139.4, 158.0, 166.3; MS
(ES*): m/z 601.5 ([M + H]*, 100%); HR-TOFMS
(ESI"): m/z 601.5089 [M + H]*; caled. for
C3;sHeuN,O5+H, 601.5051.

Preparation of liposome-encapsulated curcumin.
Bilayer lipids for liposomes were cationic lipid (I) and
dioleoyl-L-a-phosphatidylethanolamine (DOPE)
taken equivalent weight ratio; different total lipid/cur-
cumin ratios were used. An appropriate quantity of
curcumin dissolved in EtOH (1 pg/uLl) and lipid in
CHCl; (1 pg/uLl) were mixed in Eppendrof tube,
organic solvents were evaporated under a stream of
nitrogen and residue was dried under high vacuum for
2 h. The resulting thin film was hydrated with phos-
phate-buffer saline (PBS, pH 7.4, 20 uL) at room tem-
perature. The mixture was vortexed for 30 s and soni-
cated for 20 min; concentration of curcumin in each
case was the same. The resulting liposomal curcumin
was used immediately. Free curcumin was prepared by
dissolving in DMSO, and the final concentration of
DMSO was 0.5% (v/v).

Curcumin encapsulation efficiency. The amount of
curcumin incorporated in liposome was determined
using HPLC using Waters Model 515 liquid chro-
matograph. Cationic lipid (I) and DOPE were mixed
in the ratio of 1 : 1 (w/w) in CHCI;. The known
amount of curcumin in EtOH was added to the lipid
solution in the weight ratio of 1 : 20 (drug/lipid). The
organic solvents were evaporated under a stream of
nitrogen and further dried under high vacuum for 2 h.
The resulting thin film was hydrated with PBS at room
temperature. The mixture was vortexed for 30 s and
sonicated for 20 min. The supernatant containing
liposomal-curcumin complex was separated from
insoluble un-encapsulated curcumin by centrifuga-
tion at 3000 rpm for 5 min on Eppendrof miniSpin.
The curcumin pellet obtained was washed twice with
water, dissolved in CH,Cl, and assayed by HPLC
(Waters Model 515 device, Model 2487 UV detector,
250 X 4.60 mm column, Luna 5u silica Phenomenex,
CH,Cl,/ MeOH, 90/10, v/v).

Cell cultures. Hela cells were cultured in growth
medium, consisting of S-MEM, 5% horse serum, 5%
fetal bovine serum, 1% L-glutamine and 1% gentami-
cin-kanamycin. A549 and HepG?2 cells were cultured
in D-MEM with 10% fetal bovine serum, 1% L-
glutamine and 1% penicillin-streptomycin. K562 and
1301 cells were cultured in RPMI1640 media with
10% fetal bovine serum, 1% L-glutamine and 1% peni-
cillin-streptomycin. HEK?293 cells were cultured in
MEM supplemented with 10% fetal bovine serum.
Cells were incubated at 37°C, 5% CO,. 1 x 10° attached
cells (HeLa, A549 and HepG?2) and 5 x 103 suspen-
sion cells (K562 and 1301) were plated in 500 uL of
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growth medium in 24-well plate so these cells would be
80—90% confluent at the time of testing.

Cell uptake studies. HelLa cells were seeded in
24-well plates at a seeding density of 1 X 103 cells per
well in 500 pL of growth medium and were allowed to
attach for 24 h. For the studies of concentration-
dependent uptake, cells were treated with 40 uM of
liposomal curcumin or curcumin and were incubated
for 5, 10, 20 and 60 min. Each time point, the medium
was removed and the cells were washed three times
with PBS and visualized using an Nikon ECLIPSE TE
300 microscope (A, = 460—490 and A., = 510—
520 nm).

Cytotoxicity assays. In 24-well plates, 100000 cells
were plated per well and allowed to grow overnight.
Curcumin at final concentrations of 5, 10, 20, 40 and
80 uM and liposomal curcumin at final curcumin con-
centration of 1.25, 2.5, 5, 10, 20, and 40 uM was added
in wells (in triplicate) and incubated at 37°C in CO,
incubator for 6 h. The medium was removed and the
cells were washed thrice with PBS buffer before being
changed to complete medium. The cells were incu-
bated at 37°C in CO, incubator for 48 h prior to testing
for apoptosis by staining with propidium iodide and
Annexin V-FITC and then detected by flow cytometer
[43]. Data (table) show the mean of at least three inde-
pendent experiments =+ SD.
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Nonionic Surfactant Vesicles Composed of Novel Spermine-Derivative Cationic
Lipids as an Effective Gene Carrier In Vitro
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Abstract. In the present study, nonionic surfactant vesicles (niosomes) formulated with Span 20, choles-
terol, and novel synthesized spermine-based cationic lipids with four hydrocarbon tails in a molar ratio of
2.5:2.5:1 were investigated as a gene carrier. The effects of the structure of the cationic lipids, such as
differences in the acyl chain length (C14, C16, and C18) of the hydrophobic tails, as well as the weight ratio
of niosomes to DNA on transfection efficiency and cell viability were evaluated in a human cervical
carcinoma cell line (HeLa cells) using pDNA encoding green fluorescent protein (pEGFP-C2). The
niosomes were characterized both in terms of morphology and of size and charge measurement. The
formation of complexes between niosomes and DNA was verified with a gel retardation assay. The
transfection efficiency of these cationic niosomes was in the following order: spermine-C18 > spermine-
C16 > spermine-C14. The highest transfection efficiency was obtained for transfection with spermine-C18
niosomes at a weight ratio of 10. Additionally, no serum effect on transfection efficiency was observed.
The results from a cytotoxicity and hemolytic study showed that the cationic niosomes were safe in vitro.
In addition, the cationic niosomes showed good physical stability for at least 1 month at 4°C. Therefore,
the cationic niosomes offer an excellent prospect as an alternative gene carrier.

KEY WORDS: cationic lipid; cationic niosomes; gene carrier; gene transfection; nonionic surfactant

vesicles; spermine derivatives.

INTRODUCTION

Gene therapy has been widely endorsed as a promising
therapeutic approach for many incurable diseases related to
gene function, such as genetic diseases, cancer, cardiovascular
diseases, and autoimmune diseases (1). Successful gene ther-
apy requires not only therapeutically suitable genes but also a
safe and efficient gene carrier (2). To avoid severe side effects
resulting from viral vectors, such as immunogenicity, muta-
genesis, and carcinogenesis, nonviral vectors offer an attrac-
tive alternative. Cationic liposomes, a vesicular system widely
investigated as effective gene carriers, are one of the preferred
nonviral vectors (3,4). In addition, several studies have report-
ed on the use of another vesicular system, nonionic surfactant
vesicles (niosomes), as a gene carrier that can potentially be
substituted for liposomes (4-6).

Niosomes are nonionic surfactant vesicles formed by the
self-assembly of nonionic amphiphiles into a bilayer structure
in an aqueous medium (7). The nonionic surfactants
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preferably used to prepare niosomes include alkyl ethers
and alkyl glyceryl ethers (Brij), sorbitan fatty acid esters
(Span), and polyoxyethylenefatty acid esters (Tween) (7-9).
Cholesterol is usually combined with a nonionic surfactant in a
1:1 molar ratio in niosome formulations (10,11). Niosomes can
be prepared in the same way as liposomes and possess similar
structure and physical properties. However, niosomes have sev-
eral advantages over liposomes, including low production costs,
high purity, uniform content, greater stability, and the ease of
storing nonionic surfactants (12). Cationic niosomes used as
gene carriers are usually composed of nonionic surfactants
(i.e., Tween and Span), cholesterol, and cationic lipids (10,13).
One of the major factors affecting gene transfection mediated by
cationic niosomes is niosome composition, including the types of
surfactants and cationic lipids used (5,6).

The cationic lipids used as transfection reagents usually
contain three parts: a hydrophobic group, a linker group, and a
positively charged head group that can interact with DNA and
cause DNA condensation. The polyamines furnish one of the
most effective cationic lipid head groups (14). Among the poly-
amines, spermine, a well-known polyamine consisting of a
tetraamine with two primary and two secondary amino groups,
plays an important role as a gene carrier (15). Spermine-deriv-
ative cationic lipids commercially available for gene delivery
applications include dioctadecylamidoglycylspermine (DOGS)
and dipalmitoylphosphatidyl ethanolamidospermine (DPPES)
(16-18). In the present study, cationic niosomes formulated with
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Span 20, cholesterol, and novel synthesized spermine-based
cationic lipids with four hydrocarbon tails, namely, Tetra-
(NN ,N** N'*_myristeroyloxyethyl)-spermine (spermine-
C14), Tetra-(N',N',N'* ,N'*-palmitoyloxyethyl)-spermine
(spermine-C16), and Tetra-(N',N' ,N** N'*-steroyloxyethyl)-
spermine (spermine-C18) (Fig. 1), in a molar ratio of 2.5:2.5:1
were investigated as gene carriers. Factors affecting transfection
efficiency and cell viability, including cationic lipid structure (i.e.,
differences in the acyl chain length (C14, C16, and C18) of the
hydrophobic tails as well as the weight ratio of niosomes to
DNA) were evaluated in a human cervical carcinoma cell line
(HeLa cells) using pDNA-encoded green fluorescent protein
(pEGFP-C2). The morphology, size, and charge of these
niosomes/DNA complexes were characterized, and agarose gel
electrophoresis was performed. Moreover, the physical stability
of these cationic niosomes was evaluated with size and charge
measurements.

MATERIALS AND METHODS

Materials

Sorbitan monolaurate (Span 20) was obtained from
Sigma-Aldrich, MO, USA. Cholesterol was purchased from
Carlo Erba Reagenti, M1, Italy. Spermine-based cationic lipids
as shown in Fig. 1a—c were synthesized via solid phase synthe-
sis. The synthesis and characterization procedure of these
compounds were described in the previous report (19).
HelLa cells, the human cervical cancer cell line, were obtained
from American Type Culture Collection (ATCC, Rockville,
MD, USA). Modified Eagle’s medium (MEM), trypsin-
EDTA, penicillin—streptomycin antibiotics, and fetal bovine
serum (FBS) were purchased from GIBCO-Invitrogen, NY,
USA. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) was obtained from Sigma-Chemical Co.,
MO, USA. The pEGFP-C2 plasmid DNA, encoding green
fluorescent protein (GFP), was obtained from Clontech,
CA, USA. The NHindIll were obtained from Promega,
CA, USA. Lipofectamine™ 2000 was purchased from
Invitrogen, NY, USA. The human leukocyte-poor packed
red cells (LPRC) preserved with SAGM red cell preservation
solution (dextrose monohydrate 0.9 g, sodium chloride 0.877 g,
mannitol 0.525 g, and adenine 0.0169 g dissolved in 100 ml
water for injection) was donated from National Blood
Centre Thai Red Cross Society, Bangkok, Thailand. All
other reagents employed were of cell culture and molecular
biology quality.
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Plasmid Preparation

pEGFP-C2 was propagated in Escherichia coli DH5-a
and purified by using the Qiagen endotoxin-free plasmid pu-
rification kit (Qiagen, Santa Clarita, CA, USA). DNA con-
centration was quantified by measuring UV absorbance at
260 nm using a GeneRay UV Photometer (Biometra®,
Goettingen, Germany). The purity of the plasmid was verified
by gel electrophoresis (1% agarose gel) in Tris acetate-EDTA
buffer, pH 8.0 (TAE buffer) using \DNA/HindIII as a DNA
marker.

Preparation of Cationic Niosomes

The cationic niosomes used in the present study were
prepared using a sonication method (20). Briefly, nonionic
surfactants and cholesterol were dissolved in an ethanol/chlo-
roform mixture (1:1 v/v ratio), whereas cationic lipid was
dissolved in a chloroform/methanol mixture (2:1 v/v ratio).
The cationic lipid solution was then added to the solution of
surfactant and cholesterol to obtain a mixed solution of sur-
factant/cholesterol/cationic lipid in a molar ratio of 2.5:2.5:1.
The solvents were evaporated under N, gas flow to generate a
thin film at the bottom of the test tubes. The thin film was left
in a desiccator overnight to remove the remaining organic
solvents, and thin film hydration was performed using a Tris
buffer (20 mM Tris and 150 mM NaCl, pH 7.4). After hydra-
tion, the dispersion was sonicated using a bath sonicator for
30 min followed by a probe sonicator (Vibra-Cell™
Ultrasonic Processor, Sonics & Materials, Inc., USA), each
for 30 min in two cycles.

Preparation and Characterization of the Niosomes/DNA
Complexes

The niosomes/DNA complexes were prepared at vari-
able-weight ratios of niosomes to DNA by adding the niosome
solution to a DNA solution (the amount of DNA was fixed at
0.5 pg). The mixture was gently mixed by pipetting up and
down for 3-5 s to initiate complex formation. To complete the
complex formation process, the mixture was left at room
temperature for 30 min. Agarose gel electrophoresis was per-
formed to ensure complex formation using 1% agarose gels
(1 g agarose in 100 ml TAE buffer containing ethidium bro-
mide 0.5 ug/ml) and TAE as a running buffer. The electropho-
resis was performed for 45 min at 100 V. Ten microliters of
niosomes/DNA complexes containing 0.5 pg of DNA were
loaded per well.
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Fig. 1. Chemical structure of a Tetra-(N',N',N'* N'*-myristeroyloxyethyl)-spermine (spermine-C14), b Tetra-(N',N',N'* N**-
palmitoyloxyethyl)-spermine (spermine-C16), and ¢ Tetra-(N',N',N'* N'*.steroyloxyethyl)-spermine (spermine-C18)
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Size and Zeta Potential Measurements

The particle size and surface charge of the cationic
niosomes and niosomes/DNA complexes were determined
by photon correlation spectroscopy using a Zetasizer Nano
ZS (Malvern Instruments Ltd, Malvern, UK). The niosomes
and the niosomes/DNA complexes at varying weight ratios
were diluted with distilled water that had been filtered
through a 0.22-pm membrane filter to obtain the volume
required for each measurement (approximately 1 ml). All
samples were measured in triplicate at room temperature.

In Vitro Transfection of Niosomes/DNA Complexes
into HeLa Cells

On the day before transfection, HeLa cells were seeded into
a 48-well plate at a density of 2x10* cells/well in 0.25 ml of
complete medium (MEM containing 10% fetal bovine serum
and supplemented with 1% L-glutamine, 1% nonessential amino
acid solution, and 100 U/ml penicillin and 100 pg/ml
streptomycin) and were incubated at 37°C with 5% CO,
overnight. Prior to transfection, the medium was removed, and
the cells were incubated with 0.25 ml of the niosomes/DNA
complexes in serum-free medium at variable-weight ratios
containing 0.5 pg of pEGFP-C2 for 24 h at 37°C and with 5%
COs,. Cells transfected with naked pEGFP-C2 were used as
negative controls, and cells transfected with Lipofectamine™
2000 complexed with DNA at a weight ratio of 2 were used as
positive controls. On the day after transfection, the cells were
washed with pH 7.4 phosphate-buffered saline (PBS) and
replaced with complete medium. GFP expression was directly
observed under a fluorescence microscope (model: GFP-B;
wavelengths: excitation filter 480/40 and emission filter 535/50).
All transfection experiments were performed in triplicate. A
complete medium containing 10% FBS was used to investigate
the effect of serum on transfection efficiency.

Evaluation of Cell Viability

Cell viability was investigated using an MTT assay. HeLa
cells were seeded into a 96-well plate at a density of 8x10°
cells/well in 100 ul of complete medium and were incubated at
37°C and 5% CO, overnight. Prior to the cytotoxicity study,
the medium was removed, and the cells were treated with the
niosomes/DNA complexes under the same conditions as in the
transfection experiment. On the day after treatment, the cells
were rinsed with PBS and incubated in 100 pl MTT-containing
medium (1 mg/ml) for 4 h. The formazan crystals formed in
living cells were dissolved in 100 pl dimethyl sulfoxide per
well. Relative cell viability (in percent) was calculated based
on the absorbance observed at 550 nm using a microplate
reader (Universal Microplate Analyzer, models AOPUS01
and AI53601, Packard BioScience, CT, USA) and compared
with nontreated cells. The viability of nontreated cells was
defined as 100%.

Hemolytic Assay of Cationic Niosomes and Niosomes/DNA
Complexes

Hemolytic activity was evaluated using human LPRC ac-
cording to (21). Briefly, LPRC was centrifuged at 3,800 rpm for

5 min to remove the plasma and additive solution. The red blood
cells (RBCs) were then washed three times with PBS. The
RBCs were distributed in a 96-well plate (100 pl/well), and an
equal volume of cationic niosomes or niosomes/DNA com-
plexes under the same concentration as in the transfection ex-
periment (both diluted with PBS) was added. After incubation
at 37°C for 1 h, the plates were centrifuged at 800xg for 10 min,
and the supernatant was collected. The absorbance of the su-
pernatant was measured at 550 nm using a microplate reader
(Universal Microplate Analyzer, models AOPUSO01 and
AT53601, Packard BioScience, CT, USA). RBCs treated with
PBS were used as a negative control (normal hemolysis), where-
as RBCs treated with sterile water were used as a positive
control (100% hemolysis). Positive and negative control wells
were added on each plate. The percentage of hemolytic activity
of each sample was estimated from the absorbance at 550 nm
using the following equation: [(A—Ag)/(Amax—A0)]*100, where
Ay is the absorbance of the negative control and A,y is the
absorbance of the positive control, corresponding to 100% hemo-
lysis. The percentages of hemolysis (Y axis) were plotted against
the log of niosome concentration (X axis), and the 50% hemolytic
concentration (HCsg) value of the niosomes (the niosome
concentration that lyses 50% RBCs) was estimated.

Transmission Electron Microscopy

The morphological analysis of cationic niosomes and
niosomes/DNA complexes was performed with a transmission
electron microscope (JEOL JEM-1230, JEOL, Tokyo, Japan).
A small drop of sample was placed on a 200-mesh carbon-coated
copper grid. The excess sample was removed using a filter paper,
and the sample was then air-dried and viewed at 80 k'V.

Physical Stability of Cationic Niosomes

The physical stability of the cationic niosomes after stor-
age for 30 days at 4°C and 25°C was determined by monitoring
the particle size and zeta potential.

Statistical Analysis

The significance of differences in transfection efficiency and
cell viability was statistically evaluated with a one-way analysis of
variance (ANOVA) followed by an LSD post hoc test for ana-
lyzing transfection efficiency and a Tukey post hoc test for deter-
mining cell viability. The significance level was set at p<0.05.

RESULTS AND DISCUSSION

Characterization of Cationic Niosomes and Niosomes/DNA
Complexes

Cationic niosomes composed of Span 20, cholesterol
(Cho), and spermine-cationic lipids with four hydrocarbon
tails (Fig. 1; A = Tetra-(N',N',N'* N'*-myristeroyloxyethyl)-
spermine (spermine-C14), B = Tetra-(N',N',N'# N'*.
palmitoyloxyethyl)-spermine (spermine-C16), and C = Tetra-
(N' ,N' N'? N'*_steroyloxyethyl)-spermine (spermine-C18)) in
a molar ratio of 2.5:2.5:1 were prepared. The formulations of
niosomes, particle sizes, and zeta potentials are shown in
Table 1. The particle size of the cationic niosomes ranged
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Table 1. Physical Stability of Cationic Niosomes Formulated with Span 20/Cholesterol/Spermine-Cationic Lipid in a Molar Ratio of 2.5:2.5:1

After Storage at 4°C and 25°C for 30 Days. Each Value Represents the Mean +

Standard Deviation (S.D.) from Three Independent

Experiments

Particle size (nm)

Zeta potential (mV)

Day 30 Day 30
Formulations Initial (day 0) 4°C 25°C Initial (day 0) 4°C 25°C
Niosomes-C14 (Span 20/Cho/spermine-C14) 876+25 893+14 2,459+348 +42+7 +38+5 +1+3
Niosomes-C16 (Span 20/Cho/spermine-C16) 462+10 472+2 2,130+744 +49+1 +47+2 +2+2
Niosomes-C18 (Span 20/Cho/spermine-C18) 385+12 395+3 2,796+616 +54+1 +53+3 +15+1

from 385 to 876 nm in the following order: niosomes-C14 >
niosomes-C16 > niosomes-C18. The spermine-cationic lipids
with a long carbon chain may increase the rigidity of the
vesicle due to deeper insertion into the bilayer, thus
increasing the carbon chain length produced a decrease in
vesicle size. The zeta potential of the cationic niosomes
ranged from 42 to 54 mV in the following order: niosomes-
C18 > niosomes-C16 > niosomes-C14. These findings might
result from the intrinsic properties of each spermine-cationic
lipid. The hydrophobic strength of the long-chain carbon was
greater than that of the short-chain carbon. Accordingly, the
long-chain carbon increased the solubility of the cationic lipid
in the niosome bilayer. The amount of long-chain carbon in
the niosome bilayer was higher than that of the short-chain
carbon. Accordingly, the niosomes-C18 showed a higher
zeta potential than the niosomes-C14. These results were
consistent with the findings of a previous study that the
membrane rigidity and stability of polymer-hybridized
liposomes (PHL) increased with the alkyl chain length of
poly(asparagines) grafted with alkyl chains at the same
polymer concentration. It is expected that longer alkyl chains
will have stronger hydrophobic interactions with PC lipids,
producing a tighter PHL lipid bilayer (22).

The conditions for complex formation were optimized
through the use of a gel retardation assay to determine the
degree of binding between the cationic niosomes and DNA at
varying weight ratios. DNA migration will be retarded if the
carrier can form complexes with DNA. Moreover, no DNA
migration is observed if complex formation is complete (23).

1 2 34 56 7 8

pEGFP-C2

1 2 34 567 8

In this study, the weight ratios of the cationic niosomes to
DNA were altered by varying the amount of cationic niosomes
and fixing the amount of DNA. The complex formation
demonstrated by agarose gel electrophoresis is shown in
Fig. 2. The results showed that niosomes-C14, niosomes-C16,
and niosomes-C18 achieved complete complex formation at
weight ratios greater than 130, 100, and 60, respectively
(Fig. 2a—c). It can be concluded that the cationic niosomes
containing spermine-cationic lipids can condense DNA at dif-
ferent binding affinities.

Further investigations of the particle size and zeta poten-
tial of the niosomes/DNA complexes were performed at
weight ratios of 2.5, 10, 20, 30, 40, and 100. The particle size
and zeta potential were plotted against the weight ratios of the
niosomes/DNA complexes (Fig. 3). The particle size of all
formulations of niosomes/DNA complexes did not obviously
change when weight ratio increased from 2.5 to 30, whereas
further increasing the weight ratio from 30 to 100 resulted in
an increase in particle size. A negative value of the zeta
potential of niosomes/DNA complexes in all niosome formu-
lations was observed for weight ratios ranging from 2.5 to
40. The zeta potential changed from negative to neutral as
the weight ratio increased from 40 to 100. It can be
assumed from these findings that the lack of variation in
particle size as well as the negative value of the zeta
potential observed with the increasing weight ratios cited
might be due to the adsorption of anionic DNA molecules
at the cationic surface of the niosomes through electrostatic
interactions.

1 2 3456 7 8

Fig. 2. Gel retardation assay of niosomes/DNA complexes. Lane I, NHind III DNA marker; lane 2,
pEGFP-C2; lanes 3-8, niosomes/DNA complexes at weight ratios of 80, 90, 100, 110, 120, and 130 for a
niosomes-C14, weight ratios of 50, 60, 70, 80, 90, and 100 for b niosomes-C16, and weight ratios of 35, 40, 45,

50, 55, and 60 for ¢ niosomes-C18
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Fig. 3. Particle size (black triangle) and zeta potential (black square) at varying weight ratios of niosomes/DNA complexes; a niosomes-C14, b
niosomes-C16, and ¢ niosomes-C18. Each value represents the mean + S.D. of three measurements

In Vitro Transfection in HeLa Cells

An effective gene delivery system should provide high
transfection efficiency. To investigate the in vitro transfection
efficiency of cationic niosomes, cationic niosomes carrying
pEGFP-C2 were transfected into a human cervical carcinoma
cell line (HeLa cells). Gene transfection mediated by cationic
niosomes is affected by numerous factors, including the types
of surfactants and cationic lipids that compose the niosomes
(5,6). In this component of the study, the effects of multiple
factors, including the acyl chain length (C14, C16, and C18) of
cationic lipids and the niosomes/DNA weight ratio, on
transfection efficiency were evaluated in comparison with
Lipofectamine™ 2000 at a weight ratio of 2 (positive control)
and naked pDNA (negative control) (Fig. 4). The niosomes-
C16/DNA complexes and niosomes-C18/DNA complexes
showed significantly higher transfection efficiency compared
with naked DNA transfection at any weight ratio (Fig. 4b, c),
whereas the transfection efficiency of niosomes-C14/DNA
complexes was only significantly higher than the negative
control at weight ratios of 10-40 (Fig. 4a). In general,
higher weight ratios were correlated with higher transfection
efficiencies. However, a decrease in transfection efficiency was
observed if the weight ratio was increased above that yielding
the highest transfection efficiency. This finding is in agreement
with our previous reports (24,25). The highest transfection
efficiency observed for the niosomes-C14, niosome-C16, and
niosomes-C18 was at weight ratios of 20, 30, and 10,

respectively. The transfection efficiency decreased as follows:
niosomes-C18 (7,993+94 cells/cm?) > niosomes-C16 (5,958 +
197 cells/cm?®) > niosomes-C14 (2,082+63 cells/cm?).

Among the niosomes, the highest transfection efficiency
was observed in the niosomes-C18 formulation at a weight
ratio of 10. In addition, no significant difference was observed
between the transfection efficiency of the niosomes-C18 for-
mulation at weight ratios from 10 to 20 and that of the
Lipofectamine™ 2000 positive control (p>0.05) (data not
shown). These results showed that not only the weight
ratio but also the alkyl chain length of the spermine-
cationic lipids affected the efficiency of gene transfection.
Increasing the alkyl chain length increased the efficiency
of gene transfection. The high transfection efficiency of
niosomes-C18 might be attributed to the small particle
size (385+12 nm), high zeta potential (+54+1 mV), and
complete DNA complex formation at lower weight ratios
(above 60) relative to niosomes-C16 (above 100) and niosomes-
C14 (above 130). Accordingly, the niosomes-C18 (composed of
spermine-C18 cationic lipid) at a weight ratio of 10 serves as an
effective gene carrier in vitro. However, niosomes-C18 achieved
complete complex formation at weight ratios above 60 (Fig. 2c).
Thus, at this weight ratio of 10, where the highest transfection
efficiency was obtained, complex formation was not complete.
This finding is in accordance with our previous report (20) on
gene transfection using cationic niosomes containing another
spermine derivative. In this previous study, the highest gene
transfection efficiency was observed at a weight ratio below
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Fig. 4. In vitro transfection efficiency of niosomes/DNA complexes with weight ratios of 2.5-100 at pH 7.4 in HeLa cells; a niosomes-C14, b
niosomes-C16, and ¢ niosomes-C18. Each value represents the mean + S.D. of triplicate experiments (Asterisk indicates p<0.05 compared
with naked DNA)
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Fig. 5. In vitro transfection efficiency of niosomes/DNA complexes in
HeLa cells at pH 7.4 in the absence of serum (white bars) and presence
of 10% serum (black bars) with weight ratios of 20, 30, and 10 for
niosomes-C14, niosomes-C16, and niosomes-C18, respectively. Each
value represents the mean + S.D. of triplicate experiments

that at which complete complex formation occurred (partial
complex formation). In contrast, our previous study on
cationic liposomes formulated with the same spermine-C18
cationic lipid and phosphatidylcholine (PC) (liposome-C18)
found that the highest transfection efficiency was obtained at a
weight ratio of 15 (greater than the weight ratio needed for
complete complex formation) (24). This finding might result
from differences between liposomes and niosomes in
intracellular processing or cellular uptake mechanisms.
Experiments on complex formation effects and the possible
cellular >uptake mechanisms of niosomes will be conducted in

a b
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the future. The surface modification of cationic liposomes using
sorbitan ester (Span®) can enhance the cellular uptake of
oligonucleotides through an endocytosis-dependent pathway.
The hydrophobicity of cationic liposomes must be appropriate
for the cellular uptake process. Excessively strong hydrophobicity
may impede carrier access to the cell surface, whereas a decrease
in hydrophobicity to a certain level may hinder adhesion and
phagocytosis. Additionally, Span may destabilize the cell
membrane by disordering the liquid crystal structures of lipid
bilayers and could thus facilitate entrance by the cells of
xenobiotics (26). The mechanism of cellular internalization
of surfactant vesicles has also been investigated (27). The
cited study suggested that surfactant vesicles were primarily
internalized through the cholesterol-dependent clathrin-
mediated endocytosis pathway. It is reasonable to suppose that
surfactant vesicles bind nonspecifically to clustered cellular
receptors in coated regions and are then internalized. After
cellular internalization, effective gene carriers should promote
endosomal escape. Zhou et al. investigated the mechanism of
cellular internalization of niosomes-siRNA complexes using
cationic niosomes (SPANosome) formulated with DOTAP/
Span 80/TPGS in a molar ratio of 50:49:1. The niosomes-
siRNA complexes were shown to be internalized by tumor
cells primarily through the caveolae-mediated pathway, which
does not result in lysosomal delivery and is thus less degradative.
In contrast, the pathway used by lipofectamine—siRNA was
primarily clathrin-mediated endocytosis (28). Accordingly, the
present study investigated cationic niosomes containing Span 20
niosomes and spermine-cationic lipids. The high transfection
efficiency found in this study might have occurred because
cationic lipids can be protonated at an intralysosomal acidic
pH, producing endosomal membrane destabilization,
subsequent cytosolic release of the delivered DNA, and,
finally, gene transcription and translation. Lysosomotropic
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Fig. 6. Transmission electron microscope (TEM) images at magnification x50 k of the cationic niosomes; a niosomes-C14; b niosomes-C16; ¢
niosomes-C18 and niosomes/DNA complexes; d niosomes-C14/DNA complexes at weight ratio of 20; e niosomes-C16/DNA complexes at
weight ratio of 30; and f niosomes-C18/DNA complexes at a weight ratio of 10
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Fig. 7. The percentage cell viability of niosomes/DNA complexes with weight ratios of 2.5-100 at pH 7.4 in HeLa cells; a niosomes-C14, b niosomes-
C16, and ¢ niosomes-C18. Each value represents the mean + S.D. of triplicate experiments (Asterisk indicates p<0.05 compared with control)

detergents, such as lipophilic amines, can become protonated at
an intralysosomal acidic pH level, resulting in enhanced
endosomal escape (29). The role of cationic niosomes in gene
delivery, as well as the cellular uptake mechanism and
intracellular process, is interesting and is currently under
investigation in our laboratory.

One of the major factors to be considered regarding
transfection reagents is their ability to function in serum-sup-
plemented cell culture medium. A crucial drawback hindering
the clinical success of cationic transfection lipids is their serum
incompatibility. The in vitro gene transfection efficiency of
cationic amphiphiles is usually adversely affected in the pres-
ence of serum. Generally, gene transfection mediated by cat-
ionic liposomes is inhibited by serum (30). Such serum
incompatibility of cationic transfection lipids is hypothesized
to begin through the adsorption of negatively charged serum
proteins onto the positively charged cationic liposome sur-
faces, preventing the efficient interaction of these proteins
with the cell surface and/or their internalization (31).
Additional investigations of the effect of serum on the transfec-
tion efficiency of cationic niosomes (niosomes-C14, niosomes-
C16, and niosomes-C18) at the weight ratios that provided the
highest gene transfection were conducted (Fig. 5). The transfec-
tion efficiency of all of the niosome formulations did not differ
significantly in the presence (10% FBS) and absence of serum
(p>0.05). This presence of a serum effect appears to be another
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advantageous property of these cationic niosomes that facilitates
their use as gene carriers.

Morphological Analysis of Cationic Niosomes and Niosomes/
DNA Complexes

The cationic niosomes and niosomes/DNA complexes
were morphologically characterized with transmission elec-
tron microscopy (TEM). The TEM images demonstrated that
the cationic niosomes had spherical shapes with a smooth
surface and a detached border (Fig. 6a—c). The morphology
of the niosomes/DNA complex at the weight ratio providing
the highest gene transfection is illustrated in Fig. 6d—f. This
complex also had a spherical shape, but the surface of the
complex was rough or hairy, and the particle size was larger.
The hairy surface of the complex in the images shows that
anionic DNA molecules interacted electrostatically with the
cationic niosome surfaces.

Effect of Niosomes/DNA Complexes on Cell Viability

Suitable gene delivery systems require not only high
transfection efficiency but also safety. To assure the safety of
the gene carriers, an MTT assay was performed in HeLa cell
culture (Fig. 7). The cell viability of the niosomes/DNA com-
plex-treated cells was compared with the nontreated cells
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Fig. 8. Hemolytic activity of a cationic niosome concentrations of 0.2-2,000 pg/ml and b niosomes/DNA complexes with weight ratios of 2.5
100 at pH 7.4 in human leukocyte-poor packed red cells (LPRC); niosomes-C14 (4), niosomes-C16 (Ji]), niosomes-C18 (A ). Each value
represents the mean + S.D. of triplicate experiments



(controls). Safe formulations should result in cell viabilities
similar to those of untreated cells. The results showed that
niosomes-C14 was safe for use at a weight ratio of 2.5-25,
whereas niosomes-C16 and niosomes-C18 were safe at weight
ratios of 2.5-30 and 2.5-15, respectively. Cytotoxicity has been
observed to be correlated with increasing carrier-to-DNA
weight ratios (23). These cationic niosomes possess low toxic-
ity at the weight ratios that provided the highest transfection
efficiency (weight ratios of 20, 30, and 10 for niosome-C14,
niosome-C16, and niosome-C18 formulations, respectively).
Therefore, it can be assumed that these cationic niosomes
are safe for in vitro use.

Hemolytic Assay

The hemolytic activity of cationic niosomes and niosomes/
DNA complexes was determined using RBCs as a marker of
general membrane toxicity (21). To evaluate the hemolytic ac-
tivity of cationic niosomes in terms of HCsq, the percentage of
hemolysis was plotted against the log niosome concentration.
All niosome formulations in the concentrations of 0.2 to
2,000 pg/ml used in this study had a low hemolytic effect, and
the estimated HCs, of all formulations was greater than
2,000 pg/ml (the concentration of niosomes prepared in this
study was approximately 2,000 ug/ml) (Fig. 8a). In addition,
the niosomes/DNA complexes at the weight ratios used in the
transfection experiment (weight ratios of 2.5 to 100) also showed
a low hemolytic effect (Fig. 8b).

Due to safety concerns, the internal use of Span is limited
because of its surfactant properties. In this study, however, the
concentration of Span 20 in the niosome formulation that
provided the highest transfection efficiency showed low he-
molytic activity. Additionally, successful topical genetic immu-
nization against hepatitis B in mice using niosomes composed
of Span 85 and cholesterol encapsulating DNA encoding hep-
atitis B surface antigen (HBsAg) has been reported (12).
Consequently, it might be assumed that Span-niosomes repre-
sent a promising alternative for in vivo application.

Physical Stability of Cationic Niosomes

Particle size is an important indicator of the stability
response of colloids. Increases in particle size usually result
from the aggregation and fusion of colloidal vesicles, correlat-
ed with an unstable colloidal system. After storage of the
cationic niosomes at 4°C and 25°C for 30 days, the particle
size and zeta potential of the niosomes were determined
(Table I). The particle size of all niosome formulations stored
at 25°C increased markedly compared with the initial value
(day 0), whereas no alterations in particle size were observed
at 4°C for any formulation. The zeta potential of all niosome
formulations stored at 25°C decreased markedly compared
with the initial value, whereas almost no changes in zeta
potential were observed at 4°C for any formulation.

To prevent aggregation, vesicles must have a high surface
charge to provide sufficient electrostatic repulsion (13).
Cationic niosomes only show good physicochemical stability
after refrigeration (4°C). This result implies that the stability
of cationic niosomes is primarily affected by temperature.
Temperature is associated with energy input, which can induce
changes in the crystalline structure of lipids. This finding was
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in agreement with a previous observation (32) that rapid
growth of solid lipid nanoparticles (SLNs) stored at 50°C
occurred in association with a decrease in the zeta potential
of the SLNs. Additionally, high temperatures can induce de-
stabilization due to changes in zeta potential (33). In conclu-
sion, the cationic niosomes were physically stable for at least
1 month at 4°C.

Although the particle size of the niosomes-DNA com-
plexes that provided the highest transfection efficiency was
relatively large (approximately 500 nm), this system might be
used for topical DNA delivery. For cutaneous gene therapy,
several niosome formulations have been successfully reported
to deliver genes to the skin and provide excellent transfection
efficiency (10). The current study shows that niosomes can
potentially be used as a gene carrier in vitro. Several studies
have reported that niosomes can facilitate siRNA delivery
in vitro as well as gene delivery (28,34). Our study also sup-
ported the view that Span 20 niosomes show a low hemolytic
effect and might serve as a promising alternative in vivo.
However, further investigations of intracellular uptake mech-
anisms as well as the in vivo efficacy and safety of this system
are required.

CONCLUSIONS

Cationic niosomes formulated from Span 20, cholesterol,
and novel spermine-based cationic lipids with differences in the
acyl chain length (C14, C16, and C18) of the hydrocarbon tails at
a molar ratio of 2.5:2.5:1 were successfully prepared to enhance
transfection efficiency in vitro. The niosomes composed of
spermine cationic lipid with an acyl chain length of C18 demon-
strated the highest transfection efficiency as well as low cytotox-
icity and a low hemolytic effect in vitro. Additionally, the
cationic niosomes had good physical stability for at least 1 month
at 4°C. Consequently, these cationic niosomes show an excellent
potential as an alternative gene carrier.
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