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Abstract

The synthesis and transfection potential of a novel cationic cholesterol cytofectin with a dimethylamino head group and
long 12 atom, 1% spacer incorporating relatively polar amido and dicarbonyl hydrazine linkages are reported. NMNus
dimethylaminopropylamidosuccinylcholesterylformylhydrazide (MS09) in equimolar admixture with dioleoylphosphatidylethanolamine (DOPE
forms stable unilamellar liposomes (80-150 nm) which cluster into very effective transfecting, serum nuclease-resistant, lipoplexes with DI
(180-200nm) at a liposome+/DNAmolar charge ratio of 2.8:1 (12:1, w/w). Gel retardation and ethidium displacement assays confirmed
that DNA was fully liposome-associated and maximally compacted at this ratio. Transfection levels in three human transformed epithelial c
lines, as established by luciferase transgene activity, was found to be optimal at this charge ratio and in the following order: cervical carcino
(HeLa) > oesophageal carcinoma (SNO) > hepatoblastoma (HepG2). Activity in the murine fibroblast line NIH-3T3 was comparable to that
HepG2 cells. MS09 lipoplexes achieved approximately three-times and two-times greater activity than Lipofaoitexes in HeLa and SNO
cells, respectively, whilst comparable levels were recorded in HepG2 and NIH-3T3 cells. MS09 lipoplexes were well tolerated by HepG2, Hel
and SNO cells with cell numbers found to be 80, 85 and 75% of untreated cultures, respectively, at the optimal transfection concentration. Th
lipoplexes also exhibited high activity in the presence of 10% foetal bovine serum (FBS) in HeLa (17% inhibition) and HepG2 (33% inhibition) cell:
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction by a variety of safety and production difficulties associated with
alternative viral methods and retroviral modalities in particular.
Efforts to develop non-viral gene transfer vectors in mam-Non-viral DNA transfer approaches are varied and include phys-
malian systems with the design capability for whole organisnical approaches such as electroporatiglegking et al., 1995
applications are gaining impetus. This process is fuelled, in parthe biolistic or gene gun methodtgng et al., 1999 and direct
microinjection Wolff et al., 1990, which deliver naked DNA
into cells by penetration of the plasma membrane avoiding endo-
Abbreviations: BCA, bicinchoninic acid; Chol-T, B[N-(NV',N'-dimethyl- Somgs_ and lysosomes. A growing list of chemical methods '_S
aminopropane)-carbamoyl] cholesterol; DCC, dicyclohexylcarbodiimide;'€CeIVING evermore attention howeV?r- Amongst the§e' cationic
DC-Chol, dimethyl aminoethane carbamoyl cholesteroB[N3(\N',N'- polymers form a sizeable group that includes FE\(ssif et al.,
dimethylaminoethane)-carbamoyl] cholesterol; DMF, dimethylformamide; ]_993, poly-L—Iysine Nvu and Wu, 1982 polybrene Mumper
DMSO, dimethylsulfoxide; DOSPER, 1,3-dioleoyloxy-2-(6-carboxyspermyl)- ot al., 1998, chitosan Corsi et al., 200Band oligoaminosilox-
propylamide; DOPE, dioleoylphosphatidylethanolamine; DOTAR(1- anes ((ichler et al 2003 These polvimers bind and compact
(2,3-dioleyloxy) propyl)&,N,N-trimethylammonium methylsulfate; HEPES, M . poly i . P
2-[4-(2-hydroxyethyl)-piperazinyl]-ethanesulfonic ~ acid; HBS, HEPES DNA and transfect mammalian cells with varying degrees of
buffered saline; MEM, minimum essential medium; MS04, cholesteryl- efficiency.
formylhydrazide; MS08, cholesterylformylhydrazidehemisuccinate; MS09,  Cationic liposomes, however, are arguably the most widely
N,N-dimethylpropylamidosuccinylcholesterylformylhydrazide;  NHSN- employed non-viral gene transfer vehicles. These submicron
hydroxysuccinimide; PBS, phosphate buffered saline; PElI, polyethyleneimine\;/eSiCIeS which form electrostatic complexes with DNA throuah
RLU, relative light units; TEM, transmission electron microscopy P g

* Corresponding author. Tel.: +27 31 2607981; fax: +27 31 2607942. interaction of their positively charged amphiphiles and the nega-
E-mail address: ariatim@ukzn.ac.za (M. Ariatti). tively charged phosphodiester backbone of the nucleic acid, are
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readily prepared and are generally non-immunogenic or weaklyia a relatively polar 12 atom, 15 spacer. ThusnN,N-
so. Liposome—DNA complexes, termed lipoplexEsl@ner et  dimethylaminopropylamidosuccinylcholesterylformylhydrazide
al., 1997, facilitate the cellular uptake of genetic material by, (MS09, Fig. 1) which we have formulated with equimolar
as yet, ill-defined mechanisms which are believed to entail elemamounts of DOPE into stable unilamellar liposomes forms
trostatic interactions with the charged cell-surface residues antight lipoplexes with plasmid DNA that are resistant to assault
hydrophobic interactions with hydrophobic components of thédby serum nucleases and that are well tolerated by the trans-
cell membrane. This process is facilitated by a helper lipid, usuformed human epithelial cell lines SNO (oesophageal), HepG2
ally dioleoylphosphatidylethanolamine (DOPE) or cholesterol(hepatocyte-derived), HelLa (cervical) and the murine NIH-3T3
(Felgner et al., 1994ndDeshpande et al., 1998spectively) fibroblast line. We report here high transfection activity as
which is included in the liposome formulation. Most cationic measured by the expression of the luciferase gene in the pGL3
compounds intended for integration into liposomes embody &ector, in the human lines examined in this study. We show also
hydrophobic anchor which is embedded in the liposome bilayetthat these levels compare very favourably with those achieved
This apolar component may be cholesterol, as in the case of th® the commercial transfection agent Lipofe€tin
well-known DC-Chol Gao and Huang, 1991or two closely
apposed long hydrocarbon chains which are frequently integrd. Materials and methods
components of unsaturated acyl groups as are found in DOTAP
(Felgner et al., 1987and DOSPERHRuchberger et al., 1996  2.1. Chemicals and reagents
The polar cationic head group is tethered to the anchor via a
spacer which includes a linker. The biodegradable carbamoyl Cholesterylchloroformate, NHS, dimethylaminopropy-
linker first used in DC-Chol has subsequently been employethmine, DCC, DOPE and succinic anhydride were obtained
extensively in related cytofectins of this cla3akeuchi et al., from Sigma—Aldrich (St. Louis, MI). Hydrazine, pyridine,
1996; Singh et al., 2001a; Kisoon et al., 2002; Reynier et al.DMF, silica gel 60ks4 chromatography plates, HEPES,
2009 whilst ester Lee et al., 2004 ether Ghosh et al., 2000 glutaraldehyde, Os§) propylene oxide, lead citrate and all
and amide linkers{asegawa et al., 20PBave also been applied organic solvents were purchased from Merck (Darmstadt,
with success. The cationic components are varied but subsiGermany). The components of Spurr's resin were purchased
tuted aliphatic amines are favoured. The nature and length of tifeom TAAB Laboratories (UK). BSA and pBR322 DNA were
spacer element are important factors in accommodating cohé-om Roche (Mannheim, Germany). Agarose (ultrapure DNA
sive charge—charge interactions in lipoplexes and influence thegrade) was from BioRad (Richmond, CA). Trypsin—-EDTA
transfection potential. In this regard it has been reported recentlgnd penicillin—streptomycin mixtures were supplied by Whit-
that a single additional methylene in the spacer region of cationitaker Bioproducts (Walkersville, MD). Foetal calf serum
cholesterol derivatives leads to potentiated transfection efficacywas sourced from Delta Bioproducts (Johannesburg, South
in a number of mammalian cell lines in vitrdgkeuchi et al., Africa). Minimum essential medium (MEM) with Earle’s salts
1996; Reynier et al., 2004; Singh and Chaudhuri, 2004 and Lipofecti? were provided by Gibco BRL (Inchinnan,
The strength of salt bridges underpinning DNA—cytofectinScotland). The luciferase assay kit and the pGL3 control vector
interactions will be affected by the proximity of the cationic was purchased from Promega Corporation (Madison, WI). All
and anionic components and the immediate molecular envirorplastic ware was from Bibby-Sterilin (Staffordshire, England).
ment. In examining interactions between the double strandedll other reagents were of analytical grade and ultrapure water
DNA and the cationic surface of the unilamellar liposomes thgMilli-Q50) was used throughout.
concept of relative surface exposure should be considered. It
has been calculated that the accessible area in B-DNA is rath@r2. Synthesis of cholesterol derivatives
polar with phosphate oxygens accounting for 45% of this sur-
face @Alden and Kim, 1979 Furthermore the DNA molecules 2.2.1. Cholesterylformylhydrazide (MS04)
are extensively hydrated with hydration being more strongly A solution of cholesterylchloroformate (1.13 g, 2.5 mmol) in
held around phosphate bridges. The DNA hydration shells magZHCIz (5ml) at 0°C was added, with stirring, to a solution
adversely affect the formation of ion pairs with the cationicof hydrazine (240 mg, 7.5 mmol) in CHEMeOH (3:0.6 ml).
liposome bilayer by restricting convergence of charge centredifter 24 h at room temperature the solution was concentrated
The resulting longer range electrostatic interactions may theim vacuo to a crystalline mass which was recrystallized from
be more easily destabilized by ions and polyions in cell cultureCHCIl3:MeOH (4:1, v/v) to afford 917 mg of product (83%
medium and serum. It therefore seems reasonable to assume thisld). mp: 225-227C.
amphiphiles with long, somewhat polar spacers which favour
extension of cationic heads into the aqueous milieu may facilitat@.2.2. Cholesterylformylhydrazidehemisuccinate (MSOS8)
interaction with the hydration shell, thereby bringing the cationic A solution of MS04 (89 mg, 0.2 mmol) and succinic anhy-
heads on amphiphiles into closer proximity to the anionic centredride (20 mg, 0.2 mmol) in DMF:pyridine (1:1, v/v, 2ml) was
on the DNA. maintained at room temperature overnight. Solvent was then
To explore this possibility we have therefore preparedevaporated underreduced pressure and the product was obtained
a cholesteryl derivative bearing a cationic dimethylaminoas white crystals from absolute ethanol. Yield: 58 mg (53%). mp:
head group which is connected to the fused ring system95-196C.



M. Singh, M. Ariatti/ International Journal of Pharmaceutics 309 (2006) 189-198 191

NHNH,
— + HCI
7 0
Cl—-C—0 H,N—NH —C-O
CHOLESTERYLCHLOROFORMATE CHOLESTERYLFORMYLHYDRAZIDE
(MS04) 0]
O
v Z Succinic Anhydride
DMF: PYRIDINE (1:17/,) o
— 0
0 I Il
HOOCCH,GH,CNHNH—C—O
N—OH| pce
A CHOLESTERYLFORMYLHYDRAZIDE HEMISUCCINATE
(0] (Mso08)
NHS
\J
(0] HiC ~
CI? (J:I) ﬁ % NCH,CHCHzNH,
H3C
N—QO—CCHyCH,CNHNH-C—0 N ) )
A Dimethylaminopropylamine
(@]

N-HYDROXYSUCCINIMIDE ESTER OF CHOLESTERYLFORMYLHYDRAZIDE HEMISUCCINATE

HsC( I I I
 N=CH,CH,CHNHCCH,CH,CNHNH—C~0
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Fig. 1. Scheme outlining the synthesisN-dimethylaminpropylamidosuccinylcholesterylformylhydrazide (MS09) from cholesteryl chloroformate.

2.2.3. N-hydroxysuccinimide ester of the product was obtained as white crystals from EtOH. Yield:
cholesterylformylhydrazidehemisuccinate 53 mg (55%).

MS08 (82 mg, 0.15mmol), DCC (62 mg, 0.3 mmol) ake
hydroxysuccinimide (35 mg, 0.3 mmol) were dissolved in DMF 2.2 4. N N-
(1 ml) and the progress of the reaction was monitored by TLC OWimethylpropylamidosuccinylcholesterylformylhydrazide
silica gel 60ks4 plates developed in CHgEMeOH (9:1, viv).  (MS09)
After 48 h the dicyclohexylurea crystals were removed by filtra-  The N-hydroxysuccinimide ester of cholesterylformyl-
tion and the crude product obtained by evaporation of the solvemiydrazidehemisuccinate (53mg, 0.083mmol) and dimethy-
in vacuo. The product was dissolved in CHGind this was  |laminopropylamine (36 mg, 0.35mmol) were dissolved in
extracted with water to remove exceédydroxysuccinimide.  water:pyridine:DMF (13:7:10, v/v/v, 1.5 ml). The reaction was
After evaporation of the solvent the residue was extracted witltnonitored by TLC in CHG:MeOH (95:5, v/v) and the product
petroleum ether (60-8) to remove traces of DCC. Finally was purified on four 10 cn 20 cm 60ks4 TL plates devel-
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oped in the same solvent system. Yield: 20mg (38%). mp(1 wg/ml running buffer) for 30 min and viewed under transil-
155-156'C. lumination at 300 nm and images captured on a Gene Genius
Bioimaging System (Syngene, Cambridge, UK).
2.3. Plasmid DNA
2.5.3. Nuclease digestion assay

The 5256 bp pGL3 control vector (Promega, Madison, WI) Liposome:DNA mixtures were incubatgd in HBS (20 for
used in this study encodes tRéotinus pyralis luciferase gene 20 min at 20°C, and thereafter, foetal bovine serum was added
(luc*) flanked by SV40 promoter and enhancer sequences whid® @ final concentration of 10%. Samples were incubated for a
afford strong expression in a range of mammalian cell typesfurther 4h at 37C before receiving EDTA and SDS to final
The 4363 bp pBR322 plasmid (Roche Diagnostics, Mannheinﬁ:oncentrations of 10mM and 0.5% (w/v), respectively. After

mixtures before subjecting to electrophoresis as described in

Section2.5.2

2.4. Liposome preparation and transmission electron
icroscopy 2.5.4. Ethidium displacement assay
Liposomes were prepared by a method adapted from that Lipoplex formation was also followed by the displacement

; of intercalated ethidium cation upon association of plasmid
of Gao and Huang (1991Briefly, MS09 (2umol) and DOPE oo : .
(2 umol) were digss)lvedBin C)I/-IGI 1 ml().MThe)Iipids were DNA with liposomes in a Shimadzu RF-551 spectrofluoro-

deposited as a thin film on the inner wall of a test tube bymetrlc detector (excitation and emission wavelengths of 520

. L and 600 nm, respectively). The assay was adapted from that
rotary evaporation of the solvent at 20. The thin film was described byfros de llarduya et al. (20024 solution of ethid-

rehydrated in sterile HBS (20 mM HEPES, 150 mM NaCl, pH. . . )
7.5, 1 ml) overnight and finally the suspension was vortexeéum bromide (ETBr, ) in HBS (500ul) was used to provide

o . ) . a baseline reading of fluorescence (0%). Thereafter, pBR322
before sonicating for 5 min on a Transsonic bath-type sonlcatobNA (6 1g) was added and this solution was used to set the
i-lt-;ifr Ti?gggg]gzOjggejsgafsiféegyaﬁgj 'Zli ?)?%llalrir;)i”sag;neinstrument to 100% fluorescence. Aliquots of MS09 liposomes
suspensions (501) were mixed with a 5% (wiv) BSA solu- (10p.g) were then added and readings taken after mixing at each

tion in Tris—HCI (100 mM, pH 7.2) and treated with 25% (w/v) step until 9Q:g MS09 liposomes had been added.
glutaraldehyde (5Q.l). Gels were diced and treated with OsO . . .
(24 h). After dehydration, gels were treated successively Witr%a Cell lines and their maintenance

propylene oxide, propylene oxide:Spurr’s resin (1:1, v/v) and Hela, HepG2, SNO and NIH-3T3 cells were obtained from

il s e e st et e 1 e e S Ceenre
’ RStopagated at 37 in 25cn? flasks in 5ml of MEM con-

pr
at6okv. taining 10% (v/v) foetal bovine serum, 100 U/ml penicillin G,

100pg/ml streptomycin sulphate, 10 mM NaH@@nd 20 mM

2.5. Lipoplex characterization HEPES (pH 7.5). Cells were split in a ratio of 1:3 (1:2 HepG2)
every 3—4 days, and stored in a biofreezeB(°C) in complete
2.5.1. Transmission electron microscopy medium containing 10% (v/v) DMSO.

Lipoplex suspensions (54), which were prepared by adding
liposomes (4umol lipid/ml HBS) to plasmid DNA (Iug/pl
HBS) at 20°C and allowing to mature for 20 min, were placed on
parafilm sheets and mixed with 0.5% wi/v uranyl acetateu(@0 HeLa, HepG2, SNO and NIH-3T3 cells were separately
After 3 min, the mixtures were transferred to the matt SurfaCerpsinized and seeded into 24-well plates at the following den-
of formvar coated copper grids. Discs were air dried overnightities: 2.0x 10%, 1.8x 104, 1.8x 10% and 2.1x 10* per well,
and viewed in a Jeol 1010 transmission electron microscope @spectively. Cells were incubated for 24 h to allow attachment
60kV. and growth to semi-confluency. Lipoplexes were assembled

in HEPES (1Qul) and incubated at 20C for 20 min. Growth
2.5.2. Gel retardation assay medium was removed from cells and replaced with serum free

Liposome:DNA mixtures in HBS (1(l) were incubated at medium (0.5 ml). Lipoplexes were then added to wells and plates
20°C for 30 min and mixed with 3. gel loading buffer (50% were incubated at 37C for 4 h. The medium was then replaced
glycerol, 0.5% bromophenol blue, 0.5% xylene cyanol, 72 mMby complete medium and cells were incubated at@7or a
Tris—HCI, 60 mM NahPO, and 20 mM EDTA atpH 7.5) before further 48 h. Adherent cells were quantified by the method of
loading onto a 1% agarose gel in a Mini-Subpparatus (Bio- Schellekens and Stitz (1980 brief, cells were washed twice
Rad, Richmond, CA). Electrophoresis was conducted for 90 minvith PBS and stained with 2Q4 crystal violet solution (0.5%,
in TPE running buffer (36 mM Tris—HCI, 30 mM NaiffOQy,  w/v crystalviolet; 0.8%, w/v sodium chloride; 5%, v/v formalde-
10mM EDTA, pH 7.5) at 50V (Consort E455 power supply, hyde; 50%, v/v, ethanol) for 20 min. Stain was removed and
Turnhout, Belgium). The gel was stained with ethidium bromidewells washed extensively with water. The multi-well plates were

2.7. Growth inhibition assays
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then dried for 24 h and the stain was extracted from fixed cellS.1.1. Cholesterylformylhydrazide (MS04)

into 2-methoxyethanol (0.5 ml) over a period of 36 h with gen- IR (film) 3416 (b, N-H), 2929 (st, GH), 1731 (m, G0O),

tle rocking (20 revolutions/min) on a Stuart Scientific STR 61495 (m, G=C) cm 1. 'H NMR (DMSO &) § 0.66 (s, 3H,

platform shaker Surrey, UK). Absorbance values of extract&C—CHjs), 0.86 (d, 6H, CH-CHz), 0.91 (d, 3H, CHCHs), 0.99

were measured at 550nm in a Novaspec spectrophotometés, 3H, G-CHs), 3.38 (bs, 2H, NH), 4.38 (m, 1H, ChetH3,),

(Biochrom, Cambridge, UK). 5.33 (d, 1H, ChatHg), 7.93 (s, 1H, NH). Msm/z, ES-TOF
445.44 [M+H'], 467.39 [M + N4].

2.8. Transfections
3.1.2. Cholesterylformylhydrazidehemisuccinate (MS0S)

Cells were seeded into 24-well plates at a density of218* IR (film) 3452 (b, N-H), 2934 (m, G-H), 1675 (m, G0),
(HeLa), 1.9x 10 (HepG2), 1.8 10 (SNO) and 2.0« 10* 1567 (w, G=C) cmi L. IH NMR (DMSO f) § 0.64 (s, 3H,
(NIH-3T3) in complete medium and grown to semi-confluency.C—CHs), 0.83 (d, 6H, CH-CHz), 0.89 (d, 3H, CH-CHz), 0.96
MS09 liposome—DNA complexes were assembled as describdd, 3H, G-CHzg), 4.3 (Chol-Hz,), 5.34 (d, 1H, ChetHe). Ms,
in Section2.7 while Lipofectif®~DNA complexes were pre- m/z, ES-TOF 545.09 [M + H], 567.63 [M + N&].
pared according to the manufacturers of the transfecting agent.

After washing cells with PBS serum free medium (0.5ml) wasz 7. 3. N N-

introduced into wells. Transfection complexes were then addegimerhylaminopropylamidosuccinylcholesterylformylhydrazide
to wells and after 4h incubation at 3€ the medium was (p1509)

removed, and replaced with complete growth medium and cells |R (film) 3441 (b, N-H), 2945 (m, G-H), 1634 (m, G-O),
cultured for a further 48h. In some experiments transfection 557 (w, G=C) cnm1. *H NMR (CDCls) § 0.65 (s, 3H, G-CHa),
complexes were introduced to cells in complete medium at thg 84 (d, 6H, CH-CHjz), 0.88 (d, 3H, CH-CHjz), 0.98 (s, 3H,

outset. C—CHg), 2.26 (s, 6H, NCHs), 3.28 (g, CH—CHo—NH), 4.48
(m, 1H, ChotHs,), 5.35 (bs, 1H, ChelHg). Ms, m/z, ES-TOF
2.9. Luciferase assay 629.82 [M + H.

The medium was aspirated and cells washed with PBS.2. Ultrastructure of liposomes and lipoplexes
(2mlx 0.5ml). Cell lysis was effected by cell culture lysis
reagent (8@ul/well) over 15min. Lysates were collected and  Liposomes prepared from MS09 and DOPE in a 1:1 molar
centrifuged (12,00& g) to pellet cellular debris. To 2@l ofthe  ratio at a concentration ofidmol total lipid per milliliter of HBS
supernatant was added luciferase assay reagenfu{LOSfter  were stable for several months when stored “€ 4Embedded
mixing, relative light units (RLU) of each sample were measuredand sectioned samples appeared unilamellar and predominantly
over a 10s period in a Lumac Biocounter M1500 (Landgraafspherical or oval in the 80—150 nm size range when viewed by
Netherlands). Protein content of supernatants was determingiEM (Fig. 2A). Although some size dispersity of liposomes
using the BCA assaygmith et al., 198pand luciferase activity was observed, on addition of plasmid DNA, lipoplexes of more

was expressed as RLU/mg protein. uniform size were generated. At a Lip+/DNAmolar charge
ratio of 2.8 globular aggregates (180—-200 nm) comprised of

3. Results smaller vesicles not unlike those reportedi®rcot et al. (2004)
were observed by TEM after negative stainir€ig( 2B). At

3.1. Chemical syntheses and spectral analyses a marginally higher charge ratio of 3.3 particles were some-

whatlarger (280—350 nm) and spherical liposome-like structures

The synthesis of the target compound MS09 was achievetP0—70 nm) were clearly discernible in the aggregafés. €C).
from cholesterylchloroformate in four step&idg. 1). The
hydrazide MS04, which was obtained in high yield, was pre-3.3. Liposome—plasmid association
pared to afford a convenient amino functionality for exten-
sion by subsequent succinylation (MS08). The hemisuccinate The formation of electrostatic complexes between the
was then coupled t&/,N-dimethylaminopropylamine through cationic liposomes and pGL3 plasmid DNA was followed by
an amide linkage following carboxyl group activation by  electrophoresis retardation assays on agarosekigl3shows
hydroxysuccinimide. In the process, a 12 atom spacer with polahe effect an increasing Lip+/DNA charge ratio has on the
amido and 1,2-dicarbonyl hydrazine linkages was constructethigration of pGL3 plasmid DNA. The amount of liposome-
between the basic dimethylamino head group and the hydrophassociated DNA retained in the wells increases with increasing
bic cholesteryl skeleton. Structures of cholesteryl derivativediposome concentration until at a liposome/DNA ratio of 12:1
were confirmed by infrared (IR) spectrophotometry on a Nico-{w/w), corresponding to a +/ charge ratio of 2.8 all the DNA
let Impact 420 spectrophotometéH (300 MHz) NMR on a  was liposome-bound. At this ratio, lipoplexes appear to contain
Gemini 300 instrument and electrospray time of flight massclusters of unilamellar vesicles, and in consequence only about
spectrometry on a Waters APIQ-TOF Ultima instrument. Thehalf the cationic charges are exposed to the DNA (liposome
results were as follows: outer leaflet). This would give an effective—+tharge ratio of
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Fig. 3. Gelretardation study of MS09 cationic liposome:DNA complexes. Incu-
bation mixtures (1@l) in 20mM HEPES, 150 mM NacCl (pH 7.5) contained
varying amounts of cationic liposomes in lanes 1-8 (0, 0.5, 1.0, 2.0, 3.0, 4.0,
5.0, 6.0n.g) and pGL3 DNA (0.5.9).

reached at a liposome:DNA ratio of 12:1 (w/w) which approx-
imated 60% displacement and corresponded with the complete
association of DNA with liposomes as determined in the gel
retardation assayF{g. 3). A further increase in MS09 up to

a ratio of 20:1 resulted in additional, but modest, reduction in
fluorescence suggesting that the plasmid DNA did not undergo
significant additional condensation.

The integrity of the DNA in serum-containing medium is
crucial in gene delivery systems. Of particular concern is the
possible degradation of the nucleic acid by serum nucleases.
Results presented iRig. 5 confirm that complete protection
from digestion in medium containing 10% foetal bovine serum
is afforded to liposome-bound DNA over a wide liposome:DNA

Fig. 2. Transmission electron micrographs (TEMs) of unilamellar Iiposomesrange (4:1-14:1, wiw). It has already been suggested that electro-

prepared from MS09 and DOPE in 1:1 molar ratio, (A); lipoplexes at a liposome:
pGL3 DNA molar charge ratio of 2.8:1 (B) and 3.3:1 (C).

1.4 at complete DNA retardatioffrig. 3, lane 8). Similar argu-
ments have been advanced before to explain the apparent excess
positive charge in cluster complexes of this nature at full DNA
retardation Cao et al., 2000; Kisoon et al., 2002; Percot et al.,
2004). This association was also explored in an ethidium dis-
placement experiment. On intercalation of the planar aromatic
cationic fluorophore into the naked DNA a marked enhancement
of fluorescence, a result of steric protection from molecular oxy-
gen induced quenching, is noteBven-Chen and Barenholz,
2000. Cationic liposome preparations are known to displace
DNA-associated ethidiumXy et al., 1999 in a process which

is usually complete within 30 sX{1 and Szoka, 1996 Thus on
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stepwise addition of MS09 liposomes a steady decrease in fligg. 4. Ethidium intercalation displacement assay for MS09 cationic liposomes
orescence was observded. 4) until a point of inflection was  at varying liposome:DNA (w/w) ratios.
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Fig. 6. Growth inhibition studies of MS09 liposome:pGL3 DNA complexes in
three transformed human epithelial lines (HeLa, SNO, HepG2) and one murine
fibroblast line (NIH-3T3). Cells in multiwell plates bathed in 0.5 ml MEM were
exposed to lipoplexes containing @§ DNA and varying amounts of MS09
liposomes as indicated. Data are presented as me8r3. (1 =4).

Fig. 5. Serum nuclease protection assay for MS09 lipoplexes. pBR322 DNAhe plasmid DNA was Iiposome-bounﬂig. 3) and near max-
e e o o o s iamally condensedli. 4. Highest levels were achieved in
we’re a';giied toal% agarosepgel. Uncomploexed and untreated plgR322 DNA?@IeLa_Ce”S fOIIO\{V?d by SNO cells, \_Nh”St the lowest levels
shown in lane 1. of luciferase activity were recorded in HepG2 and NIH 3T3
cells. The presence of 10% FBS in the initial 4 h incubation of
static forces between positively charged cationic liposomes aniipoplexes with cells reduced luciferase activity in the cell lines
negatively charged DNA lead to the formation of highly orga- by varying degrees. In the human lines, transfection activities

nized supramolecular structures where the DNA is condenseat the optimal Lip+/DNA- ratio were reduced to 83, 67 and

and protected against nuclease degradatfiaid, 2002 40% in HepG2, HelLa and SNO cells, respectively. In all cases
the inhibitory effect was less apparent at Lip+/DNAatios
3.4. Cell growth inhibition studies above and below the optimum. In all transfection experiments

with MSO09 lipoplexes, 0.5.g of pGL3 DNA was used in each

Cytotoxicity may present an important yet sometimes overwell while the liposome concentration was varied. Lipofe&tin
looked obstacle to effective non-viral gene transfer. This paramwhich was used as a comparator in transfection studies, dis-
eter was measured in all four cell lines studied, under the corplayed greatest transfection activity in the cell lines studied when
ditions selected for gene transfer experiments. Lipoplexes wereombined with pGL3 DNA at a ratio of 8:1 (w/w). Unlike MS09
generally well tolerated over the entire lipid concentration rangdiposomes however, highest levels were achieved in the murine
of 8.5-20uM with maximum growth inhibitions of 20% for NIH 3T3 line (Fig. 8). Although the plasmid concentration
Hela, 25% for NIH-3T3, 35% for SNO and 31% for HepG2 cells adopted in the Lipofecth experiments was twice that used in
recorded at the highest lipid concentratidiig( 6). It has been the MS09 studies, the MS09 lipoplexes achieved approximately
suggested that toxicity attributed to cationic lipids arises mostlythree-times and two-times greater activity than Lipoféttin
from the increasing cell membrane permeability and creation ofleLa cells and oesophageal SNO cells, respectively, whilst
transmembrane porekdsic, 1997, while the interaction with comparable levels were noted for HepG2 and NIH 3T3
anionic lipids such as cardiolipin found in mitochondrial mem-cells.
branes would adversely affect the basic energy reactions of the
cell (Dass and Burton, 1999 4. Discussion

3.5. Transfection activity of MS09 lipoplexes It has been known for some time that the distance between
the cationic head group and the hydrophobic anchor is a cru-

The transfection activity of MS09 lipoplexes was measurectial factor in the design of cytofectind)Rémy et al., 1995;

in three human transformed epithelial cell lines (HeLa, HepG2Wheeler et al., 1996 The dimethylamino head group, which

SNO) and one murine fibroblast line (NIH 3T3) at variousis a feature of several cationic cholesterol transfecting agents

Lip+/DNA — charge ratios in the presence or absence of 10%ncluding DC-Chol Gao and Huang, 1991cholesteryl-8-

FBS. In all cases maximum activity was obtained at a lipo-oxysuccinamidoethylenedimethylamine, cholestedearbo-

some: DNA ratio of 12:1 (w/w) Kig. 7A-D), at which all xyamidoethylenedimethylamin&grhood et al., 1992 chole-
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Fig. 7. Transfection studies of MS09 liposome:pGL3 DNA complexes, with and without 10% FBS in HeLa cells (A), SNO cells (B), HepG2 cells (C) and NIH-3T3
cells (D). Experiments were conducted in multiwell dishes and cells were exposeduig pGL3 DNA complexed to varying amounts of MS09 liposomes (3, 5,

6, 7n.g). Control 1 shows endogenous luminescence of unexposed cells while control 2 shows luciferase activity of cells exposed to pGL3 DNA alone. Data are
presented as meanS.D. (z=4).

steryl-3B-carboxyamidopropanedimethylaminélakeuchi et
al., 1996, cholesteryl-B-oxysuccinamidopropanedimethyl-
amine Singh et al., 200Daand cholesteryl{-oxycarboxy-

—yrep amidopropanedimethylamine (Chol-Thakeuchi et al., 1996;
R ST oune Singh et al., 2001} has been selected for the work reported
[ HepG2 cells|

herein. In this study, a cationic cholesterol derivative MSQ9,

ﬁ :::Zs in which the dimethylamino function and the hydrophobic
§ .1 cholesteryl moiety are separated by a considerably greater dis-
1.4x1074 .

2 ] tance, has been prepared and screened in three transformed
5 &0 human epithelial cell lines and one murine cell line. We have
g 1.0x10° designed this derivative to explore the possibility of improving

= 8.0x10° the electrostatic interaction between cationic and anionic cen-
g 6.0x10°1 tres in the cytofectin and DNA components of lipoplexes by
§ 4.0x10°- increasing the spacer length to 12 atoms. The spacer incorpo-
§ 200107 rates hydrophilic features (amido and 1,2-dicarbonyl hydrazine
g 0.0 linkages) to promote extension and stability in the hydrated envi-
- CONTROL 1 conTROL QLIPO“SOME (pg:‘ 8 10 ronment surrounding the nucleic acid and liposome. In support

of this notion, it has already been suggested that liposomal for-
Fig. 8. Transfection studies of LipofecipGL3 DNA complexes in three  mulations with good surface hydration will lead to increased
transformed human epithelial lines (HepG2, SNO, HelLa) and one murinEﬁbmbl'ranSfeCtion activity IBennett et al. 1996 The derivative was

last line (NIH-3T3). Cells in multiwell plates exposed to varying amounts of . . . .
Lipofectir® (4, 6, 8, 101g) and pGL3 DNA (lug). In control 1, cells were formulated into stable unilamellar liposomes with DOPE, a co

unexposed while in control 2, cells were exposed to pGL3 DNA alone. Data aréPid which has bee_n r_eported FO assist in the form_ation (_)f _|ip0-
presented as meanS.D. (1 =4). somes, that have significantly increased transfection efficiency,
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and which tends to reduce the cytotoxicity of cationic surfacdaboratory for possible inclusion in transfection systems with

tants Sternberg et al., 1994 Lipoplexes were well-defined targeting capabilities.

aggregates in appearance (TEM) with a substructure of glob-

ular vesicles (50-70 nmj~{g. 2B and C). In earlier studies with  Acknowledgements

lipoplexes containing Chol-T, a cationic cholesterol cytofectin
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