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ABSTRACT. The DNA complexation and condensation properties of two established cationic liposome
formulations, CDAN/DOPE (50:501m; Trojené™) and DC-Chol/DOPE (60:4@wm), were investigated

by using a combination of isothermal titration calorimetry (ITC), circular dichroism (CD), photon correlation
spectroscopy (PCS), and turbidity assays. Plasmid DNA (7528 bp) was titrated with extruded liposomes
(90 + 15 nm) and a thermodynamic profile established. ITC data revealed that the two liposome
formulations differ substantially in their DNA complexation characteristics. Equilibrium dissociation
constants for CDAN/DOPE{y = 19 + 3 uM) and DC-Chol/DOPE liposome&§ = 2 + 0.5uM) were
obtained by fitting the experimental data in a one-site binding model. Both CDAN/DOPE and DC-Chol/
DOPE binding events take place with a negative binding enthakty° (= —0.5 and—1.7 kcal/mol,
respectively) and increasing system entropA$ = 6 £+ 0.3 and 6.2+ 0.3 kcal/mol, respectively).
Interestingly, CDAN/DOPE liposomes undergo substantial rehydration and protonation prior to complex-
ation with pDNA, which is observed as two discrete exothermic signals during titration. No such biphasic
effects are seen with respect to the binding between DC-Chol/DOPE and pDNA that appears to be otherwise
instantaneous with no rehydration effects. The rehydration and protonation characteristics of CDAN/
DOPE liposomes in comparison with those of DC-Chol/DOPE cationic liposomes are confirmed by ITC;
CDAN/DOPE liposomes have strongly exothermic dilution characteristics and DC-Chol/DOPE liposomes
only mildly endothermic characteristics. Furthermore, analysis of cationic liposp@BA binding by

CD spectroscopy reveals that CDAN/DOPEDNA lipoplexes are more structurally fluid than DC-Chol/
DOPE-pDNA lipoplexes. CDAN/DOPE liposomes induced considerable fluctuation in the DNA structure
for at least 60 min, whereas liposomes obtained from DC-Chol/DOPE lack the same effect on the DNA
structure. Turbidity studies show that DC-Chol/DOPE lipoplexes exhibit greater resistance to serum than
CDAN/DOPE lipoplexes, which showed substantial precipitation after incubation for 100 min with serum.
Transfection studies on HeLa and Panc-1 cells reveal that CDAN/DOPE lipoplexes are superior in efficacy
to DC-Chol/DOPE lipoplexes. CDAN/DOPE liposomes tend to transfect best in normal growth medium
(including 10% serum and antibiotics), whereas DC-Chol/DOPE lipoplexes transfect best under serum
free transfection conditions.

Cationic liposomes are widely used as gene delivery could play a major role in the future as a core technology in
systemsin wvitro and increasinglyin vivo. A variety of the emerging field of gene therapy. Numerous cationic lipids
cationic liposome formulations are now commercially avail- have been synthesized and successfully useit fatro and
able, with many of them exhibiting very different formulation in vivo transfection {). Extremely rapid developments in
and transfection characteristics optimized for specific ap- molecular biology are making gene therapy a promising new
plications. The differences in transfection efficacy under therapeutic modalityq 3). As of February 2003, there have
different experimental conditions and on different cell lines been 636 clinical trial protocols logged worldwide. Remark-
are poorly understood. However, it is clear that the nature aply, 12.1% of the total clinical trials are nonviral, liposome-
of the lipids and their formulation are pivotal factors in the pased therapies (lipofection) accounting for 17.7% of total
constitution of a successful gene delivery vehicle. Cationic patients. This clearly demonstrates the growing interest of
liposomes are now recognized as a potent means of assistinghe medical research community in nonviral gene delivery

the delivery of genes and othe_r_ nucleic ac_ids_to _cells. This systems and, as a result, the urgent need for improved lipids,
holds out hope for the possibility that cationic liposomes liposomes, and lipoplexed,(4, 5). For this reason, studies
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cal methods. The formation of LD patrticles is accompanied Scheme 4
by substantial structural reorganization of both nucleic acids
and cationic liposomes and/or micelles after initial electro-
static interactions?q). However, LD particles are frequently
unstable toward fusion and aggregation even in low-ionic — &+ tgppso™~ "N d o~~~ NHCbz
strength buffers, a characteristic that must be avoided 3 co O
especially forin vivo applications §). Therefore, basic .

research into the complex formation and stability of these ———> N> ~HE=

lipoplexes is needed to improve our general understanding 5

of the molecular processes underlying the formation of these

supramolecular complexes. Despite intensive investigations cmoj\u
by many laboratories into the synthesis of novel cationic

lipids (cytofectins), their formulation into cationic liposomes,

and generation of LD particled (4, 9—23), this problem 5 —" - jL H Cbz i
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has not been solved convincingly without recourse to the Chol0 NNN\:\/N\/\N”C"Z

development of liposome/mu/DNA (LMD) systenf¥y( 25).

Nevertheless, we and others are still experiencing substantial Q H H

problems in rendering cationic liposome- and/or micelle- ChoIOJLN/\/N\/\/N\/\NHZ

based nonviral vector systems viahile vivo, primarily CDAN (9)

because of the chronic instability of LD and even LMD a (@) Chz-Cl, EfN, CH,Cl,, room temperature, 88%; (b) PREBI,
particles in biological fluids such as seru@gy. CH.Cl;, room temperature, 70%; (c) (1) 3-aminopropan-1-ol, Nal,

; ; K,COs, room temperature, 66%, (2) TBDPS-Clg&f DMAP, CH;Cly,
Hence, as an aid to understanding the problem of LD room temperature, 84%, (3) Cbz-Cl,sHt room temperature, 69%;

stability and transfe_ctlon folCl(_ancy, we .descr.lbe her(_e the (d) TBAF, THF, room temperature, 91%: (€) (1) MsCIfEt room
results of recent biophysical investigations into cationic temperature, 99%, (2) NaNNal, 80°C, 80%; (f) 2-aminoethan-1-ol,
liposome-pDNA! complexation. The interactions between CH.Cl,, room temperature, 88%; (g) DesMlartin periodinane, CkCla,
two well-established cationic liposome formulations, CDAN/ room temperature, 88%; (h) (1) PM&HF, room temperature, (2) THF,

. P ; : room temperature, (3) NaBHEtOH, room temperature (64% overall);
DOPE (50:50//m), which is known as Trojeri& (Avanti (i) 10% Pd/C, cyclohexene, EtOH, room temperature, 99%. Abbrevia-

Polar Lipids Inc.) and DC-Chol/DOPE (60:46Yym), and ions: CBz-Cl, carbobenzyloxy chloride; TBDPS-Gert-butyldi-
pPDNA (7528 bp) are studied by means of biophysical phenyisilyl chloride; TBAF, tetrarbutylammonium fluoride; MsCl,
methods. Results provide a framework for understanding why methanesulfonyl chloride (mesy! chloride); Chol-OH, cholesterol.
CDAN/DOPE cationic liposomes are exceptionally efficient
compared with other synthetic cationic lipid-based systems, ~Cholesteryl alcohob was synthesized from the reaction
including DC-Chol/DOPE liposomes, at mediating the ef- of cholesterol chloroformate and 2-aminoethan-1-ol in a good
ficient transfection of cells under normal cell growth medium 88% yield, followed by oxidation of the primary alcohol with
conditions (including 10% serum and antibiotics), allowing Dess-Martin periodinane to give aldehyde(88% yield).
for “minimum-handling” transfections. Our data suggest that Azide 5 and aldehyd€&’ were coupled together in an aza-
LD particles prepared from extruded CDAN/DOPE cationic Wittig type reaction followed by aim situ reduction of the
liposomes and pDNA are notably metastable compared with resultant imine to afford the partially CBz-protected CDAN
DC-Chol/DOPE-prepared LD particles and others. This meta- 8 (64% yield). Transfer hydrogenolytic deprotection &f
stability may be related to an unusually low amir,palue yielded pure CDAN9 quantitatively.
of 5.7+ 0.01 as measured potentiometricalfy. ( General ProceduresH NMR spectra were recorded on
either Brucker AM 500, Brucker DRx%o, Brucker DRXgoq,
EXPERIMI_ENTAL PROCEDURES . or JEOL GX-270Q spectrometers, using a residual isotopic
Synthesis of CDANThe synthesis of CDAN9 was solvent (CHC}, oy = 7.26 ppm) as an internal reference.
conducted in a manner similar to that previously published 13c NMR spectra were also recorded on the same range of

with a few alterations (Scheme 1J1,(4, 5). Briefly, spectrometers at 125, 100, 75, and 68.5 Hz, respectively,
2-aminoethan-1-ol was Cbz-protected to glvand the free  employing CDCY (5 = 77.2 ppm) as an internal reference.
alcohol converted to the bromidein 88 and 70% yields,  |nfrared spectra were recorded on a Mattson 5000 FTIR

respectively. In a three-step reaction, the bromide was spectrometer. Mass spectra were recorded on a Micromass
displaced with 3-aminopropan-1-ol, the free alcohol protected AutoSpecQ mass spectrometer. Elemental combustion analy-
with ter@—butyldiphenylsilyl chloridg, and, finally, the second- gjs was performed at the Imperial College Chemistry
ary amine Chz-protected, affording, after chromatography, pepartment microanalytical laboratory. Melting points were
pure3 (38% overall yield). Next, the alcohdlwas liberated  easured on a Reichert hot stage apparatus and are uncor-
with TBAF and transformed to the azidevia the activated rected. Chromatography refers to flash column chromatog-
mesylate (72% for three steps). raphy performed on Merck Kieselgel 60 (23800 mesh).

o . _ TLC refers to thin-layer chromatography performed on
! Abbreviations: DC-Chol, 8-{N-[(N',N'-dimethylamino)ethane]- . .
carbamoylcholesterol; CDAN(B198)\*-cholesteryloxycarbonyl-3,7- ~ Precoated Merck Kieselgel 6024z aluminum-supported
diazanonane-1,9-diamine; CD, circular dichroism; FCS, fetal calf serum; plates and visualized with ultraviolet light (254 nm), iodine,
DOPE, dioleoyl:-a-phosphatidylethanolamine; HEPB$(2-hydroxy- 4,4-bis(dimethylamino)benzhydrol in acetone, acidic am-

ethyl)piperazineN'-2-ethanesulfonic acid; ITC, isothermal titration ; ;
calorimetry; pDNA, plasmid DNA; PCS, photon correlation spectros- monium mObedate(IV)’ agueous potassium manganate(VII),

copy. CDAN/DOPE (50:50,mm) is known under its trade name €thanolic vanillin, and acidic methanolic 2,4-dinitrophenyl-
Trojené™ (Avanti Polar Lipids Inc.). hydrazine, as appropriate. Dichloromethane was distilled




CDAN/DOPE and DC-Chol/DOPE Lipoplexes

from phosphorus pentoxide. All other dry solvents and
chemicals were purchased commercially from Aldrich Chemi-
cals Co. (Dorset, U.K.).
2-(Benzyloxycarbonyl)aminoethand)(To a stirred solu-
tion of 2-amino-1-ethanol (22 mL, 360 mmol, 2 equiv) in
CH,CI; (250 mL) at 0°C was added a solution of carbo-
benzyloxy chloride (25 mL, 171 mmol) in GBI, (50 mL)
over a period of 15 min. After the addition, the reaction
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and brine (200 mL). The organic extract was dried (MgSO
and concentrateith vacuoto afford the crude alcohol (20 g,
66%0). This crude residue (19 g, 75 mmol) was then dissolved
in CH,CI, (200 mL) and treated dropwise with a mixture of
TBDPS-CI (22 mL, 83 mmol), NEt(21 mL, 150 mmol),
and DMAP (0.92 g, 7.5 mmol) in C¥l, (100 mL). The
solution was stirred at room temperature overnight and then
poured into saturated aqueous,N&s; (250 mL) and the

mixture was allowed to warm to room temperature and stirred organic layer separated and washed with water and brine,

for 4 h. The reaction mixture was poured into saturated
aqueous NECI (120 mL), the organic phase separated, and
the aqueous layer extracted with @k, (2 x 50 mL). The
combined organic layers were washed with wateix(®0
mL) and brine (130 mL) and dried (N&Qy), and the solvent

then dried (MgS@), and concentrateith vacuoto afford a
crude residue of the O-silylated amino alcohol (31 g, 84%).
The final step involved the protection of the secondary amine
using carbobenzyloxy chloride as described previously in the
synthesis of 2-(benzyloxycarbonyl)aminoethariolon a

was evaporated under reduced pressure to give after crystals3 mmol scale. After purification by chromatography 20

lization (CH.Cl,/hexanes) 2-(benzyloxycarbonyl)amino-
ethanoll (30 g, 88%) as a colorless, crystalline solig: =
0.16 (ether); mp 63C; IR (CHCIL,) vmax 3414, 2949, 1692,
1586, 1533, 1455, 1376, 1259, 1143, 1067 &mMH NMR
(400 MHz) 0 7.29 (5H, m, Ph), 5.80 (1H, t] = 5.5 Hz,
ZNH), 5.05 (2H, s, Ph8,0), 3.84 (1H, tJ = 5.0 Hz,HO),
3.58 (2H, qJJ = 5.0 Hz, H-1), 3.24 (2H, dJ = 5.5and 5.0
Hz, H-2);13C NMR (75 MHz)6 157.23 [NHC(0)O], 136.42
(C-1" of Ph), 128.56-128.02 (rest Ph), 66.77 (Bhi,), 61.58
(C-1), 43.39 (C-2); HRMS (FABz 196 [(M + H)'], 152
[((MH — CO,)"], 120, 91 [(GH7)*], 77 [(CeHs)'], 65, 51;
found (M + H)* 196.0985, calcd for GH14NO3 (M + H)™
196.0974. Anal. Found: C, 61.67; H, 6.58; N, 7.13. Calcd
for C10H13NOs: C, 61.47; H, 6.71; N, 7.17.

Preparation of 2-Bromo-N-benzyloxycarbonylethanamine
(2). 2-(Benzyloxycarbonyl)aminoethand(27 g, 150 mmol)
in CH.Cl, (250 mL) was treated with CB(70 g, 211 mmol)
and PPR(79 g, 300 mmol) at OC and the resultant mixture
stirred at room temperature for 3 h. The reaction was
quenched with water (200 mL) and the organic layer
collected and washed with water ¢ 200 mL) and brine
(200 mL). The organic layer was dried (Mg®Qand the

75% ether/petrol), 3-aza-@rt-butyldiphenylsilyloxyN?*3-
di(phenylmethoxycarbonyl)-1-hexanam®€7 g, 43 mmol,
69%) was obtained as a viscous, colorless liquRd= 0.35
(50% ether/petrol); IR (filmpmax 3335, 2955, 2931, 2848,
1701, 1525, 1455, 1248, 1137 cin'H NMR (400 MHz) o
7.69 (4H, d,J = 6.5 Hz, H-3' and H-8' of PhSi), 7.49-
7.34 (16H, m, rest Ph), 5.51 (1H, br s, BN 5.14-5.10
(4H, m, Ph@,0), 3.70 (2H, m, H-6), 3.473.44 (6H, m,
H-1, H-2, H-4), 1.80 (2H, m, H-5), 1.10 (9H, s, Me BBU);
13C NMR (75 MHz) 6 157.46 and 157.17 [NE(O)O],
137.15-127.98 (Ph), 67.70 and 67.04 (&H,), 61.93 (C-
6), 47.71 (C-4), 45.49 (C-2), 40.51 (C-1), 32.16 (C-5), 27.43
(Me of t-Bu), 19.71 (MgC); HRMS (FAB) m/z 625 [(M +
H)*], 581 [(MH — CO)*], 567 (MH — t-Bu), 547 [(M —
CsHs)™], 491, 305, 268, 197, 135, 91 [{87)"], 77 [(CeHs)'];
found (M + H)™ 625.3094, calcd for §HssN,OsSi (M +
H)™ 625.3098.
6-Amino-4-aza-Kb-di(phenylmethoxycarbonyl)-1-hex-
anol (4). To a solution of 3-aza-@ert-butyldiphenylsilyloxy-
Nt3di(phenylmethoxycarbonyl)-1-hexanamiBg27 g, 43
mmol) in THF (300 mL) was added TBAF (48 mL of a 1.0

solvent removed under reduced pressure. The resultant solid” solution in THF, 47 mmol, 1.1 equiv), and the mixture

residue was triturated with warm ether, the mixture then

was stirred fo 3 h atroom temperature. The reaction was

cooled, and the insoluble triphenylphosphine oxide removed guenched with saturated aqueous NaHQZD0 mL) and

by filtration. The filtrate was concentrated and after chro-
matography (26-100% ether/petrol) gave 2-bronibbenzyl-
oxycarbonylethanamin2 (20.2 g, 70%):R: = 0.63 (ether);
IR (CH.CI,) vmax 3415, 3328, 3065, 2960, 1695, 1537, 1455,
1365, 1256, 1179, 1052 crfj *H NMR (400 MHz) 6 7.33—
7.29 (5H, m, Ph), 5.76 (1H, br s, 2, 5.09 (2H, s,
PhCH;0), 3.50 (2H, m, H-2), 3.37 (2H, § = 6.0 Hz, H-1);
13C NMR (75 MHz) 6 156.43 [NHC(0)O], 136.40 (C-1 of
Ph), 129.08-128.12 (rest Ph), 66.88 (Bhl,), 43.25 (C-2),
32.22 (C-1); HRMS (FAB)Wz 260 [(M[Br8Y] + H)*], 258
[(M[Br79 + H)*], 150 [(MH — BnOH)"], 121, 105, 91
[(C7H7)™], 77 [(CeHs) 1], 69, 55, 41; found [(M[BF]] + H)"]
258.0133, calcd for GH13"BrNO, (M[Br 79 + H)* 258.0130.
3-Aza-6-tert-butyldiphenylsilyloxy!R-di(benzyloxycar-
bonyl)-1-hexanamine]. This three-step synthetic procedure
began with a mono-N-alkylation on a 120 mmol scale.
2-BromoN-benzyloxycarbonyl-1-ethanamiri#2 (31 g, 120
mmol), 3-amino-1-propanol (46 mL, 600 mmol), Nal (3.6
g, 24 mmol), and KCO; (33 g, 240 mmol) in DMF (600
mL) were stirred at room temperature for 60 h. The mixture

the THF then removeth vacua The resulting biphasic olil
was diluted with ether (200 mL) and poured into water (150
mL). The aqueous layer was washed with etheix(250
mL), and the organic layers were combined, washed with
water (2x 150 mL) and brine (150 mL), and dried (p&Oy).

The solvent was then removed under reduced pressure to
give a pale yellow oil, which after chromatography (ether/
5—20% acetone), gave 6-amino-4-at&-di(phenylmethoxy-
carbonyl)-1-hexanat (15.2 g, 39 mmol, 91%) as a viscous,
colorless oil: Ry = 0.41 (75% ether/acetone); IR (GEl,)
Vmax 3646-3396, 3054, 2950, 1679, 1670, 1519, 1452, 1247,
1139 cntt; *H NMR (400 MHz)6 7.36-7.32 (10H, m, Ph),
5.68-5.41 (1H, br m, ZNH), 5.14-5.09 (4H, m, Ph&,0),
3.58 (2H, m, H-1), 3.453.39 (6H, m, H-3, H-5, H-6), 2.70
2.59 (1H, br s, ®1), 1.70 (2H, m, H-2)3C NMR (75 MHz)

0 157.10 and 156.77 [NE(0)Q], 136.45 and 136.30 (C*1

of Ph), 128.57127.92 (rest Ph), 67.56 (PhGH 67.32
(PhCH,), 66.68 (PhCH), 59.50 (C-1), 47.00 (C-5), 44.38
(C-3), 39.73 (C-6), 30.56 (C-2); HRMS (FABYz 387 [(M

+ H)*], 343 [(MH — CO,) ], 279, 242, 167, 150, 133, 120,

was then concentrated under reduced pressure, dissolved 105, 91 [(GH,)™], 77 [(CeHs)™], 69, 55, 41; found (M+

EtOAc (300 mL), and washed with water (2 250 mL)

H)* 387.1914, calcd for §H2/N,0s (M + H)* 387.1920.
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3-Aza-6-azido-N3-di(phenylmethoxycarbonyl)-1-hexan-
amine §). The product was prepared according to a two-

step procedure. First, 6-amino-4-axas-di(phenylmethoxy-

carbonyl)-1-hexanat (15.2 g, 39 mmol) was mesylated with

mesyl chloride and BN (16.4 mL, 118 mmol) in CkCl,

(150 mL) which after standard workup gave the crude

Keller et al.

mmol) in THF (8 + 2 mL wash) was transferred under
nitrogen to a flask charged with flame-diid A molecular
sieves (4.5 g, 500 mg/mmol) via cannula. To this suspension
was added dropwise trimethylphosphine (2.82 mL of a 1.0
M solution in THF, 2.82 mmol, 1.15 equiv) over a period
of 5 min. After 45 min, pure 2-(cholesteryloxycarbonyl)-

mesylate (18.2 g, 39.2 mmol, 99%) as a pale gum which aminoethana8 (1.38 g, 2.91 mmol, 2 equiv) in THF (16
was used without further purification in the next step. Thus, 2 mL wash) was added via cannula. The reaction mixture

the mesylate (18.2 g, 39.2 mmol) in DMF (250 mL) was

treated with Nal (6.2 g, 41 mmol) and Nail2.6 g, 194

mmol) and the resultant mixture heated under am N
atmosphere at 80C for 3 h. The cooled solution was then

concentratedn vacug redissolved in ChCl, (150 mL),
washed with water (% 100 mL) and brine (100 mL), dried
(MgSQy), and concentratedh vacuo to afford a crude

was stirred for a furthe5 h and then the THF concentrated
under nitrogen to give a viscous suspension. To this was
added ethanol (10 mL) followed by NaBH9.80 mL of a

0.5 M solution in diglyme, 4.90 mmol, 2 molar equiv). Slight
effervescence ensued, and the reaction mixture was stirred
for a further 24 h. The suspension was filtered through a
short bed of Celite and the filter cake washed carefully with

residue. The crude product was chromatographed (ether/CH,CI, (30 mL). The solvents were then removed under

hexanes) to afford 6-azidN!*di(phenylmethoxycarbonyl)-
1-hexanaminé (13 g, 80%) as a pure colorless liquitk
= 0.64 (75% ether/acetone); IR (filmm),ax 3355, 2931, 2096,
1651, 1524, 1455, 1247, 1139 cin'H NMR (300 MHz) 6
7.35 (10H, m, Ph), 5.60 (1H, br s, 2, 5.13-5.09 (4H,
m, PhCH,0), 3.38-3.25 (8H, m, H-1, H-2, H-4, H-6), 1.81
(2H, m, H-5);13C NMR (75 MHz) 6 156.65 [NHC(O)O],

136.48 (C-1 of Ph), 128.6+127.96 (rest Ph), 67.42 and
66.69 (PICH,), 48.85 (C-6), 47.26 (C-2), 45.27 (C-4), 39.88

(C-1), 28.02 (C-5); HRMS (FABWz 412 [(M + H)*], 368
[(MH — COy)*], 165, 152, 120, 105, 91 [(®;)'], 77
[(CeHs)™], 69, 51; found (M+ H)* 412.2004, calcd for
CoiH2eNsO4 (M + H)* 412.1998.
2-(Cholesteryloxycarbonyl)aminoethand).( 2-(Choles-
teryloxycarbonyl)aminoethand (27) (2.5 g, 5.3 mmol) in
CH.Cl, (200 mL) was treated with Desdartin periodinane

reduced pressure to give a pale yellow oil. This was then
diluted with CHCI, (50 mL) and poured carefully into
saturated aqueous NaHE@®0 mL) and the effervescence
allowed to cease. The aqueous layer was further washed with
CH.ClI, (2 x 15 mL), and the combined organic layers were
washed with water (% 40 mL) and brine (60 mL) and dried
(MgSQy). The solvent was then removédvacuoto give a
viscous oil, which after chromatography (96% £CHb, 3.5%
methanol, and 0.5% Nfto 92% CHCl,, 7% methanol, and
1% NHs) gave Ni-cholesteryloxycarbonyl-3,7-diad%-
di(phenylmethoxycarbonyl)-1,9-nonanediami®e (1.3 g,
64%) as a colorless, sticky solid® = 0.29 (92% CHCI,/

7% methanol/1% Nbj; IR (CHxCly) vmax 3423-3311, 3035,
2956, 2867, 1718, 1700, 1681, 1526, 1467, 1378, 113%;cm
IH NMR (300 MHz) ¢ 7.32 (10H, m, Ph), 5.785.50 (2H,

br m, ChOCMN and ZNH), 5.35 (1H, m, H-6), 5.10-5.07

(3 g, 7 mmol) and the mixture stirred at room temperature (4H, m, Ph@,0), 4.47 (1H, m, H-3, 3.34-3.16 (8H, m,
for 1.5 h. Pyridine (2.8 mL, 5 equiv) and silica gel (12 g) H-1, H-6, H-8, H-9), 2.652.50 (4H, m, H-2 and H-4),
were added to the solution, and the solvent was remaved 2.33-2.18 (2H, m, H-4), 2.03-1.81 (5H, m, H-2 H-7,
vacua The resultant powder was immediately applied to the H-8'), 1.69-1.08 (24H, m, H-3, H-5, H-1 H-9, H-11,
top of a pre-prepared flash chromatography column and theH-12, H-14—H-17, H-20, H-22—-H-25), 0.99 (3H, s,

column eluted quickly with 2.5% acetone in g, to afford
the pure 2-(cholesteryloxycarbonyl)aminoethangP.0 g,
47 mmol, 88%): R = 0.32 (ether); IR (CHCl,) vmax 3356,
2937, 2868, 1699, 1537, 1467, 1378, 1265, 1137%¢cAH
NMR (300 MHz) 6 9.66 (1H, s, ®O), 5.38 (2H, m,
ChOCNH and H-8), 4.50 (1H, m, H-3, 4.13 (2H, dJ =
4.5 Hz, H-2), 2.36-2.18 (2H, m, H-4), 2.04-1.78 (5H, m,
H-2', H-7', H-8), 1.60-1.07 (21H, m, H-1 H-9, H-11,
H-12, H-14—-H-17, H-20, H-22—H-25), 1.03 (3H, s,
H-19), 0.92 (3H, d,J = 6.5 Hz, H-21), 0.88 (3H, d,J =
6.5 Hz, H-26), 0.87 (3H, d,J = 6.5 Hz, H-27), 0.69 (3H,
s, H-18); 13C NMR (75 MHz) 6 196.85 CHO), 156.00
[INHC(0)O], 139.64 (C-5, 122.68 (C-6, 75.12 (C-3), 56.71
(C-14), 56.18 (C-17, 51.62 (C-2), 50.02 (C'p 42.33
(C-4), 39.76 (C-16), 39.54 (C-24), 36.56 (C-1), 36.21
(C-22), 35.82 (C-20), 31.89 (C-8), 28.25 (C-12), 28.03
(C-25), 24.31 (C-15, 23.87 (C-23, 22.84 (C-26), 22.59
(C-27), 21.07 (C-11), 19.35 (C-19, 18.74 (C-21), 11.88
(C-18); HRMS (FAB) m/z 369 [(Chol)], 230, 159, 145,
119, 105, 95 [(GH11) 1], 81 [(CsHg) '], 69, 55. Anal. Found:
C, 76.49; H, 10.27; N, 2.87. Calcd forg,oNOs: C, 76.37;
H, 10.48; N, 2.97.
NL-Cholesteryloxycarbonyl-3,7-diaza-Adi(phenylmethoxy-
carbonyl)-1,9-nonanediamin&)( A solution of 6-azidoN'3
di(phenylmethoxycarbonyl)-1-hexanamirte (1.0 g, 2.43

H-19), 0.92 (3H, d,J = 6.5 Hz, H-21), 0.88 (3H, d,J =
6.5 Hz, H-26), 0.87 (3H, d,J = 6.5 Hz, H-27), 0.68 (3H,
s, H-18); 13C NMR (75 MHz) 6 156.45 [NHC(0)O], 139.87
(C-5), 136.54 (C-1 of Ph), 128.56-127.94 (rest Ph), 122.44
(C-6), 74.29 (C-3), 67.35 (PICH,), 56.71 (C-14), 56.20
(C-17), 50.04 (C-9), 49.01 (C-2), 47.4846.66 (C-1, C-6,
C-8, C-9), 45.74 (C-4), 42.34 (C-1339.78 (C-4), 39.55
(C-12), 38.64 (C-24), 36.56 (C-1), 36.23 (C-22), 35.82
(C-20), 31.90 (C-8 and C-7 overlapping), 28.25 (C-1},
28.02 (C-16), 27.1 (C-5), 24.31 (C-1) 23.88 (C-23, 22.86
(C-28), 22.61 (C-27), 21.08 (C-11), 19.35 (C-19, 18.77
(C-21), 11.90 (C-18; HRMS (FAB) m/z 841 [(M + H)],
398, 369 [(Choly], 161, 133, 121, 105, 91 [(E,)"], 69,
55, 43; found (M+ H)™ 841.5884, calcd for §H77/N4O¢
(M + H)* 841.5843.

Preparation of N-Cholesteryloxycarbonyl-3,7-diaza-1,9-
nonanediamine (CDANY). A flask containingN*-choles-
teryloxycarbonyl-3,7-diaz *-di(phenylmethoxycarbonyl)-
1,9-nonanediaming (1.3 g, 1.5 mmol) was thoroughly
flushed with nitrogen before 10% palladium on charcoal
(1.41 g, 1.33 mmol, 0.25 equiv) was added. The mixture
was purged again with nitrogen, and ethanol (45 mL) was
slowly added with stirring. To this suspension was added
cyclohexene (1.5 mL, 15 mmol, 10 equiv), and the mixture
was gently refluxed for 1.5 h. The solution was allowed to
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cool to room temperature and filtered through a pad of Celite, 24 (12 L) individual injections [each injection containing
and the filter cake was washed several times with portions liposomes (1.92 or 3.84 mM) in 4 mM HEPES (pH 7.0)].

of ethanol (4 x 5 mL). The volatile components were

Three separate experiments for each lipsome formulation

removed under reduced pressure, giving a waxy solid which were carried out, and the data were fitted separately into a

on prolonged drying under high vacuum gaMécholes-
teryloxycarbonyl-3,7-diaza-1,9-nonanediami€850 mg,
99%) as a hygroscopic solid: IR (GEl,) vmax 3584—3245,
2937, 2868, 1695, 1538, 1469, 1379, 1251, 1133, 1014;cm
IH NMR (400 MHz)d 5.82 (1H, br s, ChOCN), 5.23 (1H,
m, H-6), 4.33 (1H, m, H-3, 3.54-2.55 (16H, m, H-+H-
4, H-6—H-9, H:N), 2.21-2.09 (2H, m, H-4), 1.97-1.73
(5H, m, H-2, H-7', H-8), 1.55-0.99 (23H, m, H-5, H-1
H-9, H-11, H-12, H-14—H-17, H-20, H-22 —H-25), 0.88
(3H, s, H-19), 0.78 (3H, dJ = 6.0 Hz, H-21), 0.74 (6H, d,
J=6.5Hz, H-26 and H-27), 0.55 (3H, s, H-18; 3C NMR
(100 MHz) 6 156.38 [NHZ(O)Q], 139.70 (C-5, 122.30
(C-6), 73.99 (C-3), 56.56 (C-14), 56.05 (C-17), 51.91
(C-4), 49.88 (C-9, 49.05 (C-6), 48.15 (C-8), 47.95 (C-2),
43.50 (C-9), 42.18 (C-1B 41.12 (C-1), 39.63 (C% 39.40
(C-12), 38.53 (C-24, 36.90 (C-1), 36.42 (C-10, 36.08
(C-22), 35.69 (C-20, 31.75 (C-8 and C-7 overlapping),
29.62 (C-5), 28.12 (C-1p, 27.86 (C-16, 27.86 (C-2), 27.86
(C-28), 24.17 (C-19, 23.75 (C-23, 22.73 (C-26), 22.48
(C-27), 20.94 (C-11), 19.24 (C-19, 18.62 (C-21), 11.76
(C-18); HRMS (FAB) m/z 573 [(M + H)*], 544, 513, 369
[(Chal)t], 215, 175, 147, 121, 95 [(®l11)"], 69, 55; found
(M + H)* 573.5139, calcd for §HesNsO, (M + H)*t
573.5108.

DNA. Plasmid DNA pUMVC1 (pDNA, 7528 bp) was
obtained from the University of Michigan Vector Core (Ann
Arbor, MI) (http://www.med.umich.edu/vcore/Plasmids/),
amplified, and purified by Bayou Biolabs. The concentration
of pDNA was determined spectrophotometricalysdp = 1
= 50 ug/mL), and the pDNA molar concentration was

one-site affinity model. The energy of dilution was measured
by injecting the liposome formulation into 4 mM HEPES
(pH 7.0).

Circular Dichroism Experimentircular dichroism (CD)
experiments were performed using a JASCO J-715 spec-
tropolarimeter (Beckmann-Coulter) at 20. CD spectra of
pDNA were recorded between 220 and 350 nm using a step
resolution of 0.2 nm, a scan speed of 10 nm/min, a bandwidth
of 1 nm, and a sensitivity of 10 mdeg. All measurements
were carried out in duplicate and averaged to one single
curve. pDNA exhibits a maximum CD amplitude at 273 nm,
which was used for time experiments. In these, the CD of
24 nM pDNA [4 mM HEPES (pH 7.0)] at 273 nm was
measured for 5 min before addition of liposomes (89
0.3 mM) while the sample was in the spectrophotometer,
mixed by bubbling air through the sample<2 s), and the
CD amplitude at 273 nm was followed over the course of
60 min.

Photon Correlation Spectroscopyt the end of each
titration experiment (ITC), 1L of the ITC end titration
emulsion was diluted with 190L of HEPES buffer (pH 7,

4 mM), and particle sizes were measured on an N4 plus MD
submicron particle analyzer (Beckman Coulter, High Wy-
combe, Buckinghamshire, U.K.). All measurements were
performed at 20°C and recorded at 90C, with an
equilibration time of 1 min and individual run times of 300

s. The refractive index of the buffer was set to 1.333.
Unimodal analysis was used throughout to calculate the mean
particle size and standard distribution in four separate
experiments.

determined using an average nucleotide base pair molecular Turbidity AssayLD (60 L) at 100ug/mL (pDNA) was

mass of 660 Da2g).

mixed with 240uL of FCS, and the mixture was incubated

LiposomesLiposomes were prepared at a concentration 4t 370¢ during gentle shaking. Dynamic changes in the tur-

of 5 mg of lipid/mL by reversed phase methodology followed
by extrusion. For this purpose, 144 of DOPE (20 mg/
mL) and 217uL of CDAN (10 mg/mL) or 251uL of DC-

Chol (10 mg/mL) were pipetted into a round-bottomed flask

(50 mL), 1 mL of 4 mM HEPES (pH 7.0) was added, and

the organic layer was slowly removed under reduced
pressure. After removal of all solvent, the pH was adjusted

to 7.0 by the addition of concentrated hydrochloric acid
(typically 15-20 uL) and the volume adjusted to 1 mL by

addition of distilled water. The liposomes were extruded 10

times through 0.m membranes (Millipore, Dublin, Ireland)

and their sizes measured by PCS. Both liposome formulations

measured 9@t 15 nm with a polydispersity index ot0.
Isothermal Titration Calorimetry ExperimentBinding

studies were performed by isothermal titration calorimetry

(ITC) using a VP-ITC MicroCalorimeter from MicroCal

(Northampton, MA). Titration data were processed by means

of the Origin software provided by the manufacturer.

Baseline corrections were used for the endothermic aggrega
tion phases to permit the fitting of data points to a single-

affinity binding model. Plasmid DNA (24.1 or 18.1 nM) was
maintained in the thermostated cell (1.428 mL) at°25in

4 mM HEPES (pH 7.0), and the whole solution was stirred
at 350 rpm. Liposomes were introduced into the stirred cell

by means of a syringe in one injection of:L, followed by

bidity of LD(DC-Chol) and LD(CDAN) after exposure to
serum were monitored at 600 nm on an Ultrospec 4006-UV
VIS photospectrometer (Pharmacia) at the indicated times.

Transfection Experiments$ieLa and Panc-1 cells were
grown in 48-well plates until the cells were semiconfluent
(~10 cells) in 500uL of normal growth medium (DMEM
complemented with 10% fetal calf serum). Transfection
procedures were carried out using @dof pDNA per well
with incubation times of 30 and 150 min, respectively.

For transfections in OptiMEM, DMEM (50 and 100%
serum), the growth medium was removed and the cells were
washed with PBS prior to addition of transfection medium
followed by the addition of the samples. LipofectAMIN{E
transfections were carried out according to the manufacturer’s
optimized procedures. After the respective transfection times,
the medium was removed and replaced with normal growth
medium and the cells were left for 24 h before being lysed
and assayed fof-galactosidase activity by luminescence.

Protein concentrations were determined by the BCA assay
(Pierce, Rockford, IL).

RESULTS

Isothermal Titration Calorimetry (ITC) with CDAN/DOPE
LiposomesA fixed concentration of pDNA (18.1 or 24.1
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of a 3.84 or 1.92 mM solution in 4 mM HEPES (pH 7.0), —

yielding a mainly triphasic output (Figure 2A). An initial 0 10 20 30 40 50 60 70 80 90 100

exothermic phase (a) was followed by a set of endothermic

signals (b) succeeded by an exothermic dilution of excess

liposomes into buffer (c). Phase (a) was attributed to the 142 -

complexation of pDNA with cationic liposomes to form LD

particles. Interruption of the titration process during the l

exothermic phase showed that no aggregation was visible at

this stage of the titration. In phase (b), aggregation was “®), @ B @

observed, which is manifested as endothermic signals. Phase gy D) -

(c) is the exothermic dilution of excess cationic liposomes 140 7

into buffer as determined by a separate titration experiment

injecting liposomes into buffer (Figure 3). Intriguingly, phase

(a) was itself found to be biphasic upon closer inspection ,

(Figure 2B). 500 600 700 800 900 1000 1100 1200 1300
A control experiment was then performed in which Ti

cationic liposomes were injected into buffer in the absence ime (sec)

of pDNA, revealing strong exothermic signals due to the FiIGURE 2. (A) Representative ITC data obtained from the injection

L S . of CDAN/DOPE (50:50,m/m) liposomes into pDNA: (top) 24
dilution of concentrated cationic liposomes (Figure 3). An injections (124L each) of liposomes (1.92 mM) into pDNA (24.1

overlay of the previous pDNA data and this control data set nv) and (bottom) 24 injections (12L each) of liposomes (3.84
strongly suggested that cationic liposome dilution effects mMm) into pDNA (24.1 nM) and (a) exothermic binding region, (b)
could account for the first phase of phase (a) [Figure 2B, endothermic signals from pDNA condensation and aggregation, and
()], while the second phase [Figure 2B, (b)] could be (c) exothermic profile of excess liposome dilution into buffer. The

. R . - respective curve fittings to a one-site affinity model are depicted
attributed to actual cationic liposom@DNA interactions.  ,g"insets at the bottom right. (B) Biphasic nature of exothermic

As aresult, only these second phase signals were integratedignals observed when titrating CDAN/DOPE (50:5@m) lipo-

for the subsequent fitting of binding data to a single-affinity somes into pDNA (cf. Figure 2A): (a) exothermic dilution/

binding model. Since this first exothermic phase (a) is a rehydration of liposome in buffer and (b) exothermic signal of

regime with a low overall positive/negative charge ratio and PPNA complexation by liposomes. Note that only the second
. o . (hatched) part of the signal was integrated for the extraction of

no aggregation was observed, fitting of these _datz_;\ toa S'ngle'thermodynamic parameters.

site binding model allowed for the determination of the

thermodynamic values of the binding event. Naturally, this given in Table 1. Most notably, cationic liposomBNA

procedure limits the accuracy of the thermodynamic profile interactions occurred with increasing system entropy 46.2

obtained from the curve fittings. However, by varying the 0.2 cal/mol) and a decrease in the enthalpy of bindixig?)

concentrations of both pDNA (24.1 or 18 nM) and liposomes of —0.5 kcal/mol.

(lipid concentration, 1.92 or 3.84 mM) in separate titration  Isothermal Titration Calorimetry (ITC) with DC-Chol/

experiments, we achieved an overall estimation of the bestDOPE LiposomesITC titrations were carried out as de-

Time (min)

w

-«—
-«—

®

cal/sec

fit to a single-affinity binding site model. scribed above by titrating cationic liposomes against a fixed
From these fittings, an average value of 650600 lipids concentration of pDNA (18 or 24.1 nM) (Figure 4).
per plasmid DNA vm) was obtained, which gives an overall In this case, the titration output was only biphasic with

Kq value of 19+ 3 uM. Other thermodynamic values are an initial exothermic phase (a) followed by an endothermic
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Table 1: Thermodynamic Parameters for Binding of Two Cationic Liposome Formulations, DC-Chol/DOPE (60m@nd CDAN/DOPE

(50:50,m/m), to pDNA

liposome Kg (uM)? N for lipid—pDNA (m/m} AH? (kcal/mol} TAS’ (kcal/moly size (nm}y
CDAN/DOPHE! (50:50,m/m) 19+3 6500+ 500 -05+0.1 6.2+ 0.3 222+ 25
DC-Chol/DOPE (60:40m/m) 2+05 27000+ 1000 —-1.7+0.1 6+0.3 261+ 50

aMeasured by isothermal titration calorimetry at 298°KObtained from the relationshifG® = AH° —

TAS for aT of 298 K. ¢ Determined

by dynamic light scattering (PCS) of a sample taken at the end of the ITC titration experfr@@AN/DOPE (50:50,m/m) is commercially

known as Trojeng”.
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|
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Ficure 3: Profile of dilution of CDAN/DOPE (50:50,m/m)
liposomes (1.92 mM, 24 injections of 12 each) in 4 mM HEPES
(pH 7.0).
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Ficure 4: Representative ITC data obtained from the injection of
DC-Chol/DOPE (60:40,nVYm) liposomes into pDNA (A) 24
injections (12uL each) of liposomes (4.16 mM) into pDNA (24.1
nM) and (B) 24 injections (1L each) of liposomes (4.16 mM)
into pDNA (18.1 nM) and (a) exothermic binding region and (c)
exothermic profile of excess liposome dilution into buffer. The
respective curve fittings into a one-site affinity model are depicted
as insets at the bottom right.
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Ficure 5: Profile of dilution of DC-Chol/DOPE (60:40m/m)
liposomes (4.16 mM, 24 injections of 12 each) in 4 mM HEPES
(pH 7.0).

particle aggregation and/or cationic liposome dilution. In-
triguingly, a third dilution phase was not observed, and phase
(a) did not show any obvious biphasic characteristics. In point
of fact, DC-Chol/DOPE dilution into buffer was found to
be mildly endothermic (Figure 5), in complete contrast to
CDAN/DOPE dilution. Furthermore, no heavy aggregation
was observed as with CDAN/DOPE liposomes.

Therefore, complete data corresponding with phase (a)
were fit as described above, giving an equilibrium dissocia-
tion constantKgy, of 2 £ 0.5uM, suggesting that interactions
of DC-Chol/DOPE liposomes with pDNA were 1 order of
magnitude stronger than those of CDAN/DOPE liposomes
with an average value of 27 0691000 lipids/pDNA, 4-fold
greater than that observed with CDAN/DOPE liposomes.
Other thermodynamic data are given in Table 1. The increase
in system entropy was in the same range as for the CDAN/
DOPE system.

Circular Dichroism (CD) Spectroscopipouble-stranded
pDNA has a characteristic positive CD signal at 273 nm,
AOD;73 that is derived from farz* electronic transitions of
adenine base®9). The plasmid DNA used for this study
was estimated by gel electrophoresis analysis to be domi-
nantly supercoiled30). Signal intensity has been observed
to decrease gradually with binding of a cationic species such
as the adenoviral core peptiggmu) (30) or other cationic
species 31). When the CD spectrum of a sample of pDNA
[24 nM in 4 mM HEPES (pH 7.0)] was monitored as a
function of time (60 min) AOD,73 (0.000085) was found to
be steady. After the addition of CDAN/DOPE liposomes (50
uL, 0.3 mM) to 300uL of pDNA (24 nM), the value of
AOD;73 was found to change continuously over the period
of monitoring (60 min) (Figure 6). Initially, the value of
AOD,7; fluctuated over a period of 2530 min. Thereafter,
the value ofAOD,7; increased to an intermediate plateau
value over a period of 30 min. In contrast, after the addition

phase (b). Phase (a) was attributed once again to theof DC-Chol/DOPE liposomes to pDNA (24 nM), the value

complexation of pDNA with cationic liposomes to form LD

of AOD,73remained constant after the initial accommodation

particles and phase (c) to higher-order particle formation/ (Figure 6). These data were interpreted as suggesting that
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amplitude of pDNA observed for 60 min at 293 K after addition and LD(CDAN) particles after incubation with fetal calf serum
of liposomes (arrows) in a total volume of 100 of HEPES (4 (FCS).
mM, pH 7.0), which also results in a decrease in @D due to . .
dilution. For each experiment, the overall charge ratio of pDNA to Siderably more aggregation prone than DC-Chol/DOPE LD
lipid was 2: (light blue) CDAN/DOPE (1.xL of a 4.5 mg/mL mixtures in the presence of 60% serum as evidenced by the
solution), (dark blue) DC-Chol/DOPE (&L of a 4.5 mg/mL rapid increase in turbidity after incubation for 100 min at
solution), and (pink) LipofectAMINE (L of @ 2 mg/mL solution). - 37 o¢ i the former compared with the latter case (Figure
Note that CDAN lipoplexes exhibit substantial dynamics over at 7). Such h d tend ¢ d fi .
least 60 min compared to all other lipoplexes. ). Such an enhanced tendency toward aggregation is
consistent with the observed metastability of CDAN/DOPE

DC-Chol/DOPE liposomes were forming relatively stable LD LD particles in comparison with DC-Chol/DOPE LD par-
particles with pDNA while CDAN/DOPE liposomes were ticles (see above).
forming metastable LD particles that underwent further  Transfection Experiment®arenholz et al. showed that
structural adjustments after the initial period of LD particle not the pDNA structure but phase instability and maximum
formation. heterogeneity of lipoplexes contribute to optimal transfection

Photon Correlation Spectroscopgpynamic light scattering  efficiency @2). As a result, we did not investigate the impact
is a reliable method for estimating particle sizes within the of different pDNA structures on transfection levels. LD
scope of 3-3000 nm. After completion of each ITC transfections were performed with two dividing cell lines,
experiment, a sample of 1 was diluted with 19QuL of HelLa and Panc-1 cells, under different experimental condi-
HEPES and subjected to a size analysis (Table 1). LD tions. Transfections were performed in so-called optimized
particles from DC-Chol/DOPE liposomes exhibited less transfection medium (OptiMEM) and in normal growth
heavy aggregation than LD derived from CDAN/DOPE medium containing either 10 or 50% serum. Transfections
liposomes. By dilution in HEPES (20-fold), the aggregation were also studied in medium containing up to 100% serum
was dissolved readily. Size analysis revealed that CDAN/ as well. CDAN/DOPE liposome-mediated transfection was
DOPE and DC-Chol/DOPE LD particles were on the order particularly effective in normal growth medium but less so
of 222+ 25 and 261+ 50 nm in diameter, respectively, in  in OptiMEM and much less so in the presence of very high
line with our previous observations of LD particles by serum levels. This was true irrespective of whether short (30
cryoelectron microscopys( 22). However, the actual size  min) or long (150 min) transfection times were utilized
variation was apparently greater than these error limits (Figure 8). In comparison, CDAN/DOPE liposome-mediated
suggested as indicated by polydispersity indeces-©13. transfections were significantly more efficient than DC-Chol/
This may be due to the fact that LD mixtures were prepared DOPE liposome-mediated transfections, in line with our
in this case by adding aliquots of cationic liposomes to a previous observation$,22), and without a clear preference
solution containing pDNA rather than the reverse. In general, for one transfection medium over another (Figure 8).
the addition of aliquots of pDNA to a solution of cationic Furthermore, CDAN/DOPE liposome-mediated transfections
liposomes appeared to give more reproducible LD particle were found to be equivalent to if not more effective in
formation than the reversd,(6). performance than all those selected for comparison.

Turbidity Assays.LD particles have the tendency to
aggregate even in a low-ionic strength solution. This feature DISCUSSION
is dramatically enhanced in the presence of serum. Therefore, The relationship between cytofectin structures, LD proper-
the aggregation properties of LD mixtures prepared from ties, and transfection efficienap vitro and/orin vivo has
CDAN/DOPE and DC-Chol/DOPE cationic liposomes were proven to be difficult to determine in all but a small handful
compared as a function of time in the presence of 0, 10, andof cases %, 22). Previously, we suggested that efficient
60% serum by means of turbidity assays @2). The transfectionin vitro mediated by cationic liposomes formu-
absorbance at 600 nMgoo, Was observed as a function of lated from DC-Chol and DC-Chol polyamine analogues was
time following the combination of each LD mixture with a function of two main characteristics: (1) a weakened
buffer containing the appropriate level of fetal calf serum capacity to bind, charge neutralize, and condense pDNA and
(FCS). Neither LD mixture showed signs of aggregation (2) the presence of amine functional groups wikh, palues
activity over a period b3 h at 37°C in 0 or 10% serum,  perturbed to values of approximatety7 (5). Both charac-
but CDAN/DOPE LD mixtures were observed to be con- teristics appeared to synergise to promote efficient transfec-

Time (minutes)
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Ficure 8: Transfection experiments with HeLa and Panc-1 cells. (A) The panels on the left show the level of exprgsgjatacfosidase

per milligram of protein for 30 min transfection times, whereas the panels on the right represent the situation of 150 min transfection times
in HeL A (top) and Panc-1 (bottom) cells: (black bars) OptiMEM, (gray bars, diagonally hatched) DMEM (10% serum), (dark gray bars,
horizontally hatched) DMEM (50% serum), and (cubic hatched bars) 100% serum. DC-Chol/DOPE (Bomi@&nd CDAN/DOPE
(50:50,mYm; Trojené™) lipoplexes were each time compared with lipofectAMINE All experiments were carried out in quadruplicate.

(B) Time course experiment investigating the impact of different quantities of lipoplex (micrograms of pDNA) for different incubation
times of lipoplexes with Panc-1 cells.

tion in vitro. Using a combination of isothermal titration CDAN/DOPE liposomes comprise lipioDNA interactions
calorimetry (ITC) (Figures 25 and Table 1), circular that are weaker than those measured in DC-Chol/DOPE
dichroism (CD) (Figure 6) and photon correlation spectros- liposomes (Table 1). At saturation, the number of CDAN or
copy (PCS) (Table 1), and turbidity assays (Figure 7), we DC-Chol molecules per pDNA molecule is 3250 or 16 200,
have revisited the physical properties of LD particles respectively. Therefore, given the determigdalues, the
formulated from pDNA (7528 bp) and either CDAN/DOPE microscopic dissociation constants per cytofeatinare 62
(50:50, nVm) or DC-Chol/DOPE (60:40,n/m) cationic and 32 mM, respectively. Furthermore, CD data show that
liposomes. Although data are difficult to extract due to CDAN/DOPE liposome-derived LD particles are structurally
multiphase binding events between liposomes and DNA, ITC plastic (metastable) following LD particle formation, while
data clearly demonstrate that LD particles prepared from DC-Chol/DOPE liposome-derived LD particles are not.
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to the electrostatically or entropically driven binding, repro-

of the relevant cytofectins. Each DC-Chol possesses a singletonation of the DOPE component in both DOTAP/DOPE

tertiary amine (K. = 7.8) and CDAN two secondary and
one primary amine with measure#pvalues of 9.3+ 0.01,
7.6+ 0.01, and 5.# 0.01, giving a net charge of 1-6..8
at pH 7 6). Accordingly, dilution effects involving CDAN/

and DDAB/DOPE liposomes due to &pchange played
an important part in binding. Accordingly, cationic liposome-
mediated pDNA condensation requires control of the order
and rate of mixing of cationic liposomes and pDNA for

DOPE cationic liposomes might be expected to be more proper control of the homogeneity of LD particle formation
substantial than effects of DC-Chol/DOPE cationic lipo- (6, 40, 41).

somes. CDAN has a higher charge than each DC-Chol and As a consequence of all of the above, a third component
has the capacity to support both exothermic hydrogen such as a cationic peptide has been used to partially neutralize
bonding with water as well as dynamic protonation equilibria. and condense pDNA prior to subsequent complexation with
Furthermore, the persistence of free, unprotonated aminecationic liposomes. Such a ternary LD approach has been
functional groups at pH 7 may aid in explaining the structural shown by us, and others, to significantly enhance the ease

plasticity of CDAN/DOPE liposome-derived LD particles.
After cationic liposome dilution and complexation with
pDNA over the course of 30 min, LD patrticles are generated,
but the presence of pDNA in close association with positively
charged CDAN/DOPE liposomes could act to perturb lower
amine [K, values upward, encouraging further amine func-
tional group protonation5). Subsequent slow (time scale
of more than minutes) structural adjustment and/or re-

and reproducibility of pDNA formulation into a synthetic
gene delivery systen2(, 30, 42—44).

Despite such formulation problems, simple binary LD
systems are still valuable tools for the transfection of cell
linesin vitro and may yet have applications éx vivo and
in vivo gene therapy or DNA vaccinegl®) with further
improvements in understanding. For this reason, CDAN/
DOPE cationic liposome-mediated transfections of cells were

arrangements of LD particles in response to such an studied alongside transfections mediated by DC-Chol/DOPE

additional protonation could then explain the observed
structural plasticity of CDAN/DOPE liposome-derived LD
particles (Figure 6). Finally, the highly interactive character
of the CDAN headgroup with water (Figure 3) in comparison
with the DC-Chol headgroup (Figure 5) could certainly offer
an explanation for the higher affinity of DC-Chol/DOPE
cationic liposomes for pDNA in comparison with that of
CDAN/DOPE cationic liposomes. Ordered hydration cages
more extensive in the case of the CDAN polyamine side
chain than in the case of DC-Chol would certainly need to
be disrupted for efficient chargecharge interactions with
pDNA to take place. This could contribute to a weakening
of CDAN/DOPE liposome-pDNA interactions in compari-
son with DC-Chol/DOPE liposomepDNA interactions
(33—36).

Bloomfield and co-workers37) and we R1, 30) have

cationic liposomes and other well-known commercially
available cationic liposome/micelle agents (Figure 8). The
CDAN/DOPE cationic liposome-mediated procéssitro

was clearly superior to the DC-Chol/DOPE liposome-
mediated process under all the conditions that were tested.
In light of the conclusions drawn from previous biophysical
comparisons §, 22) and the results discussed above, we
suggest two modified reasons for this. First, the fact that
CDAN/DOPE liposome-pDNA interactions are weaker than
DC-Chol/DOPE liposomepDNA interactions may still be
important. However, more significant may be the presence
of amine functional groups withKy values perturbed to
values of approximately 7. As discussed previousl,(22),
such functional groups may have not only the capacity to
buffer endosome compartments following the entry of LD
particles into cells thereby facilitating endosomolysis and the

previously demonstrated that low-molecular mass moleculesescape of pDNA into the cytosol but also may be a significant
such as cobalt hexamine, spermidine, or the cationic peptidescause of LD particle plasticity, as described above.

such asu (mu) (from the adenovirus core) and protamine
(from salmon sperm) trigger pDNA condensation whenr-67

Structural plasticity could have two consequences. First,
CDAN/DOPE-pDNA LD particles have a greater tendency

80% of phosphodiester backbone negative charges have beeto microaggregate in transfection media than DC-Chol/
neutralized. An electrostatic two-stage mechanism put forth DOPE-pDNA LD particles. As a result, they tend to create

by Bloomfield and co-workers accounts for the majority of

larger particles with a potentially greater capacity to sediment

the energies measured for the interactions between smallupon and coat the surface of cells in transfection wells, hence
positively charged counterions and the pDNA phosphodiesterfacilitating the transport of pDNA into these cells. Such a

backbone 37). pDNA condensation is subsequently driven

suggestion is in line with the conclusions of others concern-

by hydrophobic interactions, interactions that are even more ing the importance of larger LD particles for efficiéntuitro

significant where cationic liposome-mediated pDNA con-

transfection46). As a matter of fact, non-extruded TrojéMe

densation is involved given the hydrophobic character of the yields dramatically increased transfection levels compared

liposome bilayer.
Cationic liposome-mediated pDNA condensation is made
even more complex due to the substantial sizef® nm)

to the levels of the extruded form used in this study. Second,
CDAN/DOPE-pDNA LD particles may have a greater
tendency to interact with and accommodate serum proteins

and the highly positive surface charge of the condensing on their surfaces. Under controlled circumstances, this is
particle. Some liposome formulations have been shown to known to provide a nonspecific boost to transfection by

exhibit cooperative DNA binding, which makes the process
even more complicated to analyZ8). Furthermore, changes
in the K, of amine functionalities of the lipids due to
changes in the microenvironment after complexation con-
tribute to an already complex binding event. Studies per-
formed by Lobo et al.39) have demonstrated that in addition

facilitating endosomolysis and consequent pDNA escape into
the cytosol 47, 48). The turbidity data described here support
the idea that CDAN/DOPEpPDNA LD particles may be
more interactive with negatively charged serum components,
including proteins, than DC-Chol/DOPHDNA LD par-
ticles (Figure 7). Assuming that all amine functional groups
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are protonated and interacting with pDNA phosphodiester
backbone, under these conditions CDAN/DGRIDNA LD
particles would therefore have an overall positive-to-negative
charge ratioll/P) of 0.64 and DC-Chol/DOPEpDNA LD
particles anN/P ratio of 1.08 at equilibrium. As a result,
excess cytofectin is applied to render the overall charge of
the particles positive, which is a prerequisite for the effective
transfection of cells.

In conclusion, this thermodynamic and biophysical analy-
sis of DNA complexation and condensation with the two
cationic liposome systems (CDAN/DOPE and DC-Chol/
DOPE, respectively) demonstrates that the two cationic
liposome formulations exhibit a distinct individual thermo-
dynamic profile of lipoplex formation. Both liposome
formulations are driven by large enthalpic and entropic
contributions from the cationic amphiphiles. The metastabil-
ity of CDAN/DOPE lipoplexes may be ascribed to changes
in the lowest K, value of one of the three amines after
complexation with DNA. Because of this metastability and
the increased positive charge, CDAN/DOPE lipoplexes
exhibit a stronger tendency to form large aggregates, which
is not the case for DC-Chol/DOPE lipoplexes. Such a
tendency to form large and heterogeneous aggregates may
have a positive influence on the transfection efficarxyitro,
but is, of course, highly problematic zivo. Evidence from

in vivo experiments suggests that serum interactions sub- 29

stantially destabilize LD systems and prevent efficient
transfection from taking place6, 41, 49—51). The sub-
stantial perturbation of the maximal CD signal of pDNA

when complexed with CDAN/DOPE liposomes suggests that 81

these lipoplexes are highly dynamic species and that for at 35

least an initial period of 1 h, substantial rearrangements of

the lipoplex structure take place. Successful drug and gene 33.

delivery systems rely heavily on stable, well-defined, and 34 ! _
35. Bloomfield, V. A., He, S. Q., Li, A. Z., and Arscott, P. B. (1991)

reproducible liposome formulations. This basic study into

the thermodynamics and dynamic behavior of lipoplex

formation and interactions should contribute to a better

understanding of lipoplexes and hence for the design and
characterization of novel gene delivery systems for use as
synthetic gene and drug delivery vehicles.

w
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