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Lipid-mediated delivery of DNA into cells holds great promise both for gene therapy and basic
research applications. This paper describes the efficient and facile synthesis and the
characterization of a new multivalent cationic lipid with a double-branched headgroup structure
for gene delivery applications. The synthetic scheme can be extended to give cationic lipids of
different charge, spacer, or lipid chain length. The chemical and physical properties of self-
assembled complexes of the cationic liposomes (CLs) with DNA give indications of why
multivalent cationic lipids possess superior transfection properties. The lipid bears a headgroup
with five charges in the fully protonated state, which is attached to an unsaturated double-
chain hydrophobic moiety based on 3,4-dihydroxybenzoic acid. Liposomes consisting of the new
multivalent lipid and the neutral lipid 1,2-dioleoyl-sn-glycerophosphatidylcholine (DOPC) were
used to prepare complexes with DNA. Investigations of the structures of these complexes by
optical microscopy and small-angle X-ray scattering reveal a lamellar LR

C phase of CL-DNA
complexes with the DNA molecules sandwiched between bilayers of the lipids. Experiments
using plasmid DNA containing the firefly luciferase reporter gene show that these complexes
efficiently transfect mammalian cells. When compared to the monovalent cationic lipid 2,3-
dioleyloxypropyltrimethylammonium chloride (DOTAP), the higher charge density of the
membranes of CL-DNA complexes achievable with the new multivalent lipid greatly increases
transfection efficiency in the regime of small molar ratios of cationic to neutral lipid. This is
desired to minimize the known toxicity effects of cationic lipids.

Introduction

Somatic gene therapy holds great promise for future
medical applications, for example, as new treatment for
various inherited diseases as well as cancers.1,2 This has
spurred large research efforts directed toward develop-
ing and fundamentally understanding efficient DNA
carriers, i.e., vectors. Viral vectors have been studied
and used extensively,3,4 but synthetic nonviral vectors
have attracted increasing interest over the past years
because of their inherent advantages.5,6 These include
their easy and variable preparation, unlimited length
of the transported DNA, and lack of immunogenicity.
In nonviral vectors, the negatively charged DNA is
complexed with cationic liposomes7-10 or cationic poly-
electrolytes.11-13 Cationic liposome-DNA (CL-DNA)
complexes have already been taken to the stage of
clinical trials14 and are used in other applications of
DNA delivery.15 For them to become widely useful for
gene therapeutical purposes, however, the efficiency of
synthetic vectors still needs to be improved.

To improve the efficiency of CL-DNA complexes, a
large number of cationic lipids have been synthesized.
The early results of this research have been reviewed
in detail,16-18 and several more recent reviews with less
broader scope have also appeared.19-21 Among the

various chemical approaches that have been taken to
improve CL-DNA complexes, the use of cationic lipids
with multivalent headgroups has been especially prom-
ising. High transfection efficiencies have been reported
for multivalent lipids such as DOGS,22 DOSPA,23 and
RPR1205359 and several of its structural analogues.

A large amount of work has also been performed in
order to understand formation of CL-DNA complexes,
their structures, and their mechanism of action.24 For
example, CL-DNA complexes were shown to assume
an inverted hexagonal (HII

C) or lamellar (LR
C) liquid

crystal (LC) phase, depending on the neutral lipid used
and the composition.25 Significant differences in the
transfection properties of hexagonal and lamellar com-
plexes have been reported.26 The majority of the com-
plexes studied so far display the lamellar LR

C phase.
As part of our ongoing investigations of structure-

property relationships of CL-DNA complexes and the
mechanism of their action, we were in need of sufficient
quantities of multivalent cationic lipids to examine the
behavior of their DNA complexes using small-angle
X-ray diffraction and other methods. The scales on
which the synthesis of RPR120535 was described9,27 and
on which DOGS is commercially available were insuf-
ficient to meet our needs. Moreover, the synthesis of
DOSPA has not been published16 and that of DOGS has
not been described in sufficient detail to allow for a
straightforward synthesis.28 This prompted us to inves-
tigate efficient synthetic procedures for multivalent
cationic building blocks of variable charge. We report
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here in detail the gram-scale synthesis of a new mul-
tivalent cationic headgroup and lipid. CL-DNA com-
plexes were prepared using mixtures of this lipid,
DOPC, and DNA. The structure of the lipid-DNA
complexes was probed on length scales from subnano-
meter to micrometer by X-ray diffraction and optical
microscopy. The CL-DNA complexes appear as con-
densed globules in solution, which aggregate in the
presence of salts. X-ray diffraction shows that the
complexes are in the LR

C phase as found for complexes
of DNA with other, simpler lipids (e.g., DOTAP/
DOPC29). The DNA chains form a one-dimensional
lattice in which they are highly condensed even in the
presence of cell culture medium (DMEM30), i.e., salts,
owing to the high membrane charge density. When
compared with an optimized DOTAP/DOPC system,
complexes with the new lipid exhibit improved trans-
fection efficiency, and the difference between the two
systems increases dramatically from 1 to 3 orders of
magnitude as the amount of cationic lipid is reduced
from 50 to 20 mol %. As we describe, this very large
difference in transfection efficiency between the univa-
lent and multivalent cationic lipids at high mole per-
cents of neutral lipids results from the much larger
charge density of the membranes of the CL-DNA
complexes of multivalent cationic lipids. For the new
lipid, the transfection efficiency remains essentially
unchanged, while it drops quickly for DOTAP. This is
of great importance for potential applications, since the
cationic lipid is the more expensive compound and the
toxicity of cationic lipids is a known problem in clinical
applications. Our in vitro studies should apply primarily
to the optimization of transfection efficiencies in ex vivo
cell transfection studies, where cells are removed and
returned to patients after transfection.

Results and Discussion

Lipid Design and Synthesis. The chemical struc-
ture of our new lipid MVL5 is shown in Figure 1,
together with that of the multivalent cationic lipid
DOSPA and the monovalent lipid DOTAP,31 which is
frequently used for comparison. MVL5 is based on the
basic hydrophobic moiety reported in a previous paper.32

The lipid has unsaturated hydrophobic chains similar
to DOSPA and DOTAP to prevent side chain crystal-

lization and a headgroup that is structurally similar to
that of DOGS but bears five charges in the fully
protonated state to realize a high membrane charge
density.

The synthesis of MVL5 makes use of carboxy-func-
tionalized lipid and headgroup building blocks, which
are linked by an ethylenediamine spacer. This synthetic
scheme can easily be extended to give lipids of different
charge, spacer, or lipid chain length. As depicted in
Figure 2, the first step in the synthesis of the multiva-
lent building block 3 is the Michael addition of acry-
lonitrile to ornithine. This method has been used by
others in the synthesis of carboxyspermine28,33 where
an addition of one molecule of acrylonitrile to each
amino group of ornithine took place. A similar reaction
has been used to synthesize propylenimine dendrim-
ers,34,35 yielding two additions on every amino group.
Unexpectedly, we found that in the reaction with
ornithine conditions can be tuned to achieve a total of
three additions, two on the δ-nitrogen and one on the
R-nitrogen to yield compound 1. Following hydrogena-
tion of the nitrile moieties and Boc-protection of all
amino groups, compound 3 was obtained. To allow
coupling with this headgroup unit, the lipid building
block 432 was reacted with excess ethylenediamine. The
resulting compound 5 was then coupled with 3 to yield
the Boc-protected multivalent lipid 6 as shown in Figure
3. Deprotection of the amino groups yielded the lipid
MVL5.

Characterization of CL-DNA Complexes. CL-
DNA complexes were formed by combining DNA and
cationic liposomes consisting of mixtures of DOPC and
MVL5 at different ratios. In addition to transfection
experiments, we studied the complexes in situ using
optical microscopy and small-angle X-ray scattering
(SAXS) to probe their structures on multiple length-
scales. All measurements were performed in DMEM and
at the same lipid to DNA ratio as in our transfection
experiments.

Optical Microscopy. Direct imaging of the com-
plexes was performed using DIC and double-fluores-
cence microscopy. In Figure 4, complexes prepared in
water (A) and DMEM (B) are shown, imaged in DIC
mode (left), DNA fluorescence mode (middle), and lipid
fluorescence mode (right). The complexes were made
from DOPC/MVL5 lipid mixtures containing 40 wt %
MVL5 at a cationic lipid to DNA weight ratio of 2.5,
corresponding to a charge ratio of 2.85. They form
distinct globules of about 1 µm diameter. In DMEM,
these globules aggregate to form larger particles because
their charge is screened by the relatively high salt
concentration (Figure 4B). The observation of colocal-
ization of lipid and DNA by fluorescence microscopy
indicates the formation of complexes.

Figure 1. Structures of the common monovalent lipid DOT-
AP,31 the multivalent cationic lipid DOSPA,23 and the new lipid
MVL5.

Figure 2. Synthesis of the pentavalent headgroup building
block 3 starting from ornithine hydrochloride: (a) 4 equiv of
acrylonitrile, NaOH, 60 °C; (b) Raney Ni, 60 psi of H2; (c)
Boc2O, NaOH.
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Cell Transfection. For transfection studies, we
compared CL-DNA complexes prepared with DOTAP
or MVL5 as the cationic lipid. While the ratio of neutral
to cationic lipid was varied, all complexes were prepared
at a lipid to DNA charge ratio of 2.85, which was
previously found to be optimal for complexes made from
DOTAP and DOPC.36 The only partial protonation of
the MVL5 headgroup at neutral pH was taken into
account by assigning 4 unit charges to it. The results of
transfection experiments using mouse fibroblast L cells
and a luciferase reporter assay are displayed in Figure
5. The new lipid MVL5 gives higher transfection ef-
ficiencies for all ratios of neutral to cationic lipid.

However, the difference in transfection efficiencies
increases dramatically from 1 to 3 orders of magnitude
as the amount of cationic lipid is reduced from 50 to 20
mol %. For MVL5, the transfection efficiency remains
essentially unchanged while it drops quickly for DOT-
AP. This is important for potential applications, since
the cationic lipid is the more expensive compound and
the toxicity associated with large doses of cationic lipids
is a problem for clinical applications.

X-ray Diffraction. The structures of the CL-DNA
complexes on the scale of 1-100 nm were investigated
by SAXS. In Figure 6, high-resolution X-ray scans are
shown for complexes with weight fractions of cationic
lipid of 40% (MVL5) and 30% (DOTAP), corresponding
to equivalent molar fractions (31% and 33%, respec-
tively) of cationic lipid in the membrane. At this
composition, the transfection efficiency of the MVL5
complexes is approximately 100-fold higher than that
of the DOTAP complexes. The lipid to DNA charge ratio
was again kept at 2.85 for all complexes. Both CL-DNA
complexes are in the lamellar LR

C phase. As with
DOTAP, the LR

C phase is observed throughout the lipid
composition range for MVL5/DOPC/DNA complexes. For
the MVL5 complexes in Figure 6, three relatively sharp
peaks at q ) 0.088, 0.175, and 0.261 Å-1 are observed,
corresponding to the (00h) peaks of the layered structure
with an interlayer spacing δ ) 2π/q001 of 71.2 Å (Figure
6B). The broad peak at qDNA ) 0.201 Å-1 arises from
correlations between DNA molecules within a water gap
and gives their interaxial spacing dDNA ) 2π/qDNA ) 31.2
Å. This spacing is much larger (qDNA ) 0.106 Å-1, i.e.,
dDNA ) 59.5 Å) for the complexes prepared with an
equivalent molar ratio of the monovalent lipid DOTAP.
As was shown previously, at the isoelectric point of LR

C

CL-DNA complexes, the average spacing dDNA between
the DNA molecules can be expressed in terms of the
average distance per anionic charge along the DNA
backbone (l0) and the charge density (σM) of the mem-

Figure 3. Synthesis of the pentavalent cationic lipid MVL5:
(a) (1) N-hydroxysuccinimide, N,N′-dicyclohexylcarbodiimide
(DCC), (2) excess ethylenediamine; (b) 3, DCC, 1-hydroxyben-
zotriazole; (c) HCl in EtOAc.

Figure 4. Typical images of CL-DNA complexes prepared
in water (A) and DMEM (B) from DOPC, MVL5, and plasmid-
DNA in high-resolution DIC mode (left), DNA fluorescence
mode (middle), and lipid fluorescence mode (right). The DNA
and the lipid were stained using YOYO dye (green fluores-
cence) and DHPE-Texas Red dye (red fluorescence), respec-
tively. The size of the scale bar is 5 µm. The observed double
fluorescence of the globules indicates the presence of both DNA
and lipid in the complex particles. The complexes in these
pictures were made with 31 mol % MVL5 at a cationic lipid to
DNA charge ratio of 2.85.

Figure 5. Comparison of transfection efficiencies in mouse
fibroblast L cells for cationic lipids DOTAP and MVL5 in
mixtures with DOPC. Data are shown for molar ratios 1:1,
1:2, and 1:4 neutral to cationic lipid. The lipid to DNA charge
ratio was kept at 2.85 in all experiments.
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branes of CL-DNA complexes, dDNA ) e/(l0σM).37,29

Thus, as σM increases, the DNA interaxial spacing dDNA
decreases, and σM is the main parameter that deter-
mines dDNA. Therefore, our data prove that because of
the higher headgroup charge of MVL5, σM is much
higher for an MVL5-containing membrane than for one
containing DOTAP at an identical molar ratio. This
corresponds to a higher density of the DNA and stabi-
lizes the complexes at moderate ionic strength. X-ray
experiments show that with MVL5, stable CL-DNA
complexes can be prepared in the presence of up to 500
mM monovalent salt.38 Most importantly, our experi-
ments provide a rationale for the generally superior
efficiency of multivalent lipids. The membrane charge
density in CL-DNA complexes in the LR

C phase has
recently been identified as a universal parameter en-
hancing their transfection efficiency,39 with the trans-
fection efficiency increasing exponentially for a linear
increase of σM. Thus, the higher headgroup charge of
multivalent lipids, which increases the complexes’ mem-
brane charge density, leads to improved transfection.

Experimental Section
General Methods. NMR spectroscopy was carried out on

a Bruker Avance 200 MHz spectrometer. MALDI-TOF mass
spectrometry was done on a Dynamo spectrometer from
Thermal BioAnalysis Ltd. using 2,5-dihydroxybenzoic acid as
the matrix and 70 vol % acetonitrile in water as the solvent.
Thin-layer chromatography was performed using silica-covered
plastic sheets with fluorescence indicator (Macherey-Nagel).
Detection of spots was achieved using UV light and ninhydrin
reagent (300 mg in 95 mL of 2-propanol and 5 mL of acetic
acid). By addition of methanol to a 4:2:1 (v/v/v) mixture of
chloroform, methanol, and 25% ammonia until the mixture
became homogeneous, solvent mixture A was obtained. Silica

gel from Fisher Scientific with a mesh size of 200-425 was
used for flash chromatography.40

Liposome Preparation. Preparation of liposome solutions
was as described previously.37 In brief, lipid solutions (DOTAP,
DOPC from Avanti Lipids) in chloroform/methanol were
prepared at the desired ratio of lipids and dried, first by a flow
of nitrogen and subsequently in a vacuum for 8-12 h. The
residue was suspended in high-conductivity (18.2 MΩ) water,
incubated for 12 h, sonicated to clarity, and filtered through
0.2 µm filters to give solutions of the desired concentration.

Transfection. Mouse fibroblast L cells were cultured and
transfected as reported elsewhere.36 Briefly, cells seeded at a
number of approximately 300 000 in 6-well plates were trans-
fected with CL-DNA complexes containing 2 µg of luciferase
plasmid DNA (pGL3 Control Vector, Promega). Complexes
were diluted to a final volume of 1 mL in DMEM (Gibco BRL)
and transferred onto the cells. After 6 h, the cells were washed
free of complexes with phosphate-buffered saline, followed by
a 24 h expression period in culture medium. Results were
quantified using the Promega Luciferase assay system (E4030)
and a Perkin-Elmer AutoLumat luminometer. The BioRad
protein assay (500-0001) was used to determine the amount
of protein for normalization.

Optical Microscopy. A Nikon Diaphot 300 equipped for
epifluorescence and differential interference contrast (DIC) and
a Nikon Coolpix 990 digital camera were used. For fluorescence
microscopy, liposome stock solutions were prepared at 0.5 mg/
mL with 0.2 mol % DHPE-Texas Red dye (Molecular Probes).
The DNA (0.1 mg/mL) was stained using 3.3 mol % (calculated
per base pair) YOYO dye (Molecular Probes). Samples were
prepared by diluting the stock solutions 6-fold with water or
DMEM and combining appropriate volumes of the resulting
liposome and DNA solutions. The complexes were imaged 20
min after preparation.

Small-Angle X-ray Scattering (SAXS). High-resolution
X-ray experiments were done at the Stanford Synchrotron
Radiation Laboratory (SSRL). For typical powder samples,
θ-2θ scans were obtained using an image plate detector (Mar

Figure 6. (A) SAXS scans of CL-DNA complexes in DMEM made from DOPC/DOTAP (left) and DOPC/MVL5 (right) lipid
mixtures at the same molar ratios. The complexes are in the lamellar LR

C phase, as evident from the [00h] diffraction peaks. The
lipid mixtures contained 30 wt % DOTAP and 40 wt % MVL5, respectively, corresponding to a molar ratio of cationic to neutral
lipid of 31:69 (A) and 33:67 (B). The cationic lipid to DNA charge ratio was 2.85 for both complexes. The interlamellar spacing is
68 Å for DOTAP and 71 Å for MVL5. At the same molar ratio of cationic to neutral lipid, the DNA interaxial spacing is reduced
from 59 to 31 Å because of the higher membrane charge density in the complexes with MVL5. (B) Schematic of a CL-DNA
complex in the LR

C phase, displaying a condensed multilamellar structure with DNA rods intercalated between lipid bilayers.
The key length scales are the bilayer spacing δ and the interaxial DNA spacing dDNA.
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instruments). Samples were prepared from 10 mg/mL liposome
solutions and 5 mg/mL DNA solutions, using 100 µg of λ-phage
DNA (New England Biolabs) per sample. The CL-DNA
complexes were formed by combining the solutions, diluting
2-fold in DMEM, and incubating them at 4 °C for 2-3 days
following extensive centrifugation in an Eppendorf tube.
Samples were then transferred to 1.5 mm quartz capillaries
and flame-sealed. Typically the CL-DNA complexes formed
a white precipitate.

Synthesis. Chemicals were from Fisher Scientific and at
least of analytical grade unless otherwise indicated.

NR,Nδ,Nδ-Tris(2-cyanoethyl)ornithine (1). To a solution
of 4.00 g (100 mmol) of sodium hydroxide in 120 mL of
methanol, a total of 16.9 g (100 mmol) of L-ornithine hydro-
chloride (Sigma) was added with stirring. After 2 min, a total
of 26.3 mL (21.2 g, 400 mmol) of acrylonitrile (Fluka) was
added in one portion. Stirring was continued for 24 h at room
temperature, and a total of 100 mL of methanol was added.
The reaction mixture was then acidified slightly by the
addition of concentrated hydrochloric acid (about 13 mL) and
was filtered immediately. The pH of the filtrate was adjusted
to 6 using 25% sodium hydroxide solution. After standing at
4 °C for 16 h, the mixture was filtered to yield 20.3 g (62 mmol,
62%) of 1 (hydrochloride form) as white crystals. Rf ) 0.79
(solvent mixture A). 1H NMR (D2O, 200 MHz): δ 1.5-2.3 (2
m, 4 H, CH2-CH2-CH), 2.6-3.4 (2 m, 12 H, CH2-CH2-CN),
3.4-4.0 (2 m, 3 H, CH2-CH2-CH2-CH). 13C NMR (D2O): δ
15.4, 15.8 (CH2-CN), 22.1 (CH2-CH2-CH), 27.7 (CH2-CH),
42.4, 48.6 (CH2-CH2-CN), 52.4 (CH2-CH2-CH2-CH), 63.0
(CH), 118.0, 121.2 (CN), 173.5 (CO2H).

NR,Nδ,Nδ-Tris(3-aminopropyl)ornithine (2). To a mix-
ture of 9.6 g (36 mmol) of 1 and 80 mL of 1.4 M sodium
hydroxide in 95% ethanol in a Parr hydrogenator flask, a total
of 5.00 g of a supension of Raney nickel in water (Fluka) was
added. The mixture was agitated for 16 h under 60 psi (4 bar)
of hydrogen pressure at room temperature. The Raney nickel
was removed by filtration, and the solvent was evaporated.
The resulting oil (15.5 g) was used for the next step without
further purification. Pure hydrochloride for analytical purposes
was obtained by adding concentrated hydrochloric acid to the
reaction solution and collecting and drying the precipitate. 1H
NMR (D2O, 200 MHz): δ 1.65-2.30 (m, 10 H, C-CH2-C),
2.95-3.50, (m, 14 H, CH2-N), 3.65-3.8 (m, 1 H, CH). 13C NMR
(D2O): δ 20.0, 22.2 (2 C), 24.3, 27.0 (C-CH2-C), 37.1 (3 C,
CH2-NH3

+), 44.4 (CH2-NH2
+), 50.4 (2 C), 52.6 (CH2-NH+),

62.3 (CH), 173.3 (CO2H).
NR-tert-Butylcarbamoyl-NR,Nδ,Nδ-tris(3-[tert-butylcar-

bamoylamino]propyl)ornithine (3). The raw product from
the previous step (15.5 g; assay calculated for 36 mmol ) 100%
yield from previous step) was dissolved in water/THF (1:1, v/v).
Over a period of 1 h, a solution of 34.5 g (158 mmol) of Boc2O
(Novabiochem) in 70 mL of THF and 40 mL of 4 M sodium
hydroxide in water were added in four portions with stirring.
The reaction mixture was kept at room temperature by cooling
with a water bath, and stirring was continued for 6 h. Most of
the THF was then evaporated. After addition of 250 mL of
diethyl ether, the mixture was acidified using half-concen-
trated hydrochloric acid. The phases were separated, and the
aqueous phase was extracted two more times with 150 mL of
ether. The combined organic phases were washed twice with
250 mL of water, dried (Na2SO4), and evaporated. The residue
was purified by flash chromatography on 800 g of silica gel
using chloroform/methanol (19:1) as the eluent41 to yield 22.5
g (32.0 mmol, 89%) of 3 as a colorless solid. Rf ) 0.40 (6:1
CHCl3/MeOH). 1H NMR (CDCl3, 200 MHz): δ 1.39 (s, 36 H,
CH3), 0.7-2.2 (2 m, 10 H, CH2-CH2-C), 2.8-3.4 (2 m, 14 H,
CH2-N), 4.0-4.2 (m, 1 H, CH), 5.0-5.6 (b, 2 H, NH), 5.9-6.3
(b, 1 H, NH). 13C NMR (CDCl3): δ 21.2 (-CH2-CH2-CH), 24.3
(-CH2-CH2-N-(CH2)3-CH), 27.4 (CH-N(Boc)-CH2-CH2),
28.8 (CCH3), 30.1 (-CH2-CH), 38.0 (CH2-N(H)Boc), 45.7
(CH2-N(Boc)-CH), 50.6, (CH2-N-(CH2)3-CH), 52.9 (CH2-
CH2-CH2-CH), 59.7 (CH), 79.9, 81.2 (CCH3), 156.9 (O-C(O)-
N), 173.9 (CO2H). MALDI-MS: m/z 705.8 (M + H+).

N1-(2-aminoethyl)-3,4-di(oleyloxy)-benzamide (5). To
a solution of 4.00 g (6.11 mmol) of 4 in 10 mL of dichlo-
romethane, 0.77 g (6.72 mmol) of N-hydroxysuccinimide
(Bachem) and, after stirring for 5 min, 1.39 g (6.72 mmol) of
N,N′-dicyclohexylcarbodiimide (DCC, Sigma) in 2 mL of dichlo-
romethane were added. The reaction mixture was stirred for
2 h and then filtered. To the filtrate, a total of 4.1 mL (3.7 g,
61 mmol) of ethylenediamine was added quickly with stirring.
After being stirred for 3 h, the reaction mixture was filtered
and 200 mL of chloroform, 50 mL of methanol, and 100 mL of
water were added. The phases were separated after thorough
mixing. The organic phase was then extracted two more times
with water to which NaCl and some NaOH had been added,
dried (Na2SO4), and evaporated. The resulting residue was
purified by flash chromatography on 250 g of silica gel using
chloroform/methanol (9:1) as the eluent to yield 3.66 g (5.25
mmol, 86%) of 5 as an off-white, waxy solid. Rf ) 0.22 (9:1
CHCl3/MeOH). 1H NMR (CDCl3, 200 MHz): δ 0.84 (“t”, J )
6.7 Hz, 6 H, CH2-CH3), 1.0-2.5 (4 m, 56 H, alkyl-CH2), 2.90
(t, 3J ) 6.1 Hz, 2 H, H2N-CH2), 3.46 (q, 3J ) 5.9 Hz, 2 H,
C(O)-NH-CH2), 3.8-4.2 (m, 4 H, O-CH2), 5.2-5.5 (m, 4 H,
dCH-), 6.61 (bt, 1 H, C(O)-NH), 6.81 (d, 3J ) 8.4 Hz, 1 H,
Har m-C(O)), 7.25 (dd, 3J ) 8.4 Hz, 4J ) 2.1 Hz, 1 H, Har p-OR),
7.38 (d, 4J ) 2.1 Hz, 1 H, Har o-C(O), o-OR). 13C NMR
(CDCl3): δ 14.5 (CH3), 23.1 (CH2-CH3), 26.5, 27.6, 29.7, 29.8,
30.0, 30.1, 30.2, 30.3, 32.3 (CH2-CH2-C), 40.6, 40.1 (CH2-
N), 69.8, 69.3 (CH2-O), 112.4, 113.3, 121.3, (aromatic CH),
125.9 (C-C(O)N), 130.2, 130.3 (dCH-CH2), 149.0, 152.6 (C-
O-CH2), 168.8 (C(O)NH).

N1-[2-((1S)-1-[tert-Butylcarbamoylamino(3-[tert-butyl-
carbamoylamino]propyl)amino]-4-[di(3-[tert-butylcar-
bamoylamino]propyl)amino]butylcarboxamido)ethyl]-
3,4-di[oleyloxy]benzamide (6). To a solution of 615 mg (0.88
mmol) of 5, 619 mg (0.88 mmol) of 3, and 135 mg (0.88 mmol)
of 1-hydroxybenzotriazole (HOBt, Peptides International) in
5 mL of dichloromethane, a total of 197 mg (0.955 mmol) of
DCC in 0.5 mL of dichloromethane was added. After being
stirred for 6 h, the reaction mixture was filtered and evapo-
rated. The resulting residue was dissolved in 40 mL of diethyl
ether, and the solution was washed with 10% citric acid, twice
with saturated NaHCO3, and with water. The ether solution
was dried (Na2SO4) and evaporated, and the residue was
purified by flash chromatography on 60 g of silica gel using
chloroform/methanol (15:1) as the eluent41 to yield 1.095 g
(0.792 mmol, 90%) of 6 as a colorless solid. Rf ) 0.32 (9:1
CHCl3/MeOH). 1H NMR (D2O, 200 MHz): δ 0.85 (“t”, J ) 6.7
Hz, 6 H, CH2-CH3), 1.40 (s, 36 H, CH3), 1.0-2.6 (several b/m,
66 H, C-CH2-C), 2.8-3.3 (m, 14 H, CH2-N), 3.3-3.6 (b, 4
H, N-CH2-CH2-N), 3.8-4.2 (m, 4 H, O-CH2), 5.1-5.3 (b, 1
H, CH), 5.2-5.4 (m, 4 H, dCH-), 6.61 (bt, 1 H, C(O)-NH),
6.80 (d, 3J ) 8.3 Hz, 1 H, Har m-C(O)), 7.0-7.2 (b, NH), 7.33
(dd, 3J ) 8.3 Hz, 4J ) 2 Hz, 1 H, Har p-OR), 7.44 (d, 4J ) 2 Hz,
1 H, Har o-C(O), o-OR). 13C NMR (D2O): δ 14.5 (CH2-CH3),
23.1 (CH2-CH3), 26.5, 27.3, 27.6, 29.6, 29.7, 29.8, 29.9, 30.2
(CH2-CH2-CH2, CH-CH2), 32.3 (CH3-CH2-CH2), 28.7, 28.9
(C(CH3)3), 38.6, 39.5, 41.7 (CH2-N(H)-C(O)), 43.9 (CH2-
N(Boc)-CH), 52.0, 53.7, (CH2-N-CH2-(CH2)2-CH), 60.2
(CH), 69.5, 69.6 (CH2-O), 79.4, 81.3 (C(CH3)3), 112.6, 113.3,
120.3, (aromatic CH), 127.0 (Car-C(O)), 130.2, 130.4 (dCH-
CH2), 149.2, 152.2 (Car-O-CH2), 156.5 (O-C(O)-N), 167.8
(C(O)-Car), 173.3 (C(O)-CH). MALDI-MS: m/z 1382.6 (M +
H+).

N1-[2-((1S)-1-[(3-Aminopropyl)amino]-4-[di(3-amino-
propyl)amino]butylcarboxamido)ethyl]-3,4-di[oleyloxy]-
benzamide (MVL5). To a concentrated solution of 1.00 g (0.72
mmol) of 6 in ethyl acetate, a total of 10 mL of a freshly
prepared saturated solution of HCl in ethyl acetate was added.
The mixture was stirred for 30 min at room temperature,
during which time a white precipitate formed, and evaporated.
To the residue, a total of 5 mL of ethyl acetate was added with
stirring and was evaporated. This was repeated to yield 830
mg (0.71 mmol, 99%) of MVL5 as a white powder. Rf ) 0.64
(2:2:1 CHCl3/MeOH/25% NH4OH). 1H NMR (CDCl3/MeOH-d4,
9:1, 200 MHz): δ 0.74 (“t”, J ) 6.7 Hz, 6 H, CH3), 0.9-1.5
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(b/m, 44 H, C-CH2-C), 1.5-2.5 (3 b/m, 22 H, C-CH2-C),
2.7-3.6 (b/m, N-CH2), 3.6-4.4 (m, 4 H, CH, O-CH2), 5.0-
5.4 (m, 4 H, dCH-), 6.6-6.9 (m, 1 H, Har m-C(O)), 7.2-7.5
(m, 2 H, Har o-C(O)), 8.16 (b, 3 H, NH). 13C NMR (CDCl3/
MeOH-d4, 9:1): δ 13.8 (CH2-CH3), 22.4 (CH2-CH3), 24.6, 25.9,
26.0, 27.0, 27.9, 29.1, 29.2, 29.3, 29.4, 29.5, 29.6, 31.7, 32.3,
32.6 (C-CH2-C), 33.9, 37.2, 38.7, 39.8 (b, CH2-N), 51.3 (CH),
68.9, 69.4 (CH2-O), 112.1, 112.9, 120.7 (aromatic CH), 125.6
(Car-C(O)), 129.5, 129.7 (dCH-CH2), 148.5, 152.1 (Car-O-
CH2), 167.3, 168.0 (C(O)-Car). MALDI-MS: m/z 983.6 (M +
H+), 1005.5 (M + Na+).

Conclusions

Following an efficient synthetic scheme, we have
prepared the new multivalent lipid MVL5 and examined
its behavior in lipid-DNA complexes using microscopy,
X-ray diffraction, and transfection assays. Our experi-
ments provide a rationale for the generally superior
efficiency of multivalent lipids. The membrane charge
density σM in CL-DNA complexes has recently been
identified as a universal parameter controlling and
enhancing their transfection efficiency.39 In the LR

C

phase of cationic lipid-DNA complexes, transfection
efficiency increases exponentially with a linear increase
of σM [which also results in a linear decrease in the
DNA-DNA interaxial distance (dDNA)]. Our data show
that the membrane charge density σΜ is much higher
for an MVL5-containing membrane than for one con-
taining monovalent DOTAP at an identical molar ratio.
Thus, the higher headgroup charge of multivalent lipids,
which increases the complexes’ membrane charge den-
sity, leads to improved transfection.
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