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Recent research in the field of nonviral gene delivery vectors has focused on preparing nanoparticles that are
stabilized by the incorporation of a PEG coating and where one of the vector components is also cleavable.
Here,we describe the synthesis, formulation, transfection properties, and biophysical studies of a PEG-stabilized
ternary lipopolyplex vector in which, for the first time, both the lipid and peptide components are designed to be
cleaved once the vector has been internalized. A series of cationic lipids, bearing short tri- or hexaethylene glycol
groups, attached to the headgroup via an ester linkage, has been prepared. Trifunctional peptides have also been
prepared, consisting of a Lys16 sequence at the N-terminus (to bind and condense plasmid DNA); a spacer group
(containing a sequence recognized and cleaved by endosomal enzymes) and an optional PEG4 amino acid; and
an integrin-targeting cyclic peptide sequence (allowing the resulting nanoparticle to be internalized via receptor-
mediated endocytosis). Differing combinations of these lipids and peptides have been formulated with DOPE and
with plasmid DNA, and complex stability, transfection, and cleavage studies carried out. It was shown that optimal
transfection activities in a range of cell types and complex stabilities were achieved with lipids bearing short
cleavable triethylene glycol moieties, whereas the incorporation of PEG4 amino acids into the cleavable peptides
had little effect. We have synthesized appropriate fluorescently labeled components and have studied the uptake
of the vector, endosomal escape, peptide cleavage, and plasmid transport to the nucleus in breast cancer cells
using confocal microscopy. We have also studied the morphology of these compact, stabilized vectors using
cryo-EM.

INTRODUCTION

Nonviral vectors are now regarded as a clinically important
approach for the therapeutic delivery of DNA into cells. They
have several advantages over viral vectors; their unlimited
packaging capacity, ease of structural modification, and potential
for large-scale production are all important for the manufacturing
of gene delivery agents. Most importantly, their low immuno-
genicity means that they have few of the toxicity and safety
issues associated with viral gene delivery vectors (1, 2). In early
studies, packaging was achieved by the condensation of DNA
with polycationic polymers such as polyethylenimine (PEI),

peptides, and dendrimers, giving polyplexes (3), or with cationic
lipids, giving lipoplexes (4-6). However, these gene delivery
complexes initially lacked any mechanisms to overcome the
multiple barriers to successful gene transfer (7), and frequently,
only low transfection efficiencies and poor in vivo stabilities
were achieved. As a consequence, very few nonviral vectors
have so far reached clinical trials (8).

A recent important advance in the design of high-efficiency
nonviral gene delivery vectors was the recognition that incorporat-
ing targeting moieties on the surface of the complex would lead
to vector internalization by receptor-mediated endocytosis, and
hence higher transfection efficiencies (9). Multicomponent nonviral
vectors, incorporating more than one type of carrier molecule, and
more closely imitating viruses in their assembly and cell targeting
properties, have recently been investigated and have been shown
to have enhanced transfection properties (10-12). Several groups
have reported the use of ternary lipid-peptide-DNA lipopoly-
plex vectors, combining the advantages of polyplexes and
lipoplexes and incorporating receptor-targeting moieties (13, 14).
Hart et al. (13) described the use of the LPD vector, which
consists of a self-assembling combination of lipids (L), poly-
cationic peptide (P), and plasmid DNA (D). The dual functional
peptide (1) comprises both a K16 DNA-binding and compaction
domain and a cyclic peptide (CRRETAWAC) domain targeted
to the R5�1 integrin; the lipids DOTMA (2) and DOPE (3) are
used as a 1:1 mixture (Lipofectin) (Figure 1). The LPD system
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was shown to display high transfection efficiencies and, in
particular, to efficiently transfect nondividing cells. Moreover,
these complexes exhibited low toxicity in vitro and in vivo,
with low immunogenicity in vivo (13, 15-17). We have recently
established the stoichiometry of these particles using fluores-
cence correlation spectroscopy (FCS) and, using freeze-fracture
electron microscopy and fluorescence quenching, have demon-
strated that the LPD vectors have a tightly compacted
DNA-peptide inner core surrounded by a disordered lipid layer,
from which the integrin-targeting peptide partially protrudes
(18). We have also established that this system can be used
with a wide variety of targeting peptides, enabling delivery to
specific cell types (19-22).

An additional problem with many nonviral vectors is that
cationic polyplexes, lipoplexes, and lipopolyplexes are bound
by plasma proteins and are quickly cleared by the reticuloen-
dothelial system (RES). In addition, these formulations are
unstable in buffers and plasma and tend to aggregate (23, 24).
In order for nonviral vectors to be therapeutically useful, these
problems must be overcome. It has been shown that coating
the surface of these complexes with polymeric poly(ethylene
glycol) (PEG) units prevents aggregation, lowers residual
toxicity, and prolongs the circulation time (25-29). However,
although the stabilities of such sterically shielded complexes
are greatly enhanced, in many cases greatly reduced cell
transfection activities are also observed. This has been attributed
to a number of factors including particle charge masking (30),
steric hindrance of targeting ligands (31), interference with the
ability of the liposome to undergo membrane fusion and
destabilization once internalized in the endosome (32-34), and
blocking of intracellular trafficking of the plasmid DNA (35).
Even when the surface of the stabilized particles was coated
with receptor-targeting ligands, in many cases the transfection
efficiencies did not improve (36). Recent advances in the
synthesis of chemically dynamic gene delivery complexes
containing components that can be triggered to disassemble or
degrade within the liposome (37, 38) have been applied to the
preparation of PEG-stabilized gene delivery vectors, and more
effective transfections have been reported (39-42). However,
all of these studies have been carried out with large polymeric
PEG moieties attached, and until very recently, there have been
no reports of stabilized gene delivery vectors formulated with
components containing shorter ethylene glycol oligomer units
of defined length (43, 44).

The aim of this work was to design and synthesize gene
delivery vectors that would be stable in the circulation and would
not be cleared rapidly by the RES, but would retain their
capacity to target specific cells and to transfect them efficiently.
We report herein the synthesis of lipids and peptides containing
short ethylene glycol oligomer units of defined lengths, and our
studies of the stability, transfection, structural, and biophysical
properties of LPD complexes formulated using these compo-
nents. These lipids and peptides have, additionally, been
designed to incorporate features that can be cleaved by enzymes
found in endosomes, ensuring that these components can

degrade within the endosome and thus trigger endocytotic
release and partial complex disassembly. We have also carried
out a detailed study of the uptake and disassembly of these
complexes using confocal microscopy.

EXPERIMENTAL PROCEDURES

General Synthetic Methods and Materials for Cell Biology
are given in the Supporting Information.

Peptide Synthesis. Protected amino acids, coupling reagents,
and solid supports were purchased from Novobiochem (U.K.)
or AGTC Bioproducts (U.K.).

Lipids. DOTMA was purchased from Invitrogen Life Tech-
nologies, U.K., and TCI Europe N. V. Belgium, respectively.
2-(4,4-Difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-3-dode-
canoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (�-BO-
DIPY 500/510 C12-HPC) (21) was purchased from Invitrogen
Molecular Probes, U.K. DOPE (dioleoylphosphatidylethanola-
mine) was supplied from Avanti Polar Lipids, USA. 2,3-Di-
((9Z)-octadecenyloxy)propyl-N,N-dimethylamine 13 was pre-
pared as previously described (45).

Cell Lines. The human bronchial epithelial (16HBE14o-) cell
line was kindly given by D. C. Gruenert (University of Vermont,
Burlington, VT, USA) (46). Mouse neuroblastoma (Neuro 2A)
and endothelial (bEND.3) cell lines were obtained from ATCC
(Manassas, VA, USA). Primary porcine vascular smooth muscle
cells (PVSMCs) were prepared using the explant method
described previously (47). AJ3.1 is a mouse embryonic fibroblast
line derived from A/J embryos. MDA-MB-231 breast cancer
cells were a gift from the Randall Division of Cell and Molecular
Biophysics, King’s College London.

Lipid Synthesis. 5-Bromopentanoic Acid 8-Hydroxy-3,6-
dioxooctyl Ester (15). To a stirred solution of triethylene glycol
(7.50 mL, 50 mmol, 10 equiv) in dry dichloromethane (20 mL)
was added, dropwise, 5-bromopentanoyl chloride (0.670 mL,
5.0 mmol), and the reaction was stirred for 18 h. The mixture
was then concentrated in vacuo and the crude oil purified by
flash column chromatography (0-4% methanol in dichlo-
romethane), yielding the desired product 15 as a golden yellow
oil (1.47 g, 95%). 1H NMR (300 MHz, CDCl3): δ 1.68 (2H,
m), 1.80 (2H, m), 2.28 (2H, t, J ) 7.2 Hz), 3.31 (2H, t, J ) 6.5
Hz), 3.47-3.62 (10H, m), 4.14 (2H, t, J ) 4.7 Hz). 13C NMR
(75 MHz, CDCl3): δ 23.4, 31.9, 33.0, 33.1, 61.5, 63.3, 69.0,
70.2, 70.4, 72.5, 173.1. HRMS m/z (ES+) calcd 335.04707,
found 335.04651 ([M + Na]+).

5-Bromopentanoic Acid 3,6,9-Trioxodecyl Ester (16). A
solution of triethylene glycol monomethylether (0.880 g, 5.5
mmol, 1.1 equiv) in dry dichloromethane (10 mL) was stirred
for 10 min at room temperature. 5-Bromopentanoyl chloride
(0.670 mL, 5.0 mmol) was then added dropwise, and the reaction
was stirred for a further 18 h. The mixture was concentrated in
vacuo, and the crude material was purified by flash column
chromatography (2-7% methanol in dichloromethane) to yield
the title compound as a yellow oil (0.805 g, 51%). 1H NMR
(300 MHz, CDCl3): δ 1.70 (2H, m), 1.81 (2H, m), 2.30 (2H, t,
J ) 7.2 Hz), 3.30 (3H, s), 3.33 (2H, t, J ) 6.5 Hz), 3.45-3.64
(10H, m), 4.15 (2H, m). 13C NMR (75 MHz, CDCl3): δ 23.4,
31.9, 33.0, 33.1, 59.0, 63.5, 69.1, 70.49 (signals overlap), 70.54,
71.9, 173.0. HRMS m/z (ES+) calcd 349.06272, found 349.06202
([M + Na]+).

5-Bromopentanoic Acid 17-Hydroxy-3,6,9,12,15-pentaoxo-
heptadecyl Ester (17). A solution of hexaethylene glycol (3.75
mL, 15 mmol, 3 equiv) was stirred in dry dichloromethane (10
mL) for 10 min at room temperature. 5-Bromopentanoyl chloride
(0.670 mL, 5.0 mmol) was then added dropwise, and the reaction
was stirred for a further 18 h. The mixture was concentrated in
vacuo, and the crude material was purified by flash column
chromatography (5-10% methanol in dichloromethane) to yield

Figure 1. Components of first-generation LPD vector.
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the title product as a yellow oil (1.43 g, 64%). 1H NMR (300
MHz, CDCl3): δ 1.64 (2H, m), 1.75 (2H, m), 2.24 (2H, t, J )
7.2 Hz), 3.31 (2H, t, J ) 6.5 Hz), 3.42-3.58 (22H, m), 4.08
(2H, t, J ) 4.8 Hz). 13C NMR (75 MHz, CDCl3): δ 23.2, 31.6,
32.8, 33.0, 61.1, 63.2, 68.8, 70.0-70.3 (signal overlap), 72.4,
172.6. HRMS m/z (ES+) calcd 467.12571, found 467.12615
([M + Na]+).

(2,3-Bis-octadec-9-enyloxypropyl)-(8-hydroxy-3,6-dioxooc-
tyloxycarbonylbutyl)dimethylammonium Bromide (4). A
mixture of 13 (0.515 g, 0.83 mmol) and 15 (0.312 g, 1.0 mmol,
1.2 equiv) was stirred in a sealed tube at 100 °C for 96 h. Upon
cooling, the crude mixture was purified by flash column
chromatography (0-20% ethanol in dichloromethane) to give
the title compound as a pale yellow oil (0.427 g, 60%). 1H NMR
(300 MHz, CDCl3): δ 0.89 (6H, t, J ) 6.7 Hz), 1.25 (44H, m),
1.53 (4H, m), 1.72 (2H, m), 1.85 (2H, m), 1.99 (8H, m), 2.45
(2H, t, J ) 6.8 Hz), 3.36-3.43 (10H, m), 3.54-3.72 (16H, m),
3.88 (1H, d, J ) 13.2), 4.06 (1H, m), 4.23 (2H, t, J ) 4.6 Hz),
5.32 (4H, m). 13C NMR (75 MHz, CDCl3): δ 14.1 (signal
overlap), 21.5, 22.1, 22.7, 26.0, 26.2, 27.2, 29.1-30.2 (signal
overlap), 32.6, 33.2, 52.3 (signal overlap), 61.4, 63.4, 65.1, 65.7,
68.4, 69.0, 69.3, 70.2, 70.5, 72.0, 72.5, 73.3, 129.7 (signal
overlap), 130.0 (signal overlap), 172.7. HRMS m/z (ES+) calcd
852.76558, found 852.76483 (M+).

(2,3-Bis-octadec-9-enyloxypropyl)-(3,6,9-trioxodecyloxycarbo-
nylbutyl)dimethylammonium Bromide (5). A mixture of 13
(0.430 g, 0.69 mmol) and 16 (0.252 g, 0.80 mmol) in acetone
(5 mL) was stirred in a sealed tube at room temperature for
24 h, followed by another 24 h at 80 °C. Upon cooling, the
solvent was evaporated in vacuo, and the crude material was
purified by flash column chromatography (10% methanol in
dichloromethane) to give the title compound as an orange oil
(0.264 g, 44%). 1H NMR (300 MHz, CDCl3): δ 0.85 (6H, t, J
) 6.7 Hz), 1.24 (44H, m), 1.53 (4H, m), 1.69 (2H, m), 1.84
(2H, m), 1.99 (8H, m), 2.44 (2H, t, J ) 6.8 Hz), 3.34-3.45
(14H, m), 3.54-3.72 (16H, m), 3.88 (1H, m), 4.05 (1H, m),
4.21 (2H, t, J ) 4.7 Hz), 5.32 (4H, m). 13C NMR (75 MHz,
CDCl3): δ 14.1 (signal overlap), 21.5, 22.1, 22.6, 26.0, 26.2,
27.2, 29.1-30.0 (signal overlap), 31.8, 32.6, 33.1, 52.2, 52.3,
59.0, 63.6, 65.0, 65.6, 68.4, 69.0, 69.2, 70.5 (signal overlap),
70.5, 71.86, 71.92, 73.3, 129.7 (signal overlap), 129.9 (signal
overlap), 172.6. HRMS m/z (ES+) calcd 866.78123, found
866.78074 (M+).

(2,3-Bis-octadec-9-enyloxypropyl)-(17-hydroxy-3,6,9,12,15-pen-
taoxoheptadecyloxycarbonylbutyl)dimethylammonium bro-
mide (6). A mixture of 13 (0.395 g, 0.64 mmol) and 17 (0.330
g, 0.74 mmol) in acetone (5 mL) was stirred in a sealed tube at
room temperature for 24 h followed by another 24 h at 80 °C.
Upon cooling, the solvent was removed in vacuo and the crude
material was purified by flash column chromatography (5-10%
methanol in dichloromethane) to yield the title compound as
an orange oil (0.300 g, 47%). 1H NMR (300 MHz, CDCl3): δ
0.85 (6H, t, J ) 6.7 Hz), 1.24 (44H, m), 1.52 (4H, m), 1.69
(2H, m), 1.84 (2H, m), 1.98 (8H, m), 2.44 (2H, t, J ) 6.9 Hz),
3.37-3.43 (14H, m), 3.54-3.70 (28H, m), 3.92 (1H, m), 4.06
(1H, m), 4.22 (2H, t, J ) 4.7 Hz), 5.31 (4H, m). 13C NMR (75
MHz, CDCl3): δ 14.1 (signal overlap), 21.5, 22.1, 22.6, 26.0,
26.2, 27.1, 29.1-29.7 (signal overlap), 30.0, 31.8, 32.5, 33.2,
52.2 (signal overlap), 61.1, 63.5, 65.0, 65.6, 68.5, 69.1, 69.2,
69.9, 70.2-70.3 (signal overlap), 71.9, 72.3, 73.3, 129.7 (signal
overlap), 129.9 (signal overlap), 172.8. HRMS m/z (ES+) calcd
984.84421, found 984.84335 (M+).

Peptide Synthesis. All peptides were synthesized on a
MultiSynTech Syro peptide synthesizer. Preloaded solid support
(Fmoc-Gly-NovaSyn TGT (0.20 mmol/g loading, 0.180 g, 36
µmol)) was used and was preswelled in DMF for at least 30
min before the start of synthesis. All reagents were dissolved

in HPLC-grade DMF, with the exception of DIPEA where it
was dissolved in NMP. Automated protocols were employed
as follows:

Fmoc Deprotection. To a sintered reaction vessel containing
the solid support was added the piperidine solution (40% v/v,
0.90 mL, excess), and the resulting mixture was agitated by
vortex for 20 s with a 1 min break for a total of 3 min. The
excess reagents were removed by filtering under vacuum. A
second deprotection step was carried out with a 20% piperidine/
DMF (v/v) solution by adding the piperidine solution (40% v/v,
0.45 mL, excess) followed by DMF (0.45 mL), and the resulting
mixture was agitated by vortex for 20 s with a 1 min break for
a total of 10 min. The excess reagents were removed by filtering
under vacuum, and the resin was washed with DMF (6 × 1
mL).

Amino Acid Coupling. To a sintered reaction vessel containing
the solid support was added the Fmoc-protected amino acid
solution (0.360 mL, 0.40 M, 4 equiv), followed by HBTU (0.360
mL, 0.40 M, 4 equiv) and DIPEA (0.180 mL, 1.6 M, 8 equiv).
The resulting mixture was agitated by vortex for 20 s with a 2
min break for a total of 40 min. The excess reagents were
removed by filtering under vacuum, and the resin was washed
with DMF (4 × 1 mL).

Disulfide Bond Formation. To a sintered reaction vessel
containing the solid support with the completed peptide sequence
was manually added a solution of iodine (0.100 g) in DMF (1
mL), and the resulting mixture was agitated by vortex for 20 s
with a 4 min break for a total of 4 h.

Peptide CleaVage from Resin. Upon completion of the
synthesis, the peptidyl resin was washed thoroughly with DCM
to remove traces of DMF, and to the sintered vessel was added
a cocktail solution of either TFA/TIS/water (95:2.5:2.5, 2 mL,
for peptides with disulfide bonds already formed) or TFA/EDT/
waterTIS (94:2.5:2.5:1, 2 mL, for peptides containing Cys), and
the reaction was left to stand for at least 3 h. The resulting
solution was removed from the vessel and the resin was washed
with neat TFA (2 × 1 mL). The combined TFA solution was
concentrated in vacuo followed by addition of ice-cold ether
to precipitate the peptide. This was left in the freezer for a further
2 h, and the mixture was centrifuged. The liquid was decanted,
and fresh ether was added. The centrifugation/decanting pro-
cedure was repeated twice more. The isolated pellet was
dissolved in water or tBuOH/water and freeze-dried.

Labeled Peptides. Assembly of the linear sequences were
carried out as described above (with the use of Fmoc-
Lys(ivDde)-OH (0.360 mL, 0.40 M, 4 equiv) on the labeling
site and Boc-Lys(Boc)-OH (0.360 mL, 0.40 M, 4 equiv) on the
N-terminus). This was followed by removal of the ivDde group
by treatment with a hydrazine monohydrate solution in DMF
(2% v/v, 5 × 1 mL, agitated by vortex for 20 s with a 1 min
break for a total of 3 min each) and on resin coupling with
either tetramethylrhodamine (0.150 mL, 0.20 M, 2 equiv with
HBTU (0.150 mL, 0.40 M, 2 equiv) and DIPEA (0.038 mL,
1.60 M, 4 equiv)) (peptide 19) or Pacific Blue (succinimidyl
ester, 0.150 mL, 0.20 M, 2 equiv, with DIPEA (0.038 mL, 1.60
M, 4 equiv)) (peptide 20), all with agitation by vortex for 20 s
with a 4 min break for a total of 18 h. The peptidyl resin was
then washed with DMF (6 × 1 mL), followed by DCM (6 × 1
mL) for cleavage preparation. Labeled peptides were first
cleaved from the solid support and worked up as described
previously, and the lyophilized solid was dissolved in doubly
distilled water (e0.25 mg/mL) and stirred for 10 days.

Peptide Purification by HPLC. Each peptide was purified by
preparative reverse-phase HPLC with aqueous TFA (0.1% v/v)
and acetonitrile (with 0.1% TFA, v/v) using a Supelco column
(25 cm × 21.2 mm). Each purified peptide was then analyzed
by analytical reverse-phase chromatography using a Supelco
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column (25 cm × 4.6 mm) with either a 10-100% MeCN or
a 10-50% MeCN gradient run over 25 min (Gradient P and
Gradient Q, respectively).

Peptide 9. Purification was carried out as described above
(10% to 20% MeCN over 30 min), Gradient Q RT 7.7 min, m/z
(ES+) 1157.0 ([M + 3H]3+), 867.9 ([M + 4H]4+), 694.6 ([M
+ 5H]5+), 579.1 ([M + 6H]6+), 496.7 ([M + 7H]7+).

Peptide 10. Purification was carried out as described above
(10% to 25% MeCN over 30 min), Gradient P RT 5.2 min, m/z
(ES+) 1829.6 ([M + 2H]2+), 1220.4 ([M + 3H]3+), 915.6 ([M
+ 4H]4+), 732.7 ([M + 5H]5+), 610.5 ([M + 6H]6+).

Peptide 11. Purification was carried out as described above
(10% to 25% MeCN over 30 min), Gradient P RT 5.4 min, m/z
(ES+) 1829.8 ([M + 2H]2+), 1220.34 ([M + 3H]3+), 915.4 ([M
+ 4H]4+), 733.0 ([M + 5H]5+), 610.4 ([M + 6H]6+).

Peptide 12. Purification was carried out as described above
(10% to 20% MeCN over 30 min), Gradient P RT 4.8 min, m/z
(ES+) 1129.3 ([M + 3H]3+), 847.1 ([M + 4H]4+), 678.1 ([M
+ 5H]5+), 565.3 ([M + 6H]6+).

Peptide 19. Purification was carried out as described above
(10% to 25% MeCN over 30 min), Gradient Q RT 10.5 and
11.4 min (corresponding to the two isomers of tetramethyl-
rhodamine). m/z (ES+) 1003.2 ([M + 4H]4+), 802.8 ([M +
5H]5+), 669.3 ([M + 6H]6+), 573.7 ([M + 7H]7+).

Peptide 20. Purification was carried out as described above
(10% to 25% MeCN over 30 min), Gradient Q RT 10.8 min,
m/z (ES+) 970.3 ([M + 4H]4+), 776.4 ([M + 5H]5+), 647.3
([M + 6H]6+), 554.9 ([M + 7H]7+).

Plasmid DNA. The plasmid pCI-Luc (5.7 kb) consists of pCI
(Promega, Southampton, U.K.) containing the luciferase gene
drivenbythecytomegalovirus(CMV)immediate/earlypromoter-
enhancer. It was grown in Escherichia coli DH5R and purified,
after bacterial alkaline lysis, on resin columns (Qiagen Ltd.,
Crawley, UK). Isopropanol-precipitated DNA pellets were
washed with 70% ethanol, then dissolved in water at 1 mg/mL.

Preparation of Lipoplexes and Lipopolyplexes. Small
unilamellar vesicles were prepared using the cationic lipid mixed
with DOPE (3) at 1:1 weight ratio. One milligram of DOPE
and 1 mg of cationic lipid were weighed out into a 25 mL round-
bottom flask and dissolved in chloroform. The solvent was
rotary-evaporated to produce a thin film of lipid, and then
evaporated under high vacuum for 24 h. The film was then
rehydrated with an appropriate volume of water at 4 °C for 24 h
and then sonicated on ice for 2 min using a Lucas Dawes probe
sonicator to produce vesicles.

LPD lipopolyplexes were prepared essentially as described
previously (13). Briefly, the LPD components were mixed in
the following order: 50 µL of lipid (L) at 400 µg/mL in PBS,
prepared as described above, 70 µL of peptide (P) at 550 µg/
mL in PBS, and 50 µL of plasmid pCI-Luc (D) at 200 µg/mL
in PBS (10 µg of pCI-Luc plasmid), and diluted in PBS to a
final volume of 1 mL. The weight ratio used was 2:4:1 for L:P:
D, respectively, which was shown to be the best ratio for gene
transfer, corresponding to a charge ratio of +7 (ratio of positive
equivalents of the cationic groups to negative charge equivalents
of the nucleic acid).

Complex Stability/Particle Size. Complex size was deter-
mined in three independent experiments by dynamic light
scattering using a Zetasizer 3000 (Malvern Instruments, Worces-
tershire, U.K.) with the following specifications: automatic
sampling time, 10 measurements per sample, refractive index
medium of 1.33, and temperature of 25 °C.

Cell Culture. Human bronchial epithelial (16HBE14o-) cell
line was maintained in Eagle’s minimum essential medium
(MEM) HEPES modification supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin,
and 100 µg/mL streptomycin. Mouse neuroblastoma (Neuro 2A)

and endothelial (bEND.3) cell lines were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) with Glutamax-1
supplemented with 10% FBS, 1% NEAA solution, 1% sodium
pyruvate, 100 U/mL penicillin, and 100 µg/mL streptomycin.
AJ3.1 is a mouse embryonic fibroblast line derived from A/J
embryos 13.5 days postcoitum as follows: the crania and red
organs were removed and the remaining tissue minced using
scalpels, digested with trypsin, then passed through a cell
strainer. The resulting suspension was plated in DMEM with
Glutamax-1 containing 10% FCS and 100 U/mL penicillin and
100 µg/mL streptomycin, with each embryo maintained as a
separate culture. Cells were passaged every few days to maintain
sparse colonies until the cultures reached senescence, and after
7-10 days, growing colonies of cells were observed. One
culture was selected for all further work and is hereafter referred
to as AJ3.1. PVSMCs were maintained in DMEM with
Glutamax-1 supplemented with 20% FBS and 100 U/mL
penicillin and 100 µg/mL streptomycin and used in transfections
between passages 3-8. All cells were adherent and grew in
Falcon 75 cm2 plastic tissue culture flasks and were maintained
in a humidified atmosphere of 95% air and 5% CO2 at 37 °C.

MDA-MB-231 cells were cultured in tissue flasks in DMEM
cell culture media supplemented with 10% FBS, 1% NEAA
solution, 1% L-glutamine, and 1% penicillin-streptomycin
solution, at 37 °C, 5% CO2, and 90% relative humidity. The
cells were fed every other day and passaged every three to four
days at around 70-80% confluency, using 0.25% trypsin-EDTA
solution.

In Vitro Transfections. Cells were seeded into 96 well plates
at 2.5 × 103 cells per well for bEND.3 cells and at 2 × 104

cells per well for all the other cells, then incubated overnight at
37 °C in complete growth medium. The following day,
lipopolyplex (LPD) formulations were prepared by mixing the
components in the following order: 50 µL of lipid (L) at 80
µg/mL in OptiMEM, 70 µL of peptide (P) at 110 µg/mL in
OptiMEM, and 50 µL of plasmid pCI-Luc (D) at 40 µg/mL in
OptiMEM corresponding to a weight ratio of 2:4:1, respectively.
All the complexes were mixed by pipetting briefly, kept for
1 h at room temperature, and then diluted in OptiMEM to a
final volume of 1.57 mL. Two hundred microliters of complexes
corresponding at 0.25 µg of plasmid DNA were added to each
culture well after removal of the complete growth medium. All
the transfections were carried out in 6 wells each. A centrifuga-
tion (1500 rpm, during 5 min) was performed to promote the
complexe sedimentation and cell contact. The cells were
incubated with the complexes for 4 h at 37 °C before replacing
with fresh media for 24 h, after which reporter gene expression
was analyzed by luciferase assay. For bEND.3 cells, 5 mM
sodium butyrate was added to the transfection medium and to
the fresh media to achieve optimal expression levels.

MDA-MB-231 cells were seeded on 24 well plates at 1.2 ×
105 cells per well and incubated at 37 °C for 24 h. On the day
of the experiment, the growth media was removed, and the cells
were washed twice with PBS buffer and replaced with 200 µL
of serum free DMEM. 200 µL of the complexes at 1:4:1 weight
ratio were then added to each well, as above, at a final
concentration of 1 µg of plasmid per well. The plates were
incubated at 37 °C for 4 h after which the cells were washed
once with PBS buffer and replaced with FBS containing culture
medium. The cells were incubated for a further 48 h, to allow
for luciferase expression, which was then measured as below.

Luciferase and Protein Assays. Cells were washed once with
PBS before the addition of 20 µL (or 100 µL into a 24 well
plate) of 1× Reporter Lysis Buffer to the cells for 20 min at 4
°C before freezing at -80 °C for at least 30 min, followed by
thawing at room temperature. Then, the luciferase activity was
measured during 10 s using the Luciferase Assay System and
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a FLUOstar Optima (BMG Labtech, U.K.). The amount of
protein present in each transfection lysate was determined with
the Bio-Rad (Hercules, CA, USA) protein assay reagent by the
manufacturer’s instructions, adding 20 µL from the luciferase
test to 180 µL of the reagent diluted 1 in 5 and incubating at
room temperature for 10 min before comparing the OD590 to
a range of BSA standards. Luciferase activity was expressed as
relative light units (RLU) per milligram of protein (RLU/mg).

Cell Viability Assays. Cell viability of MDA-MB-231 cells
was tested in the presence of free 4 without DNA or in the
presence of 4/calf thymus DNA complexes using the MTT
assay. The cells were seeded at 1.5 × 105 cells per well in 24
well plates and left incubated at 37 °C for 48 h prior to use. On
the day of the experiment, the cells were washed once with
PBS and replaced with 200 µL of serum-free DMEM media
before introducing 200 µL of various concentrations of lipids
or lipid/DNA complexes and incubating for 4 h at 37 °C. The
controls wells were treated with DMEM media with the same
amount of water as the test wells but without the lipids. After
incubation, the test solutions were removed and the cells washed
once with PBS buffer. One milliliter of 0.8 mg/mL MTT
solution in PBS was then introduced to all wells and left
incubated for 3 h at 37 °C. 200 µL of neat isopropanol was
then applied to solubilize the formazan crystals and the plates
stored at 4 °C for 1 h. The contents of the wells were transferred
to a clear 96-well plate and the absorbance measured at 550
nm using a Spectromax 190 Microplate Spectrophotometer
(Molecular Devices, USA).

In Vitro Cleavage Experiments. Esterase CleaVage of 4.
A phosphate buffer stock solution (0.1 M, pH 7.5) was prepared
by mixing an aqueous solution of potassium dihydrogen
phosphate (0.1 M, 50 mL) with an aqueous solution of sodium
hydroxide (0.1 M, 41 mL), all using Baxter water. A stock
solution of 4 was prepared (2 mg/mL) according to the method
described above, omitting the colipid DOPE. A solution of the
pig liver esterase (28 mg, 672 units, capable of hydrolyzing 28
µmol of ethyl butyrate) was prepared by dissolving it in the
phosphate buffer (875 µL). To the liposome (125 µL, 250 µg,
0.294 µmol) was added the buffered enzyme solution (875 µL),
and the resulting mixture was incubated at 37 °C for 24 h.
Aliquots (200 µL) were taken at T ) 1, 2, 4, 6, and 24 h and
immediately freeze-dried. The lyophilized material was dis-
solved in dichloromethane (50 µL) and analyzed by thin layer
chromatography (15% methanol in dichloromethane + acetic
acid) with phosphomolybdic acid staining. A sample of the
hydrolyzed lipid 18 was previously run under the same
conditions and the Rf value determined as a standard. Rf values:
4, 0.35; 18, 0.22 (15% methanol, 84% dichloromethane, 1%
acetic acid).

Esterase CleaVage of 4 in LPD Complex. Stock solutions for
peptide 9 and pCI-Luciferase were prepared (50 mg/mL and 5
mg/mL, respectively) using Baxter water. Formulation of the
stock 4/DOPE solution (2 mg/mL) was prepared according to
the description above. Secondary solutions of the liposome (125
µL), peptide 9 (10 µL), and pCI-Luciferase (12.5 µL) in the
phosphate buffer (125 µL, 250 and 250 µL, respectively) were
then prepared. The resulting peptide solution was added to the
buffered liposome. To the resulting mixture was added the pCI-
Luciferase solution, and the mixture was left to equilibrate at
RT for 1 h. A solution of the pig liver esterase (28 mg, 672
units, capable of hydrolyzing 28 µmol of ethyl butyrate) in
phosphate buffer (223 µL) was then added to the LPD mixture
followed by incubation at 37 °C for 24 h. Aliquots (200 µL)
were taken at T ) 1, 2, 4, 6, and 24 h and immediately
freeze-dried. The lyophilized material was dissolved in dichlo-
romethane (50 µL) and analyzed by thin layer chromatography
(15% methanol in dichloromethane + acetic acid) with phos-

phomolybdic acid staining. Samples of the hydrolyzed lipid 18
and of DOPE were previously run under the same conditions
and the Rf values determined. Rf values: 4, 0.35; 18, 0.22; DOPE,
0.07 (15% methanol, 84% dichloromethane, 1% acetic acid).

Furin CleaVage of 9. A buffer solution was prepared by
mixing HEPES (2.38 g, 100 mM), CaCl2 (11 mg, 1 mM),
mercaptoethanol (7 µL, 1 mM), Triton X100 (0.5 mL, 0.5%)
in Millipore water (100 mL) and adjusted to pH 7.5 with sodium
hydroxide (2 M). To the furin (2 units) was added the peptide
solution (14 mM, 5 µL) and the buffer (494 µL), and the mixture
was incubated at 30 °C. Aliquots (100 µL) were taken at T )
0, 1, 2, and 4 h and transferred to a vial containing acetic acid
(5 M, 100 µL) to inactivate the enzyme. The mixture was then
freeze-dried, redissolved in water, and analyzed by analytical
reverse-phase HPLC (10-50% MeCN in 25 min).

Furin CleaVage of 12. To the furin (2 units) was added the
peptide solution (2.9 mM, 25 µL) and the buffer (473 µL), and
the mixture was incubated at 30 °C. Aliquots (100 µL) were
taken at T ) 0, 1, 2, and 4 h and transferred to a vial containing
acetic acid (5 M, 100 µL) to inactivate the enzyme. The mixture
was then freeze-dried, redissolved in water, and analyzed by
analytical reverse-phase HPLC (10-50% MeCN in 25 min).

Cathepsin B CleaVage of 12. Lyophilized cathepsin B was
divided into aliquots, each containing approximately 2 units of
cathepsin B, immediately after delivery and stored at -20 °C.
An acetate buffer solution (Buffer A) was prepared by mixing
sodium acetate (0.164 g, 20 mM) and EDTA (0.0372 g, 1 mM)
in Millipore water (100 mL) and adjusted to pH 5.0 with acetic
acid. A similar acetate buffer solution (Buffer B) was prepared
with the addition of cysteine (0.1202 g, 5 mM). To the cathepsin
B (2 units) was added Buffer A (10 µL). To this buffered
enzyme solution was added the peptide solution (2.9 mM, 25
µL) and Buffer B (464 µL), and the mixture was incubated at
37 °C. Aliquots (100 µL) were taken at T ) 0, 1, 2, 4, and 24 h
and transferred to a vial containing acetic acid (5 M, 100 µL)
to inactivate the enzyme. The mixture was then freeze-dried,
redissolved in water, and analyzed by analytical reverse-phase
HPLC (10-50% MeCN in 25 min).

Cathepsin B CleaVage of 9. Lyophilized cathepsin B was
divided into aliquots, each containing approximately 2 units of
cathepsin B, immediately after delivery and stored at -20 °C.
An acetate buffer solution (Buffer A) was prepared by mixing
sodium acetate (0.164 g, 20 mM) and EDTA (0.0372 g, 1 mM)
in Millipore water (100 mL) and adjusted to pH 5.0 with acetic
acid. A similar acetate buffer solution (Buffer B) was prepared
with the addition of cysteine (0.1202 g, 5 mM). To the cathepsin
B (2 units) was added Buffer A (10 µL). To this buffered
enzyme solution was added the peptide solution (13.5 mM, 5
µL) and Buffer B (485 µL) and the mixture was incubated at
37 °C. Aliquots (100 µL) were taken at T ) 0, 1, 2, 3, and 4 h
and transferred to a vial containing acetic acid (5 M, 20 µL) to
inactivate the enzyme. The mixture was then freeze-dried,
redissolved in water, and analyzed by analytical reverse-phase
HPLC (10-50% MeCN in 25 min).

Cathepsin B CleaVage on Peptide 9 in LPD Complex. Lipid
4 was formulated with DOPE as described above (2 mg/mL).
To this solution (62.5 µL) was added Buffer B (120 µL). To
the peptide solution (13.5 mM, 5 µL) was added Buffer B (120
µL). The buffered lipid and peptide mixtures were then mixed
together, followed by the addition of a buffered pCI-Luciferase
solution (pCI-Luciferase solution at 5 mg/mL (12.5 µL) in
Buffer B (160 µL). The resulting LPD complex mixture was
left to equilibrate at rt for 1 h. To the cathepsin B (2 units) was
added Buffer A (10 µL). To this buffered enzyme solution was
added the LPD solution, and the mixture was incubated at 37
°C. Aliquots (100 µL) were taken at T ) 0, 1, 2, 3, and 4 h and
transferred to a vial containing acetic acid (5 M, 20 µL) to
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inactivate the enzyme. The mixture was then freeze-dried,
redissolved in water, and analyzed by analytical reverse-phase
HPLC (10-50% MeCN in 25 min).

Acid Hydrolysis of Lipid 4. Three buffered solutions were
prepared: pH 5.5 (Buffer A from the cathepsin B experiments),
pH 3 of citric acid solution (adjusted with sodium hydroxide
(2 M)) and pH 1 of 0.1 M HCl solution. Lipid 4 was formulated
as described above (2 mg/mL) and diluted 1:10 (v/v) with the
buffered solutions and incubated at 37 °C. Aliquots were taken
at T ) 1 and 5 h and spotted onto a thin layer chromatography
plate (10% methanol in dichloromethane) and stained with
phosphomolybdic acid.

Confocal Fluorescence Microscopy. The pGL-3 plasmid
luciferase reporter vector was purified from a transformed E.
coli JM109 strain using a QIAGEN EndoFree plasmid Giga
kit, according to manufacturer’s instructions. The purified
plasmid was then characterized and tested for yield and purity
using UV spectroscopy and gel electrophoresis. The pGL-3
plasmid was then labeled with FluoroRed (rhodamine-4-dUTP)
using a Nick translation kit. The manufacturer’s protocol was
modified in order to increase the yield of the labeled DNA. In
an Eppendorf tube containing 30 µg of plasmid in 22 µL of
water, 6 µL of 10 mM of each dCTP, dGTP, and dATP and
2.5 µL of 25 nmol tetramethyl-rhodamine-5-dUTP were added,
together with 5 µL of polymerase/DNase mix (supplied in the
kit) and 2 µL of DNA polymerase I. To all the above, 5.5 µL
of NT buffer (10× strength, supplied in the kit) with 1 mM
DTT was added. The mixture was gently vortexed and incubated
at 15 °C for 4 h, after which the enzyme activity was stopped
by the addition of 5 µL of 0.5 M EDTA (pH 8.0) while being
placed on ice. The labeled DNA was then purified using a
Biospin 6 column (from Bio-Rad, UK) by centrifuging the
mixture twice for 5 min at 1000 × g. The concentration and
purity of the labeled DNA was assessed using UV spectroscopy.

Confocal fluorescence images were acquired on a confocal
fluorescence laser-scanning microscope (model LSM 510; Carl
Zeiss Inc.) equipped with both 40×/1.3Plan-Neofluar and 63×/
1.4Plan-APOCHROMAT oil immersion objectives. MDA-MB-
231 cells were transfected with the complexes in 24 well plates
fitted with 13 mm circular coverslips as described above using
various combinations of labeled (�-BODIPY 500/510 C12-HPC
21) and unlabeled (DOPE, 3) lipids with 4; various combinations
of labeled (19 or 20) and unlabeled (9) peptide; and either
labeled or unlabeled plasmid DNA. For experiments where
labeled lipid was used, labeled liposomes were initially formu-
lated as described earlier, using a 10:9:1 weight ratio of 4/DOPE/
21 and used in the preparation of the LPD lipopolyplexes. For
experiments where labeled peptide was used, LPD complexes
were formulated using 100% of either peptide 19 or peptide
20. For experiments where the plasmid was being tracked,
labeled DNA was either prepared by mixing 25% of the
rhodamine-labeled plasmid with 75% of unlabeled plasmid or
used at 100%.

After a 4 h incubation period, the LPD complexes were
removed and the cells washed once with PBS before changing
to serum-containing media. The cells were then fixed with 4%
paraformaldehyde at time intervals of 0, 4, 24, and 48 h after
the 4 h incubation time. The cells were permeabilized with a
0.2% Triton X-100 solution and DAPI stained by adding a 1
µg/mL solution of DAPI in PBS for 2 min. Washed coverslips
were mounted with Mowiol 4-88 mounting media containing
2.5% DABCO as an antifade agent.

Electron Microscopy. Samples were negatively stained with
1% uranyl acetate in water and examined in either a Philips
Tecnai T12 or an FEI Tecnai T20 transmission electron
microscope. For cryo transmission electron microscopy, ap-
proximately 5 µL of the sample was placed on a holey carbon

film on a 300 mesh gold grid and blotted to leave a thin film of
sample across the holes. It was then rapidly frozen in “slushed”
nitrogen and examined by low dose imaging at -170 °C in an
FEI Tecnai T20 transmission electron microscope fitted with a
Gatan 626DH cryotransfer system.

Statistical Analysis. All experiments were carried out more
than three times, and the results are shown as means ( standard
deviation. The statistical significance of results was assessed
using the Student t-test, and results were taken to be significant
when p < 0.05.

RESULTS

Design of the Lipid and Peptide Components. The lipid
components were based on the structure of DOTMA, with short
ethylene glycol oligomer units, appended to the headgroup,
designed to detach in the endosomal environment. Various
studies of vesicles with PEG attached have shown that the PEG
molecular weight and loading, and whether the PEG is capped
or uncapped, both have a significant influence on the vesicle
aggregation process and on prolonging circulation times (25, 48).
For the LPD system, it was necessary for the ethylene glycol
oligomer layer to be relatively shallow, in order to allow the
integrin-binding portion of the peptide to be exposed. Although
few studies have been reported on the stabilization of lipid
structures by short PEG layers, Tirrell et al. have investigated
PEG-lipids with different lengths of oligoethylene glycol units,
incorporated into a membrane containing a peptide-amphiphile
(at a 1:1 ratio of PEG-lipid to peptide-amphiphile) and have
determined that shorter PEG chains were required to ensure
accessibility of the peptide ligand to cell surface receptors (49).
Other studies have demonstrated that the use of surfactants
conjugated to shorter PEG headgroups (4 to 30 units, MW
approximately 180 to 1320), even at 1% PEG-modified surfac-
tant or above, still results in significantly less aggregation
compared to controls lacking the PEG units (50). All of these
factors indicated that PEG headgroups bearing three or six units,
capped and uncapped, should be investigated. Indeed, we have
previously synthesized DOTMA analogues bearing PEG chains
directly attached to the quaternary ammonium headgroup (43)
and have showed that lipopolyplexes formulated with these
lipids have increased serum stability and transfection efficiencies
compared to lipopolyplexes formulated with DOTMA. This
effect was particularly pronounced with tetraethylene glycol-
bearing lipids.

The lipids were designed with an ester as a cleavable linkage
between the PEG chain and the quaternary ammonium moiety
of the lipid. Ester linkages have been extensively used in drug
delivery applications, as they generally remain stable at pH 7
in plasma and in the early endosome, but hydrolyze when the
pH changes to 5.5 in the late endosome (51, 52). Although
aliphatic esters are not generally readily hydrolyzed in vivo (53),
several studies have indicated that amino esters (54-56) and
mercapto esters (52, 57, 58) can be hydrolyzed either within
the circulation or within endosomes. It has been shown that in
some cases the rate of hydrolysis depends upon the linker length
(58) and that esterase hydrolysis within the endosome may
represent an alternative pathway for degradation (55). Taking
all of these factors into consideration, lipids 4, 5, and 6 were
selected for synthesis (Figure 2) and compared with the
noncleavable tetraethylene glycol lipid 7 (43) that we had
prepared previously.

The peptides were designed to incorporate the following: a
targeting element; short, ethylene glycol oligomeric chains of
defined lengths; and peptide sequences that could be cleaved
within the endosome. The end goals of this project are to
produce gene delivery vectors that are sufficiently stable in vivo
to be administered intravenously, and also to produce vectors
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that will target and deliver genes to tumors that are currently
hard to treat, such as neuroblastoma, or that have metastatized.
Accordingly, a cyclic peptide sequence, CRDGCLG (59), was
selected as the targeting element. This sequence is known to
bind to the Rv integrin receptors expressed on neuroblastoma
(60) endothelial (61) and breast cancer (62, 63) cell lines, as
models for the tumor types that would eventually be studied in
vivo. We have previously synthesized a range of Fmoc-protected
PEG-amino acids and used these to incorporate ethylene glycol
oligomer spacers into peptides based on the sequence of 1 using
standard solid-phase methods. These peptides, with the short
ethylene glycol oligomeric chains, were then used to formulate
LPD particles (64). In this work, the optimum ethylene glycol
oligomer chain length was found to vary with the cell type;
however, the amino acid Fmoc-Haa4 8 (Figure 3) had shown
promising transfection properties in some cell lines, and this
was therefore selected as a spacer for some peptide sequences.

There are several enzymes that are known to operate
efficiently within the acidic environment of the endosome and
have been implicated in the processing of endocytosed proteins:
in particular, the enzyme furin (65) is known to be active within
the endosome. Similarly, there are a range of enzymes active
within the lysosome, such as cathepsin B (66). Peptides
containing consensus sequences for cathepsin B (67-69) have
previously been successfully used as cleavable linkers in drug
delivery applications. The sequence RVRR was therefore
chosen, as this is a consensus sequence for furin cleavage (65)
and RR a consensus sequence for cathepsin B cleavage (66).

The peptides shown in Figure 3 were designed and synthesized,
taking all of these factors into consideration. Peptide 9 has the
integrin-targeting sequence CRDGCLG attached via the enzymati-
cally cleavable RVRR linker sequence to the K16 DNA binding

sequence used in our previous work. Peptides 10 and 11 also have
this sequence, but with the tetraethylene glycol spacer, Haa4, on
either the K16 (peptide 10) or CRDGCLG (peptide 11) side of the
cleavable linker. Finally, peptide 12, which lacks both the tetra-
ethylene glycol spacer and a sequence which can be cleaved by
processing enzymes, but which retains the overall charge of
peptides 9, 10, and 11, was prepared as a control.

Synthesis of Endosomally Cleavable PEG-Containing
Lipids. DOTMA analogues can be conveniently prepared via
1,2-dialkyloxy-3-aminopropane or 3-dimethylamino-1,2-pro-
pandiol intermediates (45, 70), and this approach has been used
to synthesize DOTMA analogues bearing ethylene glycol
oligomer chains directly attached to the quaternary ammonium
headgroup (43). The synthesis of 2,3-di-((9Z)-octadecenylox-
y)propyl-N,N-dimethylamine 13 was carried out as previously
described (45). The noncleavable tetraethylene glycol-bearing
lipid 7 was also synthesized as a control, as it had previously
shown promising transfection and stability properties when
formulated with DOPE, peptide 1, and plasmid DNA (43). The
approach was then adapted to synthesize the cleavable lipids 4,
5, and 6 (Scheme 1). Quaternization of 13 with esters such as
14 to afford cleavable lipids bearing ethylene glycol oligomer
chains, linked via a shorter �-amino acid linker, was initially
investigated. However, competing elimination reactions resulted
in consistently low yields and impure products. Instead, 5-bro-
mopentanoyl chloride was reacted with commercially available
triethylene glycol, triethylene glycol monomethyl ester, or
hexaethylene glycol, to yield bromoalkyl-oligo(ethylene glycol)
esters 15, 16, and 17, respectively. These were then heated in
a sealed tube with 13, to afford the target lipids 4, 5, and 6,
respectively, in 47-60% yield.

Synthesis of Endosomally Cleavable PEG-Containing
Peptides. For the synthesis of the endosomally cleavable peptides
10 and 11, containing tetraethylene glycol spacers, Fmoc-Haa4-
OH 8 was prepared as previously reported (64). Peptides 9, 10,
11, and 12 were then prepared by standard Fmoc-based solid-phase
peptide synthesis (SPPS) using HBTU/DIPEA coupling protocol.
Prior to peptide cleavage from the solid support, the disulfide
linkages were formed by treatment of the Cys(Trt) residues with a
solution of iodine in DMF to simultaneously cleave the Trt group
and form the disulfide linkage (71).

Formulation of LPD Complexes and Measurement of
Complex Stability. With a range of cleavable lipids and
peptides, with and without ethylene glycol oligomers, in hand,

Figure 2. Structures of lipids investigated in this study.

Figure 3. Sequences of peptides investigated in this study.
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LPD formulations using different combinations of peptides and
lipids were investigated. It was anticipated that the use of a
high density (50% or 100%) of lipid and/or peptide components
bearing the short ethylene glycol oligomeric units would result
in complexes with a uniform hydrophilic surface that would
confer stability on the lipopolyplex, and it was desirable to
ascertain which features of each component were important to
achieve gene delivery vectors that would be stable in the
circulation but would disassemble in the endosome. Initially,
the size and stability of the integrin-targeting ternary LPD
lipopolyplexes was studied in saline buffer (as a model for
physiological conditions), since incorporating lipids or peptides
bearing ethylene glycol oligomeric units could have an effect
on both the size and the stability of complexes. Four complexes
were therefore formulated: one with no ethylene glycol oligomer
containing components (Complex A); one where only the
peptide component had an ethylene glycol oligomer unit
(Complex B); one where only the lipid component had an
ethylene glycol oligomer unit (Complex C); and one where both
lipid and peptide components had ethylene glycol oligomer units
(Complex D) (Table 1). The sizes of these complexes were
measured by laser-light scattering (Figure 4). Preliminary
measurements in water (Table 1) showed the four complexes
to be of approximately similar sizes, with complex A the largest.
Sizing measurements in saline solution were then carried out
over a period of 1 h, to ascertain whether the complexes would
aggregate in a physiologically relevant buffer. Initially, the size
difference between the four complexes was again very small,
although complexes C and D, with lipids containing ethylene
glycol oligomers, were slightly smaller, and in the saline solution
the complexes were overall larger than in water (in line with
previous literature observations (72)). However, after 1 h, the
size of complexes A and B had increased dramatically, whereas
complexes C and D, containing lipid 4 with a triethylene glycol
unit, had remained at a constant size, indicating the greater
stability of these complexes.

In Vitro Transfections. Preliminary transfection experiments,
to investigate the effect of the ethylene glycol oligomeric layer
on the transfection efficiency of LPD complexes formulated
from lipids 4, 5, 6, and 7, were first carried out. The cleavable
hexaethylene glycol lipid 6 was compared with lipopolyplexes

formulated with the cleavable triethylene glycol lipid 4 and the
noncleavable tetraethylene glycol lipid 7 (and with peptide 9
and plasmid DNA). Complexes formulated with 6 had signifi-
cantly poorer transfection efficiencies (Supporting Information).
This was consistent with our previous studies with noncleavable
hexaethylene glycol lipids (43) and 6 was therefore not
investigated further.

Since the size of the lipopolyplexes could have an effect on
transfection efficiencies, in vitro transfections of the integrin-
targeting ternary LPD complexes using lipids 4, 5, and 7 were
then studied following an additional centrifugation (1500 rpm,
during 5 min), which was performed to help with sedimentation
of the smaller LPD complexes with lipids containing ethylene
glycol oligomers, on to the cells.

Transfection Efficiencies of Endosomally Cleavable PEG-
Containing Peptides. Transfection efficiencies of endosomally
cleavable peptide 9, and endosomally cleavable peptides 10 and
11 bearing tetraethylene glycol units, complexed with Lipofectin
and a plasmid encoding the luciferase gene (pCI-Luc), were
studied in Neuro 2A, bEND.3, AJ3.1, 16HBE14o- cell lines
and PVSMC primary cells. These complexes were compared
with those formulated using the noncleavable control peptide
12 (Figure 5a). In all cells studied, peptide 9 was significantly
the best endosomally cleavable peptide, and the transfection
efficiencies were not improved with complexes formulated with
peptides containing the Haa4 amino acid (p < 0.05). Peptide 9
was also significantly more efficient than the noncleavable
control peptide 12 in all cells (p < 0.05) with the exception of
Neuro 2A, where it was as efficient as 12.

Transfection Efficiencies of Endosomally Cleavable PEG-
Containing Lipids. Transfection efficiencies of endosomally
cleavable, triethylene glycol-containing lipids 4 and 5 complexed
with cleavable peptide 9 and pCI-Luc were then studied in
Neuro 2A, bEND.3, AJ3.1, 16HBE14o- cell lines and PVSMCs
primary cells. These were compared with complexes formulated
using the noncleavable tetraethylene glycol lipid 7, identified
in our earlier work, as a control (Figure 5b). Preliminary studies
showed that lipoplex formulations (lacking the peptide) were
ineffective transfection agents, and also that the inclusion of
the colipid DOPE was necessary (data not shown). Lipid
4/DOPE was significantly more efficient compared to lipid
5/DOPE in Neuro 2A, AJ3.1, 16HBE14o-, and PVSMCs cells
(p < 0.05), and as efficient as in the bEND.3 cells. Therefore,
the best-performing lipid was the cleavable, triethylene glycol
lipid 4/DOPE, which was shown to be as efficient as the
noncleavable tetraethylene glycol control lipid (lipid 7/DOPE)
in Neuro 2A, AJ3.1, and16HBE14o- cells, and more efficient
than the same control lipid in bEND.3 and PVSMCs cells (p <
0.05). Similar results were shown when lipids were complexed
to a noncleavable peptide (data not shown).

The optimal combination of lipid and peptide for a range of
cells was thus identified to be complex C (lipid 4/DOPE/peptide
9/DNA). This complex was also tested in MDA-MB-231 breast
cancer cells and showed it to have greater transfection efficiency
than the commercially available transfection agent Lipo-
fectamine (Supporting Information). The viability of cells when
treated with the tetraethylene glycol-bearing lipid 4, alone or
formulated as lipoplexes with DNA (Supporting Information),
was then investigated. In this cell line, very little toxicity was
observed (in line with the low reported toxicities (73) of
triethylene glycol and tetraethylene glycol) except at much
higher lipid/DNA ratios than those used in the present study,
where significant amounts of uncomplexed lipid 4 would be
expected.

In Vitro Cleavage Studies. As these LPD complexes were
designed to cleave and to disassemble during the transfection
process, it was necessary to demonstrate that the component

Scheme 1. Synthesis of Cleavable PEG-Containing Lipids 4, 5,
and 6a

a Reagents: i, CH2Cl2; ii, sealed tube, with or without acetone, RT
to 100 °C.
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peptides and lipids could be degraded under conditions likely
to be encountered within the endosome. Model cleavage studies
on lipid 4 and peptide 9, both individually and within LPD
complexes, were therefore carried out.

Cleavage Studies on Lipid 4, Alone and in LPD Complex.
The expected cleavage product from lipid 4, lipid 18, was
prepared by hydrolysis of 4 (Scheme 2) in order to serve as a

control for the lipid cleavage studies. The conditions required
for acid-catalyzed cleavage of 4 were first investigated. For-
mulated lipid 4 was treated with solutions of sodium acetate,
citric acid, and aqueous HCl buffers at pH 5.5, 3, and 1,
respectively. The reaction was monitored by taking aliquots at
T ) 1 and 5 h and analysis by thin layer chromatography. The
results indicated that hydrolysis of the ester bond occurred only
at very low levels (data not shown).

As a model (55) for the effects of endosomal esterases, 4
was then treated with pig liver esterase buffered at pH 7.5, and
the reaction again monitored by thin layer chromatography.
Within 1 h, a spot had appeared corresponding to compound
18 (which also has a similar Rf value to that of the other half of
the cleaved material, triethylene glycol). The intensity of this
spot steadily increased as the reaction proceeded over 24 h. LPD
complex C, containing 4/DOPE, peptide 9, and plasmid pCI-
Luc, was then formulated. This was again treated with pig liver
esterase buffered at pH 7.5, and a similar pattern of lipid
cleavage was observed, indicating that the ester linkage of 4 is
still accessible to esterase enzymes even when the lipid forms
part of the LPD complex (Supporting Information).

Cleavage Studies on Peptide 9, Alone and in LPD
Complex. The cleavage of peptide 9 by two enzymes known
to be active within the endosome or the lysosome was then
investigated. Peptide 9 was initially treated with the endosomal
enzyme furin, with the reaction monitored by HPLC, and after
4 h complete cleavage of 9 was observed (Supporting Informa-
tion). In contrast, when peptide 12, which lacks the RVRR
consensus cleavage sequence, was treated with furin under the
same conditions, significant cleavage was only observed after
24 h. Unfortunately, the buffer required for optimum stability
of the enzyme disrupted the LPD complex, and conversely, the
furin was inactive in buffer solutions suitable for the LPD
complex. Hence, further studies with furin could not be carried
out on the complex itself. To investigate whether the peptide
consensus cleavage sequence is accessible to proteolytic en-
zymes when the peptide is within the LPD complex, further
studies were carried out with the lysosomal enzyme cathepsin
B. Uncomplexed peptide 9 was first treated with cathepsin B,
buffered at pH 5.5, with the reaction again monitored by HPLC.
Immediate cleavage was observed, evidenced by the appearance
of a new signal on the analytical HPLC chromatogram with a
retention time (RT) of 8.5 min compared to 9, which appeared

Table 1. Comparison of the Sizes and Stabilities of Different Lipopolyplex Formulations in Water and in Saline Buffer

composition of complex
size (nm)
in water

size (nm) after
5 min in buffer

size (nm) after
1 h in buffer

Complex A (no ethylene glycol oligomer) lipofectin/peptide 9/pCI-Luc 131 ( 1.0 457 ( 46 1388 ( 198
Complex B (tetraethylene glycol on peptide) lipofectin/peptide 11/pCI-Luc n/d 456 ( 46 1417 ( 146
Complex C (tetraethylene glycol on lipid) 4/DOPE/peptide 9/pCI-Luc 119 ( 1.3 335 ( 11 394 ( 14
Complex D (tetraethylene glycol on peptide and lipid) 4/DOPE/peptide 11/pCI-Luc n/d 346 ( 15 417 ( 10

Figure 4. Effect of PEG group on particle stability, illustrated in
dynamic light scattering measurements of complex particle size. Lipid/
peptide/plasmid complexes containing the PEGylated lipid 4 were stable
in physiological saline buffers: non-PEGylated lipids (Lipofectin)
rapidly aggregated. (* p < 0.05 when complex size was compared
between vectors).

Figure 5. Transfection efficiencies of (a) endosomally cleavable PEG-
containing peptides complexed with Lipofectin lipid and pCI-Luc
plasmid and of (b) endosomally cleavable PEG-containing lipids
complexed with peptide 9 and pCI-Luc plasmid, performed in mouse
neuroblastoma (Neuro 2A) cells, mouse endothelial (bEND.3) cells,
mouse embryonic fibroblast (AJ3.1) cells, human bronchial epithelial
(16HBE14o-) cells, and primary porcine vascular smooth muscle
(PVSMCs) cells. Complexes were prepared with a weight ratio of 2:4:
1. Transfection incubation was performed for 4 h and luciferase activity
was measured 24 h later. The relative light units (RLU) measured for
10 s are expressed as means ( sem per mg of protein. (*p < 0.05
when peptide 9 and lipid 4/DOPE were compared with other peptides
and lipids, respectively).

Scheme 2. Hydrolysis of lipid 4a

a Hydrolysis conditions: NaOH (1 M), H2O, 2 h; or sodium acetate
buffer (pH 5.5); or citric acid (pH 3); or HCl (pH 1); or pig liver esterase
(pH 7.5).
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at RT 7.8 min. The intensity of the peak at 8.5 min steadily
increased as the reaction proceeded over 4 h, while the intensity
of the peak for peptide 9 decreased. (Immediate cleavage,
complete within 1 h, was also observed with the control peptide
12; however, cathepsin B has relatively low sequence specificity,
and VKK is also known to be a cleavage sequence for this
enzyme (66).) Complex C was then prepared and treated with
cathepsin B, and a very similar cleavage pattern was observed
by HPLC (Supporting Information), indicating that the peptide
is accessible to proteolytic enzymes within the complex.

Confocal Fluorescence Microscopy. In order to verify the
location of the various components of the LPD vector during
the transfection process, and also to further investigate the
hypothesis that environmentally responsive vector components
could be designed to disassemble in the endosome, the trans-
fection process was then studied by confocal microscopy.
Fluorescently labeled lipid, peptide, and plasmid DNA com-
ponents were therefore needed. For the peptide component,
selective labeling of residues on either the N-terminal or
C-terminal side of the RVRR linker sequence would allow
visualization of when the peptide was cleaved during transfec-
tion and would allow the movement of the peptide within the
cell to be followed. Peptide 19, where a tetramethylrhodamine
label is appended on the N-terminal side of the RVRR sequence,
and peptide 20, where a Pacific Blue label is attached on the
C-terminal side (Figure 6), were therefore required. These
particular fluorophores were selected to give good contrast in
the confocal experiments. In addition, in order to ensure
regioselective labeling of the desired residues, it was expedient
to prepare the labeled peptides by solid-phase peptide synthesis,
using orthogonal protecting group chemistry to reveal only one
lysine side chain for labeling, and there was precedent to suggest
that both Pacific Blue and tetramethylrhodamine would be robust
to treatment with TFA during the peptide cleavage and side
chain deprotection steps. Fluorescently labeled peptides 19 and
20 were prepared by initially assembling the desired linear
sequences, incorporating Lys(ivDde) at the point where the
fluorophore was to be attached (Scheme 3). This was then
followed by selective removal of the ivDde group with hydrazine
hydrate, on-resin coupling with either tetramethylrhodamine or
Pacific Blue, cleavage of the peptide from solid support, and
aerial oxidation to form the disulfide bridge, as shown in Scheme
3 for peptide 20.

For the lipid component, the large size of most fluorescent
probes relative to the size of the lipid component meant that
attempting to synthesize analogues of lipid 4 with fluorophores
either side of the ester linkage was likely to peturb the system
to an unacceptable extent. The commercially available fluores-
cent lipid �-BODIPY 500/510 C12-HPC (21, an analogue of
DOPE) was therefore used as a general probe to track the
movement of lipids within the cell. Finally, rhodamine-labeled
plasmid DNA was prepared by standard techniques.

With these materials in hand, transfection of MDA-MB-231
breast cancer cells with labeled LPD complexes was investi-
gated. LPD complexes incorporating lipid 4, the fluorescent lipid
21 (green), and the fluorescent peptide 19 (red), with unlabeled
plasmid DNA, were used to transfect MDA-MB-231 breast
cancer cells (Figure 7). The cell nucleus is stained with DAPI
(blue). Directly after the initial 4 h incubation period (Figure
7a), both the lipid and the peptide are largely colocated in the
cytoplasm of the cell (giving rise to a yellow color), and both
components were able to enter the nucleus at that early stage.
A similar image was obtained 4 h later, with the cross section
images clearly showing the incorporation of both the lipid and
the peptide within the center of the nucleus, which is highlighted
in blue (Figure 7b). The peptide, unlike the lipid, was still
detectable in the nucleus 24 h after incubation (Figure 7c).

In a second set of experiments (Figure 8), LPD complexes
were prepared, again incorporating lipid 4 and the fluorescent
lipid 21 (green), labeled pGL3 plasmid (red), and the fluorescent
peptide 20 (blue). Peptide 20 was selected in order to assess
whether the headgroup of the peptide was cleaved from the Lys16

DNA-binding moiety after endocytosis. The cell nucleus was
not stained. If cleavage of the RVRR sequence takes place in
the endosome, then it would be expected that the blue dye
(attached to the integrin-binding headgroup) would remain in
the endosome or the cytoplasm, whereas the labeled plasmid
would be trafficked to the nucleus. Indeed (Figure 8a,b), it can
be seen that, at 0 and 4 h after the initial 4 h incubation, there
is no obvious internalization of the peptide into the nucleus,
although some free DNA has been internalized at 4 h. However,
at 24 h (Figure 8c), blue fluorescence is detected in the nuclear
region of the cell, suggesting either that the cleaved peptide
eventually enters the nucleus or that the peptide is further
degraded over 24 h, releasing free dye that then enters the
nucleus.

Cryo-Electron Microscopy of LPD Complexes. We had
previously studied the morphology of the first generation of LPD
complexes using freeze-fracture electron microscopy (18). To
compare the first-generation LPD complexes with the complexes
discussed in this paper, the more sensitive technique of cryo-
electron microscopy was used. Cryo-EM images of lipoplexes
formulated using Lipofectin and plasmid DNA (Figure 9a) were
similar to those formulated from lipid 4, DOPE, and plasmid
DNA (Figure 9b) and showed the spherical shape and absence
of internal structure previously observed for similar lipoplexes
(33). LPD complexes formulated from Lipofectin, peptide 1,
and plasmid DNA produced particles with condensed cores and
irregular outer layers, as expected from the freeze-fracture
electron microscopy studies (Figure 9c). In contrast to cryo-
EM studies of other LPD complexes (74), no lamellar structures
were seen in the outer layers of the particles. The images (Figure
9d) of the new LPD complex, Complex C, formulated from
4/DOPE, peptide 9, and plasmid DNA, however, showed
marked differences. First, there was a small but significant
reduction in the size of the particles when lipid 4 was used,
consistent with the smaller particle size observed by laser light
scattering (Figure 4). Second, for many of the particles there
was a change in the morphology of the internal core, with
subdivisions clearly visible. Similar morphologies have been

Figure 6. Fluorophore-Labeled Peptides and Lipid for Confocal
Microscopy.
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previously observed for some lipoplex systems (75) and
attributed to a phase change in the lipid/DNA complexes, but
it is currently unclear what these represent in this system.

DISCUSSION

On the basis of our previous work (43, 64), it was postulated
that incorporating short ethylene glycol oligomeric moieties of
defined length into both lipid and peptide components of the
LPD vector would result in increased vector stability. However,
whereas complexes formulated with ethylene glycol oligomer-
bearing lipid components resulted in minimal aggregation and
higher stability of the complexes, compared to complexes
formulated with unmodified lipids, peptides incorporating the
amino acid Haa4 did not further contribute to the size and
stability of the resulting lipopolyplexes (Figure 4). Furthermore,
LPD vectors formulated with the triethylene glycol lipid 4 gave
particles with discernibly smaller size and altered morphology
(Figure 9) compared with the first-generation LPD vectors
lacking the ethylene glycol oligomers.

Previous work on sterically stabilized liposomes for drug and
gene delivery applications indicated that large polymeric PEG

molecules are necessary to inhibit binding to proteins and to
prevent aggregation. PEG2000 to PEG5000 molecules are
typically used, with larger polymers significantly inhibiting
liposome uptake (25-27). However, these liposomes typically
have a low surface density (5-15 mol %) of the surface-
anchored PEG; at greater concentrations, the lipid bilayer
becomes unstable due to the lateral pressure between the
polymer chains (25). In these liposomes, therefore, the PEG
takes up a “mushroom” configuration: the longer the PEG chain,
the larger the mushroom and the more effective the shielding.
With lipopolyplexes formulated with lipids such as 4, in which
50% of the lipid content carries the short ethylene glycol
oligomers, complete coverage of the surface can be achieved
even with these short oligomers at a high density. Similar
observations have been made by Whitesides (76) in which it
was demonstrated that monolayers formed from monoethylene
glycol-conjugated alkanethiols (100%) effectively prevented
protein adhesion to the monolayers.

Attachment of ethylene glycol oligomers to the lipid com-
ponent also appears to improve the transfection efficiencies of
the complexes. LPD lipopolyplex (4/DOPE/9) was 2, 7, 3, 7,

Scheme 3. Synthesis of Fluorophore-Labeled Peptide 20a

a Reagents: i, 2% H2NNH2/DMF; ii, Pacific Blue-OSu/DIPEA; iii, TFA/EDT/TIPS/H2O; iv, aerial oxidation.

Figure 7. Confocal fluorescence microscopy studies. MDA-MB-231 breast cancer cells were transfected with LPD complexes incorporating the
fluorescent lipid 21 (green) at a ratio of lipid 4:DOPE:21 of 10:9:1; and the fluorescent peptide 19 (red). The pGL3 plasmid is unlabelled and the
cell nucleus is stained with DAPI (blue). Cells were fixed at (a) 0 h (b) 4 h and (d) 24 h after the initial 4 h incubation period. In Figure 7(c), a
cross-sectional XZ plane image was taken at 4 h to show the position of the peptide and lipid in relation to the nucleus.
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and 9 more efficient for gene transfer than the first generation
of noncleavable LPD lipopolyplexes (Lipofectin/1), in Neuro
2A, bEND.3, AJ3.1, 16HBE14o-, and PVSMCs cells, respec-
tively (p < 0.05). The length and structure of the ethylene glycol
oligomeric moieties attached to the lipid also have an important
effect on the transfection properties of the resulting complexes.
Lipids “capped” with an -OMe group (5) performed signifi-
cantly less well in the majority of cell lines than the “uncapped”
lipid 4 when formulated (Figure 5b). Complexes formed with
the hexaethylene glycol-bearing lipid 6 had very poor trans-
fection efficiencies, which may be attributable to a reduction
in the accessibility of the peptide targeting sequence to the
integrin receptors (49) or may simply be due to a less compact
particle being formed. By contrast (Figure 5a), the inclusion of

the amino acid, Haa4, in the peptide sequence had very little
effect, marginally reducing the transfection efficiencies of the
resulting complexes.

Incorporating lipids and peptides that have the potential to
be cleaved within the endosome also results in vectors with
enhanced transfection properties. Introduction of the enzyme-
cleavable RVRR sequence in the peptide in between the Lys16

DNA-binding moiety and the integrin-binding C-terminal amino
acids, giving peptide 9, significantly increases lipopolyplex
transfection efficiency (Figure 5a). Similarly, the triethylene
glycol-bearing lipid 4, with an ester linkage which can be
cleaved in the endosome, gave LPD complexes with similar,
or enhanced, transfection properties compared with the non-
cleavable analogue 7 (Figure 5b).

The proposed mechanism for transfection by these stabilized,
environmentally responsive lipopolyplexes is as follows. Initial
binding of the vector to the Rv integrin receptors expressed on
the surface, via the CRGDCLG sequence, which partially
protrudes from the complex (18), is followed by receptor-
mediated endocytosis. Once the particle is encapsulated within
the endosome, both the lipid and the peptide undergo cleavage.
Removal of the triethylene glycol unit from the cationic lipid
reduces steric hindrance and allows the cationic lipids to merge
effectively with the endosomal membrane, destabilizing it and
allowing the gene delivery particle to escape (77). This results
in the dispersal of the lipids within the cytoplasm, as demon-
strated by confocal microscopy (Figures 7 and 8). In addition,
cleavage of the peptide at the RVRR sequence will detach the
CRGDCLG sequence, which may still be bound to the Rv

integrin, from the DNA/K16 complex. The DNA/K16 complex
will thus be released from both the receptor and the disintegrat-
ing endosome and will be able to travel to the nucleus at a very
early stage (within 4 h). This is demonstrated by the confocal
images of the complex containing peptide 19, an analogue of 9
bearing the TMR fluorophore on the K16 side of the RVRR
sequence (Figure 7): the TMR label is rapidly trafficked to the
nucleus, presumably complexed to the plasmid DNA. It is
additionally possible that the K16-RVRR sequence, being
composed of basic, charged amino acids, may function as a
nuclear localization sequence (78, 79) although it does not
correspond to any nuclear localization sequence so far reported
(80).

We have demonstrated that both the RVRR-linked peptide 9
and the ester-linked lipid 4 can be cleaved in vitro under
conditions approximating those found in the endosome. It is
noteworthy that, although these LPD complexes are highly

Figure 8. Confocal fluorescence microscopy studies. MDA-MB-231 breast cancer cells were transfected with LPD complexes incorporating the
fluorescent lipid 21 (green) at a ratio of lipid 4/DOPE/21 of 10:9:1; the fluorescent peptide 20 (blue); and the labeled pGL3 plasmid (red) mixed
with unlabeled pGL3 at a 1:3 ratio. The cell nucleus is not stained. Cells were fixed at (a) 0 h, (b) 4 h, and (c) 24 h after the initial 4 h incubation
period.

Figure 9. Cryo-EM images of lipoplexes and lipopolyplexes. (a)
Lipoplex formed from plasmid DNA and Lipofectin (DOTMA/DOPE).
(b) Lipoplex formed from plasmid DNA and 4/DOPE. (c) LPD
complexes formed from plasmid DNA, peptide 1, and Lipofectin. (d)
LPD complexes formed from plasmid DNA, peptide 9, and 4/DOPE.
All complexes were formulated at 1 mg/mL.
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compact, and are clearly stabilized by the incorporation of
ethylene glycol oligomer-bearing lipids, both the lipid and the
peptide components of the complex are accessible to cathepsin
B and to PLE, suggesting that enzyme-mediated cleavage of
these components, within the complex and within the endosome,
is a viable proposition. Furthermore, we have demonstrated in
vitro that the RVRR sequence can be cleaved by furin within
4 h, consistent with the confocal data (Figure 7), which would
suggest that endosomal release, complex disassembly, and
nuclear trafficking have taken place within this period. In
contrast, when peptide 20 (an analogue of 9 with a Pacific Blue
label between the RVRR sequence and the integrin-binding
CRGDCLG sequence) was used in the LPD complex, the label
initially remained in the cytoplasm (Figure 8) and is only visible
in the nucleus after 24 h. This may indicate that the Pacific
Blue label initially remains, after enzymatic cleavage, associated
with the Rv integrin: from there it may be recycled to the outer
membrane, or further degradation of the peptide may release
free dye, which is later trafficked to the nucleus.

It is also notable that the triethylene glycol lipid 4 was able
to enhance the transfection efficiencies of these LPD complexes.
Literature precedent strongly suggests that the five-carbon linker
used in 4 would be suboptimal for acid-catalyzed cleavage
within the endosome (58), and, indeed, we saw only very low
levels of ester cleavage under acidic conditions.

CONCLUSIONS

We have designed and developed a new class of ternary
lipopolyplex gene delivery vectors, with lipids incorporating
short ethylene glycol oligomer units of defined length and with
both lipid and peptide components designed to degrade within
the endosome after internalization of the vector, leading to
disassembly of the complexes and release from the endosome.
These gene delivery vectors are very compact and show very
promising stabilities under physiologically relevant conditions,
while maintaining excellent transfection activities. These desir-
able properties bring us one step closer to developing vectors
that can be administered systemically, will be stable enough to
persist in circulation and not be cleared by the RES, and yet
will be able to find, target, and transfect specific cell types (in
this case, specific tumor types) within living organisms. The
development of targeted, environmentally responsive vector
systems that are able to deliver therapeutic genes efficiently and
specifically to the target cells after application into the systemic
blood circulation will be vital in treating a range of cancers,
particularly metastatic tumors. Detailed studies of the effects
of centrifugation of these smaller LPD particles on the efficiency
of in vitro transfection and of the in vivo stability and tumor-
specific targeting of the complexes are ongoing, and will be
published in due course.
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concentrations. General Synthetic Methods. Materials for Cell
Biology. Experimental procedure for the synthesis of 18. 1H
NMR spectra for compounds 15, 16, 17, 4, 5, 6, 18.This material
is available free of charge via the Internet at http://pubs.acs.org.

LITERATURE CITED

(1) Somia, N., and Verma, I. M. (2000) Gene therapy: Trials and
tribulations. Nat. ReV. Genet. 1, 91–99.

(2) Hacein-Bey-Abina, S., Von Kalle, C., Schmidt, M., McCcor-
mack, M. P., Wulffraat, N., Leboulch, P., Lim, A., Osborne,
C. S., Pawliuk, R., Morillon, E., Sorensen, R., Forster, A., Fraser,
P., Cohen, J. I., de Saint Basile, G., Alexander, I., Wintergerst,
U., Frebourg, T., Aurias, A., Stoppa-Lyonnet, D., Romana, S.,
Radford-Weiss, I., Gross, F., Valensi, F., Delabesse, E., Macin-
tyre, E., Sigaux, F., Soulier, J., Leiva, L. E., Wissler, M., Prinz,
C., Rabbitts, T. H., Le Deist, F., Fischer, A., and Cavazzana-
Calvo, M. (2003) LMO2-associated clonal T cell proliferation
in two patients after gene therapy for SCID-X1. Science 302,
415–419.

(3) Godbey, W. T., Wu, K. K., and Mikos, A. G. (1999)
Poly(ethylenimine) and its role in gene delivery. J. Controlled
Release 60, 149–160.

(4) Davis, M. E. (2002) Non-viral gene delivery systems. Curr.
Opin. Biotechnol. 13, 128–131.

(5) Miller, A. D. (1998) Cationic liposomes for gene therapy.
Angew. Chem., Int. Ed. Engl. 37, 1769–1785.

(6) Niidome, T., and Huang, L. (2002) Gene therapy progress and
prospects: Nonviral vectors. Gene Ther. 9, 1647–1652.

(7) Wiethoff, C. M., and Middaugh, C. R. (2003) Barriers to
nonviral gene delivery. J. Pharm. Sci. 92, 203–217.

(8) Edelstein, M. L., Abedi, M. R., and Wixon, J. (2007) Gene
therapy clinical trials worldwide to 2007-an update. J. Gene
Med. 9, 833–842.

(9) Varga, C. M., Wickham, T. J., and Lauffenburger, D. A. (2000)
Receptor-mediated targeting of gene delivery vectors: Insights
from molecular mechanisms for improved vehicle design.
Biotechnol. Bioeng. 70, 593–605.

(10) Demeneix, B., Hassani, Z., and Behr, J. P. (2004) Towards
multifunctional synthetic vectors. Curr. Gene Ther. 4, 445–455.

(11) Miller, A. D. (2003) The problem with cationic liposome/
micelle-based non-viral vector systems for gene therapy. Curr.
Med. Chem. 10, 1195–1211.

(12) Kostarelos, K., and Miller, A. D. (2005) Synthetic, self-
assembly ABCD nanoparticles; a structural paradigm for viable
synthetic non-viral vectors. Chem. Soc. ReV. 34, 970–994.

(13) Hart, S. L., Arancibia-Cárcamo, C. V., Wolfert, M. A.,
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