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ABSTRACT Synthetic nanoparticle formulations have
the potential for tumor-targeted gene delivery. Recep-
tor-targeted nanocomplex (RTN) formulations com-
prise mixtures of cationic liposomes and targeting
peptides that self-assemble on mixing with nucleic
acids. RTN formulations were prepared containing
different polyethylene glycol (PEG)ylated lipids with
esterase-cleavable linkers (e.g., ME42) to promote intra-
cellular PEG detachment and nanoparticle disassembly.
In addition, integrin-targeting peptides (peptide ME27)
were tested with endosomal furin- and cathepsin B-
cleavable peptide linkers located between the integrin-
binding ligand and the K16 nucleic acid-binding domain
to promote intracellular disengagement from the re-
ceptor. ME42/ME27 RTNs formed stable particles of
<200 nm in isotonic salt buffers, compared with 4-�m
particles formed by un-PEGylated RTNs. Transfection
efficiency by PEG-modified, cleavable RTNs improved
�2-fold in 4 different cell lines, with 80% efficiency in
murine neuroblastoma cells. In an in vivo model of
neuroblastoma, ME42/ME27 RTNs delivering lucif-
erase genes were tumor specific, with little expression
in other organs tested. PEGylation of the RTNs en-
hanced luciferase transfection 5-fold over non-PEG
formulations, whereas the cleavability of the peptide
ME27 enhanced transfection 4-fold over that of RTNs
with noncleavable peptides. Cleavability of the lipid for
in vivo transfections had no effect. PEGylated, cleav-
able RTN formulations offer prospects for tumor-
specific therapeutic gene transfer.—Grosse, S. M., Ta-
galakis, A. D., Firouz Mohd Mustapa, M., Elbs, M.,
Meng, Q.-H., Mohammadi, A., Tabor, A. B., Hailes,
H. C., Hart, S. L. Tumor-specific gene transfer with
receptor-mediated nanocomplexes modified by poly-
ethylene glycol shielding and endosomally cleavable
lipid and peptide linkers. FASEB J. 24, 2301–2313
(2010). www.fasebj.org
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Rapid clearance of cationic nanoparticles from the
circulation by the reticuloendothelial system and inter-
actions with extracellular matrices, leading to poor
transfection (1, 2), are major problems for the devel-
opment of nucleic acid therapies for cancers. Shielding
of cationic vector particles by polyethylene glycol (PEG)
decreases their interactions with serum proteins, reduc-
ing aggregation and prolonging circulation times (3).
However, PEGylation often leads to greatly reduced
transfection efficiencies due to interference of binding
to cell surface receptors. We aim to make shielded
nanoparticle formulations that retain efficient, tumor-
specific transfection properties.

We have previously described formulations comprising
a liposome (DOTMA/DOPE) and a cationic peptide with
an integrin-targeting domain, which self-assemble into
receptor-targeted nanocomplexes (RTNs) with plasmid
DNA (4). Liposomes and peptides interact synergistically
in the transfection pathway, promoting transfection effi-
ciencies in vitro and in vivo (5–8). A wider family of RTN
vector systems has been developed and optimized for
transfection of airway epithelium (9) and vascular tissues
(10) with specifically optimized targeting peptides and
cationic liposomes (11, 12).

In this study, we aimed to exploit the modularity of
the lipid and peptide components to develop RTN
formulations compatible with systemic administration
to target gene therapies to tumors via the circulation.
The strategy involved cloaking the RTN with short PEG
moieties linked to the RTN on the lipid or peptide
component via chemically dynamic linkers that are
stable outside the cell but susceptible to cleavage within
the endosome of the cell. It was reported previously
that polycationic vector components conjugated to
PEG moieties in the range of PEG molecular mass 2–20
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kDa (45–450 repeat units) led to complexes that were
stable but often with reduced transfection capacity
owing to steric hindrance of cell targeting (13–16).
RTN complexes with short PEG moieties at higher
concentration would retain their targeting properties,
whereas the cleavable linker would enable removal of
the PEG moiety from the particles within the cell,
promoting destabilization and disassembly of the com-
plex where and when it is required, thus maintaining
transfection efficiency.

The use of cationic lipids with PEG moieties of 3 to 6
repeat units, linked to the cationic headgroup, were
investigated (17, 18), including PEGs linked via an
endosomally labile ester bond (19). PEGylated peptides
were also evaluated, with short PEG moieties located
between the 16-lysine DNA-binding region and inte-
grin-targeting domain (20) along with an enzymatically
cleavable peptide, RVRR, recognized by the endosomal
proteases cathepsin B and furin, to allow removal of the
PEG moiety and detachment of the nanocomplex from
the integrin receptor (19). From these studies, a new
optimal RTN formulation was identified that mediated
efficient transfection in vitro and in vivo with a high
degree of specificity for neuroblastoma tumors com-
pared with that for other organs. This novel RTN
formulation represents a further step toward a synthetic
nanoparticle vector system that offers prospects for
research into tumor-specific therapeutic gene transfer.

MATERIALS AND METHODS

Cell culture

Murine cell lines Neuro-2A (neuroblastoma) and bEND.3
(endothelial) were obtained from American Type Culture
Collection (Teddington, UK) and cultured by recommended
methods. AJ3.1 cells are a mouse embryonic fibroblast line
derived from A/J embryos and were maintained as described
previously (21). The human bronchial epithelial cell line,
16HBE14o� (HBE), was obtained from Dieter Gruenert
(University of San Francisco, San Francisco, CA, USA) (22).
The primary porcine vascular smooth muscle cells (PVSMCs)
were prepared using an explant culture method and were
maintained as described previously (23). All cells were main-
tained in a humidified atmosphere of 95% air and 5% CO2 at
37°C.

Peptides, lipids, and plasmids

The cationic liposomes used were Lipofectin (DOTMA/DOPE)
(Invitrogen, Paisley, UK), CH300/DOPE (DODMP4/DOPE),
M E 4 2 / D O P E ( D O S E P 3 / D O P E ) , M E 5 3 / D O P E
(DOSEP3M/DOPE), and ME52/DOPE (DOSEP6/DOPE).
DOPE was purchased from Sigma-Aldrich (Poole, UK).
The lipids CH300 (17) and ME42, ME52, and ME53 (19)
were synthesized and formulated into liposomes (9, 19).
Peptides ME68 (K16RVRRGACRGDMFGCA), FMM12
(K16KVKKGACRGDCLG) and ME27 (K16RVRRGACRGDCLG)
(19) and peptide 1 (P1) (K16GACRGDMFGCA) (24) were synthe-
sized as described previously. Peptides ME68 and P1 contained the
cyclic targeting sequence CRGDMFGC, which binds to the �II��3
integrin (25), and peptides ME27 and FMM12 contained the cyclic
integrin targeting sequence CRGDCL (26, 27) with affinity for the

�5�1, �v�5, and �v�3 integrins. The plasmid pCILuc (5.7 kb)
consists of pCI (Promega, Southampton, UK) containing the
luciferase gene driven by the cytomegalovirus immediate/early
promoter-enhancer. The plasmid pEGFP-N1 (4.7 kb) containing
the gene encoding the green fluorescent protein (GFP) was
obtained from Clontech (Basingstoke, UK). The plasmid pAB11
(7.7 kb), carrying the nuclear-localizing �-galactosidase reporter
gene lacZ, was a gift from Jude Samulski (University of North
Carolina, Chapel Hill, NC, USA). All plasmids were grown in
Escherichia coli DH5� and purified using the EndoFree Mega
plasmid kit (Qiagen, Crawley, UK).

In vitro transfections and expression analysis

Cells were seeded in 96-well plates in groups of 6 at 2.5 �
103 cells/well for bEND.3 cells and at 2 � 104 cells/well for
other cells and then were incubated overnight at 37°C in
complete growth medium. The following day, transfection
formulations were prepared essentially as described previ-
ously (4) by mixing the components in the following order:
lipid (L), peptide (P), and plasmid (D) at a weight ratio of
2:4:1 and a charge ratio of �4 (N/P) (24). For bEND.3 cells,
5 mM sodium butyrate was added to the transfection medium
and culture medium. In some experiments, the multiwell
plate was then centrifuged (1500 rpm, 5 min). The transfec-
tion incubation was performed for 4 h at 37°C before the
transfection medium was replaced with fresh medium; then
plates were incubated at 37°C for a further 24 h.

Luciferase expression was measured in cell extracts with a
luciferase assay (Promega) in a FLUOstar Optima luminom-
eter (BMG Labtech, Aylesbury, UK). The amount of protein
present in each transfection lysate was determined with the
Bio-Rad protein assay reagent (Bio-Rad Laboratories, Her-
cules, CA, USA). Luciferase activity was expressed as relative
light units (RLU) per milligram of protein.

To investigate GFP expression, cells were seeded into
12-well plates at 1 � 105 cells/well, except for bEND.3 cells,
which were seeded at 1 � 104 cells/well. For transfections, 1
ml of complexes containing 1 �g of pEGFP-N1 plasmid was
added to each culture well, and the GFP expression was
analyzed 48 h later with an Olympus IX70 epifluorescence
microscope (Olympus America, Melville, NY, USA). For flow
cytometry, cells were excited with a 488-nm laser and GFP�

events were captured with a 525-nm band pass filter; 10,000
total events were counted, and the cells were gated to include
only viable cells.

In vitro cleavage experiments

Esterase cleavage of ME42, ME52, and ME53 liposomes

Liposomes were prepared as described previously (19) and
then were incubated with pig liver esterase (28 mg, 672 U)
(Sigma-Aldrich) in sodium phosphate buffer (0.1 M, pH 7.5)
and incubated at 37°C for 24 h. Aliquots (200 �l) were taken
at 1, 2, 4, 20, and 24 h; analyzed by thin-layer chromatography
(TLC) using 8% methanol in 91% dichloromethane and 1%
acetic acid; and stained with phosphomolybdic acid (5 g in
100 ml of ethanol and 5 ml of sulfuric acid). A sample of the
hydrolyzed lipid (ME81) was run under the same conditions,
and the Rf values were determined.

Esterase cleavage of ME42, ME52, ME53, and CH300 in RTN
complex

RTN complexes with formulations of peptide ME27 and
liposomes (ME42/DOPE, ME52/DOPE, or ME53/DOPE)
were prepared as described above in the phosphate buffer. A
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solution of pig liver esterase (Sigma-Aldrich; 28 mg, 672 U,
capable of hydrolyzing 28 �mol of ethyl butyrate) in phos-
phate buffer (223 �l) was then added to the RTN mixture,
followed by incubation at 37°C for 24 h. Aliquots (200 �l)
were taken at 1, 2, 4, 20, and 24 h and immediately freeze-
dried. The lyophilized material was dissolved in dichlo-
romethane (50 �l) and analyzed by TLC as above.

Effects of lysosomotropic agents on transfection

Endosome-lysosome system acidification was inhibited using
lysosomotropic weak bases NH4Cl (25 mM) and chloroquine
(100 �M) and the carboxylic ionophore monensin (6 �M),
all purchased from Sigma-Aldrich. Neuro-2A cells (2�104

cells) were plated in 96-well plates and after 24 h were
pretreated or not with lysosomotropic agents for 1 h. The
cells were then transfected as above in the presence or
absence of the lysosomotropic agents, followed by luciferase
expression measurements as above after 24 h. All experiments
were performed twice, and each condition in an experiment
was performed in replicates of 6.

Cell proliferation assay

Cell viability was assessed using the CellTiter 96 AQueous
One Solution Cell Proliferation Assay (Promega), which is a
colorimetric method for determining the number of viable
cells in proliferation or cytotoxicity assays. Absorbance was
measured on a FLUOstar Optima spectrophotometer (BMG
Labtech).

Size and � potential of the RTN complexes

RTN complexes were prepared by using 10 �g of pCILuc
plasmid and diluted in PBS (Invitrogen) or water to a final
volume of 1 ml. Complex size and � potential were deter-
mined in 3 independent experiments by dynamic light scat-
tering using a Zetasizer 3000 (Malvern Instruments, Malvern,
UK) with the following specifications: automatic sampling
time of 10 measurements/sample, refractive index medium
of 1.33, and temperature of 25°C. The experiments were
repeated 3 times.

In vivo transfections

All animal procedures were approved and licensed by the UK
Home Office and performed to the standards required by the
UK Co-ordinating Committee on Cancer Research (28).
Female A/J mice (Harlan Laboratories, Oxford, UK), 8 to 12
wk old, were injected s.c. in the right posterior flank with
1.5 � 106 Neuro-2A cells. After 10 	 2 d, when tumors had
reached �8–12 mm in size, 100 �l of RTN complexes made
in 5% glucose and containing 50 �g of pCILuc plasmid were
injected into the tail vein. Experiments were performed with
replicates of �6 mice. Twenty-four hours after injection, mice
were killed, and tumors and organs were resected and stored
at �80°C. Tissues were defrosted in ice, submerged in re-
porter gene assay lysis buffer (Roche, Basel, Switzerland),
homogenized with an IKA homogenizer (IKA, Staufen, Ger-
many), and centrifuged at 13,000 rpm (10,000 g) for 10 min
at 4°C. The supernatant was removed and centrifuged at
13,000 rpm (10,000 g) for a further 10 min at 4°C. Luciferase
activity in the tissue lysates was measured over 30 s using the
Luciferase Assay System (Promega) as above. Two million
RLU/30 s corresponds to 1 ng of luciferase.

Assessment of �-galactosidase localization by
immunohistochemistry

Twenty-four hours after i.v. administration of RTN complexes
made with pAB11 plasmid, the animals were killed, and
tumors were resected, fixed overnight in 4% paraformalde-
hyde in PBS at room temperature, and embedded in paraffin
wax, and 7-�m sections were mounted on polylysine-coated
slides. Sections were immunostained for �-galactosidase activ-
ity and analyzed as described previously (29).

Statistical analysis

All experiments were performed 3 times (unless otherwise
stated). The statistical significance of results was assessed
using Student’s t test, and results were taken to be significant
when P 
 0.05, unless stated otherwise.

RESULTS

PEGylated lipids for stealth coatings of RTN
complexes

A number of cationic lipids, structurally similar to the
cationic lipid DOTMA, with a glycerol backbone, 2 hydro-
carbon oleyl chains linked through ether moieties, and a
cationic headgroup, were synthesized (Fig. 1). In CH300
(PEG4-OH) PEG units were attached directly to the
cationic headgroup via a stable quaternary amine linkage
(17). Structures ME42 (PEG3-OH), ME52 (PEG6-OH),
and ME53 (PEG3-OMe) contain an ester-labile pentanoate
linker between the PEG chain and the quaternary ammo-
nium moiety of the lipid (19). All cationic lipids were
formulated into liposomes in a 1:1 (w:w) ratio with DOPE.

Biophysical properties of RTNs containing PEGylated
lipids

RTNs comprising cationic peptides and liposomes were
prepared in PBS with the pCILuc plasmid and the size
and stability of the resulting RTN complexes were
studied by photon correlation spectroscopy. The RTN
formulation of peptide ME27 with DOTMA/DOPE
aggregated rapidly in the presence of salt in PBS (Table 1),
increasing in size from 1563 to 4282 nm over 1 h. The
RTN formulation CH300/DOPE/ME27 also aggre-
gated, but at a slower rate than non-PEGylated RTNs
containing DOTMA, increasing from 1205 to 2109 nm
over 1 h. RTN formulations comprising peptide ME27
with ME42/DOPE, ME53/DOPE, and ME52/DOPE
were found to be �180, 160, and 240 nm in size,
respectively, and all were stable over the 1-h period of
the experiment. Thus, cationic lipids with the pentano-
ate linkers (ME42, ME52, and ME53) conferred a
greater degree of stability than PEG moieties alone with
no spacer (CH300). All RTN formulations tested were
stable in water, ranging in size from 103 to 120 nm
(Table 2). �-Potential measurements were also per-
formed on RTNs made in water (Table 2). All RTNs
were cationic, with ME42/DOPE/ME27 being the least
cationic (�46.7	1.7 mV) and Lipofectin/ME27 being
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the most cationic (�73.2	3.6 mV). A surface charge
similar to that of the Lipofectin-containing RTN was
observed for CH300/DOPE/ME27 (�70.9	1.1 mV),
whereas RTNs of both ME52 (�57.0	1.2 mV) and
ME53 (63.9	3.1 mV) had a higher surface charge than
ME42/DOPE/ME27.

In vitro cleavage of the lipids ME42, ME52, and ME53

The pentanoate linker in lipids ME42 (PEG3-OH),
ME53 (PEG3-OMe), and ME52 (PEG6-OH) was origi-
nally incorporated to test the hypothesis that cleavage
(acid or enzyme-mediated) would allow removal of the
PEG moiety from the lipid once taken up into the
endosomal/lysosomal compartments within the cell,
thus removing the PEG coat from the RTN particles
and aiding their intracellular disassembly and ulti-
mately enhancing gene expression. Cationic lipids

ME42, ME52, and ME53 were formulated into lipo-
somes and incubated with pig liver esterase, and digests
were analyzed by TLC for all three lipids as described
similarly in a previous report (19) (Table 3 and Supple-
mental Fig. 1). The digestion product, a non-PEGylated
cationic lipid (ME81), was observed at a low level within
1 h for all 3 lipids and increased in intensity over 24 h,
although uncleaved lipids still remained, suggesting
partial cleavage. Rf values were calculated for lipids and
starting reagents. The cleavage experiments were repeated
with cationic lipids ME42, ME52, and ME53, formulated into
nanocomplexes with peptide ME27 and plasmid. The same
esterase cleavage product was observed by TLC with the
same Rf values as for the free liposome. CH300 lipid does not
possess a cleavable ester moiety, and no cleavage products
corresponding to the tertiary amine were detected. In vitro
cleavage analysis demonstrated that the lipids with pentano-
ate linkers were cleavable by esterases both as liposomes and

Figure 1. Structure of DOTMA and the cationic PEG lipids. CH300 (DODMP4) is a noncleavable PEG-lipid conjugate. ME42
(DOSEP3), ME52 (DOSEP6), and ME53 (DOSEP3M) are all cleavable PEG-lipid conjugates with a pentanoate spacer and
terminal PEG3-OH, PEG6-OH, and PEG3-OMe groups, respectively.

TABLE 1. Effect of PEG group on particle stability, illustrated in dynamic light scattering
measurements of complex particle size

Complex

Particle size (nm)

0 min 30 min 60 min

ME52/ME27 248.2 	 2.7 238.1 	 2.4 240.0 	 2.1
ME53/ME27 153.8 	 0.1 160.0 	 1.5 159.5 	 0.2
Lipofectin/ME27 1563.2 	 110.7 3285.6 	 172.0 4282.0 	 374.0
ME42/ME27 177.0 	 25.0 179.6 	 23.0 182.6 	 24.2
CH300/ME27 1205.5 	 713.0 1618.9 	 643.7 2109.0 	 950.2

Lipid-peptide-plasmid complexes were made in PBS, and particle size was measured over a 1-h
period. All complexes were made using peptide ME27. Values are expressed as means 	 sd of 3
experiments (10 measurements/sample for each experiment).
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within nanocomplexes, illustrating the potential for cleavage
in cells.

PEGylated cleavable lipid improves in vitro
transfection efficiency of RTNs

RTNs were formulated with PEGylated cationic lipids con-
taining pentanoate linkers and compared in transfection
experiments in a range of cell lines (Neuro-2A, HBE,
bEND.3, AJ3.1, and PVSMCs) (Fig. 2). RTNs with ME52
(PEG6-OH) displayed negligible levels of transfection in
vitro, whereas ME53 (PEG3-OMe) transfection efficiency was
significantly lower than that achieved with ME42 (PEG3-
OH) (Fig. 2A). Therefore, transfection efficiencies of RTN
formulations comprising the ME27 peptide with ME42/
DOPE (PEGylated cleavable lipid), were compared with
CH300/DOPE (PEGylated, noncleavable) and DOTMA/
DOPE (non-PEGylated, noncleavable) (Fig. 2B). The RTNs
generated with PEGylated lipids ME42 and CH300 were less
efficient in transfections in vitro than non-PEGylated lipid
(DOTMA) unless a centrifugation (1500 rpm, 5 min) was
performed to promote sedimentation and cell contact of
these smaller complexes (Fig. 2B). With this modified trans-
fection protocol, transfection efficiencies of RTNs with
ME42 were 2, 4, 3.5, and 11 times more efficient than those
with DOTMA in Neuro-2A, bEND.3, HBE, and PVSMCs,
respectively (Fig. 2B), and were 50% more efficient than
RTNs with CH300 in bEND.3 and PVSMCs (P
0.05),
whereas RTNs with CH300 and ME42 displayed similar
transfection levels in Neuro-2A and HBE (Fig. 2B).

The RTN comprising ME42/DOPE with peptide ME27
transfected Neuro-2A (80	8%), bEND.3 (30	6%), HBE
(34	5%), and PVSMCs (42	4%) with the GFP reporter
gene. These transfection efficiencies were each significantly
higher than those with RTN complexes comprising non-
cleavable peptide 1 and Lipofectin or ME42/DNA com-
plexes with no peptide and peptide ME27/DNA complexes
with no lipid (Fig. 3). Interestingly, in contrast to our
previous experience with lipopolyplex formulations, which
are usually considerably more efficient than polyplexes com-
prising peptide and DNA, transfections with ME27 alone
achieved highly efficient in vitro transfection in Neuro-2A
(72	8%) and bEND.3 (26	5%), although transfection

levels in HBE and PVSMCs were significantly lower than the
full lipopolyplex (Fig. 3). On the other hand, the PEGylated
cleavable lipid (ME42) without peptide was a poor transfec-
tion agent (Fig. 3).

Receptor-targeting cleavable peptides improve in vitro
transfection efficiency of RTNs

It was demonstrated previously that the linker RVRR within
peptide ME27 was cleavable by in vitro incubation of peptides
with furin and cathepsin B enzyme (19). The effect of
cleavable linkers in peptide components on transfection
efficiency of RTNs was evaluated in four unrelated cell types
to assess the potential specificity of the formulations. RTNs
containing the liposome ME42/DOPE and one of the
cleavable peptides ME68 or ME27 were more efficient
(P
0.05) or similar to their equivalent RTNs containing
noncleavable peptides P1 and FMM12 in transfections of
Neuro-2A, bEND.3, HBE, and PVSMCs (Fig. 4). Among the
cleavable peptides, ME27 was better than ME68 for gene
transfer in bEND.3 and PVSMCs (P
0.05) and was equal to
ME68 in Neuro-2A and HBE (Fig. 4).

Effects of lysosomotropic agents on transfection with
cleavable and noncleavable formulations

The effects of the lysosomotropic agents chloroquine, mo-
nensin, and NH4Cl on transfection efficiencies of lipid/
DNA, peptide/DNA, and full lipid/peptide/DNA RTN
complexes were assessed with both cleavable and noncleav-
able lipid and peptide components. It was hypothesized that
these agents would have a more negative impact on trans-
fections with cleavable reagents if their cleavage was a con-
tributory factor in enhancing transfection efficiency of
RTNs.

PD complexes

Both monensin and NH4Cl reduced transfection efficiency
of cleavable peptide ME27 and noncleavable peptide
FMM12 with no clear pattern. Chloroquine incubation,
however, increased transfection, but efficiency was signifi-
cantly enhanced with noncleavable peptide FMM12 (6.7-

TABLE 2. Particle size measurements and � potential of
complexes made in water

Complex

Particle size (nm)

� Potential (mV)0 min 60 min

ME52/ME27 119.6 	 6.2 119.1 	 4.3 �57.0 	 1.2
ME53/ME27 104.1 	 2.3 104.3 	 2.8 �63.9 	 3.1
Lipofectin/ME27 106.1 	 1.2 106.4 	 0.7 �73.2 	 3.6
ME42/ME27 103.8 	 5.1 103.2 	 3.6 �46.7 	 1.7
CH300/ME27 104.5 	 0.5 103.8 	 0.6 �70.9 	 1.1

RTNs were made in water, and particle size was measured over a
1-h period. All complexes were made using peptide ME27. The �
potential of the same RTNs was also measured immediately after their
formation. Data are expressed as means 	 sd of 3 experiments (10
measurements/sample for each experiment).

TABLE 3. Summary of cleavage experiment of cationic lipids
and RTNs

Lipid

Rf value

Lipid substrate Cleaved lipid, for liposomes and RTNs

ME42 0.30 0.30 (ME42) � 0.25 (ME81)
ME52 0.35 0.35 (ME52) � 0.25 (ME81)
ME53 0.40 0.40 (ME53) � 0.25 (ME81)
DOPE 0.15 —
ME81 0.25 —
CH300 0.30 0.30 (CH300; no cleaved product)

Cationic lipids ME42, ME52, and ME53 formulated into lipo-
somes (with DOPE) and RTNs were incubated with pig liver esterase,
and digests were analyzed by TLC. Rf values are shown at 24 h.
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fold) compared with that with ME27, which was enhanced
3.2-fold (P
0.01) (Fig. 5A).

LD complexes

Monensin treatment caused significantly greater loss of
activity with ME42 than with CH300 (P
0.01), consis-
tent with loss of cleavage. Treatment with NH4Cl did
not result in a clear change (increase or reduction of
activity). Chloroquine treatment enhanced ME42 at
similar levels for all conditions (Fig. 5B).

RTN complexes

Complexes of ME42 with cleavable ME27 displayed a
small increase in expression of 1.6-fold on addition of
chloroquine, whereas a formulation with the same lipid
and noncleavable FMM12 displayed a 2.5-fold enhance-
ment of expression (P
0.001). With NH4Cl, transfec-
tion with all RTNs was reduced, but the reduction was
greater with the cleavable peptide ME27 than that
with complexes containing FMM12 (ME42/ME27
vs. ME42/FMM12; P
0.01). In contrast, monensin
transfections showed a nonsignificant loss of activity
for noncleavable peptide FMM12 vs. the cleavable
ME27 when formulated with lipid ME42 (Fig. 5C).

In vivo transfection efficiencies with PEGylated RTNs
containing cleavable lipids and peptides

RTN formulations were made in 5% glucose and found to
be effective at transfection in vitro (Supplemental Fig. 2).
RTNs formulated in 5% glucose with 50 �g of pCILuc were
injected into the tail veins of female A/J mice bearing

subcutaneous neuroblastoma tumors. Luciferase expression
in tumors and organs was measured 24 h later (Fig. 6).
Intravenous administration of plasmid pCILuc alone or in
complexes with ME27 peptide or ME42/DOPE lipid showed
very low levels of luciferase expression in tumors and organs
(
145,000 RLU/tumor and 26,000 RLU/organ), whereas
in full RTN complexes with ME27 peptide and ME42/
DOPE lipid, the level of luciferase expression was much
higher in tumors (4.2�106 RLU/tumor, P
0.05) but
remained low in other organs (22,000 RLU/lung,
64,000 RLU/liver, and no detectable expression in
spleen, kidney, and heart) (Fig. 6A). The PEGylated
cleavable vector (ME42/DOPE:ME27) transfected tu-
mors �8 times more efficiently (P
0.05) than the
first-generation, non-PEGylated, noncleavable vector
comprising DOTMA/DOPE with peptide P1 (0.5�106

RLU/tumor) (Fig. 6A).

PEGylated lipids significantly enhance tumor-specific
transfection

In vivo transfection efficiencies of RTN formulations contain-
ing pCILuc, ME27 peptide with either non-PEGylated non-
cleavable lipid (DOTMA/DOPE), PEGylated noncleav-
able lipid (CH300/DOPE), or PEGylated, cleavable RTN
formulations (ME42/DOPE) were compared (Fig. 6B).
The RTN formulations with ME42/DOPE and CH300/
DOPE liposomes produced transfection levels in tumors 3
times greater than those with DOTMA/DOPE (P
0.05)
(Fig. 6B), although there was no difference in transfection
efficiencies of RTNs containing cleavable ME42 and
CH300, suggesting that the cleavability of ME42 was a less
significant feature in vivo than was apparent in transfections

Figure 2. A) Comparison of transfection efficiencies of RTN formulations comprising peptide ME27 with cleavable PEGylated
lipids. RTNs with ME52 (PEG6-OH) displayed negligible levels of transfection in vitro, whereas ME53 (PEG3-OMe) transfection
efficiency was significantly lower than the level of that achieved with ME42 (PEG3-OH). B) Optimization of transfections with
the second generation of RTN complexes performed in Neuro-2A, bEND.3, HBE, and PVSMCs. Lipofectin (f), CH300/DOPE
( ), or ME42/DOPE (�) lipids were complexed with ME27 peptide and pCILuc plasmid with a weight ratio of 2:4:1,
respectively. After complex addition to cells, centrifugation (1500 rpm, 5 min) was performed or not. Cells were incubated in
the presence of transfection complexes for 4 h, and luciferase activity was measured 24 h later. Values are mean 	 se RLU/mg
protein, measured for 10 s. *P 
 0.05 between vectors.
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performed in vitro. Very low luciferase expression levels were
observed in other organs with all other RTNs (Fig. 6B).

Cleavable peptide linkers enhance transfection
efficiency of RTNs

The in vivo transfection efficiencies of RTN formula-
tions were then compared to assess the cleavable

peptide linkers. RTNs comprising ME42/DOPE lipid
with either the cleavable integrin-targeting peptide
ME27 or the noncleavable homolog FMM12 were
compared (Fig. 6C). Luciferase expression levels
in tumors transfected with RTNs containing the
cleavable peptide ME27 were 4.5 times higher than
levels from RTNs with noncleavable FMM12 pep-
tide (Fig. 6C).

Figure 3. Transfection efficiency of the first vector generation compared with that of the second vector generation using a
plasmid encoding the GFP gene. Lipofectin:P1 peptide, ME42/DOPE lipid:ME27 peptide, ME42/DOPE lipid, and ME27
peptide were complexed with pEGFP-N1 plasmid and added to each culture well. After complex addition to Neuro-2A, bEND.3,
HBE, and PVSMCs, one centrifugation (1500 rpm, 5 min) was performed. Cells were incubated in the presence of complexes
for 4 h, and GFP expression was observed by epifluorescence microscope 48 h later. Cells were then trypsinized and fixed, and
percentages of fluorescent cells were determined by flow cytometry; 10,000 total events were counted, and cells were gated to
include only viable cells.
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Tumor cells are transfected with PEGylated cleavable
RTNs at high efficiency

RTNs made with PEGylated cleavable liposomes ME42/
DOPE lipid and cleavable integrin-targeting peptide
ME27 and the pAB11 plasmid showed a specific nuclear-
localized �-galactosidase activity in up to 60% of tumor
cells in some sections, although some sections re-
mained untransfected, reflecting the variability of the
RTN uptake into tumors from the circulation (Fig. 6D).
No activity was observed in endothelial cells or in

macrophages, tumor cells being easily recognizable by
their morphology, most with several nuclei. Control
sections showed no evidence of �-galactosidase activity
(data not shown).

DISCUSSION

Synthetic nanoparticle technologies offer great prom-
ise for therapeutic transfer of nucleic acids and other
molecules to tumors. One of the major problems in the

Figure 4. Effects of a cleavage RVRR sequence in peptides (ME68 and ME27) on
transfection efficiencies performed in Neuro-2A, bEND.3, HBE, and PVSMCs.
Complexes were prepared with a Lipofectin:noncleavable or cleavable peptide:
pCILuc plasmid with a weight ratio of 2:4:1, respectively. Transfection incubation
was performed for 4 h, and luciferase activity was measured 24 h later. Values are
mean 	 se RLU/mg protein, measured for 10 s. *P 
 0.05.

Figure 5. Effects of lysosomotropic agents on transfection with cleavable and noncleavable formulations. Mouse neuroblastoma
Neuro-2A cells were transfected with or without the presence of chloroquine, monensin, and NH4Cl. A) When PD complexes
were compared, both monensin and NH4Cl reduced transfection efficiency of cleavable peptide ME27 and noncleavable
peptide FMM12 with no clear pattern. Chloroquine incubation, however, increased transfection, but efficiency was significantly
enhanced with noncleavable peptide FMM12 compared with ME27. B) With LD complexes, monensin treatment caused
significantly greater loss of activity with ME42 compared with CH300. Treatment with NH4Cl did not result in a clear pattern.
C) With RTN complexes, chloroquine-treated complexes of ME42 with cleavable ME27 displayed a small increase in expression,
whereas a formulation with the same lipid and noncleavable FMM12 displayed a bigger enhancement of expression. With
NH4Cl, transfection with all RTNs was reduced, but reduction was greater with the cleavable peptide ME27 compared with
complexes containing FMM12 (ME42/ME27 vs. ME42/FMM12). In contrast, monensin produced no clear pattern with other
RTNs. Results are expressed as a percentage of luciferase expression relative to transfections without the use of any
lysosomotropic agent, and values are adjusted for cell toxicity. **P 
 0.01; ***P
0.001
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development of an injectable, tumor-targeted delivery
system, is rapid clearance of particles from the circula-
tion by the reticuloendothelial system and accumula-
tion in the liver. To increase tumor-specific targeting,
we are developing receptor-targeted, self-assembling
nanocomplex formulations that are PEG-shielded to
reduce clearance from the circulation and that provide
stability outside the cell and protect the DNA but have
the potential to disassemble within the cell in a stepwise
process, in response to chemical and biological cues in
the intracellular compartments.

We have previously described a nanoparticle technol-
ogy comprising a formulation of a cationic liposome
and a peptide with a 16-lysine tail and a cyclic receptor-
targeting peptide motif (4). RTNs are formed on
mixing these polycationic components with plasmid
DNA by an electrostatic, self-assembly process. RTN
formulations comprising modifications and variations
of the lipid and peptide components have been
developed for in vivo gene transfer to lung (5, 9, 30)
and vascular tissues (10, 31) and in vitro transfer to a
range of cell types (4, 6 – 8, 11, 32–34). In this study,

Figure 6. In vivo transfection efficiencies
of different complexes made in 5% glu-
cose and containing 50 �g of pCILuc
plasmid and injected into the tail vein
of female A/J mice bearing a tumor.
A) Luciferase expression after i.v. admin-
istration of plasmid pCILuc alone or com-
plexed with ME27 peptide, ME42/DOPE
lipid, ME42/DOPE lipid:ME27 peptide,
or Lipofectin:P1 peptide. B) Luciferase
expression after i.v. administration of Li-
pofectin, CH300/DOPE lipid, and ME42/
DOPE lipid complexed with ME27 pep-
tide and pCILuc plasmid. C) Luciferase
expression after i.v. administration of pep-
tides FMM12 and ME27 complexed with
ME42/DOPE lipid and pCILuc plasmid.
D) �-Galactosidase localization (black ar-
rows) by immunohistochemistry in tumor
section of A/J mouse receiving 24 h be-
fore ME42/DOPE lipid:ME27 peptide:
pAB11 plasmid complexes administered
i.v. Representative sections are shown.
Scale bars � 20 �m. *P 
 0.05.
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chemical modifications were evaluated in the RTN
platform to develop an efficient and safe, tumor-targeted,
injectable vector system including 1) PEGylation of lipid
and peptide components for improved particle sta-
bility and 2) introduction of chemically labile linkers
in both lipid and peptide components that are stable
outside the cell but cleavable in the endocytic envi-
ronment.

PEGylation has been found previously to promote
cationic vector particle stability and extend circulation
times but often with reduced transfection efficiency,
particularly with longer PEG units (3). We hypothe-
sized that shorter PEG moieties may be more beneficial
in the RTN context to avoid steric hindrance of target-
ing ligands interacting with receptors; therefore, PEG
molecules ranging from 3 (PEG3-OH) to 6 repeat
units (PEG6-OH) were evaluated in RTNs. We inves-
tigated the properties of the RTN particles contain-
ing these lipids to assess their stability to prevent
aggregation in isotonic salt buffers and their trans-
fection efficiencies.

The cationic lipid ME42 (DOSEP3) contains a
PEG3-OH moiety linked to the cationic headgroup by a
labile ester group, whereas ME53 (DOSEP3M) contains
PEG3-OMe, and ME52 (DOSEP6) contains a PEG6-OH
moiety, both also linked to the cationic headgroup
by an ester group. CH300 (DODMP4) contains a
PEG4-OH unit, attached to the cationic headgroup by
an uncleavable bond. Lipids were all formulated into
liposomes in a 1:1 (w:w) ratio with DOPE; then each
RTN was formulated with the liposomes and the same
peptide ME27 and plasmid DNA. In water, all RTN
particles were of similar sizes in the range 100–120 nm.
In salt, the cationic, non-PEGylated nanocomplexes
containing DOTMA/DOPE aggregated rapidly over 60
min to �4000 nm in size. The cleavable PEGylated
complexes containing ME42, ME53, and ME52 formed
particles of �180, 160, and 240 nm after 60 min,
respectively. However, those with CH300, aggregated to
�2000 nm at 60 min, which is smaller than the DOTMA
RTNs but 10 times larger than those with ME42, despite
the extra ethylene glycol unit in CH300. The cleavable
ester linkage unit therefore may also, by increasing distance
from the cationic headgroup, enhance the shielding prop-
erties of the PEG moiety. In support of this hypothesis, the �
potential difference of unPEGylated RTN was �73 mV,
whereas for those containing CH300 the value was �71
mV, indicating a similar surface charge. However, RTNs
with the cleavable PEGylated lipid ME42 had a lower
surface charge of �47 mV. Interestingly, the � potential
of the PEG6-OH of ME52, �57mV, was higher than
that of ME42 with a shorter PEG3-OH, although still
lower than CH300. Thus, in considering the aggrega-
tion potential of the different RTNs, surface charge,
modulated by PEG linkers, appears to be a key influen-
tial parameter.

In cell transfection studies using 5 different cell lines,
RTN complexes with the PEGylated cleavable cationic
lipids (ME42, ME52, and ME53), each formulated with
peptide ME27, were first compared, and it was found

that ME42 (PEG3-OH) was optimal in each cell line and
ME52 (PEG6-OH) RTNs displayed the lowest activity. ME53
(PEG3-OMe), although similarly PEGylated, was a less
efficient reagent than ME42. In further transfection
comparisons, RTNs with DOTMA were significantly
better than those with CH300 or ME42 in 3 of the cell
lines. A 5-min centrifugation step was then incorpo-
rated into the transfection incubation period to pro-
mote cell contact of the smaller nanoparticles, which
may not sediment as rapidly as the larger DOTMA-
containing RTNs. Transfection efficiencies of RTN
formulations with ME42 were significantly enhanced by
centrifugation, by �8-fold in 3 of the cell lines and
3-fold in Neuro-2A. CH300 nanocomplex transfections
were also enhanced by centrifugation, but not as much
as those with ME42, which might be predicted from the
particle size data. With centrifugation, ME42-containing
RTN transfections were significantly better transfection
agents than DOTMA/DOPE in all cell lines. This finding
could be explained by increased uptake of the smaller ME42
particles than the larger unPEGylated complexes by en-
docytosis. ME42 formulations were better than
CH300 by �50% in 2 of the cell lines (bEND3 and
PVSMCs), which might be attributed again to smaller
particle sizes and the additional cleavability of ME42
to allow PEG removal.

GFP transfection efficiency of RTNs made with lipid
ME42 and peptide ME27 (ME42/ME27) was deter-
mined and found to be significantly higher than that of
lipoplexes of ME42 with no peptide in all 4 cell lines.
Compared with polyplexes of ME27 with DNA, the
ME42/ME27 formulation was significantly better in 2
of the cell lines, HBE and PVSMCs. In fact, the ME27
peptide alone was unexpectedly effective in transfect-
ing Neuro-2A and bEND.3 cells, whereas in our
previous studies with similar integrin-targeting pep-
tides formulated without lipid, transfection levels
were quite low and required lipid for efficient trans-
fection (4).

The possibility of using PEGylated peptides, with
cleavable linkers, to stabilize nanocomplexes was also
investigated. PEGylated and cleavable peptide struc-
tures with PEG4 linkers located between the oligolysine
(K16) and integrin receptor targeting (RGD) motifs,
with the peptide linker RVRR located either side of
the PEG moiety, e.g., K16-RVRR-(PEG)-(RGD) or K16-
(PEG)-RVRR-(RGD). PEGylated peptides displayed no
evidence of RTN particle stabilization in salt solutions,
as large aggregates were formed that were similar in size to
unPEGylated RTN complexes and displayed reduced trans-
fection efficiency compared with RTNs with non-PEGylated
peptides (data not shown). Thus, PEG-mediated stabi-
lization of RTNs can be mediated only by the lipid
component. Further structural studies will be required
to elucidate the failure of the peptide component to
stabilize the nanocomplexes.

RVRR peptide motifs are cleavable by the endosomal
enzymes furin, which aids processing of Semliki Forest
virus (35) and HIV (36), and cathepsin B, which is
involved in intracellular processing of reovirus (37).
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Therefore, it was hypothesized that cleavable linkers
may also promote processing of peptide components of
RTN formulations. Cleavability was first demonstrated
in vitro in incubations of peptide and RTNs containing
the cleavable peptides with the enzymes furin and
cathepsin (38). One or both of 2 RTNs made with
integrin-targeting cleavable peptides, ME68 or peptide
ME27, displayed improved transfection efficiencies in
vitro, over their respective noncleavable, peptide ho-
mologs (peptide 1 and FMM12) in transfections per-
formed in all 4 cell lines. Endosomal cleavage of the
peptides used here, such as ME27, may lead to disen-
gagement of the nanoparticle from the integrin recep-
tor, allowing more efficient release of the particle from
the endosomal membrane, or removal of a peptide
layer may make the particle smaller and thus more
readily transported through the cytoplasm and the
nuclear envelope.

The cleavable linkers of both the lipid and peptide
seemed to enhance transfection efficiency over that of
their noncleavable counterparts and their cleavability
had been demonstrated in vitro (19), but so far there
was no evidence that the peptides and lipids were
cleaving within the cell. We hypothesized that if intra-
cellular cleavage was an important factor in the im-
proved transfection efficiency of RTNs with cleavable
lipid and peptide components, then inhibitors of en-
dosomal acidification should have an adverse effect on
transfection with nanocomplexes formulated with the
cleavable lipids and/or peptides. Lysosomotropic
agents tested included NH4Cl, a lysosomotropic amine
that raises the pH inside acidic vesicles by acting as a
proton trap (39), monensin, a carboxylic ionophore
that elevates the endosomal pH by exchanging protons
for sodium ions across the membrane (40), and chlo-
roquine, which buffers the endosome but also has a
number of other effects on transfection process includ-
ing reduced ligand delivery to lysosomes and intracel-
lular degradation by lysosomal enzymes and complex
formation with plasmid DNA (41).

Chloroquine actually enhanced transfection with all
peptide and lipid complexes, whereas monensin and
ammonium chloride inhibited all transfections, al-
though there were some important differences in com-
paring cleavable and noncleavable formulations. Be-
cause no two inhibitors had the same effect we set
a high level of reproducible statistical probability
(P
0.01) as the definition of significance for results
with individual inhibitors. With these criteria, chloro-
quine enhancement of transfection of peptide ME27/
DNA and lipid ME42/peptide ME27/DNA complexes
was found to be highly significantly reduced relative to
the homologous formulations made with noncleavable
FMM12. In addition, monensin treatment of lipid/
DNA complex transfections led to transfection levels
with the cleavable formulation ME42/DNA that were
2-fold lower than with noncleavable CH300/DNA.
These results supported the hypothesis that peptide
and lipid cleavage were factors in the transfection
efficiency of ME27-containing formulations. In sum-

mary, cell transfection with lysosomotropic inhibitors
offers supportive data that the cleavable lipid and
peptide components can be cleaved in the cell and that
this cleavage contributes to efficiency of transfection of
the cleavable formulations by promoting disassembly
within the cell (Supplemental Fig. 3).

In vivo studies were then performed in a murine
model of neuroblastoma involving subcutaneous en-
graftment of syngeneic Neuro-2A cells in A/J mice
(21). Plasmids comprising a luciferase reporter gene were
formulated with lipids and peptides and delivered intra-
venously, and then luciferase expression was assayed in
tumors and other organs. The cleavable PEGylated RTN
(ME42/DOPE/ME27) displayed an 8-fold higher level
of tumor-specific expression compared with a non-
PEGylated, noncleavable RTN formulation (DOTMA/
DOPE/P1), which also displayed higher levels of ex-
pression in the liver and lung, due probably to larger
particle sizes. Levels of transfection by naked DNA,
lipid ME42/DOPE/DNA, and peptide ME27/DNA
were much lower than those of the ME42/ME27 RTN,
illustrating the synergy of the lipid and peptide com-
ponents.

The in vivo requirements for PEGylation and the
cleavable linkers in both peptide and lipid were then
evaluated. The PEGylated RTN formulations contain-
ing cleavable ME42 were compared with RTNs contain-
ing CH300 and with Lipofectin, all containing peptide
ME27. The non-PEGylated formulation produced less
than one-third of the tumor-specific activity of the two
PEGylated formulations, which produced similar levels
of expression. Thus, for optimal in vivo transfection in
the neuroblastoma model, PEGylation of the RTN is
essential, and the short PEGs linkers used here are very
effective, but cleavability of the lipid is not essential. For
the peptide, however, in comparing peptides ME27
(cleavable) or FMM12 (noncleavable), cleavability was
highly beneficial.

RTNs formulated with ME42, although not more
efficient transfection agents in this model, are pre-
ferred to those with CH300 as they form more stable
particles. The optimal peptide component was pep-
tide ME27, which has a cell surface integrin receptor-
targeting sequence and a cleavable linker susceptible
to endosomal enzyme attack. The RTN formulation
ME42/ME27, administered systemically in a murine
model of neuroblastoma, displayed a high level of
tumor-specific transgene expression with very little
expression in other organs. Uptake to the neuroblas-
toma tumors was probably mediated by the enhanced
permeability and retention effect (42), which in-
volves extravasation of circulating nanoparticles
through the leaky endothelium typical of many tu-
mor blood vessels. The small particle size of 100 nm
is critical for penetration of the tumor endothelium
and to avoid uptake by the liver and other clearing
organs. Once in the tumor, particles are prevented
from reentering the circulation by the vascular blood
pressure. The RTN particles then bind and enter
tumor cells by engagement with integrin receptors,
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which are distributed over the tumor cell surface.
Integrin-mediated cell uptake is exploited by several
viruses and bacteria (43) and so represents an evolu-
tionarily conserved mode of pathogenic cell entry
that can be exploited beneficially for receptor-
mediated, nanoparticle delivery of therapeutic
agents (44). The properties of the RTN formulation
represent new opportunities for applications of nanotech-
nology in delivery of therapeutic agents to solid tumors,
including the possibility of targeted, systemic delivery to
metastases. The wider potential of the RTN system in
other cancer models will be a focus of future studies.
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