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ABSTRACT: Nanoparticle mediated functional delivery of
plasmid DNA (pDNA) in vivo typically requires the
formulation of pDNA-nanoparticles with a surface layer of
stealth/biocompatibility polymer (usually poly(ethylene gly-
col) [PEG]). This PEG layer ensures the colloidal stability of
pDNA-nanoparticles in biological fluids and minimizes
nanoparticle interactions with the reticulo-endothelical system.
Unfortunately, the presence of the PEG layer appears to
contribute to a reduction in efficiency of functional delivery of
pDNA once target cells are reached. For this reason, we have
focused recent research efforts on “triggerable” nanoparticle
systems. These are designed to be stable from the point of
administration until a target site of interest is reached, then
triggered for the controlled release of therapeutic agent payload(s) at the target site by changes in local endogenous conditions or
through the application of some exogenous stimulus. Here, we describe investigations into the potential use of enzymes to trigger
pDNA-mediated therapy through a process of enzyme-assisted nanoparticle triggerability. Our approach is to use PEG2000-
peptidyl lipids with peptidyl moieties sensitive to tumor-localized elastase or matrix metalloproteinase-2 digestion, and from these
prepare putative enzyme-triggered PEGylated pDNA-nanoparticles. Our results provide initial proof of concept in vitro. From
these data, we propose that this concept should be applicable for functional delivery of therapeutic nucleic acids to tumor cells in
vivo, although the mechanism for enzyme-assisted nanoparticle triggerability remains to be fully characterized.

■ INTRODUCTION

The design of appropriate nanoparticles for the functional
delivery of plasmid DNA (pDNA) to target cells in vivo has
been a main objective of gene therapy research over the past
few years. Starting originally with cationic liposomes, pDNA-
lipoplex nanoparticles were found too unstable with respect to
colloidal aggregation in vivo to be of real utility.1 Although
several means were devised to create more stable lipoplex
nanoparticles,2−5 we have been forced to come to the
conclusion that our preferred approach going forward should
be through the formation of lipid-based nanoparticles that
conform to the synthetic, self-assembly ABCD nanoparticle
paradigm as described previously.6−8

Nanoparticles of this type are equipped with a surface layer
(C-layer)6−8 of poly(ethylene glycol) [PEG]) that is known to
provide for colloidal stability in biological fluids and resistance
to immune system challenge. However, functional delivery of
entrapped nucleic acids can be affected substantially at target
sites by the presence of a PEG surface layer too.6−8 This
situation represents a potentially significant internal nano-
particle barrier to successful functional delivery that requires a

response. In our case, we have sought to overcome this
problem with a focus on the development of nanoparticles that
are triggerable (i.e., stable in biological fluid, but triggered for
the controlled release of therapeutic agent payload(s) at the
target sites of interest by changes in local endogenous
conditions or through the application of some exogenous
stimulus). In this respect, we very recently described two forms
of triggerable nanoparticle for the functional delivery of pDNA
to murine lung in vivo. The first system was categorized as a
half-life-triggered lipid-based nanoparticle system,9 and the
second as a redox-triggered polymer-based nanoparticle
system.10 Here, we describe our efforts to devise enzyme-
triggered lipid-based pDNA-nanoparticles for enhanced trans-
fection of tumor cells, taking advantage of the binding and
cleavage specificity of tissue-matrix associated enzymes, such as
human leukocyte elastase (HLE) and matrix metalloproteinase-
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Scheme 1. Human Leukocyte Elastase (HLE) and Matrix Metalloproteinase-2 (MMP-2) Mechanismsa

a(a) crystal structure of human leukocyte elastase is shown (PDB: 1EAS); (b) the peptide link hydrolysis mechanism is shown involving the catalytic
triad, His57, Asp102, and Ser195; (c) representation of the complex between pro-MMP-2/tissue inhibitor of metalloproteinase-2 (TIMP-2). The
domain structure of MMP-2 is shown19 (PDBs: 1HOV and 1GXD); (d) mechanism of catalytic Zn(II) mediated peptide link hydrolysis is shown
involving Ala 192 and Glu404.
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2 (MMP-2) that are present in the extracellular spaces of tumor
volumes.
High levels of the proteolytic enzyme, elastase, are found in

tumors in order to promote invasion and metastasis by
degrading basement membrane and extracellular matrix
barrier.11−13 On the other hand, many tumors are also well-
known to secrete substantial quantities of MMP-2 for the
degradation of the intercellular collagen matrix in order to

promote invasion and metastasis (Scheme 1).14−21 Upon the
basis of amino acid residue proteolysis-consensus sequences for
these two enzymes, we synthesized four different PEG2000-
peptidyl-lipids 1−4 and two PEG2000-lipid controls 5 and 6
(Figure 1) that were then used in the formulation of PEGylated
pDNA-nanoparticles. We report on data from a sequence of
nanoparticle characterization experiments and also from studies
involving functional nucleic acid delivery to two tumor cell lines

Figure 1. Lipids used in preparation of cationic liposomes.
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Scheme 2. Syntheses of PEG2000-Peptidyl-Lipids and PEG2000-Lipid Controlsa

a(i) (a) Fmoc-Pro-OH (3 equiv), HBTU (2.9 equiv), HOBt (3 equiv), DIPEA (3 equiv), and DMF, 45 min, (b) 20% piperidine, DMF, 10 min
(twice), (c) Fmoc-Ala-OH (3 equiv), HBTU (2.9 equiv), HOBt (3 equiv), DIPEA (3 equiv), DMF, 1 h, (d) repeat (b) and (c), (e) 0.5% TFA,
CH2Cl2, to cleave from the resin, RT, 4 h, 82%; (ii) HBTU (1 equiv), DMAP (3 equiv), dry CH2Cl2, overnight, 63−68%; (iii) 20% piperidine. dry
CH2Cl2, RT, 4 h, 83%; (iv) PEG

2000-NHS ester (1 equiv), DIPEA (1 equiv), dry CH2Cl2, RT, 18 h, 55%; (v) (a) Fmoc-Gly-OH (3 equiv), HBTU
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in vitro. Our results demonstrate clear boosts to functional
delivery in the presence of enzymes that are consistent with the
development of enzyme-triggered nanoparticle mediated trans-
fection involving both tumor cell lines. We discuss how the
efficiency of enzyme-triggered nanoparticle-mediated trans-
fection could result from partial proteolysis of PEG2000-
peptidyl-lipids and the subsequent release or shedding of
PEG2000-moieties from nanoparticle surfaces, thereby lowering
PEG2000-related inhibitory effects locally and promoting
transfection. We also describe an alternative possible
mechanism as well. Importantly, functional delivery was
achieved using PEGylated pDNA-nanoparticles that have
appropriate properties including stability with respect to
colloidal aggregation for full in vivo use without further
modification.

■ MATERIALS AND METHODS
General Procedure. Amino acids and resin were purchased

from Novabiochem (UK). α-Methoxy-PEG2000-ω-N-hydroxy-
succinide (PEG2000-NHS ester) was obtained from Rapp
Polymere (Tübingen, Germany). Lipids, HLE, MMP-2, and
other chemicals used in the synthesis were purchased from
Sigma-Aldrich (UK) and were used without further purification.
MCF-7 cell lines were purchased from ATCC (LGC, UK). Cell
culture medium and other cell culture reagents were obtained
from Invitrogen (UK). The compounds were characterized
using 1H (400 MHz) NMR and 13C (100 MHz) NMR
spectroscopy (Bruker Advance 400). Mass spectroscopy was
performed using Bruker Esquire 3000 ESI or VG-070B, Joel
SX-102 instruments. High-performance liquid chromatography
(HPLC) analysis was conducted on a Hitachi-LaChrom L-7150
pump system connected to a PL-ELS 1000 detector (Polymer
Laboratories, UK) using a reverse phase C-4 protein column,
gradient mix: 0.0 min [100% A], 15.0−25.0 min [100% B],
25.1−45.0 min [100% C], 45.1−55.0 min [100% A], flow: 1
mL min−1. The cationic lipid N′,N′-dioctadecyl-N-4,8-diaza-10-
aminodecanoylglycylamide (DODAG) 7 was prepared as
described previously.22 Dioleoyl-L-α-phosphatidylcholine
(DOPC) 8 and cholesterol (Chol) 9 along with all other
chemicals were purchased from Sigma-Aldrich, Lancaster, or
Merck Biosciences. Full details for the syntheses of PEG2000-
peptidyl-lipids 1−4 and two PEG2000-lipid controls 5 and 6 are
described below (Figure 1; Scheme 2).
Fmoc-AAPV-OH 10. Valyl-2-chlorotrityl resin (500 mg,

0.35 mmol) was added to a solid phase vessel and swelled in
dimethylformamide (DMF) (10 mL) and agitated for 2 h.
DMF was removed and replaced with a solution of N-protected
fluorenylmethyloxycarbonyl (Fmoc)-amino acid (1.05 mmol),
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU) (386.9 mg, 1.02 mmol), hydroxy
benzotriazole (HOBt) (141.9 mg, 1.05 mmol), and di-
isopropylethylamine (DIPEA) (180 μL, 1.05 mmol) in 10
mL DMF. The mixture was agitated for 45 min, then washed
twice with DMF and deprotected with 10 mL of 20% (v/v)
piperidine in DMF. Cycles of amino acid coupling and Fmoc

deprotection were carried out under the same conditions using
Fmoc-Pro-OH (354.3 mg, 1.05 mmol) and Fmoc-Ala-OH
(326.9 mg, 1.05 mmol), respectively. When the last coupling
was achieved, the resin was washed successively with DMF,
CH2Cl2, MeOH, and Et2O and allowed to dry under vacuum
for 2 h. The peptide was then cleaved off the resin using 10 mL
of 0.5% TFA in CH2Cl2 for 4 h. The solution was filtered and
the solvent was removed in vacuo. The residue was
recrystallized in cold Et2O and the precipitate was freeze−
dried overnight to afford the N-Fmoc protected-peptide 10 as a
white solid (166.4 mg, 82%); 1H NMR (400 MHz, CDCl3) δH
0.87, 0.90 (6H, d, J = 6.8 Hz, 2 × CH3 Val), 1.33, 1.34 (6H, d, J
= 6.8 Hz, 2 × CH3 Ala), 1.93−2.27 (5H, m, CH(β) Val,
CH2(β) Pro, CH2(γ) Pro), 3.60−3.80 (2H, m, CH2(δ) Pro),
4.18 (1H, t, J = 7.0 Hz, CH (α) Val), 4.34−4.37 (2H, m, CH
(α) Ala), 4.40−4.51 (2H, m, CH (α) Pro, Fmoc CH), 4.60−
4.85 (2H, m, Fmoc CH2), 5.9 (1H, d, J = 7.6 Hz, NH), 7.25−
7.77 (8H, Fmoc aromatic CH), 7.93 (1H, NH), 10.61 (1H,
COOH); 13C NMR (100 MHz, CDCl3) δC 17.3 (2C, 2 × CH3
Val), 18.5 (2C, 2 × CH3 Ala), 25.0 (CH2(γ) Pro), 28.0
(CH2(β) Pro), 31.2 (CH (β) Val), 37.5 (Fmoc CH), 47.0 (CH
(α) Ala), 47.7 (CH2(δ) Pro), 50.3 (CH (α) Ala), 57.5 (CH(α)
Val), 60.4 (CH (α) Pro), 67.5 (Fmoc CH2), 120.0, 125.1,
127.1, 127.8 (8C, Fmoc aromatic CH), 141.3, 143.7 (4C, Fmoc
aromatic C), 156.3 (CO carbamate), 164.2, 171.7, 172.9, 174.2
(4C, CO), 177.0 (COOH); HPLC: Rt = 17.8 min, m/z (ESI
+ve) 579 (M+H)+.

N1-Cholesteryloxycarbonyl-1,2-diaminoethane 11. To
a stirred solution of ethylene-1,2-diamine (150 mL) at room
temperature was added cholesteryl chloroformate (2 g, 4.45
mmol) in CHCl3 dropwise. After 18 h, the reaction was
quenched with H2O (300 mL) and extracted with CH2Cl2 (3 ×
150 mL). The organic extract was dried over MgSO4 and the
solvent was evaporated in vacuo. The compound was purified
by flash column chromatography on silica gel (CH2Cl2/
MeOH/H2O at 92:7:1 v/v/v) to yield 11 as a white solid
(1.71g, 86%); 1H NMR (400 MHz, CDCl3) δH 0.66 (3H, s, 18-
CH3), 0.84 (3H, d, J = 6.4 Hz, 27-CH3), 0.85 (3H, d, J = 6.8
Hz, 26-CH3), 0.90 (3H, d, J = 6.4 Hz, 21-CH3), 0.92 (3H, s, 19-
CH3), 1.02−1.63 (21H, m, 1-CH2, 9-CH, 11-CH2, 12-CH2, 14-
CH, 15-CH2, 16-CH2, 17-CH, 20-CH, 22-CH2, 23-CH2, 24-
CH2, 25-CH), 1.76−2.04 (5H, m, 2-CH2, 7-CH2, 8-CH),
2.22−2.36 (2H, m, 4-CH2), 2.79−2.81 (2H, m, 3′-CH2), 3.19−
3.21 (2H, m, 4′-CH2), 4.52 (1H, m, 3-CH), 5.31 (1H, s, 6-
CH); 13C NMR (100 MHz, CDCl3) δC 11.8 (18-C),18.6 (21-
C), 19.3 (19-C), 21.0 (11-C), 22.5 (26-C), 22.8 (27-C), 23.7
(23-C), 24.2 (15-C), 27.9 (25-C), 28.2 (2C, 2-C, 16-C), 31.8
(2C, 8-C, 7-C), 35.7 (20-C), 36.1 (22-C), 36.5 (10-C), 36.9 (1-
C), 38.5 (24-C), 39.4 (4-C), 39.6 (12-C), 39.8 (4′-CH2), 40.6
(3′-CH2), 42.2 (13-C), 49.9 (9-C), 56.0 (17-C), 56.6 (14-C),
74.2 (3-C), 122.4 (6-C), 139.8 (5-C), 156.4 (CO carbamate);
MS (ESI +ve) 473 (M + H)+, HRMS (FAB +ve) calculated for
C30H53N2O2 (M + H) 473.4119, found 473.4107.

Fmoc-AAPV-(N1-cholesteryloxycarbonyl-1,2-diamino-
ethane) 12. To a solution of N-Fmoc-protected peptide 10

Scheme 2. continued

(2.9 equiv), HOBt (3 equiv), DIPEA (3 equiv), and DMF, 45 min, (b) 20% piperidine, DMF, 10 min (twice), (c) Fmoc-Leu-OH (3 equiv), HBTU
(2.9 equiv), HOBt (3 equiv), DIPEA (3 equiv), DMF, 1 h, (d) repeat (b) and (c) with Fmoc-Pro-OH (3 equiv) and Fmoc-Gly-OH (3 equiv),
respectively, in turn, (e) 0.5% TFA, CH2C12, to cleave from the resin, RT, 4 h, 49%; (vi) HBTU (1 equiv), DMAP (3 equiv), dry CH2Cl2, overnight,
74%; (vii) 20% piperidine, dry CH2Cl2, RT, 4 h, 83%; (viii) PEG2000-NHS ester (1 equiv), DIPEA (1 equiv), dry CH2Cl2, RT, 18 h, 47%; (ix)
PEG2000-COOH (1 equiv), HBTU (1.2 equiv), DMAP (cat.), dry CH2Cl2, RT, 18 h, 25% (overall yield).
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(108.6 mg, 0.19 mmol), dimethylaminopyridine (DMAP) (68.6
mg, 0.56 mmol), and HBTU (72.6 mg, 0.19 mmol) in dry
CHCl3 (5 mL) was added N1-cholesteryloxycarbonyl-1,2-
diaminoethane 11 (88.2 mg, 0.19 mmol), in dry CHCl3 (3
mL). The mixture was stirred at room temperature under a
nitrogen atmosphere for 18 h. Afterward the reaction was
quenched with 4% citric acid (4 mL) and washed with CHCl3
(3 × 20 mL). The organic extract was dried over MgSO4,
filtered, and concentrated in vacuo to afford the desired N-
Fmoc-protected peptide−cholesterol conjugate 12 as a pale
yellow solid (131.4 mg, 68%); 1H NMR (400 MHz, CDCl3) δH
0.66 (3H, s, 18-CH3), 0.86 (3H, d, J = 6.8 Hz, 27-CH3), 0.87
(3H, d, J = 6.8 Hz, 26-CH3), 0.89−1.02 (12H, m, 2 × CH3 Val,
19-CH3, 21-CH3), 1.04−2.38 (41H, m, 2 × CH3 Ala, CH (β)
Val, CH2 (β) Pro, CH2 (γ) Pro, 1-CH2, 2-CH2, 4-CH2, 7-CH2,
8-CH, 9-CH, 11-CH2, 12-CH2, 14-CH, 15-CH2, 16-CH2, 17-
CH, 20-CH, 22-CH2, 23-CH2, 24-CH2, 25-CH, 3′-CH2), 3.20−
3.90 (2H, m, 4′-CH2), 4.19−4.85 (7H, m, CH (α) Ala, CH (α)
Val, CH (α) Pro, Fmoc CH, Fmoc CH2, 3-CH), 5.32 (1H, s, 6-
CH), 7.25−7.76 (8H, Fmoc aromatic CH); 13C NMR (100
MHz, CDCl3) δC 11.8 (18-C), 17.7 (2C, 2 × CH3 Val), 18.5
(2C, 2 × CH3 Ala), 19.4 (21-C), 21.0 (19-C), 21.3 (11-C), 22.5
(26-C), 22.8 (27-C), 23.0 (CH2 (γ) Pro), 23.8 (23-C), 24.2
(15-C), 25.1 (CH2 (β) Pro), 28.0 (25-C), 28.2 (16-C), 28.4 (2-
C), 30.1 (CH (β) Val), 31.8 (8-C), 33.6 (7-C), 35.7 (20-C),
36.1 (22-C), 36.5 (10-C), 36.9 (1-C), 38.9 (24-C), 39.5 (2C, 4-
C, Fmoc CH), 39.6 (12-C), 39.9 (4′-CH2), 40.4 (3′-CH2), 42.2
(13-C), 47.1 (CH (α) Ala), 47.5 (CH2 (δ) Pro), 47.8 (9-C),
50.2 (CH (α) Ala), 56.1 (17-C), 56.6 (14-C), 57.5 (CH (α)
Val), 60.4 (CH (α) Pro), 67.0 (Fmoc CH2), 74.5 (3-C), 122.5
(6-C), 119.9, 125.1, 127.1, 127.8 (8C, Fmoc aromatic CH),
139.7 (5-C), 142.1, 143.8 (4C, Fmoc aromatic C), 155.8, 156.7
(2C, 2 × CO carbamate), 171.3, 171.5, 172.1, 172.5, (4C, 4 ×
CO); m/z (ESI +ve) 1033 (M+H)+.
H2N-AAPV-(N

1-cholesteryloxycarbonyl-1,2-diamino-
ethane) 13. To a solution of N-Fmoc-protected peptide−
cholesterol conjugate 12 (97.7 mg, 0.095 mmol) in dry CH2Cl2
(4 mL) was added piperidine (1 mL). The reaction was stirred
at room temperature under a nitrogen atmosphere for 4 h. The
crude mixture was concentrated in vacuo and purified using
flash column chromatography (CH2Cl2/MeOH/NH3 [at
92:9:1 v/v/v] to MeOH/CH2Cl2 [at 1:2 v/v]) to afford the
peptide−cholesterol conjugate 13 as a white solid (63.4 mg,
83%); 1H NMR (400 MHz, CDCl3) δH 0.66 (3H, s, 18-CH3),
0.86 (3H, d, J = 6.8 Hz, 27-CH3), 0.87 (3H, d, J = 6.8 Hz, 26-
CH3), 0.88−1.03 (12H, m, 2 × CH3 Val, 19-CH3, 21-CH3),
1.07−2.37 (41H, m, 2 × CH3 Ala, CH (β) Val, CH2 (β) Pro,
CH2 (γ) Pro, 1-CH2, 2-CH2, 4-CH2, 7-CH2, 8-CH, 9-CH, 11-
CH2, 12-CH2, 14-CH, 15-CH2, 16-CH2, 17-CH, 20-CH, 22-
CH2, 23-CH2, 24-CH2, 25-CH, 3′-CH2), 3.20−3.85 (2H, m, 4′-
CH2), 4.21−4.80 (4H, m, CH (α) Ala, CH (α) Val, CH (α)
Pro, 3-CH), 5.36 (1H, s, 6-CH); 13C NMR (400 MHz, CDCl3)
δC 11.8 (18-C), 17.4 (2C, 2 × CH3 Val), 18.6 (2C, 2 × CH3
Ala), 19.4 (21-C), 21.0 (19-C), 21.5 (11-C), 22.6 (26-C), 22.7
(27-C), 23.0 (CH2 (γ) Pro), 23.7 (23-C), 24.2 (15-C), 25.2
(CH2 (β) Pro), 27.9 (25-C), 28.1 (16-C), 28.2 (2-C), 29.8
(CH (β) Val), 31.8 (8-C), 33.6 (7-C), 35.7 (20-C), 36.1 (22-
C), 36.5 (10-C), 36.9 (1-C), 38.5 (24-C), 39.4 (4-C), 39.7 (12-
C), 40.1 (4′-CH2), 40.4 (3′-CH2), 42.2 (13-C), 46.2 (CH (α)
Ala), 47.5 (CH2 (δ) Pro), 47.7 (9-C), 50.2 (CH (α) Ala), 56.1
(17-C), 56.6 (14-C), 58.5 (CH (α) Val), 60.9 (CH (α) Pro),
74.4 (3-C), 122.5 (6-C), 139.7 (5-C), 156.7 (CO carbamate),

171.1, 172.0, 173.1, 175.5, (4C, 4 × CO); m/z (ESI +ve) 811
(M+H)+.

PEG2000-AAPV-(N1-cholesteryloxycarbonyl-1,2-diami-
noethane) 1. To a solution of peptide−cholesterol conjugate
13 (59.2 mg, 0.073 mmol) and DIPEA (12.5 μL, 0.073 mmol)
in dry CH2Cl2 (5 mL) and under a nitrogen atmosphere was
added PEG2000-NHS ester (148.6 mg, 0.073 mmol) in dry
CH2Cl2 (3 mL). The reaction was stirred at room temperature
for 18 h. The solvent was removed in vacuo, and the crude
mixture was purified using flash column chromatography
(CH2Cl2/MeOH/H2O [at 92:9:1 v/v/v] to MeOH/CH2Cl2
[at 1:2 v/v]) to yield the desired PEGylated peptide−
cholesterol conjugate 1 as a white solid (109.6 mg, 55%); 1H
NMR (400 MHz, CDCl3) δH 0.68 (3H, s, 18-CH3), 0.86 (3H,
d, J = 6.8 Hz, 27-CH3), 0.87 (3H, d, J = 6.8 Hz, 26-CH3), 0.88−
1.03 (12H, m, 2 × CH3 Val, 19-CH3, 21-CH3), 1.06−2.37
(41H, m, 2 × CH3 Ala, CH (β) Val, CH2 (β) Pro, CH2 (γ) Pro,
1-CH2, 2-CH2, 4-CH2, 7-CH2, 8-CH, 9-CH, 11-CH2, 12-CH2,
14-CH, 15-CH2, 16-CH2, 17-CH, 20-CH, 22-CH2, 23-CH2, 24-
CH2, 25-CH, 3′-CH2), 3.38 (3H, s, CH3O), 3.63 (164H, s,
PEG CH2), 3.24−3.85 (2H, m, 4′-CH2), 4.29−4.74 (4H, m,
CH (α) Ala, CH (α) Val, CH (α) Pro, 3-CH), 5.36 (1H, s, 6-
CH); 13C NMR (100 MHz, CDCl3) δC 11.8 (18-C), 17.3 (2C,
2 × CH3 Val), 18.6 (2C, 2 × CH3 Ala), 19.2 (21-C), 19.5 (19-
C), 21.0 (11-C), 22.5 (26-C), 22.7 (27-C), 23.0 (CH2 (γ) Pro),
23.7 (23-C), 24.2 (15-C), 25.2 (CH2 (β) Pro), 27.9 (25-C),
28.1 (16-C), 28.2 (2-C), 29.8 (CH (β) Val), 31.5 (8-C), 31.7
(7-C), 35.7 (20-C), 36.1 (22-C), 36.5 (10-C), 36.8 (1-C), 38.5
(24-C), 39.4 (4-C), 39.7 (12-C), 40.0 (4′-CH2), 40.4 (3′-CH2),
42.2 (13-C), 47.4 (CH (α) Ala), 48.1 (CH2 (δ) Pro), 48.8 (9-
C), 49.9 (CH (α) Ala), 56.1 (17-C), 56.6 (14-C), 58.4 (CH
(α) Val), 60.9 (CH (α) Pro), 70.5 (PEG CH2), 74.3 (3-C),
122.5 (6-C), 139.7 (5-C), 156.6 (CO carbamate), 171.1, 171.5,
172.0, 172.4, 172.6, 173.0 (6C, 6 × CO); HPLC: Rt = 25.6 min,
column reverse-phase C-4 protein, gradient mix: 0.0 min [100%
A], 15.0−25.0 min [100% B], 25.1−45.0 min [100% C], 45.1−
55.0 min [100% A], flow: 1 mL min−1; m/z (MALDI +ve):
2743 (M+Na)+.

Fmoc-GPLGV−OH 14. Synthesized as described in the
general procedure for the synthesis of the N-Fmoc-protected
peptide 10, using Fmoc-Gly-OH (312.2 mg, 1.05 mmol),
Fmoc-Leu-OH (371.1 mg, 1.05 mmol), Fmoc-Pro-OH (354.3
mg, 1.05 mmol), and Fmoc-Gly-OH (312.2 mg, 1.05 mmol),
respectively, to afford 14 as a white solid (114 mg, 49%); 1H
NMR (400 MHz, CDCl3) δH 0.86−0.97 (12H, m, 2 × CH3
Leu, 2 × CH3 Val), 1.53−1.85 (3H, m, CH2 (β) Leu, CH (γ)
Leu), 1.98−2.22 (5H, m, CH (β) Val, CH2 (β) Pro, CH2 (γ)
Pro), 3.5 (2H, m, CH2 (δ) Pro), 3.61−3.86 (2H, m, CH2 (α)
Gly), 4.0 (2H, s, CH2 (α) Gly), 4.12−4.27 (4H, m, CH (α)
Val, CH (α) Leu, CH (α) Pro, Fmoc CH), 4.30−4.51 (2H, m,
Fmoc CH2), 7.30−7.78 (8H, m, Fmoc aromatic CH); 13C
NMR (100 MHz, CDCl3) δC 17.8 (2C, 2 × CH3 Leu), 19.0 (2
× CH3 Val), 21.6 (CH2 (β) Leu), 23.0 (CH2 (γ) Pro), 25.0
(CH2 (β) Pro), 29.0 (CH (γ) Leu), 30.2 (CH (β) Val), 39.5
(Fmoc CH), 43.0 (CH2 (α) Gly), 43.6 (CH2 (α) Gly), 46.9
(CH2 (δ) Pro), 52.2 (CH (α) Leu), 58.1 (CH (α) Val), 61.2
(CH (α) Pro), 67.3 (Fmoc CH2), 119.9, 125.1, 127.0, 127.7
(8C, Fmoc aromatic CH), 141.2, 143.7 (4C, Fmoc aromatic
C), 157.2 (CO carbamate), 169.9, 170.5, 172.4, 173.4, 173.8
(5C, 5 x CO), 177.5 (COOH); HPLC: Rt = 18.7 min; m/z
(ESI +ve) 665 (M+H)+.

Fmoc-GPLGV-(N1-cholesteryloxycarbonyl-1,2-diami-
noethane) 15. Synthesized as described in the general
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procedure for the N-Fmoc-protected peptide−cholesterol
conjugate 12, using N-Fmoc-protected peptide 14 (105.0 mg,
0.16 mmol), N1-cholesteryloxycarbonyl-1,2-diaminoethane 11
(75.6 mg, 0.16 mmol), DMAP (58.6 mg, 0.48 mmol), and
HBTU (60.7 mg, 0.16 mmol) to yield 15 as a white solid
(132.8 mg, 74%); 1H NMR (400 MHz, CDCl3) δH 0.69 (3H, s,
18-CH3), 0.88 (3H, d, J = 6.8 Hz, 27-CH3), 0.89 (3H, d, J = 6.8
Hz, 26-CH3), 0.91−1.01 (18H, m, 2 × CH3 Leu, 2 × CH3 Val,
19-CH3, 21-CH3), 1.05−2.38 (38H, m, CH2 (β) Leu, CH (γ)
Leu, CH (β) Val, CH2 (β) Pro, CH2 (γ) Pro, 1-CH2, 2-CH2, 4-
CH2, 7-CH2, 8-CH, 9-CH, 11-CH2, 12-CH2, 14-CH, 15-CH2,
16-CH2, 17-CH, 20-CH, 22-CH2, 23-CH2, 24-CH2, 25-CH, 3′-
CH2), 3.25−3.93 (6H, m, CH2 (γ) Pro, CH2 (α) Gly, 4′-CH2),
4.05−4.48 (9H, m, CH2 (α) Gly, CH (α) Val, CH (α) Leu, CH
(α) Pro, Fmoc CH, Fmoc CH2, 3-CH), 5.34 (1H, s, 6-CH),
7.31−7.78 (8H, m, Fmoc aromatic CH); 13C NMR (100 MHz,
CDCl3) δC 11.8 (18-C), 17.7 (2 × CH3 Leu), 18.7 (2 × CH3
Val), 19.3 (21-C), 21.0 (19-C), 21.3 (11-C), 21.5 (CH2 (β)
Leu), 22.5 (26-C), 22.8 (27-C), 23.0 (CH2 (γ) Pro), 23.8 (23-
C), 24.2 (15-C), 25.1 (CH2 (β) Pro), 28.0 (25-C), 28.2 (16-C),
29.0 (2-C), 29.4 (CH (γ) Leu), 29.7 (CH (β) Val), 31.8 (2C,
8-C, 7-C), 35.8 (20-C), 36.1 (22-C), 36.5 (10-C), 36.9 (1-C),
38.6 (24-C), 39.5 (2C, 4-C, Fmoc CH), 39.7 (12-C), 39.8 (4′-
CH2), 40.6 (3′-CH2), 42.3 (13-C), 43.7 (CH2 (α) Gly), 44.3
(CH2 (α) Gly), 47.0 (CH2 (δ) Pro), 49.9 (9-C), 50.0 (CH (α)
Leu), 56.1 (17-C), 56.6 (14-C), 59.1 (CH (α) Val), 61.5 (CH
(α) Pro), 67.4 (Fmoc CH2), 74.3 (3-C), 122.5 (6-C), 119.9,
125.0, 127.1, 127.8 (8C, Fmoc aromatic CH), 139.8 (5-C),
141.2, 143.6 (4C, Fmoc aromatic C), 156.7, 157.4 (2C, 2 × CO
carbamate), 169.8, 170.5, 172.2, 172.6, 174.7 (5C, 5 × CO); m/
z (ESI +ve) 1119 (M+H)+.
H2N-GPLGV-(N

1-cholesteryloxycarbonyl-1,2-diamino-
ethane) 16. Synthesized as described in the procedure for the
preparation of peptide−cholesterol conjugate 13, using N-
Fmoc-protected peptide−cholesterol conjugate 15 (102.9 mg,
0.092 mmol) to afford 16 as a white solid (68.3 mg, 83%); 1H
NMR (400 MHz, CDCl3) δH 0.74 (3H, s, 18-CH3), 0.93 (3H,
d, J = 6.8 Hz, 27-CH3), 0.94 (3H, d, J = 6.8 Hz, 26-CH3), 0.96−
1.09 (18H, m, 2 × CH3 Leu, 2 × CH3 Val, 19-CH3, 21-CH3),
1.13−2.45 (38H, m, CH2 (β) Leu, CH (γ) Leu, CH (β) Val,
CH2 (β) Pro, CH2 (γ) Pro, 1-CH2, 2-CH2, 4-CH2, 7-CH2, 8-
CH, 9-CH, 11-CH2, 12-CH2, 14-CH, 15-CH2, 16-CH2, 17-CH,
20-CH, 22-CH2, 23-CH2, 24-CH2, 25-CH, 3′-CH2), 3.21−3.95
(6H, m, CH2 (γ) Pro, CH2 (α) Gly, 4′-CH2), 4.10−4.50 (6H,
m, CH2 (α) Gly, CH (α) Val, CH (α) Leu, CH (α) Pro, 3-
CH), 5.38 (1H, s, 6-CH); 13C NMR (400 MHz, CDCl3) δC
11.8 (18-C), 17.8 (2 × CH3 Leu), 18.7 (2 × CH3 Val), 19.3
(21-C), 21.0 (19-C), 21.4 (11-C), 22.6 (CH2 (β) Leu), 22.7
(26-C), 22.8 (27-C), 23.0 (CH2 (γ) Pro), 23.8 (23-C), 24.3
(15-C), 25.0 (CH2 (β) Pro), 28.0 (25-C), 28.2 (16-C), 29.3 (2-
C), 29.5 (CH (γ) Leu), 29.7 (CH (β) Val), 31.8 (2C, 8-C, 7-
C), 35.8 (20-C), 36.2 (22-C), 36.6 (10-C), 37.0 (1-C), 38.6
(24-C), 39.5 (4-C), 39.7 (12-C), 40.6 (2C, 3′-CH2, 4′-CH2),
42.3 (3C, 13C, 2 × CH2 (α) Gly), 46.6 (CH2 (δ) Pro), 50.0
(2C, 9-C, CH (α) Leu), 56.1 (17-C), 56.7 (14-C), 58.3 (2C,
CH (α) Val, CH (α) Pro), 75.0 (3-C), 122.5 (6-C), 139.8 (5-
C), 156.8 (CO carbamate), 169.8, 171.0, 172.4, 172.6, 173.0
(5C, 5 × CO); m/z (ESI +ve) 897 (M+H)+.
PEG2000-GPLGV-(N1-cholesteryloxycarbonyl-1,2-diami-

noethane) 2. Synthesized as described in the procedure for
the PEGylated peptide−cholesterol conjugate 1, using pep-
tide−cholesterol conjugate 16 (68.3 mg, 0.076 mmol), DIPEA
(13.1 μL, 0.076 mmol), and PEG2000-NHS ester (155.1 mg,

0.076 mmol) to obtain 2 as a white solid (100 mg, 47%); 1H
NMR (400 MHz, CDCl3) δH 0.66 (3H, s, 18-CH3), 0.84 (3H,
d, J = 6.8 Hz, 27-CH3), 0.86 (3H, d, J = 6.8 Hz, 26-CH3), 0.89−
1.02 (18H, m, 2 × CH3 Leu, 2 × CH3 Val, 19-CH3, 21-CH3),
1.10−2.33 (38H, m, CH2 (β) Leu, CH (γ) Leu, CH (β) Val,
CH2 (β) Pro, CH2 (γ) Pro, 1-CH2, 2-CH2, 4-CH2, 7-CH2, 8-
CH, 9-CH, 11-CH2, 12-CH2, 14-CH, 15-CH2, 16-CH2, 17-CH,
20-CH, 22-CH2, 23-CH2, 24-CH2, 25-CH, 3′-CH2), 3.38 (3H,
s, CH3O), 3.64 (164H, s, PEG CH2), 3.20−3.83 (6H, m, CH2
(γ) Pro, CH2 (α) Gly, 4′- CH2), 4.10−4.50 (6H, m, CH2 (α)
Gly, CH (α) Val, CH (α) Leu, CH (α) Pro, 3-CH), 5.34 (1H,
s, 6-CH); 13C NMR (100 MHz, CDCl3) δC 11.8 (18-C), 17.8
(2C, 2 × CH3 Leu), 18.7 (2C, 2 × CH3 Val), 19.3 (21-C), 21.0
(19-C), 21.3 (11-C), 22.5 (CH2 (β) Leu), 22.8 (26-C), 23.0
(27-C), 23.2 (CH2 (γ) Pro), 23.8 (23-C), 24.3 (15-C), 25.0
(CH2 (β) Pro), 28.0 (25-C), 28.2 (16-C), 28.9 (2-C), 29.6
(CH (γ) Leu), 30.3 (CH (β) Val), 31.8 (2C, 8-C, 7-C), 35.8
(20-C), 36.1 (22-C), 36.5 (10-C), 37.0 (1-C), 38.6 (24-C),
39.5 (4-C), 39.7 (12-C), 40.0 (2C, 3′-CH2, 4′-CH2), 42.3 (3C,
13C, 2 × CH2 (α) Gly), 47.5 (CH2 (δ) Pro), 50.0 (2C, 9-C,
CH (α) Leu), 56.1 (17-C), 56.6 (14-C), 59.0 (3C, CH (α) Val,
CH (α) Pro, CH3O), 70.5 (PEG CH2), 74.2 (3-C), 122.4 (6-
C), 139.8 (5-C), 156.6 (CO carbamate), 169.4, 170.5, 172.0,
172.5, 173.0, 173.3, 174.2 (7C, 7 × CO); HPLC: Rt = 25.5 min,
column reverse-phase C-4 protein, gradient mix: 0.0 min [100%
A], 15.0−25.0 min [100% B], 25.1−45.0 min [100% C], 45.1−
55.0 min [100% A], flow: 1 mL min−1; m/z (MALDI +ve):
2829 (M+Na)+.

N2-PEG2000-(N1-cholesteryloxycarbonyl-1,2-diamino-
ethane) 5. To a stirred solution of N1-cholesteryloxycarbonyl-
1,2-diaminoethane 11 (60 mg, 0.127 mmol) and DIPEA (21.8
μL, 0.127 mmol) in dry CH2Cl2 (5 mL) at room temperature
and under a nitrogen atmosphere was added PEG2000-NHS
ester (258.5 mg, 0.127 mmol) in dry CH2Cl2 (3 mL). After 18
h, the crude mixture was concentrated in vacuo and
recrystallized in cold Et2O to afford 5 as a white solid (298
mg, 98%); 1H NMR (400 MHz, CDCl3) δH 0.68 (3H, s, 18-
CH3), 0.86 (3H, d, J = 6.4 Hz, 27-CH3), 0.87 (3H, d, J = 6.4
Hz, 26-CH3), 0.91 (3H, d, J = 6.4 Hz, 21-CH3), 1.00 (3H, s, 19-
CH3), 1.05−1.62 (21H, m, 1-CH2, 9-CH, 11-CH2, 12-CH2, 14-
CH, 15-CH2, 16-CH2, 17-CH, 20-CH, 22-CH2, 23-CH2, 24-
CH2, 25-CH), 1.78−2.04 (5H, m, 2-CH2, 7-CH2, 8-CH),
2.06−2.15 (2H, m, 4-CH2), 2.25−2.38 (2H, m, 3′-CH2), 3.25−
3.35 (2H, m, 4′-CH2), 3.38 (3H, s, CH3O), 3.64 (164H, s, PEG
CH2), 4.48 (1H, m, 3-CH), 5.36 (1H, s, 6-CH); 13C NMR
(100 MHz, CDCl3) δC 11.8 (18-C), 18.7 (21-C), 19.3 (19-C),
21.1 (11-C), 22.5 (26-C), 22.8 (27-C), 23.8 (23-C), 24.2 (15-
C), 28.0 (25-C), 28.2 (2C, 2-C, 16-C), 31.8 (2C, 8-C, 7-C),
35.7 (20-C), 36.1 (22-C), 36.5 (10-C), 37.0 (1-C), 38.6 (24-
C), 39.5 (4-C), 39.7 (12-C), 41.0 (2C, 3′-CH2, 4′-CH2), 42.3
(13-C), 50.0 (9-C), 56.1 (17-C), 56.6 (14-C), 59.0 (CH3O),
70.5 (PEG CH2), 74.2 (3-C), 122.4 (6-C), 139.8 (5-C), 170.8,
172.4 (2C, 2 x CO); HPLC: Rt = 25.5 min, column reverse
phase C-4 protein, gradient mix: 0.0 min [100% A], 15.0−25.0
min [100% B], 25.1−45.0 min [100% C], 45.1−55.0 min
[100% A], flow: 1 mL min−1; m/z (MALDI +ve): 2405 (M
+Na)+.

N′-PEG2000-AAPV-N,N-dioctadecylglycylamide 3. N,N-
Dioctadecylglycylamide 17 was prepared as described pre-
viously,22 and coupled to Fmoc-AAPV-OH 10 (in the same
way as described for 12 above) to give Fmoc-AAPV-N,N-
dioctadecylglycylamide 18 that was immediately Fmoc
deprotected to give 19 (as for 13 above), then coupled to
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PEG2000-NHS ester in the same was as described for 1, giving
N′-PEG2000-AAPV-N,N-dioctadecylglycylamide 3 in decent
overall yield (75 mg, 25%); 1H NMR (400 MHz, CDCl3) δH
0.88−0.94 (18H, m, CH3, N-dioctadecylamine, 2 × CH3 Val, 2
× CH3 Ala), 1.19−1.38 (60H, m, CH2 (N-dioctadecylamine)),
1.43−1.59 (4H, m, CH2 (N-dioctadecylamine)), 1.96−2.31
(4H, m, CH2 (β) Pro, CH2 (γ) Pro), 2.54−2.61 (5H, m, CH2
PEG, CH (β) Val), 3.13−3.15 (2H, tr, CH2 (N-dioctadecyl-
amine)), 3.28−3.32 (2H, tr, CH2 (N-dioctadecylamine)),
3.42−3.46 (4H, m, CH2, (δ) Pro, (α) Gly), 3.38 (3H, s,
CH3O), 3.63 (164H, br s, PEG CH2), 4.29−4.74 (4H, m, 2 ×
CH (α) Ala, CH (α) Val, CH (α) Pro); 13C NMR (100 MHz,
CDCl3) δC 11.8 (Me, octadecyl), 17.3 (2C, 2 × CH3 Val), 18.6
(2C, 2 × CH3 Ala), 19.3, 21.0, 21.3, 22.8, 23.0 (CH2,
octadecyl), 23.2 (CH2 (γ) Pro), 23.8, 24.3 (CH2, octadecyl),
25.2 (CH2 (β) Pro), 28.0, 28.2, 28.9 (CH2, octadecyl), 29.8
(CH (β) Val), 31.8, 35.8, 36.1, 36.5, 37.0, 38.6, 39.5, 39.7, 40.0,
42.3 (3C, 2 × NCH2R, CH2 (α) Gly), 47.4 (CH, (α) Ala), 47.5
(CH (α) Pro), 48.1 (CH2 (δ) Pro), 49.9 (CH (α) Ala), 56.1,
56.6 (CH2), 58.4 (CH (α) Val), 60.9 (CH3O-PEG), 70.5 (PEG
CH2), 170.5, 172.0, 172.5, 173.0, 173.3, 174.2 (6C, 6 × CO);
HPLC: Rt = 25.4 min, column reverse phase C-4 protein,
gradient mix: 0.0 min [100% A], 15.0−25.0 min [100% B],
25.1−45.0 min [100% C], 45.1−55.0 min [100% A], flow: 1
mL min−1; m/z (MALDI +ve): 2849 (M+Na)+.
N′-PEG2000-GPLGV- N,N-dioctadecylglycylamide 4.

N,N-Dioctadecylglycylamide 17 was prepared as described
previously,22 and coupled to Fmoc-GPLGV-OH 14 (in the
same way as described for 15 above) to give Fmoc-GPLGV-
N,N-dioctadecylglycylamide 20 that was immediately Fmoc
deprotected to give the conjugate H2N-GPLGV-N,N-dioctade-
cylglycylamide 21 (as for 16 above). Conjugate 21 (100 mg, 0.1
mmol) was then dissolved in CH2Cl2, and HBTU (379.3 mg,
0.12 mmol) with DMAP (cat) added gradually in CH2Cl2
solution. The mixture was left stirring for 30 min. PEG2000-
COOH (199 mg, 0.1 mmol) dissolved in CH2Cl2 was added
slowly and the whole was left stirring overnight at room
temperature giving N′-PEG2000-GPLGV-N,N-dioctadecylglycy-
lamide 4 as a white−yellow solid (75 mg, 25%) after
purification by flash chromatography (hexane and mixture
hexane:ethyl acetate); 1H NMR (400 MHz, CDCl3) δH 0.88−
0.94 (18H, m, 6 × CH3 (N-dioctadecylamine, Leu, Val)),
1.19−1.38 (60H, m, CH2 (N-dioctadecylamine)), 1.43−1.59
(5H, m, 2 × CH2 (N-dioctadecylamine), CH (γ) Leu), 1.81−
2.19 (2H, m, CH2 (β) Leu), 1.96−2.31 (4H, m, CH2 (β) Pro,
CH2 (γ) Pro), 2.54−2.61 (5H, m, CH2 PEG, CH (β) Val), 3.14
(2H, tr, CH2 (N-dioctadecylamine)), 3.30 (2H, tr, CH2 (N-
dioctadecylamine)), 3.42−3.46 (4H, m, CH2, (δ) Pro, (α)
Gly), 3.38 (3H, s, CH3O), 3.55−3.72 (164H, m, 82 × CH2
PEG, CH2 PEG), 3.99−4.12 (4H, m, CH2 (α) Gly, CH2 (α)
Gly), 4.31−4.35 (1H, m, CH (α) Val), 4.57−4.61 (1H, m, CH
(α) Leu); 13C NMR (100 MHz, CDCl3) δC 11.8 (Me,
octadecyl), 17.8 (2C, 2 × CH3 Leu), 18.7 (2C, 2 × CH3 Val),
19.3, 21.0, 21.3 (CH2, octadecyl), 22.5 (CH2 (β) Leu), 22.8,
23.0 (CH2 octadecyl), 23.2 (CH2 (γ) Pro), 23.8, 24.3 (CH2
octadecyl), 25.0 (CH2 (β) Pro), 28.0, 28.2, 28.9 (CH2
octadecyl), 29.6 (CH (γ) Leu), 30.3 (CH (β) Val), 31.8,
35.8, 36.1, 36.5, 37.0, 38.6, 39.5, 39.7, 40.0, 42.3 (5C, 2 ×
NCH2R, 3 × CH2 (α) Gly), 47.5 (CH (α) Pro), 48.1 (CH2 (δ)
Pro), 50.0 (CH (α) Leu), 56.1, 56.6, 59.0 (2C, CH (α) Val,
CH3O-PEG), 70.5 (PEG CH2), 169.4, 170.5, 172.0, 172.5,
173.0, 173.3, 174.2 (7C, 7 × CO); HPLC: Rt = 25.5 min,
column reverse phase C-4 protein, gradient mix: 0.0 min [100%

A], 15.0−25.0 min [100% B], 25.1−45.0 min [100% C], 45.1−
55.0 min [100% A], flow: 1 mL min−1; m/z (MALDI +ve):
2935 (M+Na)+.

N′-PEG2000-N,N-dioctadecylglycylamide 6. To a stirred
solution of N,N-dioctadecylglycylamide 17 (60 mg, 0.127
mmol) and DIPEA (21.8 μL, 0.127 mmol) in dry CH2Cl2 (5
mL) at room temperature and under a nitrogen atmosphere
was added PEG2000-NHS ester (258.5 mg, 0.127 mmol) in dry
CH2Cl2 (3 mL). After 18 h, the crude mixture was
concentrated in vacuo and recrystallized in cold Et2O to afford
the final product 6 as a white solid (298 mg, 98%); 1H NMR
(400 MHz, CDCl3) δH 0.88−0.94 (6H, m, 2 × CH3 (N-
dioctadecylamine)), 1.19−1.38 (60H, m, CH2 (N-dioctadecyl-
amine)), 1.43−1.59 (4H, m, 2 × CH2 (N-dioctadeyclamine)),
2.54−2.61 (4H, m, CH2 PEG), 3.14 (2H, tr, CH2 (N-
dioctadecylamine)), 3.30 (2H, tr, CH2 (N-dioctadecylamine)),
3.42−3.46 (2H, m, CH2 (α) Gly), 3.38 (3H, s, CH3O), 3.55−
3.72 (164H, m, 82 × CH2 PEG, CH2 PEG);

13C NMR (100
MHz, CDCl3) δC 11.8 (Me, octadecyl), 19.3, 21.0, 21.3, 22.8,
23.0, 23.8, 24.3, 25.0, 28.0, 28.2, 28.9, 31.8, 35.8, 36.1, 36.5,
37.0, 38.6 (CH2, octadecyl), 39.5, 39.7, 40.0, 42.3 (3C, 2 ×
NCH2R, CH2 (α) Gly), 56.1, 56.6, 59.0 (CH3O-PEG), 70.5
(PEG CH2), 170.8, 172.4 (2C, 2 × CO); HPLC: Rt = 25.5 min,
column reverse phase C-4 protein, gradient mix: 0.0 min [100%
A], 15.0−25.0 min [100% B], 25.1−45.0 min [100% C], 45.1−
55.0 min [100% A], flow: 1 mL min−1; m/z (MALDI +ve):
2511 (M+Na)+.

Preparation of pDNA. Transformed E. coli containing
pEGFPLuc (pDNA, 6.4 kb) was grown in sterilized LB medium
(5 mL) with kanamycin (5 μL) overnight at 37 °C with
shaking. Next day, the culture was transferred to sterilized LB
medium (500 mL) with kanamycin (500 μL) and was grown at
37 °C with shaking overnight. Isolation of pDNA was carried
out using E.Z.N.A. Endo-Free Plasmid Kit (Omega Bio-Tek)
for preparation of plasmid with low endotoxin levels. pDNA
concentration was determined using Nanodrop ND-1000
(Thermo Fisher Scientific, MA, USA), and found to be 0.5−
0.6 μg/μL. The pDNA quality was assessed by agarose gel
electrophoresis.

Preparation of pDNA Nanoparticles. DODAG 7, DOPC
8, cholesterol 9, and the PEG2000-lipids 1−6 were prepared as
stock solutions in CHCl3 and stored at −20 °C. Appropriate
volumes of each lipid stock were combined in a round-bottom
flask (5 mL) containing CHCl3 (500 μL). The solvent was
slowly removed in vacuo to form an even lipid film that was
then purged with N2 (g) to remove residual traces of organic
solvent. The film was rehydrated with 4 mM (2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) HEPES (pH
7.0) to obtain a total lipid concentration of 1 mg/mL. Lipid
suspensions were subsequently subjected to sonication at 40 °C
for 40 min, leading to the formation of uniform, unilamellar
PEGylated cationic liposomes (see Tables 1 and 2). PEGylated
pDNA nanoparticles were then prepared by mixing the
appropriate volume of pDNA with the resulting liposome
solutions under heavy vortex mixing conditions to obtain
nanoparticles at the desired lipid/pDNA ratio (typically 12:1
w/w).

Determination of pDNA Entrapment Efficiencies and
Nanoparticle Stabilities. Propidium Iodide (PI) Assay.
PEGylated pDNA nanoparticles were prepared, as described
previously, at lipid/pDNA ratios of 1:1, 2:1, 4:1, 8:1, 12:1, and
16:1 w/w. After 10 min incubation at ambient temperature, the
nanoparticles were diluted in 4 mM HEPES buffer, pH 7.0
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(total final volume 100 μL). PI solution (100 μL, 2.5 μM) was
added and the mixtures were incubated at 37 °C for 5 min. The
fluorescence intensity (Aex 535 nm, Iem 617 nm) of each
mixture was measured at using a Varioskan flash microplate
reader. The fluorescence intensities of PEGylated liposomes
alone in PI solution (with no pDNA present) and of PI
solution alone were subtracted as background measurements.
The percentage of pDNA entrapment (%en‑pDNA) follows eq 1

= × −− −I I% 100 [1 ( / )]en pDNA pDNA NPs pDNA (1)

where IpDNA‑NPs represents the measured fluorescence intensity
of a given solution of nanoparticle complexed pDNA incubated
with PI solution, and IpDNA the measured fluorescence intensity
of a corresponding concentration matched control solution of
free pDNA also incubated with PI solution.
Agarose Gel Electrophoresis. PEGylated pDNA nano-

particles were prepared as described previously at 1:1, 2:1,
4:1, 8:1, and 12:1 lipid/pDNA w/w. After 10 min incubation at
ambient temperature, the nanoparticles were diluted in 4 mM
HEPES, pH 7 buffer, to a total volume of 50 μL. Nanoparticle
suspensions (20 μL, 0.4 μg pDNA/well) were combined with
6× orange DNA loading dye (1 μL) and then loaded into
individual wells of 0.8% agarose gels. The DNA molecular
weight marker used in each gel was GeneRuler Ladder mix
(Thermo Fisher Scientific). Gel electrophoresis was performed
at +65 mV for 3 h and gels were visualized under UV light.
Size and Zeta Potential Measurements. Sizes of all cationic

liposomes, pDNA lipoplex nanoparticles, and PEGylated
pDNA nanoparticles were measured by dynamic light scattering
using a Delta N4+ 440SX particle analyzer (Coulter).
Scattering was detected at 25 °C using a 90° scattering angle.
Mean nanoparticle diameters were determined by calculation

from unimodal size distributions. The zeta potential measure-
ments were performed on a Nanoseries Nano-ZS zetasizer
(Malvern, UK) equipped with a 4 mW He−Ne laser (633 nm)
and avalanche photodiode detector. All samples were prepared
in 4 mM HEPES buffer, pH 7 (total lipid concentration 0.5
mg/mL).

Nanoparticle Stability Assays. pDNA lipoplex nanoparticles
and PEGylated pDNA nanoparticles were prepared at lipid/
pDNA ratio of 12:1 w/w, as described previously. Aliquots of
nanoparticles (containing 1 μg pDNA) were diluted with
complete media (500 μL) comprising 10% fetal calf serum
(FCS). The particles sizes were recorded immediately using
dynamic light scattering. The mixtures were incubated at 37 °C
and nanoparticle diameters were measured at 30 min intervals
over 4 h. In the case of 80% FCS stability measurements,
aliquots of FCS (400 μL) were added to the nanoparticle
solutions (100 μL, containing 1 μg pDNA) and the absorbance
of the mixtures was recorded immediately at 600 nm using an
UV spectrometer. The mixtures were incubated at 37 °C and
their absorbance was measured at 30 min intervals over 4 h.

pDNA-Nanoparticles Transfection Efficiencies. MCF-7
Cell Line Transfections in Vitro. MCF-7 cells were seeded at 6
× 104 per well in 24-well plates, then grown in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10%
FCS, 1% penicillin, and streptomycin (500 μL of complete
medium), at 37 °C in a humidified, 5% CO2 atmosphere for 72
h prior to the assay (until 80% confluent). The media was then
removed and replaced with fresh media containing either AB1
or AB2 lipoplex nanoparticles or 1 or 5 mol % PEGylated
pDNA-ABC1 or ABC2 nanoparticles (Tables 1 and 2). All
nanoparticles were prepared with a lipid/pDNA ratio of 12:1
w/w. HLE (10 μL, 1.03 μM) was added to the first set and
incubated at room temperature for 10 min, while the other set
contained no HLE. After mixtures were added to each well (1
μg pDNA per well), plates were then incubated at 37 °C in 5%
CO2 atmosphere for 6 h. Following this in each well, media was
removed, cells were washed with phosphate-buffered saline
(PBS) (2 × 500 μL), and then fresh media was added (500
μL). After further incubation at 37 °C for 24 h, the cells in each
well were washed with PBS (2 × 500 μL) and 1× cell culture
lysis reagent (80 μL) was added. One freeze−thaw cycle was
carried out to ensure the complete lysis. Cells were then
scraped from each well, and the lysates were centrifuged (5000
rpm, 2 min) to separate cellular debris. The supernatants were
then analyzed for luciferase gene expression using a luciferase
assay system (Promega, USA), performed on a Berthold Lumat

Table 1. Summary of “Higher Charged” CLI and BC1 Family
Cationic Liposomes

mol %

lipid CL 1 BC1

PEG2000-peptidyl lipids:
PEG2000-AAPV-Ch 1 1 or 5
PEG2000-GPLGV-Ch 2 1 or 5
PEG2000-lipids:
PEG2000-Ch 5 1 or 5
DODAG 7 50 50 50 50
DOPC 8 20 19 or 15 19 or 15 19 or 15
Cholesterol 9 30 30 30 30

Table 2. Summary of “Lower Charged” CL2 and BC2 Family Cationic Liposomes

mol %

lipid CL 2 BC2 family

PEG2000-peptidyl lipids:
PEG2000-AAPV-Ch 1 1 or 5
PEG2000-GPLGV-Ch 2 1 or 5
PEG2000-AAPV-C18 3 1 or 5
PEG2000-GPLGV-C18 4 1 or 5
PEG2000-lipids:
PEG2000-Ch 5 1 or 5
PEG2000-C18 6 1 or 5
DODAG 7 20 20 20 20 20 20 20
DOPC 8 50 49 or 45 49 or 45 49 or 45 49 or 45 49 or 45 49 or 45
Chol 9 30 30 30 30 30 30 30

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc300419g | Bioconjugate Chem. 2013, 24, 343−362351



LB 9507 luminometer. Transfection efficiencies were measured
in relative light units (RLU) and normalized to total protein
content determined with bicinchoninic acid (BCA) protein
assay kit (Pierce, Thermo Scientific). The data were reported as
RLU/mg protein.
HT1080 Cell Line Transfections in Vitro. HT1080 cells were

seeded in a 24-well plate (5.0 × 104 cells per well) then grown
in DMEM supplemented with 10% FCS, 1% penicillin and
streptomycin (complete medium), at 37 °C in a humidified, 5%
CO2 atmosphere for 24 h prior to the assay (until 60%
confluent). The media was then removed and replaced with
fresh media containing either AB1 or AB2 lipoplex nano-
particles or 1 or 5 mol % PEGylated pDNA-ABC1 or ABC2
nanoparticles (see Tables 1 and 2). All nanoparticles were
prepared with a lipid/pDNA ratio of 12:1 w/w. Cells were then
incubated at 37 °C in 5% CO2 atmosphere for 24 h. After
media was removed, cells in each well were washed with PBS (2
× 500 μL), and fresh media was added (500 μL). Then cells
were incubated for a further 24 h before luciferase assays were
carried out. In order to measure MMP-2 levels, HT1080 cells
were grown to 60% confluence (as above), then for a further 24
h at 37 °C with 5% CO2. Cell supernatants were collected and
centrifuged (50 000g for 2 min) to separate out cellular debris.
Thereafter, the determination of MMP-2 levels in cell
supernatants were carried out using MMP-2 human Elisa
assay kit (Life Science Technologies).
Fluorescence Microscopy of pDNA Nanoparticle-

Mediated Transfection. MCF-7 Cell Line Transfections in
Vitro.MCF-7 cells were seeded in a 6-well plate (1.2 × 105 cells
per well, 2 mL) containing microscope coverslips (1 mm,
thickness) for 72 h prior to fluorescent labeling. The cells were
grown until 80% confluent at 37 °C in a humidified, 5% CO2
atmosphere. The media was then removed and replaced with
fresh media containing either 1 or 5 mol % PEGylated pDNA-
ABC2 nanoparticles (formulated using the following PEG-
lipids: PEG2000-AAPV-Ch 1, PEG2000-AAPV-C18 3, PEG2000-
Ch 5, or PEG2000-C18 6) (see Tables 1 and 2) (48 μg/well of
total lipid). All nanoparticles were also labeled with 1 mol %
dioleoyl-L-α-phosphatidylethanolamine-N-(lissamine rhod-
amine B sulphonyl) (DOPE-Rhoda) with a lipid/pDNA ratio
of 12:1 w/w. HLE (10 μL, 1.03 μM) was added as appropriate,
then plates were incubated at 37 °C in 5% CO2 atmosphere for
6 h. Media was then removed, and cells washed with PBS (2 ×
2 mL). Then cells were treated with paraformaldehyde (1 mL,
4% v/v) and incubated at 37 °C for 20 min. Next cells were
then washed with PBS (2 × 2 mL) and incubated with glycine
solution (1 mL, 20 mg mL−1) at 37 °C for 20 min. Thereafter
cells were washed with PBS (2 × 2 mL) and stained with 4′,6-
diamidino-2-phenylindole (DAPI) (1 mL, 100 nM) at 37 °C
for 5 min. The cells were washed with PBS (2 × 2 mL) one
final time, then the coverslips were removed from the wells and
mounted face-down on microscope slides using PBS: glycerol
(10 μL, 1:1 v/v). Microscopy images were obtained on a
Eclipse E600 microscope (Nikon).
HT1080 Cell Line Transfections in Vitro. HT1080 cells were

seeded in 6-well plates (8 × 104 cells per well, 2 mL) containing
microscope coverslips for 24 h prior to fluorescent labeling.
The cells were grown until 60% confluent at 37 °C in a
humidified, 5% CO2 incubator. The media was then removed
and replaced with fresh media containing 1 or 5 mol %
PEGylated pDNA-ABC2 nanoparticles (formulated using the
following PEG-lipids: PEG2000-GPLGV-Ch 2, PEG2000-
GPLGV-C18 4, PEG2000-Ch 5, or PEG2000-C18 6) (48 μg/

well of total lipid). All nanoparticles were also labeled with 1
mol % DOPE-Rhoda and with a lipid/pDNA ratio of 12:1 w/w.
Plates were incubated at 37 °C in 5% CO2 atmosphere for 24 h.
Following this, coverslips were fixed and mounted as described
above. Microscopy images were taken on an Olympus 251
scope, and confocal images were obtained using an upright
Leica Confocal Microscope.

■ RESULTS AND DISCUSSION
Syntheses of PEG2000-Peptidyl-Lipids. We prepared two

classes of PEG2000-peptidyl lipids enabled for elastase and
MMP-2 mediated enzymatic dePEGylation (Figure 1; Scheme
2). Two PEG2000-peptidyl lipids 1 and 2 were prepared from
N1-cholesteryloxycarbonyl-1 2-diaminoethane (Ch) 11; two
alternative PEG2000-peptidyl lipids 3 and 4 were prepared from
N,N-dioctadecylglycylamide (C18) 17. Of these, PEG2000-
peptidyl lipids 1 and 3 were constructed with the peptide
hydrolysis consensus sequences for elastase, namely, Ala.Ala.P-
ro.Val (AAPV).13 PEG2000-peptidyl lipids 2 and 4 were
constructed with the corresponding hydrolysis consensus
sequence for MMP-2 given as Gly.Pro.Leu.Gly.Val (GPLGV).23

For PEG2000-peptidyl lipids 1 and 3, Fmoc-AAPV-OH 10
was obtained first from solid-phase peptide synthesis (SPPS),
then amide coupled to lipid moieties 11 or 17 yielding Fmoc-
AAPV-lipids 12 or 18, respectively. Fmoc deprotection was
then performed in 20% piperidine for 4 h. Afterward, NH2-
AAPV-lipids 13 or 19 were amide-conjugated with PEG2000-
NHS ester in the presence of DIPEA to give 1 and 3 in good
overall yield. Analytical HPLC was used to monitor coupling
reactions. For PEG2000-peptidyl lipids 2 and 4, Fmoc-GPLGV-
OH 14 was obtained from SPPS again, then amide coupled
directly to lipid moieties 11 or 17 yielding Fmoc-GPLGV-lipids
15 or 20, respectively. Fmoc deprotection was effected as above
then NH2-GPLGV-lipid 16 was amide-conjugated with
PEG2000-NHS ester in the presence of base, DIPEA to give 2
in good overall yield. Alternatively, NH2-GPLGV-lipid 21 was
amide-conjugated with PEG2000-COOH acid in the presence of
HBTU and DMAP to give 4 in decent overall yield. Coupling
reactions were monitored by analytical HPLC. Finally, two
different control PEG2000-lipids 5 or 6 were also prepared by
amide coupling of PEG2000-NHS ester to lipid moieties 11 or
17, respectively, avoiding the inclusion of central peptide
hydrolysis consensus sequences for control experiment
purposes (Figure 1).

Nanoparticle Preparation. Nucleic acid containing nano-
particles were then constructed from families of PEGylated
cationic liposomes. Throughout, the cationic lipid employed
was the recently described DODAG 7.22 The other neutral
lipids used in the formulation of our PEGylated cationic
liposome formulations are shown (Figure 1). This selection of
lipids used was made with an eye to potential direct translation
of nanoparticles under investigation into in vivo studies based
upon previous knowledge. Therefore, the following two main
points were taken into consideration: (1) There is general
agreement that protonated functional groups in a cationic lipid
polar headgroup promote both nucleic acid association and
cellular uptake/internalization via electrostatic interactions with
anionic cell surfaces. However, although a cationic headgroup is
critical for functional nucleic acid delivery, cationic liposomes
formulated using a high mol % (at least 50 mol %) of cationic
lipid can be associated with increased risk of cellular
toxicity.24,25 (2) In a lipid-based nanoparticle formulation, the
cationic lipid is frequently paired with a fusogenic lipid, (e.g.,
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dioleoyl-L-α-phosphatidylethanolamine [DOPE]). Such a fuso-
genic lipid is considered to assist the process of functional
nucleic acid delivery by promoting the endosomolysis step that
follows nanoparticle cell entry by endocytosis, in order for
associated nucleic acids to enter cell cytoplasm. Endosomolysis
appears to be promoted by membrane fusion involving the
bilayer membranes of internalized nanoparticles and surround-
ing endosome bilayer membranes. Fusogenic lipids favor the
adoption of hexagonal (HI and HII) fluid mesophases between
adjacent bilayer membranes that make membrane fusion
possible.26,27 Unfortunately, the inclusion of fusogenic lipids
can have a negative impact on nanoparticle stability in vivo
biological fluids leading to nanoparticle aggregation and loss of
delivery function.28,29

Considering the first point above, DODAG 7 is thought to
possess a conical molecular shape that can be incorporated into
typical bilayer membranes but favors hexagonal HI fluid
mesophase formation.22 This particular molecular shape has
recently assisted and enabled us to employ DODAG 7 cationic
lipids in the formulation of a range of “lower charged” cationic
liposome and corresponding nucleic acid-nanoparticle for-
mulations with as low as 10−15 mol % DODAG 7 (data not
shown).
Considering the second point above, DODAG 7 possesses

three amine functional groups but actually is reasoned to
present a net charge of 1.7 at neutral pH due to downward
perturbations in pKa values of amine functional groups in the
polar headgroup separated by short ethylene group spacings.22

Such unprotonated amine functional groups at neutral pH
should have the capacity to become protonated during the
process of endosome compartment acidification, post-endocy-
tosis of nanoparticles, thereby inducing a rise in intracompart-
ment ionic strength that could lead to endosomolysis by
osmotic shock,30 or by multivalent ionic interactions with
anionic endosomal membranes that become unstable through
the exclusion of surface water molecules. Moreover, the conical
molecular shape of DODAG 7, as discussed above, ensures that
this cationic lipid possesses potential membrane fusogenic
properties that could synergize with its osmotic shock-
promoting properties in aiding endosomolysis.
Accordingly, since DODAG 7 appears to have favorable

charge and shape characteristics for low mol % formulations,
and shape characteristics that might promote membrane
fusogenicity, then our approach to lipid-based nanoparticle
formulations in this case was to concentrate on balancing the
use of DODAG 7 with more stabilizing lipids such DOPC 8
and cholesterol 9. DOPC 8 has a cylindrical molecular shape
that favors bilayer formation and appears to promote the
formation of small (approx 100 nm diameter) stable nano-
particles with properties appropriate for stability in biological
fluids including long-term (>6 h) systemic circulation.31 In a
similar vein, cholesterol 9 is considered to increase nanoparticle
stabilities due to its ability to decrease membrane permeability
and prevent plasma protein adsorption.32,33 Gratifyingly,
replacement of DOPE with cholesterol 9 has been shown
previously as well to promote actual increases in levels of gene
expression in vivo.28,34,35 In addition, we chose to combine
DOPC 8 and cholesterol 9 together with synthetic PEG2000-
peptidyl lipids 1, 2, 3, or 4 (or the PEG2000-lipids 5 or 6 where
applicable) in order to prepare appropriate PEGylated cationic
liposomes and corresponding pDNA-nanoparticles for our
studies reported below.

Physical Properties of “Higher Charged” pDNA-
Nanoparticles. Initially, our first studies were performed
with “higher charged” cationic liposomes CL1, prepared using
50 mol % of DODAG 7 (Table 1), and a series of “higher
charged” PEGylated cationic liposomes called BC1 family
formulations (Table 1). In this instance, PEGylated cationic
liposome formulations were prepared using only PEG2000-
AAPV-Ch lipid 1, PEG2000-GPLGV-Ch lipid 2, or the control
PEG2000-Ch lipid 5. All these cationic liposome formulations
were formulated by standard thin-film hydration followed by
sonication to yield unilamellar vesicles. Thereafter, pDNA
(specifically pEGFPLuc) was combined with selected cationic
liposome formulations by direct mixing of an appropriate
aliquot of nucleic acid solution with a given cationic liposome
suspension followed by vigorous vortex mixing. According to
our own description, the addition of pDNA to CL1 cationic
liposomes is described as resulting in the formation of AB1
lipoplex nanoparticles. Similarly, pDNA mixing with BC1
family PEGylated liposomes can be described as giving rise to
PEGylated pDNA-nanoparticles also described as pDNA-ABC1
nanoparticles (Scheme 3). An initial series of systematic

comparative studies were then performed to review the
physicochemical properties, in vitro transfection efficiencies,
and cellular toxicities of these “higher charged” pDNA-
nanoparticles.
Initially, nucleic acid entrapment involving “higher charged”

CL1 cationic liposomes and a subset of BC1 family PEGylated
liposomes, prepared with PEG2000-AAPV-Ch 1, PEG2000-
GPLGV-Ch 2, or the control PEG2000-Ch lipid 5, was
investigated in order to determine optimal mixing ratios for
maximum nucleic acid entrapment. Results of propidium iodide
(PI) entrapment assays are shown for pDNA entrapment by
AB1 lipoplex nanoparticles or selected pDNA-ABC1 nano-
particles (Figure 2a). Data show clearly that all “higher
charged” cationic liposomes were able to mediate near-
quantitative pDNA entrapment at a lipid/pDNA ratio of 12:1

Scheme 3. Schematic Diagram of a PEGylated pDNA-
Nanoparticle Formulated with PEG-Peptidyl Lipids for
Enzyme-Assisted Delivery of Nucleic Acids at Target Sites of
Interesta

aThe core lipoplex is illustrated as a pDNA strand located in the centre
of cationic liposome. although the physical reality is of a dense
multilamellar nanoparticle with pDNA entrapped between lipids in
different fluid mesophase structures such as lamellar and inverse
hexagonal. The same schematic diagram broadly applies for all “higher
charged” pDNA-ABCl and “lower charged” pDNA-ABC2 nano-
particles described in the text.
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w/w even with 5 mol % PEGylation. This result was confirmed
by data obtained by gel retardation assays (Figure 3a).
Accordingly, all “higher charged” pDNA-nanoparticles were
prepared with a lipid/pDNA ratio of 12:1 w/w for future
experiments (this corresponds with a lipid/pDNA charge ratio
of approx 4). Following this, photon correlation spectroscopy
(PCS) and ζ-potential measurements were made before and
after the addition of pDNA (lipid/pDNA ratio of 12:1 w/w)
(Figure 4a). In each case, the entrapment of pDNA resulted in

a modest increase in size; by contrast, the addition of pDNA
and an increase in PEGylation levels acted in concert to
suppress ζ-potentials from 30 to 40 mV to 10 mV.

Transfection Properties of “Higher Charged” pDNA-
Nanoparticles. Transfections mediated by AB1 lipoplex
nanoparticles or selected pDNA-ABC1 nanoparticles were
investigated. Initial studies were considered with monocytic cell
lines, such as U937 and THP-1 that secrete HLE upon phorbol
12-myristate 13-acetate (PMA) stimulation. However, such
suspension cell lines can be difficult to transfect due to the
likelihood of reduced contact between nanoparticles and cell
membranes. Accordingly, in view of the fact that elevated levels
of HLE are associated with tumor progression and develop-
ment in many solid cancers, we selected an adherent MCF-7 (a
human breast adenocarcinoma) cell line for transfection
experiments. MCF-7 transfection experiments were also
conducted in the presence of added exogenous HLE, just in
case endogenous production levels were too low. Otherwise,
alternative transfection experiments were performed using the
HT1080 (human fibrosarcoma) cell line that is known to
express substantial amounts of extracellular MMP-2.11 All
transfection experiments were performed with transfection
periods of up to 6 h for MCF-7 cells and of up to 24 h for
HT1080 cells, followed by 24 h incubation at 37 °C, with 10%
CO2. During transfection, nanoparticles were administered to
cells in media containing 10% FCS in order to provide for a
more “in vivo”-like transfection environment and in order to
ensure that conditions were optimal for enzyme activities.
MCF-7 transfections mediated by “higher charged” AB1
lipoplex nanoparticles were then compared with transfections
mediated by “higher charged” pDNA-ABC1 nanoparticles
formulated using PEG2000-AAPV-Ch 1 or the control
PEG2000-Ch lipid 5 (Figure 5a left). Alternatively, HT1080
transfections mediated by AB1 lipoplex nanoparticles were
compared with transfections mediated by pDNA-ABC1
nanoparticles formulated using PEG2000-GPLGV-Ch 2 or the
control PEG2000-Ch lipid 5 (Figure 5a right).
In MCF-7 cells, data very cleanly show that pDNA-ABC1

nanoparticles were more effective agents of transfection than
AB1 lipoplex nanoparticles. Critically, the formulation of
PEGylated pDNA-nanoparticles with PEG2000-AAPV-Ch 1 led
to a substantial one-log enhancement in transfection efficiency
compared with AB1 lipoplex nanoparticle-mediated trans-
fection, and a 2−3-fold enhancement relative to transfection
mediated by corresponding PEGylated pDNA-nanoparticles
formulated with only PEG2000-Chol 5. In contrast, in HT1080
cells, pDNA-ABC1 nanoparticles were more effective agents of
transfection than AB1 lipoplex nanoparticles only when the
PEGylated pDNA-nanoparticles were formulated with PEG2000-
GPLGV-Ch 2, and even then only by between 1.2- and 2.5-fold.
Other PEGylated pDNA-nanoparticles formulated with control
lipid PEG2000-Ch 5 were 3−10-fold less effective than
PEGylated pDNA-nanoparticles formulated with PEG2000-
GPLGV-Ch 2 and also significantly less transfection competent
than AB1 lipoplex nanoparticles. In spite of this generally good
transfection profile, AB1 lipoplex and pDNA-ABC1 nano-
particles proved unstable with respect to aggregation during
incubation at 37 °C, even in the presence of just 10% serum, as
shown by PCS monitoring of nanoparticle size increases as a
function of time (Figure 6a). Those PEGylated pDNA-
nanoparticles with 5 mol % PEG were found to be the most
stable at 37 °C during the 4 h period of incubation.

Figure 2. Entrapment of pDNA measured by propidium iodide (PI)
fluorescence assay as a function of lipid/pDNA charge ratio: (a)
“higher charged” pDNA-AB1 lipoplex nanoparticle mediated entrap-
ment of pDNA is compared with entrapments mediated by pDNA-
ABC1 nanoparticles formulated with 1 or 5 mol % PEG2000-AAPV-Ch
1, PEG2000-GPLGV-Ch 2, or PEG2000-Ch 5; (b) “lower charged”
pDNA-AB2 lipoplex nanoparticle mediated entrapment of pDNA is
compared with entrapments mediated by pDNA-ABC2 nanoparticles
formulated with 1 or 5 mol % PEG2000-AAPV-Ch 1, PEG2000-GPLGV-
Ch 2, or PEG2000-Ch 5; (c) comparison with entrapments mediated by
pDNA-ABC2 nanoparticles formulated with 1 or 5 mol % of lipids
PEG2000-AAPV-C18 3, PEG2000-GPLGV-C18 4, or PEG2000-C18 6. In
all cases final [pDNA] was 1 μg/incubation.
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Physical and Transfection Properties of “Lower
Charged” pDNA-Nanoparticles. Nanoparticles with higher
ζ-potentials are often associated with efficient transfection due
to increased cell membrane association and improved intra-
cellular trafficking. Although a decrease in effective charge may
significantly diminish their transfection activity, “lower charged”
nanoparticles will exhibit extended circulation half-lives.25,36

Zelphati et al. have also shown previously that the binding of
negatively charged FCS components (such as bovine serum
albumin [BSA], lipoproteins, fibrinogen, and heparin) to
lipoplex nanoparticles dramatically reduces transfection levels.
Two possible mechanisms have been suggested: (i) destabiliza-
tion of nanoparticle structures upon interaction with serum
components, thus inducing dissociation of pDNA from the
complexes; and (ii) charge neutralization leading to colloidal
destabilization and aggregation.37 The reduction in surface
charge, as a result of the surface adsorption of serum proteins,
could also weaken the electrostatic interaction required for cell
association and thereby reduce pDNA delivery.37,38 Hence,
from the therapeutic point of view in vivo, an efficient nucleic
delivery system should be a compromise between good stability
in the blood circulation and efficient transfection. Therefore,

two series of “lower charged” pDNA-nanoparticles were
formulated and studied. These were formulated by the addition
of pDNA to cationic liposomes CL2, thereby deriving AB2
lipoplex nanoparticles, or else to BC2 family PEGylated
liposomes (Table 2), hence leading to pDNA-ABC2 family
nanoparticles formulations. ABC2 family nanoparticles were
prepared using either PEG2000-AAPV-Ch 1, PEG2000-GPLGV-
Ch 2, and control PEG2000-Ch 5, or PEG2000-AAPV-C18 3,
PEG2000-GPLGV-C18 4, and control PEG2000-C18 6.
In order to form “lower charged” pDNA-ABC2 family

nanoparticles, minimization of the surface charge could be
generally achieved by decreasing the amount of the cationic
lipid incorporated in the liposome formulation, as long as there
is good association with nucleic acids. Consequently, the mol %
of DODAG 7 was reduced to 20 mol %, while cholesterol 9 was
retained at 30 mol %, and DOPC 8 was used as the other major
lipid for reasons already given. Physicochemical properties were
investigated as previously including entrapment efficiency
(Figure 2b,c), nanoparticle size, and ζ-potential (Figure 4b),
plus in vitro transfection (Figure 5b,c). As with “higher
charged” pDNA-nanoparticles, so with “lower charged” pDNA-
nanoparticles. Data showed clearly that all “lower charged”

Figure 3. Agarose (0.8%) gel retardation assays to determine lipid/pDNA v/v ratios required for full pDNA retardation and therefore tight
entrapment: (a) (i) retardations mediated by pDNA-AB1 lipoplex nanoparticle formation at different w/w ratios made in comparison with naked
pDNA and “higher charged” CL1 control cationic liposomes. Remaining data show retardations mediated by pDNA-ABCl nanoparticles formulated
at different w/w ratios from “higher charged” BC1 PEGylated cationic liposomes prepared using 5 mol % PEG2000-AAPV-Ch 1 (ii), 5 mol %
PEG2000-GPLGV-Ch 2 (iii), or 5 mol % PEG2000-Ch 5 (iv); (b) repeat of (a) with “lower charged” CL2 and PEGylated BC2 cationic liposomes also
formulated with 1, 2, or 5: essentially identical data were obtained when retardations were observed mediated by pDNA-ABC2 nanoparticles
formulated at different w/w ratios from “lower charged” BC2 cationic liposomes prepared using 5 mol % of PEG2000-AAPV-C18 3, PEG2000-GPLGV-
C18 4, or PEG2000-C18 6, respectively. Electrophoresis was performed at 65 mV for 30 min and the gels were visualized under UV light using
Alliance 4.7 UVITEC Cambridge. In all cases, final [pDNA] was 0.4 μg pDNA/well.
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cationic liposomes were able to mediate near-quantitative
pDNA entrapment at a lipid/pDNA ratio of 12:1 w/w even
with 5 mol % PEGylation. This result was confirmed by data
obtained by gel retardation assays (Figure 3b). Accordingly, all
“lower charged” pDNA-nanoparticles were prepared with a
lipid/pDNA ratio of 12:1 w/w for future experiments (this
corresponds with a lipid/pDNA charge ratio of approx 2).
Unsurprisingly perhaps, the entrapment of pDNA resulted in

a modest increase in size (lipid/pDNA ratio of 12:1 w/w),
although the ζ-potentials of 5 mol % PEGylated pDNA-
nanoparticles were now reduced to as low as 1−2 mV (Figure
4b). In vitro transfection of MCF7 and HT1080 cells was then
studied as before (Figure 5b,c). Those pDNA-ABC2 nano-
particles formulated with PEG2000-peptidyl-lipids 1, 2, 3, or 4
mostly showed better levels of transfection than positive
control lipoplex nanoparticles AB2 even with 5 mol % levels of
PEGylation. Significant transfection differentials were also
observed in comparison to transfections mediated by
appropriate control pDNA-ABC2 nanoparticles formulated
with control PEG2000-lipids 5 or 6. Interestingly, MMP-2
responsive “lower-charged” pDNA-ABC2 nanoparticles pre-
pared with PEG2000-GPLGV-C18 4 were almost 1 log order
more effective at the transfection of MMP-2 expressing

HT1080 cell lines than corresponding nanoparticles prepared
with PEG2000-GPLGV-Ch 2 (compare Figure 5b right and c
right). On the other hand, HLE responsive “lower-charged”
pDNA-ABC2 nanoparticles prepared with PEG2000-AAPV-Ch 1
were almost 1 log order more effective at transfection of MCF-
7 cell lines (in the presence of added HLE) than corresponding
nanoparticles prepared with PEG2000-AAPV-C18 3 (compare
Figure 5b left and c left).
Otherwise, in nanoparticle stability studies, although AB2

lipoplex nanoparticles were found too unstable in general and
pDNA-ABC2 nanoparticles with 1 mol % PEG lipid were only
moderately unstable with respect to aggregation, “lower
charged” pDNA-ABC2 nanoparticles with 5 mol % PEG lipid
were found to be completely stable with respect to aggregation
during 4 h incubation at 37 °C in the presence of 10% serum
(Figure 6b,c). Furthermore, “lower-charged” pDNA-ABC2
nanoparticles formulated with 5 mol % PEG2000-peptidyl-C18
lipids 3 (or 4, data not shown) were found remarkably stable
with respect to aggregation even in the presence of 80% FCS
for 4 h at 37 °C (Figure 6d). Finally, LDH and MTT toxicity
assays revealed that “lower-charged” pDNA-ABC2 nano-
particles prepared with lipid/pDNA w/w ratios of 12:1 w/w
were barely toxic to cells (Supporting Information Figure S1

Figure 4. Average nanoparticle diameters and ζ-potentials of cationic liposomes and pDNA nanoparticles where the latter were all formulated with a
lipid/pDNA w/w ratio of 12: (a) diameters (left) and ζ-potentials (right) of “higher charged” CL1 and PEGylated BC1 family cationic liposomes
compared alongside data from corresponding pDNA-AB1 lipoplex or pDNA-ABC1 nanoparticles as indicated. PEGylated BC1 family cationic
liposomes and corresponding pDNA-ABC1 nanoparticles were formulated with 1 or 5 mol % of PEG2000-AAPV-Ch 1, PEG2000-GPLGV-Ch 2, or
PEG2000-Ch 5 as indicated; (b) repeat of (a) showing data obtained with “lower charged” CL2 and PEGylated BC2 family cationic liposomes
compared alongside data from corresponding pDNA-AB2 lipoplex or pDNA-ABC2 nanoparticles that were formulated using 1, 2, or 5 as indicated;
essentially identical data were obtained using pDNA-ABC2 nanoparticles formulated using PEGylated BC2 cationic liposomes that were prepared
from either PEG2000-AAPV-C18 3, PEG2000-GPLGV-C18 4, or PEG2000-C18 6, respectively; total lipid concentration used was 0.5 mg/mL
throughout all measurements.

Bioconjugate Chemistry Article

dx.doi.org/10.1021/bc300419g | Bioconjugate Chem. 2013, 24, 343−362356



Figure 5. Differential luciferase expression levels following pDNA-nanoparticle mediated transfection of MCF-7 cells (in the presence or absence of
added HLE) or of HT1080 cells: (a) differential transfection of MCF-7 cells (left) or HT1080 cells (right) post administration of “higher charged”
pDNA-AB1 lipoplex nanoparticle or naked pDNA controls, compared with data obtained post administration of pDNA-ABC1 nanoparticles
formulated either with 1 or 5 mol % of PEG2000-AAPV-Ch 1, PEG2000-GPLGV-Ch 2, or PEG2000-Ch 5 as indicated; (b) same as (a) except that
transfections being compared were mediated by “lower charged” pDNA-AB2 and pDNA-ABC2 nanoparticles formulated from the same PEG2000-
peptidyl-lipids as in (a); (c) same as (b) except that transfections compared were mediated by “lower charged” pDNA-AB2 and pDNA-ABC2
nanoparticles that were formulated with either 1 or 5 mol % of PEG2000-AAPV-C18 3, PEG2000-GPLGV−C18 4, or PEG2000-C 18 6 as indicated: in
each case, transfection efficiency is expressed as % RLU/mg protein of lipoplex nanoparticle positive control treatment. Each result represents the
mean ± SD (n = 3). * indicates p < 0.05: [pDNA] was 1 μg/well.
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and Figure S2), and certainly no more so than Lipofect-
AMINE2000−pDNA lipoplex nanoparticles prepared at a
similar lipid/pDNA w/w ratio.22

Overall, these transfection data obtained with “lower
charged” pDNA-ABC2 nanoparticles in particular are com-
pletely consistent with the correct operation of an enzyme-
assisted nanoparticle triggerability mechanism. Transfections
mediated by pDNA-ABC2 nanoparticles even outperformed
transfections effected by positive control AB2 lipoplex
nanoparticles. Therefore, the inhibitory effects of PEGylation
upon transfection are clearly alleviated by the presence of
enzymatic cleavage sequences. Accordingly, our transfection
and stability data (Figures 5 and 6) are entirely consistent with
a mechanism of transfection that benefits from an enzyme-
assisted boost when enzyme cleavage sequences are present in
nanoparticle formulations. Logically, the boost could derive
from one of two possibilities: (1) Enzyme-assisted cleavage of
peptide linkages could be taking place thereby liberating PEG
moieties from nanoparticle surfaces but leaving sufficient PEG
to prevent colloidal instability. Such partial removal of PEG

would then lead to the exposure of peptide moieties at
nanoparticle surfaces with N-terminal positive charges that
could promote cellular internalization. Indeed, nanoparticle
surface-exposed peptides and proteins themselves are already
known to promote nonspecific enhanced cell uptake for reasons
that remain to be fully established.39 (2) Alternatively, the
peptide sequences themselves could act as temporary
sequestration/binding sites for enzymes that over time could
hydrolyze the linkage leading to PEG loss, but in the shorter
term allow proteins to coat the nanoparticle surface and
promote transfection efficiency in a similar way to that
recounted in the description pertinent to the possibility (1)
outlined above.
Furthermore, there is the possibility that FCS may be able to

effect nonspecific cleavage of peptide linkages. However, this
does not appear to be much of a problem given that pDNA-
ABC1 and pDNA-ABC2 nanoparticles formulated with 5 mol
% PEG2000-peptidyl lipids 1, 2, 3, or 4 were consistently
mediating transfections more effectively than corresponding

Figure 6. Nanoparticle colloidal stabilities in presence of FCS: (a) change in nanoparticle diameters with incubation time in the presence of 10%
FCS w/v exhibited by “higher charged” pDNA-AB1 lipoplex nanoparticles, and pDNA-ABC1 nanoparticles formulated with 1 or 5 mol % of either
PEG2000-AAPV-Ch 1 or PEG2000-GPLGV-Ch 2 as indicated. pDNA-nanoparticles were prepared at lipid to pDNA 12:1 w/w, 1 μg pDNA/
incubation; (b) repeat of (a) but with “lower charged” pDNA-AB2 lipoplex nanoparticles, and pDNA-ABC2 nanoparticles formulated with 1 or 5
mol % of either PEG2000-AAPV-Ch 1 or PEG2000-GPLGV-Ch 2 as indicated; (c) repeat of (a) with alternative “lower charged” pDNA-ABC2
nanoparticles formulated with 1 or 5 mol % of either PEG2000-AAPV-C18 3 or PEG2000-GPLGV-C18 4 as indicated; (d) change in nanoparticle
diameters determined by light scattering changes with incubation time in the presence of 80% FCS w/v exhibited by “lower charged” pDNA-ABC2
nanoparticles formulated with 1 to 5 mol % of PEG-AAPV-C18 3; pDNA-nanoparticles were prepared at lipid to pDNA 12:1 w/w, 1 μg pDNA/
incubation.
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control pDNA-ABC1 and pDNA-ABC2 nanoparticles formu-
lated with 5 mol % of PEG2000-lipids 5 or 6.
Accordingly, although “higher-charged” pDNA-ABC1 nano-

particles enhanced transfection efficiency reasonably well in the
presence of the corresponding enzymes, their lack of colloidal
stability in medium (containing 10% FCS) was considered to
be a limiting characteristic. On the other hand, “lower charged”
pDNA-ABC2 nanoparticles with their lower surface charge (ζ-
potential) (Figure 4a,b) were considered of more potential
utility especially in vivo given their improved colloidal stability
and their potentially lower susceptibility to opsonization and
macrophage uptake consistent commensurate with increased
general biological stability.40,41 In toto, the combination of
transfection and stability data further suggested to us that
“lower-charged” pDNA-ABC2 nanoparticles formulated with
PEG2000-peptidyl-C18 lipids 3 or 4 (most especially 4) could be
useful platforms for the development of proof of concept
pDNA-based therapeutic approaches for the treatment of
cancers in vivo by enzyme-assisted transfection.
Imaging of Cellular Uptake by Fluorescence Micros-

copy. Fluorescence microscopy was employed to visualize the
cellular internalization of a selection of our PEGylated pDNA
nanoparticles. Nanoparticles were prepared with 1 mol % of the
fluorescent DOPE-Rhoda for this purpose, enough for
visualization but not so much to perturb the nanoparticle
structure. Initially, pDNA-ABC2 nanoparticles were formulated
with 1 mol % PEG2000-AAPV-Ch 1 or PEG2000-Ch 5. These

nanoparticles were incubated with MCF-7 for 6 h (the same
uptake period as in the transfection study) and excess
nanoparticles were removed at the end of the incubation
period. After the cells were fixed, their nuclei were further
stained using DAPI, for nuclear staining.42 Nanoparticles were
able clearly to enter cells (Figure 7a) in all cases and disperse
into the cytoplasm. However, the magnitude of cellular entry
(in proportion to fluorescence image intensity) and the degree
of intracellular distribution varied significantly. Gratifyingly, the
variations correlated closely with the outcomes of transfection
experiments (Figure 5b left). In another microscopy experi-
ment, we compared transfections mediated by pDNA-ABC2
nanoparticles formulated with 1 and 5 mol % of PEG2000-
GPLGV-Ch 2 or PEG2000-Ch 5. Once again, nanoparticles were
able to enter cells and disperse into the cytoplasm (Figure 7b).
Once again too, imaging data correlated agreeably with the
outcomes of corresponding transfection experiments (Figure
5b right).
Corresponding and equivalent microscopy data (not shown)

were obtained with pDNA-ABC2 nanoparticles formulated
from 1 mol % of PEG2000-AAPV-C18 3 or PEG2000-C18 6, or
with 1 and 5 mol % of PEG2000-GPLGV-C18 4 or PEG2000-C18
6. Once again, microscopy data was in agreement with
transfection data (Figure 5c). Therefore, the level of trans-
fection appears proportional with the intracellular concen-
tration and distribution in accordance with the suggestion that
enzyme-assisted transfection improves nanoparticle access to

Figure 7. Fluorescence microscopy images (40× magnifications) of MCF-7 or HT1080 cells after incubation with rhodamine labeled nanoparticles:
(a) results obtained with MCF-7 cells (in the presence or absence of HLE as indicated) treated with “lower charged” pDNA-ABC2 nanoparticles
formulated with 1 mol % of PEG2000-AAPV-Ch 1 or control PEG2000-Ch 5. All formulations were prepared at lipid to pDNA 12:1 w/w; three views
were obtained for each formulation: (i) bright field, (ii) DAPI stained nuclei, and (iii) rhodamine labeled image. Comparable data were obtained if
nanoparticles were formulated with 1 mol % PEG2000-AAPV-C18 3 or control PEG2000-C18 6; (b) repeat of (a) with results obtained with HT1080
cells treated with “lower charged” pDNA-ABC2 nanoparticles formulated with 1 or 5 mol % of PEG2000-GPLGV-Ch 2, or control PEG2000-Ch 5 as
indicated. Comparable data were obtained if nanoparticles were formulated with 1 or 5 mol % of PEG2000-GPLGV-C18 4 or control PEG2000-C18 6;
(c) confocal microscopy image (40× magnification) of rhodamine labeled HT1080 cells after incubation with pDNA-ABC2 nanoparticles
formulated with 1 mol % PEG2000-GPLGV-Ch 2; a “z” stack illustrates a cross section through labeled HT1080 cells. In each case, total lipid was 48
μg/well.
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cells and cell cytoplasm (see above). Finally, in order to further
examine the localization of the fluorescently labeled nano-
particles inside cells, confocal microscopy was employed post
transfection with pDNA-ABC2 nanoparticles formulated with 1
mol % of PEG2000-GPLGV-Ch 2 in order to derive serial
imaging throughout the cells (Figure 7c). Resulting “z” stack
images were able to confirm proper internalization of the
fluorescent label. The appearance of localized hyperintense
fluorescence dots may indicate the enclosure of nanoparticles in
intracellular compartments such as “late endosomes”.

■ CONCLUSION
An initial series of systematic studies are described to review the
physicochemical properties, in vitro transfection efficiencies,
and cellular toxicities of “higher charged” pDNA-ABC1 and
“lower charged” pDNA-ABC2 nanoparticles (Scheme 3). In so
doing, we hoped to identify PEGylated pDNA-nanoparticles
that would be both stable with respect to aggregation in
biological fluids and also capable of mediating transfection with
clear, unambiguous enzyme assistance in vitro. This objective
appears to have been achieved (at least in part). We have
identified “lower charged” pDNA-ABC2 nanoparticles formu-
lated with either 5 mol % PEG2000-peptidyl-Ch lipids 1 and 2,
or more especially, PEG2000-peptidyl-C18 lipids 3 and 4, that
are stable with respect to aggregation, of apparently minimal
cellular toxicity, and exhibit transfection in vitro with clear
enzyme-assistance relative to pDNA-ABC2 nanoparticles
formulated with control lipids PEG2000-Ch 5 or PEG2000-C18
6 (Figures 2 to 7). Our current imaging data are in clear,
qualitative support of the notion that HLE or MMP-2 enzymes
boost transfection by enhancing nanoparticle uptake and
intracellular trafficking relative to controls (Figure 7). However,
the exact mechanism of this enzyme-assisted enhancement
process is yet to be established. At this stage, we have proposed
two possible alternatives. The first in which enzymes perform
specific hydrolyses of peptidyl moieties, releasing or shedding43

some PEG2000 chains from nanoparticle surfaces, generating
“naked” surface patches that can spearhead cell uptake
endocytosis with endosomolysis and hence enhance trans-
fection efficiencies. The second in which enzymes associate
with nanoparticle surfaces via specific binding to peptidyl
moieties and thereby boost transfection through the nonspecifc
enhancing effects of surface bound proteins on the efficiency of
endocytosis and downstream endosomolysis. Either proposal is
consistent with a definition of nanoparticle triggerability,
namely, that a nanoparticle should be stable until target site
is reached, after which local release of the encapsulated
therapeutic nucleic acids takes place under the influence of an
endogenous or exogeneous trigger.6,7,43

Further development of enzyme-assisted delivery of nucleic
acids could involve increasing the sensitivity of peptide linkers
to create more efficient PEG release or surface binding of
proteins, which would ultimately increase pDNA transfection
efficiencies and even siRNA-mediated gene knockdowns. For
instance, the numbers of amino acid residues involved could be
increased to improve interaction with enzyme active sites.
Furthermore, peptide sequences including GPLGIAGQ44 and
GPLGVRGC45 could be employed that have been demon-
strated recently to be efficient MMP-2 target sequences. The
use of such octapeptides may not only allow for more efficient
removal of PEG via enzymatic cleavage of the peptide linker,
but also enhance intracellular trafficking by promoting internal
endosomolysis, for example. Therefore, the inclusion of bona

fide biological targeting ligands attached to the surfaces of
PEGylated nanoparticles could provide a further boost to
functional delivery at target cells of interest.46,47 Our data also
show that the lipid moiety of PEG2000-peptidyl lipids can also
play a potentially important role in favoring functional delivery
of nucleic acids to one set of target cells over another (Figure
5). Hence, overall we appear to have obtained proof of concept
in vitro for the formulation of PEGylated pDNA-nanoparticles
that possess enzyme triggerability, namely, they are primed for
enzyme-assisted, functional nucleic acid delivery. Moreover, the
PEGylated pDNA-nanoparticles developed should be appro-
priate for in vivo use given their excellent transfection and FCS
stability profiles (Figures 5 to 7). A range of in vivo studies will
be underway shortly.
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