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a  b  s  t  r  a  c  t

Polyamidoamine-polylysine  graft  copolymers  (PAMAM-g-PLL)  were  prepared  by ring-opening  polymer-
ization of  benzyloxycarbonyl  lysine  N-carboxyanhydride  (Lys(Z)-NCA)  initiated  with  primary  amine  of
generation  4  polyamidoamine  (PAMAM  G4)  and  subsequent  deprotection  of  polyamidoamine-poly-
(benzyloxycarbonyl  lysine)  copolymer  (PAMAM-PLL(Z)).  The  chemical  structure  and  composition  of  the
PAMAM-g-PLL  with  varying  length  of  PLL  arms  were  characterized  by Fourier  transform  infrared  spec-
troscopy  (FT-IR)  and  nuclear  magnetic  resonance  spectroscopy  (1H  NMR).  Agarose  gel  electrophoresis  test
revealed  that  the  PAMAM-g-PLL  could  completely  combine  DNA  to form  complexes.  The  scanning  elec-
tronic  microscopy  (SEM)  and  atomic  force  microscopy  (AFM)  observation  showed  that  the  morphology  of
these  complexes  was  spherical.  Dynamic  light  scattering  (DLS)  measurement  illustrated  that  the sizes  of
complexes  were  in range  of 100–200  nm.  The  MTT  assay  demonstrated  that  cytotoxicity  of  PAMAM-g-PLL
were  lower  than  the  either  PAMAM  G4  or  the  poly-l-lysine-15k  (PLL-15k).  The  in vitro  transfection  test

indicated  that  the  PAMAM-g-PLL  with  3.8  average  polymerization  degrees  of PLL  arms  (PAMAM-PLL-3.8)
displayed  significantly  higher  transfection  efficiency  than  that  of  PAMAM  G4  and  PLL-15k  at the  same
N/P  ratio,  Furthermore,  PAMAM-PLL-3.8  at  the  N/P  of  40  or 80  displayed  better  serum-resistant  capability
than  that  of  PEI-25k  and  Lipofectamine  2000.  The  DNA  local  delivery  test  in  rabbit  vessel  exhibited  that
the  restenosis  was  inhibited  to a  significant  extent.  The  above  facts  revealed  that  PAMAM-PLL-3.8  is  a
promising  gene  vector  with  low  cytotoxicity,  high  transfection  efficiency  and  serum-resistant  ability.
. Introduction

Recently gene therapy attracted increasing interest, both viral
nd non-viral gene delivery systems were used in clinic trials to
reat some human diseases. Among non-viral gene vectors, cationic
olymers including PLL, chitosan, PEI, PAMAM dendrimer and their
odified copolymers were widely applied to medical research

Braun et al., 2005; Sun and Zhang, 2010). But non-viral gene vec-
ors had major problems such as certain cytotoxicity and relative
ow transfection efficiency that limited their in vivo application
Godbey et al., 1999; Duncan and Izzo, 2005). PAMAM dendrimer
s a class of highly branched, narrowly dispersed macromolecules

ith well-defined structure and composition. The terminal pri-

ary amines of PAMAM dendrimer can easily be protonated, the

ositive charges on periphery can interact electrostatically with
egative charges of phosphate groups in DNA, and condense the
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DNA molecules to form nanoscale compact complexes. The poly-
cation/DNA complexes can protect the DNA from serum disruption
during systemic circulation or nuclease degradation in endosome,
and maintain the DNA molecule integrity in attaching the cell
nucleus for gene expression. The inner tertiary amino groups with
low pKa can provide endosome good buffering capacity and benefit
consequent transfection (Xue et al., 2006; Tian et al., 2006).

In order to apply PAMAM dendrimer for gene delivery system in
vivo, further functionalization of PAMAM dendrimer is necessary.
The primary amino groups, hydroxyl groups or carboxyl groups
on the periphery of PAMAM can act as highly accessible sites for
conjugating other functional groups, which provide probability for
chemical modification. As constituents of proteins, amino acids
are biocompatible, so amino acid-functionalization is an impor-
tant approach for modification of PAMAM dendrimers. Amino acids
containing more than 2 amino groups (including 2 amino groups)
such as arginine, histidine, ornithine and lysine are preferentially
used for the functionalization of PAMAM dendrimer, which can

increase positively charge density and improve charge distribution
on periphery of dendrimer, so that enhance the gene transfec-
tion efficiency and lower the cytotoxicity (Choi et al., 2004; Okuda
et al., 2004). For example, di-arginine-conjugated PAMAM (G3 or

dx.doi.org/10.1016/j.ijpharm.2011.08.036
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
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4) dendrimer through amide bonds could improve complex sta-
ility, intra-nuclear localization and transfection efficiency (Kim
t al., 2009). Arginine-conjugated PAMAM-OH (G4) through ester
onds showed better transfection efficiency than PEI-25k and lower
ytotoxicity than arginine-modified PAMAM G4 (Nam et al., 2009).
istidine-conjugated PAMAM G4 dendrimer through amide bonds
ould enhance transfection efficiency in 10% serum and reduce
ytotoxicity in Bel 7402 or Hela cells (Wen  et al., 2010). Ornithine-
onjugated PAMAM G4 through amide bonds that contained 60
mmobilized ornithine molecules could enhance the transfection
fficiency in 10% fetal bovine serum (Kumar et al., 2010). In addi-
ion, conjugation of PAMAM-G4 with 19, 29 or 46 phenylalanine

olecules resulted in ameliorative transfection efficiency (Navath
t al., 2010).

PLL was used for gene carrier for a long time, but PLL/DNA deliv-
ry systems had lots of limitation in clinical application due to their
elatively low transfection efficiency and moderate cytotoxicity.
ecently PAMAM-PLL head–tail-type block copolymers (G2.5-PLL,
3.5-PLL and G4.5-PLL) were synthesized and the transfection effi-
iency of G3.5-PLL was also improved (Harada et al., 2009).

In the present study, PAMAM-g-PLL copolymers were prepared,
nd the copolymers were characterized by IR and 1H NMR. The
ytotoxicity of the PAMAM-g-PLL was evaluated by MTT  assay,
he particle size and morphology of complexes were inspected by
LS, SEM and AFM, respectively, the gene combining capability
f copolymers was assessed through agarose gel electrophoresis,
hile the in vitro transfection efficiency was measured by flow

ytometry. Finally the PAMAM-PLL-3.8/pVEGF165 complex was
sed for local delivery in rabbit vessel and the effect of preventing
estenosis was evaluated.

. Materials and methods

.1. Materials

N-benzyloxycarbonyl-l-lysine (H-Lys(Z)-OH), 3-[4,5-
imethylthiazol-2-yl]-2,5-diphe-nyl-tetrazolium bromide (MTT),
ipofectamine 2000 were purchased from Sigma–Aldrich Inc.
St. Louis, MO  USA). Methyl acrylate (MA), ethylene diamine
EDA), methanol, dimethyl formamide (DMF), tetrahydrofuran
THF), petroleum ether (bp 60–90 ◦C), chloroform were purchased
rom Guangzhou Reagent Inc. (Guangzhou China), which were
istilled to remove any traces of water before use. Triphosgene
as purchased from Shengtai Inc. (Zhejiang China). Fetal bovine

erum (FBS) and RPMI 1640 culture medium were purchased
rom Invitrogen Gibco (USA). Dialysis tubing (MWCO  10,000 and
4,000) was purchased from Greenbird Inc. (Shanghai China).

.2. Cell lines

Bel 7402, Hela and NIH 3T3 cell line were obtained from the
nimal center of Sun Yetsen University. Hek 293A cell line was
urchased from the Invitrogen Life Technologies.

.3. Plasmid DNA

Enhanced green fluorescent protein (EGFP) gene was a gift
rom West China University of Medical Sciences (Chengdu, China).
lasmid pEGFP-C1 containing the early promoter of CMV was
mplified in competent Escherichia coli strain DH5� and purified
y a Qiagen kit (Chatsworth, USA). pUC19-VEGF165 gene was  a gift

rom Guangdong Provincial People’s Hospital (Guangdong, China).
EGF165 gene segment with Hind III and BamH I sites was obtained

rom pUC19-VEGF165 by PCR which was cloned into pEGFP-C1. The
ecombinant plasmid pEGFP-VEGF165 was identified by sequence
armaceutics 420 (2011) 206– 215 207

analysis, and the sequence of the recombinant plasmid DNA was
consistent with hVEGF165 gene (AF486837) from Gene Bank.

2.4. Synthesis of PAMAM-g-PLL copolymers

2.4.1. PAMAM dendrimers
PAMAM was  synthesized according to the procedures pre-

viously reported (Wu et al., 2011). Briefly excess MA/methanol
solution was added to EDA/methanol solution and the mixture
was  stirred at 25 ◦C for 2 days (the Michael addition reaction). The
solvent and excess MA  were removed in vacuum to give a light yel-
low liquid that was denoted as PAMAM G(-0.5). Then the excess
EDA/methanol solution was  added to the PAMAM G-0.5/methanol
solution and the mixture was  stirred at 25 ◦C for 2 days (the amida-
tion reaction). The solvent and excess EDA were removed in vacuum
to give a yellow liquid that was  denoted as PAMAM G0. Thus, the
Michael addition reaction and the amidation reaction were alter-
natively repeated until the generation of PAMAM raised to 4. The
water solution of crude product was dialyzed with dialysis tubing
(MWCO  10,000) against distilled water for 16 h, finally lyophilized
to give a yellow viscous liquid that was  denoted as PAMAM G4.

2.4.2. Lys(Z)-NCA
Lys(Z)-NCA was  prepared referring to the method reported in

the literature (Harada and Kataoka, 2003). Briefly, H-Lys(Z)-OH was
suspended in dried THF (1 g/10 mL), and triphosgene (1:1.2 by mol)
was  added. The suspension was  stirred at 60 ◦C, 15 min  later the
solution turned to clear, after 30 min  the reaction finished, and the
product was precipitated with 10-fold volume of cold petroleum
ether. Then the mixture was  kept at −18 ◦C for 48 h, filtered, washed
with petroleum ether and dried in vacuum. Finally a white crys-
talline, Lys(Z)-NCA was obtained.

2.4.3. PAMAM-g-PLL(Z)
As a macromolecule initiator DMF  solution of PAMAM G4  was

added to DMF  solution of Lys(Z)-NCA (1 g/20 mL) at the NCA/NH2
ratio of 3/1, 6/1 or 10/1 (by mol), respectively. The polymeriza-
tion of Lys(Z)-NCA was  performed based on a mechanism of the
ring-opening polymerization. The reactant was stirring at room
temperature for 72 h. The product was precipitated with 10-fold
volume of distilled water, filtered and vacuum-dried. A white solid,
PAMAM-g-PLL(Z) was obtained.

2.4.4. PAMAM-g-PLL
PAMAM-g-PLL(Z) was deprotected according to the method

reported in the literature (Sun et al., 2007). Typically PAMAM-g-
PLL(Z) was  dissolved in anhydrous chloroform (5 g/100 mL), firstly
a dry HCl gas was bubbling into the PAMAM-g-PLL(Z) solution for
40 min, then another dry HBr gas was  bubbling into the solution
for another 80 min, finally the reactant was standing overnight to
ensure the complete deprotection (see Scheme 1). The mixture was
precipitated with diethyl ether and filtered to give a yellow solid.
The aqueous solution of the crude product was dialyzed with dial-
ysis tubing (MWCO  14,000) against distilled water for 16 h and
freeze-dried. Thus the PAMAM-g-PLL was  obtained. PLL-15k was
synthesized in the same procedures except using triethylamine as
initiator.

2.5. Characterization of PAMAM-g-PLL copolymers

FT-IR spectra of PAMAM, PAMAM-g-PLL(Z) and PAMAM-g-
PLL were measured on an EQUINOX55 Fourier transformation

infrared spectrometer (Bruker, Germany). 1H NMR spectra of
PAMAM, PAMAM-g-PLL(Z) and PAMAM-g-PLL were determined
using an AVANCE (400 MHz) NMR  spectrometer (Bruker, Germany).
MALDI-TOF mass spectrum of PAMAM-G4 were determined by
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Scheme 1. The preparation processes of PAMAM-PLL copolymers.

 UltraflexIII-MALDI-TOF Mass Spectrometry (Bruker, Germany)
sing 2,5-dihydrobenzoic acid (DHB) as the matrix according to
he literature (Muller et al., 2007). The number of the terminated
rimary amine groups of PAMAM G4 was determined by a poten-
iometric titrimeter using 0.1 mol/L HCl standard solution as the
itration reagent according to the literature (Majoros et al., 2006).

.6. Complexation of PAMAM-g-PLL with DNA

The complexes of PAMAM-g-PLL with DNA were self-assembled
y adding appropriate volume of PAMAM-g-PLL solution to equal
olume of 40 �g/mL of DNA solution, gently vortexing for a few
econds and incubating for 30 min  at room temperature. The
omplexes were prepared in 150 mM  NaCl at pH 7.4 for SEM obser-
ation, in 10 mM NaCl at pH 7.4 for DSL measurements or in PBS at
H 7.4 for other experiments. The concentration of the PAMAM-g-
LL solution was based on the chosen N/P ratios (here, N means the
ol  number of primary amines in PAMAM-g-PLL, P means the mol

umber of phosphates in DNA).

.7. Agarose gel electrophoresis assays

The PAMAM-PLL/pEGFP-C1 complexes at the N/P ratios ranging
rom 0.05 to 10 were freshly prepared. 10 �L of the complexes were
oaded into wells containing 1.0% agarose gel in TAE buffer with
.5 �g/mL of ethidium bromides. Gel electrophoresis was subse-
uently performed at room temperature at 100 V for 60 min. DNA
ands were visualized on an UV illuminator and photographed
sing a GAS7001X gel image system (UVITEC, USA).

.8. Measurement of particle size and zeta potential

The PAMAM-PLL/pEGFP-C1 complex solutions at the N/P ratios
anging from 10 to 80 were freshly prepared. After incubating for
0 min, particle sizes and the zeta potential of the complexes were

easured at room temperature by dynamic laser scattering (DLS)

sing a Nano ZS-90 Zetasizer (Malvern, UK). Meantime the parti-
le size and morphology of the polymer/DNA complexes were also
nspected using a JSM-6330F scanning electron microscope (SEM,
armaceutics 420 (2011) 206– 215

Jeol Japan) and SPM-300HV atomic force microscope (AFM, Seiko
Instrument Inc. Japan), respectively.

2.9. MTT assay

The cytotoxicity of PAMAM and PAMAM-g-PLL copolymers was
evaluated based on the literature (Shcharbin et al., 2010). Bel
7402, Hela and NIH 3T3 cells were seeded in a 96-well plate
at 2 × 104 cells/well in 200 �L of RPMI 1640 medium containing
10% FBS, respectively, and after incubating for 20–24 h the cells
achieved 70–80% confluence. The growth media were replaced by
200 �L of polymer solutions with various concentrations, and cells
were incubating for 6 h. All solutions were changed to fresh RPMI
1640 media, and cells were incubating for another 48 h. 15 �L of
MTT  solution (5 mg/mL in PBS) were added to each well, after
4 h of incubation the supernatants were aspirated, and 150 �L of
DMSO were added to dissolve the formazan crystal formed by live
cells. Finally the absorbance was measured at 570 nm by an ELISA
microplate reader (Bio-Rad, USA). The cytotoxicity was  expressed
as relatively cell viability that was  calculated according to the fol-
lows equation: cell viability (%) = Atest/Acontrol × 100%, here Atest and
Acontrol were absorbances for polymer or PBS, respectively.

2.10. In vitro transfection test

Bel-7402, Hela, NIH 3T3 and Hek 293 cells were seeded in a 24-
well plate at 105 cells/well in 800 �L of RPMI 1640 media containing
10% FBS, respectively. After 20–28 h of growth the cells achieved
70–85% confluence. Prior to starting the transfection the PAMAM-
PLL/pEGFP-C1 complexes with various N/P ratios were freshly
prepared. At the beginning of transfection the media in wells were
exchanged by 500 �L of fresh serum-free RPMI 1640 media, 200 �L
of PAMAM-PLL/pEGFP-C1 complexes containing 2 �g of pEGFP-C1
were added into each well, and the cells were further incubating
for 6 h. The solutions in wells were replaced with fresh media con-
taining FBS, and the cells were incubating for another 48 h. After
being observed and photographed on a fluorescence microscope,
the cells were harvested from each well by the trypsin–EDTA treat-
ment, and suspended in 200 �L of PBS (pH7.4). The percentages of
EGFP expressing cells were measured to quantify the transfection
efficiency using a BD-FACSAria System (Becton-Dickinson, USA).
Transfection was carried out in triplicate. The procedures of trans-
fection in 10% FBS were the same as described above, except at the
beginning of transfection the media were exchanged by 500 �L of
RPMI 1640 containing 10% FBS.

2.11. The local DNA delivery test in rabbit injured vessel

The test was  performed according to previously published
method (McArthur et al., 2001; Ando et al., 2004) and approved
by the ethical committee of The First Affiliated Hospital, Sun Yet-
sen University. Prior to the test PAMAM-PLL-3.8/pPUC19-VEGF165
at N/P = 40 complexes was freshly prepared. 12 New Zealand
white rabbits (2.5 ± 0.3 kg) were obtained from the animal cen-
ter of Sun Yetsen University, and randomized into gene group and
saline group (6 animals each group). The rabbits were anesthetized
with 3% pentobarbital sodium (1 mL/kg weight) intravenously and
ketamine hydrochloride (20 mg/kg weight) intramuscularly. A right
incision on the neck was  made to expose the right common
carotid artery. The endothelium of right common carotid artery
was  denuded by three passages of an inflated 2F Fogarty catheter
(Gore-Tex, Arizona USA).
A clip clamped the proximal site of the injured vessel temporar-
ily to stop the blood flow, 200 �L of the DNA complex solution
were injected into the injured vessel, and another clip clamped the
distal site to allow the gene solution staying in the injured vessel
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ig. 1. FT-IR spectra of PAMAM-PLL copolymers: (a) PAMAM-G4, (b) H-Lys(Z)-OH,
c)  PAMAM-PLL(Z), (d) PAMAM-PLL-2.1, (e) PAMAM-PLL-3.8, and (f) PAMAM-PLL-
.0.

or 30 mm.  After perfusion finished, the clips were removed, the
lood flow recovered, and the neck incision was closed. At 28 d of
ostoperation the animals were sacrificed and the segments of the
erfused vessels were harvested. The specimens were ultra-thin-
ectioned, stained with hematoxylin–eosin (HE) and inspected
istologically. The areas of lumen (L), neointima (I) and media (M)
n the sections were measured by BX51 Micro-Image Analysis Sys-
em (Olympus, Japan), the I/M and L/(L + I) values were calculated.
he procedures of the saline group were the same as the gene group
xcept 200 �L of saline were perfused in the injured vessel.

.12. Statistical analysis

The experimental data were represented as means ± standard
eviation, the variable P value between the groups means were
valuated using the student’s t-test, when P < 0.05 the difference
as considered statistical significance.

. Results and discussion

.1. Preparation and characterization of PAMAM-g-PLL
opolymers

FT-IR spectrum of PAMAM G4 displayed a broad peak at
287 cm−1 attributed to N–H stretching vibration of the terminal
rimary amine, a weak peak at 1462 cm−1 assigned to C–H shear
ending vibration, and a weak peak at 1128 cm−1 corresponded
o C–N stretching vibration of dendrimer framework (Fig. 1a). 1H
MR  spectrum of PAMAM G4 showed the peaks at 3.3, 2.9, 2.7 and
.4 ppm belonged to CH2 of different positions in the PAMAM den-
rimer frame, respectively (Fig. 2a). The results of potentiometric
itration showed that the number of the terminal primary amine
f PAMAM G4 was 64.4, which is similar to the theoretical volume,

4.0. Based on MALDI-TOF mass spectra the Mw value of synthe-
ized PAMAM G4 (13,051 Da) was consistent with the Mw value of
AMAM G4 purchased from Sigma–Aldrich (13,000 Da). The above
esults confirmed the formation of PAMAM G4.
Scheme 2. The structure of the short multi-armed PLL graft PAMAM G4.

Polymerization of Lys(Z)-NCA was  initiated by primary amine of
PAMAM G4, thus PAMAM-g-PLL(Z) copolymers were synthesized.
After deprotection the benzyloxylcarbonyl groups were converted
to primary amino groups on PLL arms (Scheme 1). Actually, the
PAMAM-g-PLL is a multi-armed-graft copolymer with the PAMAM
G4 as a core and the PLL as short arms around the core (Scheme 2).
In deprotection procedure, the PLL(Z) arm length further reduced
mainly due to partial degradation in the acidic condition.

FT-IR spectra of PAMAM-g-PLL copolymers were seen in Fig. 1.
For all samples the peak at 1650 cm−1 was belonged to C O of
amide (amide I) and peak at 1550 cm−1 was  belonged to N–H
of amide (amide II) (Huang et al., 2007). In Fig. 1b the peaks at
3345 and 2983 cm−1 were assigned to N–H symmetric and anti-
symmetric stretching vibration at alpha carbon atoms, respectively
(Bhadra et al., 2003). The peaks at 1691 and 1500 cm−1 were corre-
sponded to C C stretching vibration, but the double peaks at 747
and 698 cm−1 were corresponded to plane bending vibration of
benzene ring (Refat et al., 2007), which were characteristic of the
benzyloxylcarbonyl group. In Fig. 1c the peak at 3311 cm−1 was
combination of the peak at 3287 cm−1 of Fig. 1a and the peak at
3345 cm−1 of Fig. 1b, a new peak at 3073 cm−1 appeared, and the
peaks at 1691, 1500, 747 and 698 cm−1 still existed, which implied
the formation of the PAMAM-g-PLL(Z). Fig. 1d, e and f were rather
similar to each other, but the peaks at 2938–3287 cm−1 all became
very broad, no peaks at 1691, 1500, 747 or 698 cm−1 were found,
which indicated that complete deprotection of PAMAM-g-PLL(Z)
occurred and a lot of primary amines generated.

1H NMR  spectra of PAMAM-g-PLL copolymers were shown in
Fig. 2. In Fig. 2b the k peaks at 1.28–1.57 ppm were attributed to
CH2–CH2–CH2–CH2 of H-Lys(Z)-OH (Tian et al., 2005), the l peak
at 7.28 ppm was  belonged to H atoms on benzene ring and m peak
at 5.05 ppm was  assigned to CH2 of benzyloxylcarbonyl group. In
Fig. 2c in addition to the l, k and m peaks, new q peak at 4.10 ppm
corresponding to –NH–CH–CO– of polypeptide bonds (Huang et al.,
2007; Bhadra et al., 2003) and new p peak at 3.5–2.0 ppm corre-
sponding to all CH2 of PAMAM framework appeared, which implied
the formation of the PAMAM-g-PLL(Z). Fig. 2d, e and f were very
similar to each other, the l and m peaks disappeared and the k peaks
became stronger, which showed the benzyloxylcarbonyl groups
were removed completely. The a–i peaks at 2.5–3.6 ppm were
belonged to CH2 of PAMAM framework, after deprotection the rel-

ative content of PAMAM increased, so the a–i peaks at 2.5–3.6 ppm
became more obvious in comparison with Fig. 2c. The results con-
firmed the formation of PAMAM-g-PLL copolymers. The average



210 S. Pan et al. / International Journal of Pharmaceutics 420 (2011) 206– 215

Fig. 2. 1H NMR  spectra of PAMAM-PLL copolymer: (a) PAMAM-G4, (b) H-Lys(Z)-OH, (c) PAMAM-PLL(Z), (d) PAMAM-PLL-2.1, (e) PAMAM-PLL-3.8, and (f) PAMAM-PLL-6.0.

Table 1
The composition and molecular weight of PAMAM-g-PLL copolymers.

Sample no. Feeding ratio of
NCA/NH2 by mol

Yield of
PAMAM-PLL

Average
polymerization
degree of PLL armsa

Total –NH2 groups
number of arms on
periphery

Mn of PAMAM-PLL
copolymers (kDa)

PAMAM-PLL-2.1 3/1 69% 2.1 135 30.3
PAMAM-PLL-3.8 6/1 60% 3.8 245 44.3
PAMAM-PLL-6.0 10/1 54% 6.0 384 62.5

a Determined by 1H NMR.
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Fig. 5. (a) Particle size of polycation/DMA complexes at different N/P ratios, (b) SEM

F

ig. 3. Cytotoxicity assay: (a) cell viability of different polycations in the concen-
ration range of 0.01–0.50 mg/mL  and in Bel 7402 cell, and (b) cell viability of
AMAM-PLL-3.8 in different cells.

olymerization degrees of PLL short arms were calculated from area
atio of a–i peaks to k peaks. The data were listed in Table 1. The
AMAM-g-PLL copolymers with 2.1, 3.8 and 6.0 average polymer-
zation degrees of PLL arms were expressed as PAMAM-PLL-2.1,
AMAM-PLL-3.8 and PAMAM-PLL-6.0, respectively.

.2. Cytotoxicity of PAMAM-g-PLL copolymers

Generally, the cytotoxicity increased with an increase in the
olymer concentration. As shown in Fig. 3a PAMAM G4 and PLL-
.5k exhibited moderate cytotoxicity. After grafting PLL short arms,
he PAMAM-g-PLL displayed lower cytotoxicity than the PAMAM
4 or the PLL-15k homopolymer, and the PAMAM-PLL-3.8 and

AMAM-PLL-2.1 showed the least cytotoxicity among the poly-
ers. The reason was that lysine was one component of body

roteins, lysine oligomer showed less cytotoxicity than PLL with
ong chain, therefore PAMAM G4 grafted with PLL short arms

ig. 4. Gel electrophoresis assay of polycation/gene complexes at various N/P ratios: (a) P
image of PAMAM-PLL-3.8/DNA complex at N/P = 40, (c) size distribution of PAMAM-
PLL-3.8/DNA complex at N/P = 40 by DLS, and (d) zeta potential of polycation/DNA
complexes.
(2–6 residues) would exhibit more biocompatible than unmodified
PAMAM G4. In Fig. 3b PAMAM-PLL-3.8 showed different cytotoxi-
cities in Bel 7402, Hela or NIH 3T3 cells illustrating the sensitivity
of cytotoxicity to different cell species.

AMAM-G4, (b) PAMAM-PLL-2.1, (c) PAMAM-PLL-3.8, and (d) PAMAM-PLL-6.0.
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ig. 6. AFM image of PAMAM-PLL-3.8/pDNA complex at N/P = 40: (a) (top) 2D view
he  3D view in range of 160 nm.

.3. DNA complexing capacity of PAMAM-g-PLL

Polycation can combine DNA through electrostatic effect, con-
ense the DNA, and generate compact nanoscale particles or
omplexes. The good DNA complexing capacity is a necessary
equirement for polycation gene carriers. Generally, the DNA
omplexing capacity of polycation was evaluated by agarose gel
lectrophoresis assay. In the method nude DNA molecules with
arious masses or conformations migrated to different distances
n 100 V, so some DNA bands could be seen. But after complex-
ng with polycation, the DNA negative charges were offset, and
esulted in retardation of the DNA bands migration. As shown in
ig. 4 PAMAM G4, PAMAM-PLL-2.1, PAMAM-PLL-3.8 and PAMAM-
LL-6.0 began retard the DNA bands migration at the N/P ratio of
.0, 1.8, 1.4 or 0.5, respectively. These results illustrated the order of
he DNA complexing capacity was as follows: PAMAG4 < PAMAM-
LL-2.1 < PAMAM-PLL-3.8 < PAMAM-PLL-6.0. An explanation was
hat the structure like PAMAM grafted with PLL short arms
ould enhance the gene complexing capacity, and the longer
he PLL arm, the larger the DNA complexing capacity. No visi-
le precipitation was detected in the complexation of DNA with
olycation.

.4. Particle size and zeta potential of polycation/DNA complexes

The complexes sizes measured by DLS were shown in Fig. 5a.
t the N/P of 10 the PAMAM-g-PLL copolymers could not condense
NA molecules completely, so larger and looser particles produced.
s the N/P ratio increased the particle sizes decreased because more
ositive charges would enhance the DNA condensing capability and
roduce more compact particles. But at the N/P of 80 the particle
ize increased inversely because more positively charged PAMAM-
LL molecules were involved in the complexes at the N/P of 80
o generate the complexes with larger mass or sizes. The average
article sizes of PAMAM G4, PAMAM-PLL-2.1, PAMAM-PLL-3.8 and
AMAM-PLL-6.0 were 120 ± 16, 152 ± 16, 115 ± 15 or 106 ± 12 nm

t the N/P of 40, respectively. It was seen from DLS that the size
istribution of the complexes was unimodal (Fig. 5c). It was found
rom SEM that the morphology of the complexes looked like some
ound spheres (Fig. 5b).
ottom) A–B section crossed five particles, (b) 3D view in range of 1000 nm,  and (c)

Particle size and morphology of PAMAM-PLL-3.8/pDNA com-
plexes were also studied by AFM. Fig. 6a (top) displayed the particle
sizes in the range of 100–200 nm.  Fig. 6a (bottom) exhibited an
A–B section across five particles, in which the peak heights and
distances between peaks were represented. Fig. 6b and c showed
the 3D images of the particles. The AFM images confirmed the for-
mation of complexes, and provided the more precise information
about complex size and shape. The AFM results were also consistent
with that of DLS and SEM.

The zeta potential of complexes is mainly depended on the N/P
ratio or surface charges of complexes. As shown in Fig. 5d the zeta
potential of complexes raised with increase of the N/P ratio. For
different polycations an ascending order of zeta potential at the
N/P of 40 was  as follows: PAMAM G4 < PAMAM-PLL2.1 < PAMAM-
PLL-3.8 < PAMAM-PLL-6.0 because the surface positive charges of
complexes increased in the same order. The positive charges on
complexes surface were of benefit to their attachment to cells and
consequent endocytosis. The complexes of PAMAM-PLL-3.8 had
appropriate particle size of 100–200 nm and positive zeta poten-
tials of 10–20 mV,  which were favorable for penetrating into cells
and cellular uptake (Qi et al., 2009).

3.5. In vitro transfection efficiency of polycation/DNA complexes

Fig. 7a represented the transfection efficiency of PAMAM-PLL-
3.8 and PAMAM G4 at optimum N/P ratio in different cells. The
transfection efficiency related to the cell type, the descending
order of the transfection efficiency was as follows: Hek 293 > Bel
7402 > Hela > NIH 3T3. It was  worth noticing that the transfection
efficiency of PAMAM-PLL-3.8 was  always larger than that of
PAMAM G4 in the same cell. Fig. 7b showed that as raising the N/P
ratio from 20 to 40, the transfection efficiency was  also increased
because the higher positive charge density led to the stronger DNA
complexing capability, at the N/P of 40 maximum transfection
efficiency was achieved. However, at the N/P of 80 the transfection
efficiency inversely reduced because very high positive charge

density would cause serious cytotoxicity and a lot of cells death. In
Fig. 8a the transfection efficiencies of PAMAM-PLL-3.8 at the N/P
of 40 and 80 in serum-free medium in Hek 293 were (52.1 ± 0.2)%
or (49.0 ± 1.2)%, but the transfection efficiency of PAMAM G4,
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Fig. 7. (a) In vitro gene transfection efficiency of PAMAM-PLL-3.8/DNA complexes
at  N/P = 40 in different cells compared with PAMAM-G4/DNA complex at N/P = 15.
(b)  In vitro gene transfection efficiency of PAMAM-PLL/DNA complexes in Bel 7402
at  different N/P ratios.

Fig. 8. (a) In vitro gene transfection efficiency of different polycation/pEGFP-Cl complex
for  24 h, *P < 0.01 and **P < 0.01, the differences are considered statistical significance; **
cytometry graphs and fluorescence images of different polycation/pEGFP-C1 complexes 

images  without serum, row 3 flow cytometry graphs with 10% FBS, row 4 fluorescence im
armaceutics 420 (2011) 206– 215 213

PEI-25k and Lipofectamine 2000 were (12.8 ± 2.9)%, (46.4 ± 4.3)%
or (54.3 ± 7.8)%, respectively (at the optimal N/P ratio). The trans-
fection efficiency of PAMAM-PLL-3.8 was  much higher than that of
PAMAM G4 (*P < 0.01) and approached to that of PEI-25k or Lipofec-
tamine 2000 (***P > 0.05). For the same polycations the transfection
efficiencies in serum-contained medium were always lower than
that in serum-free medium because the serum could competitively
combine with polycations and reduce the DNA complexing capac-
ity. For PAMAM G4, PAMAM-PLL-3.8 at the N/P ratios of 40 and
80 the ratios of the transfection efficiencies with serum/without
serum were 0.76/1, 0.65/1 or 0.81/1, however, for PEI-25k and Lipo-
fectamine 2000 the ratios were only 0.09/1 or 0.06/1, respectively.
The facts illustrated that PAMAM and PAMAM-g-PLL copolymers
exhibited much higher serum-resistant capacity than PEI-25k
or Lipofectamine (**P < 0.01). In Fig. 8b the cells transfected in
serum-free medium (row 2) showed more bright green fluorescent
spots than that in 10% FBS-containing medium (row 4) especially
for PEI-25k or Lipofectamine 2000. The fluorescence images were
consistent with results of the flow cytometry (rows 1 and 3).
For linear PLL with high molecular weight the positive charges
distribute along the long chain, which were not of benefit to com-
plexing with DNA and improving the buffering capacity, therefore
linear PLL long chains such as PLL-15k showed poor transfection

es in Hek 293 cells at optimal N/P ratio without serum for 6 h and with 10% FBS
*P > 0.05, the differences are not considered statistical significance (n = 3). (b) Flow
in Hek 293 cells, row 1 flow cytometry graphs without serum, row 2 fluorescence
ages with 10% FBS.
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Table 2
Histological section inspection of carotid artery after 28 d of gene local release in balloon-injury model.

Groups Lumila area (L) (mm2) Intima area (I) (mm2) Media area (M)  (mm2) I/M L/(L + I)

Saline group 0.079 ± 0.059 0.267 ± 0.226 0.240 ± 0.179 1.11 0.23
Gene  group 0.250 ± 0.147 0.092 ± 0.011 0.300 ± 0.061 0.31 0.73

*P < 0.05 *P < 0.01 *P < 0.05
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* Compared gene group with saline group (n = 6).

fficiency and moderate cytotoxicity. The PAMAM G4 had 64.4 ter-
inal primary amines, so PAMAM-PLL-2.1, PAMAM-PLL-3.8 and

AMAM-PLL-6.0 had 135, 245 or 384 terminal primary amines
hich corresponded to that of PAMAM G5, G6 or G6-7, respectively

see Table 2). The more primary amines and the unique radial dis-
ribution of positive charge on the periphery could result in higher
ransfection efficiency. When the PAMAM-g-PLL copolymers com-
lexed with DNA, the DNA molecules could locate between the PLL
hort arms and even extend into the internal cavities (Svenson and
omalia, 2005) protecting the DNA from the attack of the serum
olecules. It was the reason why PAMAM-PLL/DNA complexes

isplayed much better serum-resistant capacity than PEI-25k or
ipofectamine 2000.

.6. Evaluation of preventing restenosis after local delivery of
EGF165 gene

Percutaneous transluminal coronary angioplasty (PTCA) is a
inimal invasive technique for treatment of myocardial infarction.
espite high initial success rates, PTCA has still been limited to
estenosis at the arterial injury site of 30–50% cases in 3–6 months
f postoperation. Gene therapy is a new trial for preventing the
estenosis. VEGF165 gene is an effective target gene (Deiner et al.,
006). Exogenous VEGF165 gene can be transfected and expressed

ig. 9. Histological section of carotid artery after 28 d of gene perfusion in balloon-injury
ene  group (100×).
in arterial cells to stimulate regeneration of the endothelial cells
as well as to restrain over-proliferation of the smooth muscle cells,
which would efficiently prevent restenosis.

In Fig. 9a we  can see that the intima of the normal carotid artery
was  just a single layer of endothelial cells, and the media was  mainly
consisted of smooth muscle cells. When the intima was  injured,
over-proliferation of vessel cells would lead to neointima forma-
tion and media thickening. In the saline group a serious neointimal
hyperplasia were found (Fig. 9b), but in the gene group a moderate
neointimal hyperplasia occurred and the endothelium was  almost
recovered (Fig. 9c). The I/M value is a parameter to illustrate the
extent of neointimal hyperplasia. The I/M value of gene group (0.31)
was  much less than that of saline group (1.11); the neointima area of
the former was only 34% of the latter. The L/(L + I) is another param-
eter to evaluate the patent extent of vessel. The L/(L + I) value of the
gene group (0.73) was  also much larger than that of the saline group
(0.23), and the lumen area of the former was 3.2 times larger than
the latter (Table 2), which illustrated the stenosis extent of the gene
group was lower than the saline group. We  speculate that after the
perfusion of complexes solution the complexes would enter into

the vessel cells by internalization, and VEGF165 gene was trans-
fected and expressed in nucleus, so that stimulating recovery of
endothelium and inhibiting over-proliferation of smooth muscle
cells.

 model (stained by HE): (a) normal artery (200×), (b) saline group (100×), and (c)



l of Ph

4

o
c
c
m
c
p
c
h
a
t
s
P
v

A

d
s
c
t

A

t

R

A

B

B

C

D

D

G

S. Pan et al. / International Journa

. Conclusion

PAMAM-g-PLL copolymers were prepared by polymerization
f Lys(Z)-NCA using PAMAM G4 as macromolecular initiator and
onsequent deprotection of PAMAM-g-PLL(Z). The PAMAM-g-PLL
opolymers exhibited less cytotoxicity. The PAMAM-g-PLL copoly-
ers could complex with DNA to form nanocomplexes. The

omplex sizes were in the range of 100–200 nm and their zeta
otentials were in the range of 10–20 mV.  The higher positive
harge density and unique radial charge distribution resulted in
igher transfection efficiency than the PAMAM G4 or the PLL-15k
nd better serum-resistant capacity than PEI-25k or Lipofec-
amine 2000. The gene local delivery test in rabbit injured vessel
howed that the restenosis was inhibited to a significant extent.
AMAM-g-PLL-3.8 will be a promising candidate as efficient gene
ector.
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