
International Journal of Pharmaceutics 363 (2008) 199–205

Contents lists available at ScienceDirect

International Journal of Pharmaceutics

journa l homepage: www.e lsev ier .com/ locate / i jpharm

Pharmaceutical Nanotechnology

Evaluation of generations 2, 3 and 4 arginine modified PAMAM
dendrimers for gene delivery

Hye Yeong Nama, Hwa Jeong Hahna, Kihoon Nama, Woo-Hyung Choib,
Yunseong Jeonga, Dong-Eun Kimb, Jong-Sang Parka,∗

a School of Chemistry & Molecular Engineering, Seoul National University, San 56-1, Shillim-dong, Kwanak-ku, Seoul 151-742, Republic of Korea
b Department of Bioscience and Biotechnology, Konkuk University, Seoul 143-701, Republic of Korea

a r t i c l e i n f o

Article history:
Received 28 March 2008
Received in revised form 6 June 2008
Accepted 21 July 2008
Available online 30 July 2008

Keywords:
Biodegradation
PAMAM

a b s t r a c t

It is a matter of concern to develop and design synthetic non-viral gene carriers with high transfection
efficiency and low cytotoxicity in gene therapy. Recently, various arginine conjugated dendrimers showed
better performance in transfection and greater viability than polyethyleneimine (PEI). In this study, we
synthesized and investigated e-PAM-R G2, 3 and 4 which are biodegradable polyamidoamine (PAMAM)
dendrimers modified with arginine and compared that with PAMAM-R series containing amide bonds for
gene carriers. For plasmid DNA delivery, the transfection efficiency of e-PAM-R G4 was higher than G3
and G2 and similar to PAMAM-R G4 with favorable cell viability. Moreover, they indicated significantly
higher suppression of TEL/AML1 protein, maybe due to rapid olidonucleotide (ODNs) release through
Generation
Oligonucleotide
T
C

biodegradability of e-PAM-R. These results suggest that biodegradable and non-toxic e-PAM-R may be
useful carriers for the gene including plasmid DNA, antisense ODNs and si-RNA.
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. Introduction

Gene therapy is a new approach using genetic materials to test,
ure, or prevent interactive disease like cancer, AIDS, Parkinson’s
nd Alzheimer’s disease and arthritis. For more than two decades,
t has been attracting interest as one of the most promising clinical
reatment in the post-genomic era (Shinya Kida et al., 2005; Choi
t al., 2006).

For successful gene delivery, it is a matter of great importance to
evelop an effective and safe gene delivery vector. To this end vari-
us vectors have been developed by many groups (Itaka et al., 2003).
n general, viral or non-viral vectors are used to deliver a therapeu-
ic gene (DNA or si-RNA) to the body. Although viral vectors are
fficient, the side effects, including cytotoxicity, mutagenesis, car-
inogenesis and immune response, are a major obstacle to their
pplication (Mulligan, 1993; Pedone et al., 2001). To avoid these
roblems of viral vectors, a large number of non-viral vectors, such

s synthetic polymers, lipids and peptides, have been developed.
mong them, synthetic polymers used as gene delivery vectors

nclude linear, radiometric branched or block co-polymers and den-
rimers (Brown et al., 2001). One of these groups of polymers,
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olyamidoamine (PAMAM) dendrimers, is safe, nonimmunogenic,
nd able to function as highly efficient cationic polymer vectors
or gene delivery. They have been as efficient as (or more efficient
han) both cationic liposomes and other cationic polymers for in
itro gene transfer. In addition, a significant quantity of informa-
ion on PAMAM dendrimers has been collected during the past
ecade (Eichman et al., 2000). To develop the transfection effi-
iency of PAMAM dendrimers, various ligands were conjugated on
he PAMAM surface. Many trials have been carried out to modify the
urface periphery of PAMAM. Recently, some basic peptides known
s protein transduction domains (PTD) or membrane translocal-
zation signals (MTS) and magnetic nanoparticles (MNP) were
dentified, characterized, and introduced into polymers for the gene
elivery (Tung and Weissleder, 2003; Choi et al., 2004; Brooks et
l., 2005; Pan et al., 2007). Positively charged aminoacids in these
eptides, of which the representative is arginine, are known to have
xcellent properties of cell penetration. A great deal of research has
een done on introducing arginine into polymers such as PAMAM
endrimer or chitosan to improve their transfection efficiency (Choi
t al., 2004; Gao et al., 2008).
In our previous study, PAMAM dendrimers conjugated with argi-
ine (PAMAM-R) or lysine (PAMAM-K) through an amide bond were

ound to have excellent transfection efficiency and be less toxic
han polyethyleneimine (PEI) which was the representative can-
idate for gene delivery at that time, but still had severe toxicity for

http://www.sciencedirect.com/science/journal/03785173
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UVEC or SMC. As is widely known, the cytotoxicity of dendrimers
s influenced by the surface group. For example, the cationic den-
rimers display more excellent transfection and more toxicity than
nionic or neutral polymers such as PAMAM dendrimers with a
arboxylate or hydroxyl surface group (Malik et al., 2000). Consid-
ring that the cytotoxicity of the polymers is due to accumulation of
on-degradable, high molecular weight polymers with high charge
ensity, the biodegradation of these polymers may solve the tox-

city problems, at least for non-viral polymers with high charge
ensities and high molecular weights without loss of transfection
fficiency (Jeong et al., 2001). Also, recently the importance of the
fficient intracellular disassembly of polyplexes in siRNA delivery
as reported, which described enhanced RNA interference activ-

ty through the rapid release of siRNA by polymer biodegradation
Jeong et al., 2007).

Based on these studies, we designed and synthesized a new
iodegradable polymer named e-PAM-R modified with arginine
y esterification, which was expected to have two advantages for
ene delivery: (i) an enhanced transfection efficiency from intro-
ucing the arginine for DNA carriers, (ii) fast biodegradation able
o lower cytotoxicity and deliver antisense ODNs and small inter-
ering RNAs (si-RNAs) to modulate gene expression. For e-PAM-R
4, the synthesis, characterization and in vitro evaluation for DNA
elivery is in the process of submission. Here we report the differ-
nce and characterization of e-PAM-R Gx modified with different
eneration PAMAM-OH and evaluate the possibilities for their
linical application, respectively, for antisense ODNs and si-RNA
elivery.

. Materials and methods

.1. Materials

PAMAM-OH G2, G3 and G4 (ethylenediamine core),

AMAM-NH2 G2, G3 and G4 (Starburst), piperidine, N,N-
imethylformamide (DMF), N,N-diisopropylethylamine (DIPEA),
-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
MTT) and Sephadex® LH-20 (lipophilic sephadex) were purchased
rom Sigma–Aldrich (St. Louis, MO). N-hydroxybenzotriazol (HOBt)

d
i
a
t

Fig. 1. The synthetic scheme o
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nd 2-(1H-benzotriazole-1-yl)-1, 1, 3, 3-tetramethyluronium
HBTU) were purchased from Anaspec Inc., (San Jose, CA). Fmoc-
-Arg(pbf)-OH was from Novabiochem (San Diego, CA). Luciferase
ssay System and Reporter Lysis Buffer were from Promega (Madi-
on, WI). Fetal bovine serum (FBS) and 100× antibiotic-antimycotic
gent were purchased from GIBCO (Gaithersburg, MD). EBM-2 and
GM-2 medium were from Cambrex Bio Science (Walkersville,
D). Pico Green reagent was purchased from Molecular Probes

Eugene, OR). All chemicals were used without any further purifi-
ation. The firefly luciferase expression plasmid, pCN-Luci was
onstructed by subcloning cDNA of Photinus pyralis luciferase
ith 21-amino acid nuclear localization signal from SV40 large T

ntigen to pCN.

.2. Synthesis of e-PAM-R Gx (x = 2, 3, and 4)

As shown in Fig. 1, the synthesis of e-PAM-R is similar to
AMAM-R which is arginine-modified PAMAM through an amide
ond except purification and deprotection of the pbf group. First,
rginine coupling to PAMAM was performed with 4 eq. of Fmoc-l-
rg(pbf)-OH, HOBt, HBTU and 8 eq. of DIPEA per surface hydroxyl
roup of PAMAM-OH dendrimer in anhydrous DMF for 12 h at
7 ◦C. Then, the mixture was precipitated with cold diethyl ether.
he crude product was eluted on a Sephadex® LH-20 (DMF only)
o remove any remaining excess Fmoc-l-Arg(pbf)-OH, HOBT and
BTU. For deprotection, 90% of trifluoroacetic acid in DMF was
sed for the pbf protecting group and 30% of piperidine in DMF for
he Fmoc group. Each step was performed for 30 min and followed
ith precipitation in cold diethyl ether 3times to purification. The
olymers were verified by 1H NMR spectra (Bruker DPX-300 NMR
pectrometer, D2O).

.3. Hydrolytic degradation patterns by 1H NMR spectroscopy
The degradation patterns of e-PAM-R G2, G3 and G4 in D2O were
etermined by 1H NMR spectrometry. Each polymer was dissolved

n D2O to a concentration of 5 mg/mL and incubated in an NMR tube
t 37 ◦C. The NMR spectra of samples were obtained at the indicated
ime interval until products were almost degraded.

f e-PAM-R G2, 3 and 4.
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.4. Agarose gel electrophoresis studies

Polyplexes were prepared at various weight ratios between each
f the polymers and pCN-Luciferase plasmid(pCN-Luci) was con-
tructed by subcloning the cDNA of Photinus pyralis luciferase with
1-amino acid nuclear localization signal from SV40 large T antigen
o pCN. The polyplexes were formed by incubating them in HEPES
uffer (25 mM HEPES, pH 7.4, 10 mM MgCl2) at room temperature
or 30 min. Then, each sample was subject to electrophoresis on
.7% (w/v) of agarose gel and stained in a buffer containing ethid-

um bromide (EtBr, 0.5 g/mL) at 37 ◦C for 1 h. The stained gels were
nalyzed using an UV illuminator to show the location of the DNA
and.

.5. Pico Green assay for polyplex formation

200 �L of polyplex solutions of pCN-Luci DNA (1.0 �g) and each
f the polymers were prepared in HEPES-buffered saline (HBS,
5 mM HEPES, 150 mM NaCl, pH 7.4) at various weight ratios and
he mixtures were incubated for 30 min at room temperature.
hen, 200 �L of the diluted Pico Green stock solution (1×) diluted
00-fold in TE buffer (10 mM Tris, 1 mM EDTA, pH 7.5) before the
xperiment was mixed with the same volume of blank solution or
olyplex solution. After 2 min incubation, the mixture was diluted
ith 1.6 mL of TE buffer to a total 2 mL. Fluorescence was measured
ith a spectrophotometer (JASCO, FP-750) at 480 and 520 nm for

xcitation and emission.

.6. Size measurement

The size of the dendrimers/plasmid DNA complexes was mea-
ured using a Malvern Zetasizer 3000HAs (Malvern Instruments
td., Worcestershire, U.K.) using the PCS 1.61 software. About 2 mL
f the polyplex solutions at various weight ratios were prepared
o a final concentration of 5 �g/mL plasmid DNA in water for size

easurement.

.7. Cell culture

Human umbilical vein endothelial cells were grown in EGM-2
ith 2% FBS. Human embryonic kidney 293 cells were grown in
MEM with 10% FBS. The cells were routinely maintained on plas-

ic tissue culture dishes for 293 cells and cell binder (Corning) for
UVECs at 37 ◦C in a humidified atmosphere containing 5% CO2/95%
ir. The EGM-2 and DMEM contained 1× antibiotic–antimycitid
gent.

.8. Transfection of plasmid DNA

HUVEC (2 × 104 cells/well) were seeded on 24-well cell binder
lates in 600 �L (aliquots) of EGM-2 containing 2% FBS and main-
ained for a day. Before transfection, the medium was exchanged
ith growth factor-free medium (EBM-2) containing 2% FBS.
UVEC were treated with polyplex solution prepared with 2 �g
f plasmid DNA and different weight ratios of e-PAM-R Gx each
n 150 �L of serum-free medium, with growth factor to avoid
olymer-serum interactions. The polyplex solutions were incu-
ated for 30 min at room temperature before treatment on cells.
fter 4 h treatment of the polyplex, the medium was replaced by

resh 600 �L medium with EGM-2 and the cells were incubated for

further 20 h. For assay the growth medium was removed and the

ells were rinsed with PBS. Then, the cells were lysed for 30 min at
oom temperature with 150 �L of Reporter lysis buffer (Promega,
adison, WI). Luciferase activity in the transected cells was mea-

ured using a LB 9507 luminometer (Berthold, Germany) with ten

p
O
w
a
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icroliters of the lysate dispensed into a luminometer tube and
utomatic injection of 50 �L of Luciferase Assay Reagent.

.9. Cell cytotoxicity

For the cytotoxicity assay, the color metric MTT assay
as performed. Briefly, HUVEC were seeded to a density of
× 103 cells/well in a 96-well cell binder plate and grown in 90 �L
f EGM-2 containing 2% FBS media for 1 day prior to incubation
ith polymer. After 24 h, each polymer was treated with various

oncentrations. In particular, PEI 25 kDa was treated as the control
o undertake a comparison of cell cytotoxicity.

After 24 h growth, 26 �L of MTT stock solution (2 mg/mL) was
dded to each well and incubated for a further 4 h. The media was
hen removed and 150 �L of DMSO was added and the absorbance
as measured at 570 nm using a micro-plate reader.

.10. Transfection of DNAzyme and assessment of TEL/AML1
xpression

A slightly modified transfection procedure with plasmid DNA
as used for the transfection of mammalian expression plas-
id (pcDNA3.1 (Invitrogen) + TEL/AML1 fusion gene) on 293 cells.

efore polyplex addition, the medium was changed to serum free
edium. The cells were treated with a polyplex containing solu-

ion for 4 h at 37 ◦C. After the exchange of medium with serum, the
ells were further incubated for 24 h at 37 ◦C. Then, the cells were
insed with DPBS to remove the serum and polymer and serum-free
edium was added to each well. DNAzyme (Dz) (oligonucleotides,

8 nts)/e-PAM-R G4 complex incubated for 30 min at room tem-
erature was treated and the cells were further incubated for 24 h.
he cells were harvested and transferred to a new tube. Lysis buffer
20 mM tris–HCl, 20 mM EDTA, 10% glycerol, 100 mM KCl, 0.1% non-
det P-40) was added to each tube. After vortexing and storing
n ice for 1 h, the cells were centrifuged at 1300 rpm for 15 min
t 4 ◦C and the cell lysate was obtained. The total cellular pro-
eins from the transfected cells were mixed with 5× SDS ample
uffer, denaturized at 95 ◦C and subjected to electrophoresis in an
% SDS-polyacrylamide gel. For Western blot analysis, the proteins
ere transferred to an immobilion-P membrane and the mem-
rane was incubated in primary antibodies, mouse monoclonal
is-tag antibody and antibody �-actin monoclonal antibody solu-

ion for 1 h. The membrane was washed twice with PBST (0.05%
ween 20 in PBS) and incubated in secondary antibody solution
anti-mouse IgG peroxidase conjugate, Sigma) for 1 h. The bands
ere visualized using chemiluminescence (WEST-ZOL, Intron
iotechnology).

. Result and discussion

.1. Synthesis and characterization of e-PAM-R Gx (x = 2, 3 and 4)

Each generation of PAMAM-OH dendrimer was modified with
-arginine for non-viral gene carriers by a similar method for the
ynthesis of e-PAM-R G4. The synthesis of the e-PAM-R Gx was con-
rmed by proton NMR spectrum. Little difference was seen among
he spectra of e-PAM-R G2, G3 and G4. The rate of arginine modifi-
ation was calculated between the methyl protons in the interior of
AMAM, ı 2.63 (–NCH2CH2CO– of PAMAM-OH unit) and the methyl

eck of PAMAM terminal, ı 4.25 (–CONHCH2CH2OCO– of PAMAM-
H unit) and it was confirmed that above 90% of each PAMAM-OH
ere conjugated with arginine (about 98% for G2, about 95% for G3

nd about 94% for G4). As the generation of e-PAM-R increases, the
umber of the arginine is nearly doubled, but the charge dendity
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ncreases more rapidly due to the guanidine of the arginie (besides
rimary amine).

.2. Hydrolytic degradation patterns by 1H NMR spectroscopy

The e-PAM-R Gx was degraded to PAMAM-OH Gx and free l-
rginine in hydrolytic environments. We determined the nature
f the ester bond degradation over time in a hydrolytic environ-
ent. The degradation profiles of free polymer in D2O at 37 ◦C were

etermined by NMR spectroscopy. In the process of the degrada-
ion of the ester bond, a peak shift of e-PAM-R was noticeable, in
hich the ı 4.25 (–CONHCH2CH2OCO- of PAMAM-OH unit) peak
hifted to ı 3.66 (–CONHCH2CH2OH of PAMAM-OH unit) (Fig. 2A).
rom this NMR peak shift, the relative percentage of the number of
onjugated residues at zero time was calculated. e-PAM-R G4 was
egraded about 50% within 4.2 h, e-PAM-R G3 within 4.7 h and G2
ithin 4.9 h, that is without a significant difference in the degrada-

G
i
o

p

ig. 2. Degradation profiles of free polymer in D2O at 37 ◦C. (A) NMR spectrum of e-PAM-R
2 (�), e-PAM-R G3 (�) and e-PAM-R G4 (�).
harmaceutics 363 (2008) 199–205

ion rates of e-PAM-R G4, G2 and G3 after 4 h (Fig. 2B). Therefore,
t was expected that e-PAM-R had a higher positive charge density
s the generation increased.

.3. Characterization of e-PAM-R G2, G3 and G4 polyplex

To assess the formation of polymer-DNA polyplex, agarose
el electrophoresis was preformed at various weight ratios. The
-PAM-R, arginine-rich cationic polymer has abundant primary
mine groups and guanidine groups at the surface. Therefore, it
s possible that e-PAM-R interacts and condenses completely DNA

ith negative charge As shown in Fig. 3, the polyplexs of e-PAM-R

x did not have negative charge at weight ratio 2 and above. That

s, each polymer made a compact polyplex with plasmid DNA at 2
r more wt ratio in HBS buffer solution.

For a more accurate analysis, the Pico Green reagent assay was
erformed. The Pico Green reagent is more sensitive then EtBr.

G3 at 0 h and 24 h. (B) Percent of arginine conjugation at designated times. e-PAM-R
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Fig. 3. Gel retardation at various weight ratios. Polymer/DNA = 0.5, 1, 2, 4 and 6
(lanes 2, 3, 4, 5 and 6, respectively).
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ig. 4. Pico Green reagent assay, e-PAM-R G2 (�), e-PAM-R G3 (�) and e-PAM-R
4 (�).

s shown in Fig. 4, the polyplexs were formed at weight ratio 2,
hich corresponded to the gel electrophoresis result. No signifi-

ant difference was noticed between each generation, showing a
trong complex in order of generations G4, G3, G2. It may be due
o the increase in primary amine groups on the surface of polymer
ccording to the generation of e-PAM-R Gx.

The polyplex sizes were determined by DLS at specific weight
atios, which were desirable ratios for polyplex formation for each
eneration (Table 1). The e-PAM-R Gx efficiently condensed DNA
t sizes ranging from 200 to 230 nm and e-PAM-R G4, respectively,
ondensed DNA at sizes in the range of 200 nm that had a narrow

ize distribution at their optimal weight ratios. It seems that e-PAM-
G4 has the most abundant positive charge to interact with pDNA.

hus the e-PAM-R Gx, especially G4, is small enough to be taken up
nto the cell when it forms a polyplex (Vroman et al., 2007).

able 1
olyplex Sizes by DLS

olymers Weight ratio Size (nm) Standard deviation

-PAM-R G2 3 213.1 ±1.7
-PAM-R G3 3 232.9 ±4.7
-PAM-R G4 6 202.5 ±2.5

r
S
e
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e
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p
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(

ig. 5. Transfection efficiency in HUVECs. Results were expressed as RLU/well and
ach data point represents the mean ± standard deviation (n = 3). PEI (�), e-PAM-R
2 (A,�), e-PAM-R G3 (A, ), e-PAM-R G4 (A, ), PAM-R G2 (B,�), PAM-R G3 (B,
and PAM-R G4 (B, ).

.4. Transfection efficiency and cytotoxicity on the HUVECs

The PAMAM-OH has low cell toxicity and transfection efficiency
ecause the hydroxyl groups on the surface of the dendrimer are
eutral enough not to interact with DNA and cell membrane for
ransfection. To evaluate the transfection efficiency of e-PAM-R
n each generation, in vitro transfection assay was performed on
he sensitive primary cells, HUVECs with a Luciferase gene assay
ystem. e-PAM-R/pCN-Luci complexes were prepared with 2 �g
f plasmid DNA at various weight ratios. In Fig. 5, two remark-
ble characteristics are shown. First, both PAMAM-R and e-PAM-R
howed increased transfection activity in higher PAMAM genera-
ion. It may be due to more primary amines of high generation,
esulting in them interacting with plasmid DNA more strongly.
econd, the e-PAM-R showed similar or slightly lower transfection
fficiency than PAMAM-R. It is explained that this is due to a defect,
OH groups of e-PAM-R from incomplete modification or hydrol-
sis during incubation for transfection experiment. However the
-PAM-R G4 showed transfection efficiency as much as peptide-
erivate PAMAM-R G4 or PEI 25 kDa at weight ratio of 6 or more.
The cytotoxicity of free polymers, e-PAM-R Gx was com-
ared with PEI and PAMAM-R Gx at high concentrations (up
o100 �g/mL). As shown in Fig. 6, significant toxicity was observed
or PEI 25 kDa (less then 1%), even for the lowest concentration
20 �g/mL). PAMAM-R G4 with the most efficient transfection abil-
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ig. 6. Cytotoxicity assay on HUVECs at various concentration of polymers (n = 5,
rror bars represent standard deviation). PEI (©), e-PAM-R G3 (�), e-PAM-R G4 (�),
AM-R G3 (�) and PAM-R G4 (�).

ty exhibited under 40% cell viability at the 40 �g/mL, whereas
ther polymers (respectively, e-PAM-Rs) showed negligible levels
f toxicity under all conditions. The e-PAM-R G3 showed approx-
mately 87% cell viability and e-PAM-R G4 showed approximately
0% cell viability at the highest concentration 100 �g/mL, which
epresented nearly non-toxic status for in vivo application. We ana-
yzed e-PAM-R G2 and PAMAM-R G2 but there was little deference
etween them (about 90% of cell viability). It showed the e-PAM-R
ad low cytotoxicity, even for sensitive cells, like HUVECs.

.5. In vitro transfection of DNAzyme using e-PAM-R G4

TEL/AML1 contains the first 336 amino acids of TEL that are
inked to residues 21–480 of AML and the fusion protein acted as
transcription repressor to various target genes (Bernardin et al.,
002). RNA-cleaving antisense oligonucleotide, DNAzyme, which
argets against TEL/AML1 junction and represses the expression
f TEL/AML1 gene, was used to evaluate the transfection effi-
iency of polymers. The transfection of DNAzyme using fourth
eneration modified PAMAM-R and e-PAM-R as delivery agents
as investigated on 293 cells applying Western blotting analysis.
endrimer-DNAzyme of weight ratios 2 and 4 and concentrations
f 0.1 �M and 1 �M DNAzyme (Dz) were used in transfection
ests. The e-PAM-R/DNAzyme complex (a weight ratio 2) exhib-
ted much higher transfection efficiency than complexes prepared
ith PAMAM-R and Lipofectamin (optimal weight ratio 4), followed
y significantly higher suppression of TEL/AML 1 protein (Fig. 7).
he result of quantitative analysis showed that the 2x e-PAM-
/DNAzyme polyplex displayed the lowest protein expression, even

ig. 7. Western blot analysis of DNAzyme transfection at optimal weight ratio of
olymer/0.1 �M DNAzyme.
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t 0.1 �M. The comparison of PAMAM-R G4 and e-PAM-R G4 for
NAzyme indicates that the introduction of biodegradability is

ignificantly important for si-RNA and antisense oligonucleotides.
he potential of the e-PAM-R G4 for genetic materials was
lso confirmed by the shRNA-mediated suppression of HMGB1
high-mobility group box 1, a nonhistone DNA-binding protein)
xpression test, leading more suppression of HMGB1 than PAMAM-

G4. Anti-inflammatory effect of shRNA-mediated HMGB1
uppression using PAMAM-R G4 was previously published (Kim et
l., 2006). Before the application to animal model, the preliminary
x vivo test was carried about with e-PAM-R G3 and G4 to evalu-
te for the effect according to the generation. Preliminary results
howed that the e-PAM-R G3 was preferred to e-PAM-R G4 (data not
hown). That is, while PAMAM-R G4 shows better efficiency or sim-
lar than e-PAM-Rs, e-PAM-R G3 is more effective than PAMAM-R
4 and e-PAM-R G4 for si-RNA and antisense oligonucleotides.

. Discussion

Low transfection efficiency and high cell toxicity has limited
n vivo applications of non-viral carriers. Until now, PEI has been
onsidered the most excellent non-viral gene carriers. Our previ-
usly reported PAMAM-R has shown equal or better ability than
EI for in vitro transfection of plasmid DNA on various cell lines
nd primary cells with beneficial result for cell viability. However,
AMAM-R still has a problem of toxicity for primary cells, SMC
nd HUVEC for clinical applications, even though preferable to PEI.
ewly synthesized e-PAM-R displays similar transfection efficiency
nd cell viability as PAMAM-R. Cell transfection procedures are well
nown, such as: cellular membrane interaction, cellular uptake and
ndosomal escape and followed by gene expression. To enter the
ytoplasm and nucleus, it is very important to escape from the
ndosome of a polyplex, which is generally accomplished with a
proton sponge” effect. PAMAM dendrimers including PAMAM-OH
ave tertiary amines in their interior capable of being protonated
t acidic endosomal pH; therefore, e-PAM-R having PAMAM back-
one is considered to be able to escape easily from the endosome
nd show favorable transfection efficiency (Godbey et al., 1999;
ichman et al., 2000).

Generally cytotoxicity of PAMAM dendrimers increases as gen-
rations are increased because the size has influence on the
endrimers’ cytotoxicity. The nature and density of charged groups
re another factor that determines dendrimers’ toxicity. Cationic
harges at the surface are usually toxic, but it depends on the spe-
ific groups like primary amines (Dufes et al., 2005).

Once the cationic polymers form complexes, they usually have
eutral or positive charge at a charge ratio of 1 or more. These
omplexes usually showed less cytotoxicity than cationic free-
olymers. The charge density of cationic polymers has been felt to
ccount for crucial interactions with the cell membrane. However,
ecause that interaction may cause damage to cells, the devel-
pment of non-toxic cationic polymers is very important. The
-PAM-R was hydrolyzed and produced the PAMAM-OH and free
rginines. The PAMAM-OH has neutral hydroxyl groups on its sur-
ace instead of primary amine groups, resulting in nearly cellular
on-cytotoxicity and non-aggregation. Moreover, arginine is the
ind of amino acid in the cellular system. Therefore, e-PAM-R was
ery biocompatible and non-toxic due to biodegradability.

While PAMAM-R demonstrated more efficient ability for plas-

id DNA delivery, e-PAM-R was better for oligonucleotide and

i-RNA delivery. This result shows that the biodegradability of these
endrimers may affect the delivery of small size nucleic acids such
s antisense ODNs and si-RNAs as well as cytotoxicity. A similar
esult exhibiting the importance of adequate intracellular disas-



al of P

s
b
d
o
e
t
i
(
o
c
a

n
h
f
S
i
a

a
m
t

R

B

B

B

C

C

D

E

G

G

I

J

J

K

M

S

M
P

P

H.Y. Nam et al. / International Journ

embly of polyplexes for si-RNA delivery was recently reported
y another group (Jeong et al., 2007). The excellent result for the
elivery of these small nucleic acids may be due to the easy release
f oligonucleotides through fast hydrolysis of e-PAM-R, and more
-PAM-R G3 showed proper interaction (slightly weak interaction)
han G4. Considering their ability to regulate gene expression
n a highly sequence specific manner, antisense oligonucleotide
like DNAzyme) and small interfering RNAs have gathered a lot
f attention in diverse fields. Therefore, the excellent transfection
apability of e-PAM-R for these therapeutic small nucleic acids is
very important result.

These consequences suggested that the attachment of argi-
ine to a PAMAM dendrimer through a biodegradable ester bond
as two advantages. First, the introduced arginine affects polyplex

ormation and penetration into the cell membrane and nucleus.
econd, the biodegradability of polymers affects the efficiency of
ntracellular disassembly for oligonucleotides and si-RNAs and the
ppropriate cell viability.

Therefore, we have concluded that arginine modified biodegrad-
ble e-PAM-R has advantages for the delivery of therapeutic genetic
aterials, including DNA, antisense ODNs and si-RNAs according to

he generation of the dendrimers.
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