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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
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.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Gene therapy is a new approach using genetic materials to test,
cure, or prevent interactive disease like cancer, AIDS, Parkinson’s
and Alzheimer’s disease and arthritis. For more than two decades,
it has been attracting interest as one of the most promising clinical
treatment in the post-genomic era (Shinya Kida et al., 2005; Choi
et al., 2006).

For successful gene delivery, it is a matter of great importance to
develop an effective and safe gene delivery vector. To this end vari-
ous vectors have been developed by many groups (Itaka etal.,2003).
In general, viral or non-viral vectors are used to deliver a therapeu-
tic gene (DNA or si-RNA) to the body. Although viral vectors are
efficient, the side effects, including cytotoxicity, mutagenesis, car-
cinogenesis and immune response, are a major obstacle to their
application (Mulligan, 1993; Pedone et al., 2001). To avoid these
problems of viral vectors, a large number of non-viral vectors, such
as synthetic polymers, lipids and peptides, have been developed.
Among them, synthetic polymers used as gene delivery vectors
include linear, radiometric branched or block co-polymers and den-
drimers (Brown et al., 2001). One of these groups of polymers,
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polyamidoamine (PAMAM) dendrimers, is safe, nonimmunogenic,
and able to function as highly efficient cationic polymer vectors
for gene delivery. They have been as efficient as (or more efficient
than) both cationic liposomes and other cationic polymers for in
vitro gene transfer. In addition, a significant quantity of informa-
tion on PAMAM dendrimers has been collected during the past
decade (Eichman et al., 2000). To develop the transfection effi-
ciency of PAMAM dendrimers, various ligands were conjugated on
the PAMAM surface. Many trials have been carried out to modify the
surface periphery of PAMAM. Recently, some basic peptides known
as protein transduction domains (PTD) or membrane translocal-
ization signals (MTS) and magnetic nanoparticles (MNP) were
identified, characterized, and introduced into polymers for the gene
delivery (Tung and Weissleder, 2003; Choi et al., 2004; Brooks et
al,, 2005; Pan et al., 2007). Positively charged aminoacids in these
peptides, of which the representative is arginine, are known to have
excellent properties of cell penetration. A great deal of research has
been done on introducing arginine into polymers such as PAMAM
dendrimer or chitosan to improve their transfection efficiency (Choi
et al., 2004; Gao et al., 2008).

In our previous study, PAMAM dendrimers conjugated with argi-
nine (PAMAM-R) or lysine (PAMAM-K) through an amide bond were
found to have excellent transfection efficiency and be less toxic
than polyethyleneimine (PEI) which was the representative can-
didate for gene delivery at that time, but still had severe toxicity for
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HUVEC or SMC. As is widely known, the cytotoxicity of dendrimers
is influenced by the surface group. For example, the cationic den-
drimers display more excellent transfection and more toxicity than
anionic or neutral polymers such as PAMAM dendrimers with a
carboxylate or hydroxyl surface group (Malik et al., 2000). Consid-
ering that the cytotoxicity of the polymers is due to accumulation of
non-degradable, high molecular weight polymers with high charge
density, the biodegradation of these polymers may solve the tox-
icity problems, at least for non-viral polymers with high charge
densities and high molecular weights without loss of transfection
efficiency (Jeong et al., 2001). Also, recently the importance of the
efficient intracellular disassembly of polyplexes in siRNA delivery
was reported, which described enhanced RNA interference activ-
ity through the rapid release of siRNA by polymer biodegradation
(Jeong et al., 2007).

Based on these studies, we designed and synthesized a new
biodegradable polymer named e-PAM-R modified with arginine
by esterification, which was expected to have two advantages for
gene delivery: (i) an enhanced transfection efficiency from intro-
ducing the arginine for DNA carriers, (ii) fast biodegradation able
to lower cytotoxicity and deliver antisense ODNs and small inter-
fering RNAs (si-RNAs) to modulate gene expression. For e-PAM-R
G4, the synthesis, characterization and in vitro evaluation for DNA
delivery is in the process of submission. Here we report the differ-
ence and characterization of e-PAM-R Gx modified with different
generation PAMAM-OH and evaluate the possibilities for their
clinical application, respectively, for antisense ODNs and si-RNA
delivery.

2. Materials and methods
2.1. Materials

PAMAM-OH G2, G3 and G4 (ethylenediamine core),
PAMAM-NH, G2, G3 and G4 (Starburst), piperidine, N,N-
dimethylformamide (DMF), N,N-diisopropylethylamine (DIPEA),
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) and Sephadex® LH-20 (lipophilic sephadex) were purchased
from Sigma-Aldrich (St. Louis, MO). N-hydroxybenzotriazol (HOBt)
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and 2-(1H-benzotriazole-1-yl)-1, 1, 3, 3-tetramethyluronium
(HBTU) were purchased from Anaspec Inc., (San Jose, CA). Fmoc-
L-Arg(pbf)-OH was from Novabiochem (San Diego, CA). Luciferase
Assay System and Reporter Lysis Buffer were from Promega (Madi-
son, WI). Fetal bovine serum (FBS) and 100x antibiotic-antimycotic
agent were purchased from GIBCO (Gaithersburg, MD). EBM-2 and
EGM-2 medium were from Cambrex Bio Science (Walkersville,
MD). Pico Green reagent was purchased from Molecular Probes
(Eugene, OR). All chemicals were used without any further purifi-
cation. The firefly luciferase expression plasmid, pCN-Luci was
constructed by subcloning cDNA of Photinus pyralis luciferase
with 21-amino acid nuclear localization signal from SV40 large T
antigen to pCN.

2.2. 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
PAMAM-R which is arginine-modified PAMAM through an amide
bond except purification and deprotection of the pbf group. First,
arginine coupling to PAMAM was performed with 4 eq. of Fmoc-L-
Arg(pbf)-OH, HOBt, HBTU and 8 eq. of DIPEA per surface hydroxyl
group of PAMAM-OH dendrimer in anhydrous DMF for 12h at
37°C. Then, the mixture was precipitated with cold diethyl ether.
The crude product was eluted on a Sephadex® LH-20 (DMF only)
to remove any remaining excess Fmoc-L-Arg(pbf)-OH, HOBT and
HBTU. For deprotection, 90% of trifluoroacetic acid in DMF was
used for the pbf protecting group and 30% of piperidine in DMF for
the Fmoc group. Each step was performed for 30 min and followed
with precipitation in cold diethyl ether 3times to purification. The
polymers were verified by TH NMR spectra (Bruker DPX-300 NMR
spectrometer, D,0).

2.3. Hydrolytic degradation patterns by 'H NMR spectroscopy

The degradation patterns of e-PAM-R G2, G3 and G4 in D,0 were
determined by 'H NMR spectrometry. Each polymer was dissolved
in D, 0 to a concentration of 5 mg/mL and incubated in an NMR tube
at 37 °C. The NMR spectra of samples were obtained at the indicated
time interval until products were almost degraded.
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Fig. 1. The synthetic scheme of e-PAM-R G2, 3 and 4.
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2.4. Agarose gel electrophoresis studies

Polyplexes were prepared at various weight ratios between each
of the polymers and pCN-Luciferase plasmid(pCN-Luci) was con-
structed by subcloning the cDNA of Photinus pyralis luciferase with
21-amino acid nuclear localization signal from SV40 large T antigen
to pCN. The polyplexes were formed by incubating them in HEPES
buffer (25 mM HEPES, pH 7.4, 10 mM MgCl,) at room temperature
for 30 min. Then, each sample was subject to electrophoresis on
0.7% (w/v) of agarose gel and stained in a buffer containing ethid-
ium bromide (EtBr, 0.5 g/mL) at 37 °C for 1 h. The stained gels were
analyzed using an UV illuminator to show the location of the DNA
band.

2.5. Pico Green assay for polyplex formation

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

2.6. Size measurement

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

2.7. Cell culture

Human umbilical vein endothelial cells were grown in EGM-2
with 2% FBS. Human embryonic kidney 293 cells were grown in
DMEM with 10% FBS. The cells were routinely maintained on plas-
tic tissue culture dishes for 293 cells and cell binder (Corning) for
HUVECs at 37 °Cin a humidified atmosphere containing 5% CO,/95%
air. The EGM-2 and DMEM contained 1x antibiotic-antimycitid
agent.

2.8. Transfection of plasmid DNA

HUVEC (2 x 10% cells/well) were seeded on 24-well cell binder
plates in 600 L (aliquots) of EGM-2 containing 2% FBS and main-
tained for a day. Before transfection, the medium was exchanged
with growth factor-free medium (EBM-2) containing 2% FBS.
HUVEC were treated with polyplex solution prepared with 2 g
of plasmid DNA and different weight ratios of e-PAM-R Gx each
in 150 pL of serum-free medium, with growth factor to avoid
polymer-serum interactions. The polyplex solutions were incu-
bated for 30 min at room temperature before treatment on cells.
After 4 h treatment of the polyplex, the medium was replaced by
fresh 600 L medium with EGM-2 and the cells were incubated for
a further 20 h. For assay the growth medium was removed and the
cells were rinsed with PBS. Then, the cells were lysed for 30 min at
room temperature with 150 L of Reporter lysis buffer (Promega,
Madison, WI). Luciferase activity in the transected cells was mea-
sured using a LB 9507 luminometer (Berthold, Germany) with ten

microliters of the lysate dispensed into a luminometer tube and
automatic injection of 50 L of Luciferase Assay Reagent.

2.9. Cell cytotoxicity

For the cytotoxicity assay, the color metric MTT assay
was performed. Briefly, HUVEC were seeded to a density of
6 x 103 cells/well in a 96-well cell binder plate and grown in 90 pL
of EGM-2 containing 2% FBS media for 1 day prior to incubation
with polymer. After 24 h, each polymer was treated with various
concentrations. In particular, PEI 25 kDa was treated as the control
to undertake a comparison of cell cytotoxicity.

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

2.10. Transfection of DNAzyme and assessment of TEL/AML1
expression

A slightly modified transfection procedure with plasmid DNA
was used for the transfection of mammalian expression plas-
mid (pcDNA3.1 (Invitrogen)+TEL/AML1 fusion gene) on 293 cells.
Before polyplex addition, the medium was changed to serum free
medium. The cells were treated with a polyplex containing solu-
tion for 4 h at 37 °C. After the exchange of medium with serum, the
cells were further incubated for 24 h at 37 °C. Then, the cells were
rinsed with DPBS to remove the serum and polymer and serum-free
medium was added to each well. DNAzyme (Dz) (oligonucleotides,
58 nts)/e-PAM-R G4 complex incubated for 30 min at room tem-
perature was treated and the cells were further incubated for 24 h.
The 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-
idet P-40) was added to each tube. After vortexing and storing
on ice for 1h, the cells were centrifuged at 1300 rpm for 15 min
at 4°C and the cell lysate was obtained. The total cellular pro-
teins from the transfected cells were mixed with 5x SDS ample
buffer, denaturized at 95 °C and subjected to electrophoresis in an
8% SDS-polyacrylamide gel. For Western blot analysis, the proteins
were transferred to an immobilion-P membrane and the mem-
brane was incubated in primary antibodies, mouse monoclonal
His-tag antibody and antibody [3-actin monoclonal antibody solu-
tion for 1 h. The membrane was washed twice with PBST (0.05%
Tween 20 in PBS) and incubated in secondary antibody solution
(anti-mouse IgG peroxidase conjugate, Sigma) for 1h. The bands
were visualized using chemiluminescence (WEST-ZOL, Intron
Biotechnology).

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

Each generation of PAMAM-OH dendrimer was modified with
L-arginine for non-viral gene carriers by a similar method for the
synthesis of e-PAM-R G4. The synthesis of the e-PAM-R Gx was con-
firmed by proton NMR spectrum. Little difference was seen among
the spectra of e-PAM-R G2, G3 and G4. The rate of arginine modifi-
cation was calculated between the methyl protons in the interior of
PAMAM, § 2.63 (-NCH, CH,CO- of PAMAM-OH unit) and the methyl
peck of PAMAM terminal, 6 4.25 (-CONHCH,CH,0CO- of PAMAM-
OH unit) and it was confirmed that above 90% of each PAMAM-OH
were conjugated with arginine (about 98% for G2, about 95% for G3
and about 94% for G4). As the generation of e-PAM-R increases, the
number of the arginine is nearly doubled, but the charge dendity
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increases more rapidly due to the guanidine of the arginie (besides
primary amine).

3.2. Hydrolytic degradation patterns by 'H NMR spectroscopy

The e-PAM-R Gx was degraded to PAMAM-OH Gx and free L-
arginine in hydrolytic environments. We determined the nature
of the ester bond degradation over time in a hydrolytic environ-
ment. The degradation profiles of free polymer in D,0 at 37 °C were
determined by NMR spectroscopy. In the process of the degrada-
tion of the ester bond, a peak shift of e-PAM-R was noticeable, in
which the § 4.25 (-CONHCH,CH,0CO- of PAMAM-OH unit) peak
shifted to § 3.66 (-CONHCH,CH,OH of PAMAM-OH unit) (Fig. 2A).
From this NMR peak shift, the relative percentage of the number of
conjugated residues at zero time was calculated. e-PAM-R G4 was
degraded about 50% within 4.2 h, e-PAM-R G3 within 4.7 h and G2
within 4.9 h, that is without a significant difference in the degrada-
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tion rates of e-PAM-R G4, G2 and G3 after 4 h (Fig. 2B). Therefore,
it was expected that e-PAM-R had a higher positive charge density
as the generation increased.

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

To assess the formation of polymer-DNA polyplex, agarose
gel electrophoresis was preformed at various weight ratios. The
e-PAM-R, arginine-rich cationic polymer has abundant primary
amine groups and guanidine groups at the surface. Therefore, it
is possible that e-PAM-R interacts and condenses completely DNA
with negative charge As shown in Fig. 3, the polyplexs of e-PAM-R
Gx did not have negative charge at weight ratio 2 and above. That
is, each polymer made a compact polyplex with plasmid DNA at 2
or more wt ratio in HBS buffer solution.

For a more accurate analysis, the Pico Green reagent assay was
performed. The Pico Green reagent is more sensitive then EtBr.
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Fig. 2. Degradation profiles of free polymerin D,0 at 37 °C. (A) NMR spectrum of e-PAM-R G3 at 0 h and 24 h. (B) Percent of arginine conjugation at designated times. e-PAM-R

G2 (@), e-PAM-R G3 () and e-PAM-R G4 (m).
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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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Fig. 4. Pico Green reagent assay, e-PAM-R G2 (®), e-PAM-R G3 (a) and e-PAM-R
G4 (m).

As shown in Fig. 4, the polyplexs were formed at weight ratio 2,
which corresponded to the gel electrophoresis result. No signifi-
cant difference was noticed between each generation, showing a
strong complex in order of generations G4, G3, G2. It may be due
to the increase in primary amine groups on the surface of polymer
according to the generation of e-PAM-R Gx.

The polyplex sizes were determined by DLS at specific weight
ratios, which were desirable ratios for polyplex formation for each
generation (Table 1). The e-PAM-R Gx efficiently condensed DNA
at sizes ranging from 200 to 230 nm and e-PAM-R G4, respectively,
condensed DNA at sizes in the range of 200 nm that had a narrow
size distribution at their optimal weight ratios. It seems that e-PAM-
R G4 has the most abundant positive charge to interact with pDNA.
Thus the e-PAM-R Gx, especially G4, is small enough to be taken up
into the cell when it forms a polyplex (Vroman et al., 2007).

Table 1
Polyplex Sizes by DLS

Polymers Weight ratio Size (nm) Standard deviation
e-PAM-R G2 3 213.1 +1.7
e-PAM-R G3 3 2329 +4.7
e-PAM-R G4 6 202.5 +25
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Fig. 5. Transfection efficiency in HUVECs. Results were expressed as RLU/well and
each data point represents the mean + standard deviation (n=3). PEI (O), e-PAM-R
G2 (Am), e-PAM-R G3 (A, ), e-PAM-R G4 (A, ), PAM-R G2 (B,H), PAM-R G3 (B,
yand PAM-R G4 (B, l ).

3.4. Transfection efficiency and cytotoxicity on the HUVECs

The PAMAM-OH has low cell toxicity and transfection efficiency
because the hydroxyl groups on the surface of the dendrimer are
neutral enough not to interact with DNA and cell membrane for
transfection. To evaluate the transfection efficiency of e-PAM-R
in each generation, in vitro transfection assay was performed on
the sensitive primary cells, HUVECs with a Luciferase gene assay
system. e-PAM-R/pCN-Luci complexes were prepared with 2 g
of plasmid DNA at various weight ratios. In Fig. 5, two remark-
able characteristics are shown. First, both PAMAM-R and e-PAM-R
showed increased transfection activity in higher PAMAM genera-
tion. It may be due to more primary amines of high generation,
resulting in them interacting with plasmid DNA more strongly.
Second, the e-PAM-R showed similar or slightly lower transfection
efficiency than PAMAM-R. It is explained that this is due to a defect,
—-OH groups of e-PAM-R from incomplete modification or hydrol-
ysis during incubation for transfection experiment. However the
e-PAM-R G4 showed transfection efficiency as much as peptide-
derivate 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-
pared with PEI and PAMAM-R Gx at high concentrations (up
to100 pg/mL). As shown in Fig. 6, significant toxicity was observed
for PEI 25kDa (less then 1%), even for the lowest concentration
(20 pg/mL). PAMAM-R G4 with the most efficient transfection abil-
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Fig. 6. Cytotoxicity assay on HUVECs at various concentration of polymers (n=5,
error bars represent standard deviation). PEI (O), e-PAM-R G3 (a), e-PAM-R G4 (W),
PAM-R G3 (A) and PAM-R G4 (0O).

ity exhibited under 40% cell viability at the 40 pg/mL, whereas
other polymers (respectively, e-PAM-Rs) showed negligible levels
of toxicity under all conditions. The e-PAM-R G3 showed approx-
imately 87% cell viability and e-PAM-R G4 showed approximately
60% cell viability at the highest concentration 100 pwg/mL, which
represented nearly non-toxic status for in vivo application. We ana-
lyzed e-PAM-R G2 and PAMAM-R G2 but there was little deference
between them (about 90% of cell viability). It showed the e-PAM-R
had low cytotoxicity, even for sensitive cells, like HUVECs.

3.5. Invitro transfection of DNAzyme using e-PAM-R G4

TEL/AML1 contains the first 336 amino acids of TEL that are
linked to residues 21-480 of AML and the fusion protein acted as
a transcription repressor to various target genes (Bernardin et al.,
2002). RNA-cleaving antisense oligonucleotide, DNAzyme, which
targets against TEL/AML1 junction and represses the expression
of TEL/AML1 gene, was used to evaluate the transfection effi-
ciency of polymers. The transfection of DNAzyme using fourth
generation modified PAMAM-R and e-PAM-R as delivery agents
was investigated on 293 cells applying Western blotting analysis.
Dendrimer-DNAzyme of weight ratios 2 and 4 and concentrations
of 0.1 uM and 1M DNAzyme (Dz) were used in transfection
tests. The e-PAM-R/DNAzyme complex (a weight ratio 2) exhib-
ited much higher transfection efficiency than complexes prepared
with PAMAM-R and Lipofectamin (optimal weight ratio 4), followed
by significantly higher suppression of TEL/AML 1 protein (Fig. 7).
The result of quantitative analysis showed that the 2x e-PAM-
R/DNAzyme polyplex displayed the lowest protein expression, even
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Fig. 7. Western blot analysis of DNAzyme transfection at optimal weight ratio of
polymer/0.1 wM DNAzyme.

at 0.1 wM. The comparison of PAMAM-R G4 and e-PAM-R G4 for
DNAzyme indicates that the introduction of biodegradability is
significantly important for si-RNA and antisense oligonucleotides.
The potential of the e-PAM-R G4 for genetic materials was
also confirmed by the shRNA-mediated suppression of HMGB1
(high-mobility group box 1, a nonhistone DNA-binding protein)
expression test, leading more suppression of HMGB1 than PAMAM-
R G4. Anti-inflammatory effect of shRNA-mediated HMGB1
suppression using PAMAM-R G4 was previously published (Kim et
al., 2006). Before the application to animal model, the preliminary
ex vivo test was carried about with e-PAM-R G3 and G4 to evalu-
ate for the effect according to the generation. Preliminary results
showed that the e-PAM-R G3 was preferred to e-PAM-R G4 (data not
shown). That is, while PAMAM-R G4 shows better efficiency or sim-
ilar than e-PAM-Rs, e-PAM-R G3 is more effective than PAMAM-R
G4 and e-PAM-R G4 for si-RNA and antisense oligonucleotides.

4. Discussion

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

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

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

While PAMAM-R demonstrated more efficient ability for plas-
mid DNA delivery, e-PAM-R was better for oligonucleotide and
si-RNA delivery. This result shows that the biodegradability of these
dendrimers may affect the delivery of small size nucleic acids such
as antisense ODNs and si-RNAs as well as cytotoxicity. A similar
result exhibiting the importance of adequate intracellular disas-
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sembly of polyplexes for si-RNA delivery was recently reported
by another group (Jeong et al., 2007). The excellent result for the
delivery of these small nucleic acids may be due to the easy release
of oligonucleotides through fast hydrolysis of e-PAM-R, and more
e-PAM-R G3 showed proper interaction (slightly weak interaction)
than G4. Considering their ability to regulate gene expression
in a highly sequence specific manner, antisense oligonucleotide
(like DNAzyme) and small interfering RNAs have gathered a lot
of attention in diverse fields. Therefore, the excellent transfection
capability of e-PAM-R for these therapeutic small nucleic acids is
a very important result.

These consequences suggested that the attachment of argi-
nine to a PAMAM dendrimer through a biodegradable ester bond
has two advantages. First, the introduced arginine affects polyplex
formation and penetration into the cell membrane and nucleus.
Second, the biodegradability of polymers affects the efficiency of
intracellular disassembly for oligonucleotides and si-RNAs and the
appropriate cell viability.

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