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We synthesized a novel cationic dendrimer consisting of a poly(amidoamine) dendrimer (PAMAM, generation 4) 
backbone with both L-arginine (Arg) at the termini and 6-aminohexanoic acid (Ahx) between the original core polymer 
and the peripheral Arg units. The sequential chemical modification of PAMAM G4 with Ahx and Arg resulted in 
higher transfection efficiency with much less cytotoxicity. PAMAM G4-Ahx-Arg formed stable polyplexes at weight 
ratios of 8:1 or higher (polymer: plasmid DNA), and the mean polyplex diameter was 180 ± 20 nm. PAMAM G4-Ahx- 
Arg showed much higher transfection ability than PAMAM G4 or PAMAM G4-Ahx. Furthermore, PAMAM G4- 
Ahx-Arg was much less cytotoxic than PEI25KD and PAMAM G4-Arg. In addition to Arg grafting of the PAMAM 
dendrimer, which endows a higher transfection capability, the addition of Ahx spacer increased dendrimer hydro-
phobicity, introduced flexibility into the conjugated amino acids, and reduced cytotoxicity. Overall, it appears that 
the concomitant modification of PAMAM with Ahx and Arg could lead to new PAMAM conjugates with better per-
formances. 
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Introduction

The poly(amidoamine) (PAMAM) dendrimer has been widely 
investigated as a non-viral vector in both in vitro and in vivo 
gene and drug delivery systems.1,2 Many primary amine groups 
at the peripheral region of this polymer strongly interact with 
negatively charged molecules, such as DNA, at a physiologi-
cal pH and enable the polymer to condense DNA through elec-
trostatic interactions.3,4 In contrast, the tertiary amines at the 
core of this globular and highly symmetrical polymer act as a 
proton sponge, which protects the biodegradation of the com-
plexes in endosome/lysosome.5 Despite these unique charac-
teristics of PAMAM dendrimers, they are not widely applicable 
largely due to their cytotoxicity and relatively low transfection 
efficacy. 

To achieve better gene delivery efficacy with less toxicity, 
PAMAM dendrimers have been subjected to various chemical 
modifications to prepare more stable, less toxic, and smarter 
polymeric gene carriers. Many strategies have been employed 
for these purposes, including PEGylation to prolong circulation 
time in the bloodstream,6 acetylation to reduce toxicity,7 conjuga-
tion of specific ligands to selectively target tumor cells,8 and 
grafting functional peptides or amino acids to enhance trans-
fection efficacy.9,10 Some hydrophobic moieties have been ado-
pted to enhance the transfection ability of cationic gene delivery 
carriers.11,12 Hydrophobic functional groups are assumed to 
interact with cell membranes. Recently, Kono et al. succeeded 
in showing enhanced transfection ability of PAMAM dendri-
mers conjugated to surface amines with hydrophobic amino 

acids (phenylalanine and valine).13 Similarly, other research 
groups have reported that introducing hydrophobic spacers into 
the head groups of lipids improves their gene expression levels 
in liposomal delivery systems,14,15 indicating that introducing 
a hydrophobic moiety into the conventional vector system helps 
obtain a higher transfection efficiency. As the stability and disso-
ciation behavior of the polyplex may be affected by charge den-
sity, hydrophobicity, and polymer vector flexibility,16 the trans-
fection efficiency could be improved by modulating the hydro-
phobicity, flexibility and charge density of the carriers.

In this study, the PAMAM generation 4 (G4) dendrimer, deco-
rated with L-arginines (L-Args) through hydrophobic spacers, 
was synthesized, and the synergistic effect on gene transfection 
efficiency was estimated. 6-Aminohexanoic acid (Ahx) was 
introduced as a hydrophobic spacer between the PAMAM den-
drimer primary amine groups and the terminal L-Args. The gene 
transfection efficiency and cytotoxicity of the novel PAMAM 
dendrimer (PAMAM G4-Ahx-Arg) were examined using hu-
man embryonic kidney 293 cells.

Materials and Methods

Materials. PAMAM G4 dendrimer, N,N-diisopropylethyl-
amine (DIPEA), and N,N-dimethylformamide (DMF) were pur-
chased from Sigma-Aldrich (Seoul, Korea). N-hydroxybenzo-
triazole (HOBt) and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetra- 
methyluronium (HBTU) were purchased from Anaspec (San 
Jose, CA, USA). Fmoc-Ahx-OH and Fmoc-Arg(pbf)-OH were 
purchased from Novabiochem (San Diego, CA, USA). Fetal 
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Figure 1. 1H NMR spectra of poly(amidoamine) (PAMAM) generation 
4 (G4) derivatives. PAMAM G4-Ahx (A), PAMAM G4-Ahx-Arg (B).

bovine serum (FBS), Dulbecco’s modified Eagle’s medium 
(DMEM), and 100 × antibiotic-antimycotic agent were purchas-
ed from Gibco (Gaithersburg, MD, USA). Luciferase assay kit 
was purchased from Promega (Madison, WI, USA).

Synthesis of the PAMAM G4-Ahx-Arg Dendrimer. PAMAM 
G4 was reacted with four equivalents of Fmoc-Ahx-OH, HOBt, 
and HBTU and eight equivalents of DIPEA in anhydrous DMF 
solution for 16 hr at room temperature. The coupled interme-
diate was washed and precipitated with excess cold ethyl ether. 
The precipitated product was dissolved in 30% piperidine solu-
tion and stirred for 1 hr to deprotect the Fmoc groups. After 
removing the Fmoc groups, the product was washed and preci-
pitated using ethyl ether, and four equivalents of Fmoc-Arg 
(pbf)-OH were further reacted using the same method described 
above. To deprotect the Args, the product was dissolved in a 
deprotection reagent (95:2.5:2.5, trifluoroacetic acid:triisopro-
pylsilane:H2O, v/v/v) and stirred for 6 hr at room temperature. 
The product was precipitated with cold ethyl ether and dialyz-
ed against distilled water using a dialysis membrane (MWCO 
3500, Spectra/Por® Spectrum Laboratories, CA, USA). After 
dialysis, the final product was lyophilized and collected as a 
white solid powder (56% yield). 

Agarose Gel Retardation Assay and Dynamic Light Scatter-
ing Study. Complexes between polymers and plasmid DNA 
were prepared in HEPES buffer (25 mM, pH 7.4). A fixed amo-
unt of plasmid DNA (pCN-Luci) was mixed with polymers at 
different polymer/DNA weight ratios at room temperature in 
HEPES buffer and incubated for 30 min. The complex sam-
ples were analyzed on a 0.7% agarose gel containing ethidium 
bromide (0.5 µg/µL gel). Agarose gel electrophoresis was typi-
cally performed for 30 min at 100 V. The size distribution of 
the PAMAM G4 derivatives/plasmid DNA polyplexes was mea-
sured using an ELS-Z2 system (Photal, Otsuka Electronics, 
Otsuka, Japan).

Cell Culture and Transfection Study. Human embryonic kid-
ney 293 cells were seeded in a 24-well plate at 2 × 105 cell/well 
and incubated for 24 hr to reach 70 - 80% confluency. A trans-
fection complex was prepared by mixing 1 µg of plasmid DNA 
with various amounts of polymers, followed by a 30-min incuba-
tion at room temperature. PEI25KD/pCN-Luci (weight ratio = 
2/1) and PAMAM G4/pCN-Luci (weight ratio = 4/1) complexes 
were prepared as control groups to compare transfection effici-
encies. Then, the cells were treated with a complex solution 
containing 1 µg of plasmid DNA and 10% FBS at various poly-
mer weight ratios for 24 h. The old medium was removed and 
washed with DPBS (Dulbecco's phosphate buffered saline), 
and the cells were lysed for 30 min using Reporter lysis buffer 
(Promega). Luciferase activity was measured using a Lumat 
LB 9507 instrument (Berthold Technology, Bad Wildbad, Ger-
many), and protein content was measured using a Micro BCATM 
protein assay kit (Pierce, Rockford, IL, USA).

Cytotoxicity Study. Polymer cytotoxicity was assessed with 
EZ-Cytox reagent (Daeil Lab Service, Seoul, South Korea) bas-
ed on the WST-1 method. Briefly, 293 cells were seeded in a 
96-well plate at 2 × 104 cells/well and incubated in 100 µL of 
DMEM containing 10% FBS. After one day incubation, the cells 
were treated with various concentrations of PEI25KD, PAMAM 
G4, PAMAM-Ahx, and PAMAM-Ahx-Arg. After further incu-

bation for 24 hr, 10 µL of EZ-Cytox solution was added to each 
well and incubated for an additional 4 hr. The absorbance was 
measured at 450 nm using a VERSAmax microplate reader 
(Molecular Devices, Sunnyvale, CA, USA).

Result and Discussion

Synthesis of the PAMAM G4-Ahx-Arg Dendrimer. As shown 
in Fig. 1, the PAMAM G4-Ahx and PAMAM G4-Ahx-Arg den-
drimers were analyzed by 1H NMR (400 MHz, D2O). 

PAMAM G4-Ahx: δ 1.19 (-COCH2CH2CH2CH2CH2- and 
-COCH2CH2CH2CH2CH2- of the Ahx unit), 1.46 (-COCH2CH2 

CH2CH2CH2- of the Ahx unit, 126H), 2.08 (-COCH2CH2CH2CH2 

CH2- of the Ahx unit), 2.24 (-NCH2CH2CO- of the PAMAM 
unit, 248H of the PAMAM unit), 2.45 (-CONHCH2CH2N- of 
the PAMAM unit, and -NCH2CH2N- of the PAMAM unit), 2.64 
(-CONHCH2CH2NH2 of the PAMAM unit and -NCH2CH2CO- 
of the PAMAM unit), 2.78 (-CONHCH2CH2N- and -CONH 
CH2CH2NH2- of the PAMAM unit), 3.14 (-COCH2CH2CH2 

CH2CH2N- of the Ahx unit).
PAMAM G4-Ahx-Arg: δ 1.15 (-COCH2CH2CH2CH2CH2- 

and -COCH2CH2CH2CH2CH2- of the Ahx unit), 1.42 (-COCH2 

CH2CH2CH2CH2N- of the Ahx unit and -HCCH2CH2CH2NH- 
of the arginine unit), 1.65 (-HCCH2CH2CH2NH- of the arginine 
unit), 2.07 (-COCH2CH2CH2CH2CH2- of the Ahx unit), 2.27 
(-NCH2CH2CO- of PAMAM unit, 248H of PAMAM unit), 2.50 
(-CONHCH2CH2N- of the PAMAM unit, and -NCH2CH2N- of 
the PAMAM unit), 2.68 (-CONHCH2CH2NH2 of the PAMAM 
unit and -NCH2CH2CO- of the PAMAM unit), 3.06 (-CONH 
CH2CH2N- and -CONHCH2CH2NH2- of the PAMAM unit), 
3.14 (-COCH2CH2CH2CH2CH2N- of the Ahx unit), 3.58 (-HC 
CH2CH2CH2NH- of the arginine unit, 62H).
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Figure 4. In vitro transfection efficiency of PAMAM derivatives in human embryonic kidney 293 cells. 
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Figure 3. Size distribution of PAMAM G4 derivatives/plasmid DNA 
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Figure 2. Agarose gel retardation assay. Lane 1 is control plasmid DNA
(pDNA), lanes 2 - 5 are PAMAM G4-Ahx with weight ratios of 6:1, 8:1,
10:1, and 12:1, respectively (polymer: DNA). Lanes 6 - 9 are PAMAM
G4-Ahx-Arg with weight ratios of 6:1, 8:1, 10:1, and 12:1, respectively
(polymer: DNA). 

The number of conjugated Ahx and Args on the periphery 
of PAMAM G4 was calculated based on the 1H NMR data. The 
NMR spectrum of PAMAM G4 revealed some unique peaks 
between 2.4 and 3.3 ppm, whereas PAMAM G4-Ahx showed 
characteristic peaks of the Ahx group at 1.19 and 1.46 ppm, 
indicating that approximately 63 Ahx molecules were conju-
gated with primary amines. PAMAM G4-Ahx-Arg had charac-
teristic Arg group peaks at 1.65 and 3.58 ppm, indicating that 
approximately 62 Arg molecules were coupled with the amino- 
terminal of the Ahx unit. This number molecules means that 
approximately 98% and 97% of the surface amines were conju-
gated with Ahx and Ahx-Arg groups, respectively.

Agarose Gel Retardation Assay. Polyplexes with varying 
polymer weight ratios to plasmid DNA (pDNA) were run on 

a 0.7% agarose gel to obtain the optimum polymer amount for 
a given pDNA. Judging from the observation that the 8:1 (and 
higher) weight ratio complexes were clearly retarded with both 
PAMAM G4-Ahx and PAMAM G4-Ahx-Arg (Fig. 2), it can 
be concluded that free pDNA was not observed, and that all of 
the pDNA succeeded in forming polyplexes at 8:1 or higher 
ratios. The results indicate that PAMAM G4 derivatives effec-
tively complexed with pDNA at the given weight ratios.

Size Distribution of the PAMAM-G4-Ahx-Arg/pDNA Com-
plexes. The synthesized PAMAM dendrimers with distinct func-
tional groups (such as Ahx, Arg, and Ahx-Arg) were complexed 
with target pDNA that expresses luciferase, and the resulting 
sizes were measured by dynamic light scattering (Fig. 3). Com-
pared to the intact pDNA, the reduced sizes of the polyplexes 
with cationic polymers were attributed to the electrostatic inter-
actions between the phosphate groups in the DNA and the amine/ 
Arg groups. As demonstrated in Fig. 3, the hydrodynamic sizes 
of the polyplexes decreased remarkably compared to the original 
pDNA (110 nm vs. 1520 nm). By forming polyplexes with catio-
nic polymers, the pDNA not only neutralized the highly negative 
charges but also reduced their hydrodynamic sizes, which faci-
litated entry into cell membranes by endocytosis. Furthermore, 
the polyplexes were assumed to be resistant to enzymatic deg-
radation by DNases, which dissociate the functional pDNA into 
DNA fragments, before expressing any useful protein it may 
code.

The newly synthesized PAMAM derivatives and the intact 
PAMAM effectively condensed the pDNA forming nanopar-
ticles with sizes from 110 to 190 nm. Interestingly, Arg- and 
Ahx-Arg-terminated PAMAM derivatives showed a relative-
ly larger size distribution compared to the amine-terminated 
PAMAM dendrimers (-NH2 and/or Ahx-NH2). The effect of 
hydrophobic chains (Ahx) on the size distributions in the amine- 
terminated PAMAM appeared negligible but demonstrated a 
slight downsizing of the polyplexes with Arg terminals (190 nm 
vs. 177 nm). It is presumed that the hydrophobic interactions bet-
ween spacers may have facilitated the formation of more com-
pact polyplexes compared to those with PAMAM G4-Arg.

In 2000, Okano et al. reported that transfection efficiency 
increased by incorporating hydrophobic monomer units into 
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Figure 5. Cytotoxicity of PAMAM G4 derivatives in human embryonic
kidney 293 cells.

polymeric gene carriers.17 Recently, Epand et al. reported that 
hydrophobic amino acid-modified PAMAM dendrimers located 
near or in lipid-head groups interact with lipid phosphate gro-
ups.18 More recently, Gupta et al. reported that the presence of 
a hydrophobic domain at the N-terminus of the peptide influ-
ences peptide complexes with pDNA.1 These reports indicate 
that modification with hydrophobic molecules affects the hydro-
phobicity, size and stability of polyplexes and it may play an 
important role in the enhanced interaction with cellular mem-
branes. All of these studies indicate that modifying the hydro-
phobicity of polymeric gene carriers could improve gene trans-
fection efficacy. 

Transfection and Cytotoxicity Assay. Human embryonic 
kidney 293 cells were incubated with PAMAM derivatives com-
plexed with pDNA at various weight ratios in the presence of 
10% serum, and the expressed luciferase activity was measured 
to evaluate in vitro transfection efficiency of the synthesized 
PAMAM derivatives. Transfection efficiency was evaluated 
as the relative light unit divided by the amount of cellular protein 
and shown in Fig. 4. As revealed in the previous study,10 the 
remarkable increase in transfection efficiency was observed for 
PAMAM G4-Arg. 

Interestingly, PAMAM derivatives coupled with only Ahx 
(PAMAM G4-Ahx) displayed less transfection ability than the 
original PAMAM G4, suggesting that the resulting decrease of 
charge density and lack of functional residues could be the major 
disadvantages minimizing the advantage of introducing hydro-
phobicity to the carrier. However, PAMAM G4-Ahx-Arg show-
ed much higher transfection efficiency than native PAMAM 
G4 dendrimer and even than PEI25KD, which is an efficient 
but highly cytotoxic polymeric vector. As the weight ratio in-
creased from 8:1 to 10:1, the transfection efficiency of PAMAM 
G4-Ahx-Arg increased by two fold, and reached a plateau at 
higher weight ratios (12:1 and 14:1). This may be explained 
by the synergistic effects of Ahx with Arg. At the molecular 
level, the Ahx spacer unit may play a role as a flexible linker 
to Arg and its hydrophobic nature may have affected the phy-
sicochemical properties of the complexes with pDNA. Due to 

the increased flexibility and hydrophobicity of complexes, sur-
plus Arg residues may be located on the surface of polyplexes 
and could interact more efficiently with the negatively charged 
plasma membrane by electrostatic interaction. Thus, the increas-
ed mobility and hydrophobicity of the dendrimer by Ahx-Arg 
residues could explain the enhanced transfection efficiency of 
PAMAM G4-Ahx-Arg compared to the native PAMAM G4 
and PAMAM-Arg. 

The cytotoxicity of the synthesized PAMAM G4 derivatives 
was evaluated using an EzCytox cell viability assay kit based 
on the WST-1 assay. As is well recognized, cationic charge 
density and biodegradability are known to be important factors 
closely related with the cytotoxicity of polymeric gene carri-
ers.19 As shown in Fig. 5, PEI25KD becomes highly toxic as 
polymer concentration increases, whereas PAMAM derivatives 
showed much less toxicity over broad concentration ranges. 
Interestingly, PAMAM derivatives bearing Ahx spacers were 
less toxic than intact PAMAM G4 or PAMAM G4-Arg over a 
wide range of polymer concentrations. PAMAM G4-Ahx-Arg 
displayed much less toxicity than PAMAM G4-Arg even at a 
dosage of 180 µg/mL, indicating that introducing a spacer bet-
ween PAMAM G4 and an Arg unit may lower the charge den-
sity compared to PAMAM G4-Arg. 

Even though Arg- and Ahx-Arg-terminated PAMAM deri-
vatives demonstrated almost comparable transfection effici-
ency, PAMAM G4-Ahx-Arg seems to be more advantageous 
in terms of cytotoxicity than PAMAM G4-Arg. So, these ob-
servations could suggest that through the synergistic effect of 
the sequential hydrophobic and Arg-modifications, the enhanc-
ed transfection efficacy could be retained and improved for 
the Ahx-Arg modification considering that higher weight ratios 
are also tolerable and applicable compared with PAMAM G4- 
Arg. 

Conclusion

We synthesized PAMAM G4 dendrimer derivative containing 
a hydrophobic flexible spacer and a cationic amino acid as a 
non-viral gene delivery vector. Conjugating only Ahx to the 
PAMAM G4 dendrimer reduced transfection efficiency sub-
stantially, but the additional conjugation of Arg residues to the 
dendritic N-terminal of Ahx chains resulted in more enhanced 
transfection capability. Moreover, the synthesized PAMAM 
G4 derivatives with Ahx-Arg were much less cytotoxic than 
PEI25KD or PAMAM G4-Arg. It is expected that the present 
strategy will be widely applicable to other drug delivery as well 
as gene delivery systems. 
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