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Importance of size-to-charge ratio in construction of stable and uniform
nanoscale RNA/dendrimer complexes†
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Formation of RNA/dendrimer complexes between various RNA molecules and PAMAM dendrimers
was studied using atomic force microscopy. Our results demonstrate that effective construction of stable
nanoscale and uniform RNA/dendrimer complexes depends critically on the size of the RNA molecule,
the dendrimer generation and the charge ratio between the dendrimer and the RNA. Larger RNA
molecules, higher generations of dendrimers and larger dendrimer-to-RNA charge ratios lead to the
formation of stable, uniform nanoscale RNA/dendrimer complexes. These findings provide new
insights in developing dendrimer systems for RNA delivery.

Introduction

RNA molecules are emerging as attractive therapeutic agents
for the treatment of various diseases such as persistent can-
cers, neurodegenerative disorders and emerging global viral
pandemic diseases.1–5 However, the successful use of in vitro-
synthesized RNA for therapeutic purposes depends critically
on efficient means of RNA delivery. Very recently, we stud-
ied the use of polyamidoamine (PAMAM) dendrimers as self-
assembling RNA delivery systems.6 We demonstrated that PA-
MAM dendrimers and RNA molecules formed spontaneously
self-assembled RNA/dendrimer complexes.6–8 We also established
that higher generation PAMAM dendrimers are efficient vectors
for siRNA delivery.6

PAMAM dendrimers have been extensively studied as DNA
delivery systems since the seminal studies by Szoka et al.9 and
Baker et al.10 In dendrimer-mediated DNA delivery, the very
first crucial issue on which efficient delivery depends is the
formation of the DNA/dendrimer self-assembled complexes. The
DNA/dendrimer complexes must be compact and small (around
100 nm) in order to ensure efficient cellular uptake by endocytosis
and to protect DNA from enzymatic degradation. A similar
situation may occur in the case of dendrimer-mediated RNA
delivery, on which ongoing studies are still in a very preliminary
stage.6,11–14

In our search for dendrimer systems for efficient delivery of
various RNA molecules, we need to acquire more insight into
the construction of stable uniform nanoscale RNA/dendrimer
complexes, the very first crucial parameter. Although various as-
pects of the formation of nanometric DNA/dendrimer complexes
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have been described in the literature,15–22 few efforts have been
made so far with RNA/dendrimer complexes.6–8,23,24 We therefore
studied various RNA/dendrimer complexes using atomic force
microscopy (AFM), a useful technique to investigate nanoscale
complexes at high resolution. These studies, together with the
results obtained by gel mobility shift assay and transmission
electron microscopy (TEM), showed that the construction of
uniform, stable nanoscale RNA/dendrimer complexes depends
critically on the dendrimer-to-RNA charge ratio (the N/P ratio),
the size of the RNA molecule and the dendrimer generation. We
present herein the results of these studies. The RNA molecules used
in our study are the small interfering RNA (siRNA, 21 bp), the
Candida ribozyme (Ca.L-11, 368 nt, a self-splicing group I intron
from the 26S rRNA of the opportunistic fungal pathogen Candida
albicans),25 and the poly(rU) (>2000 nt, an important compo-
nent of the polyribonucleotide immunomodulators),26 whereas
the dendrimers are the PAMAM dendrimers developed in our
laboratories, Gn (n: the dendrimer generation number), having a
triethanolamine core and a generation number ranging from 1
to 7 (Scheme 1).6,7 PAMAM dendrimers with a triethanolamine
core are expected to have a more flexible structure because the
branching units start away from the central amine with a distance
of 10 successive bonds, whereas those of the commercial PAMAM
dendrimers with an NH3 or ethylenediamine core start at the
central amine of the core.27 Most importantly, we have recently
demonstrated that the triethanolamine core PAMAM dendrimers
efficiently inhibit the Candida ribozymes and deliver siRNA for
gene silencing as well.6,7

Results and discussion

1. Synthesis

Synthesis of dendrimers Gn has already been described in our
previous work.6,7 We report herein the detailed synthesis of all
the dendrimers Gn (Scheme 1) using an improved procedure
for the preparation of the tri-nitrile derivative 1, which is the
starting material necessary for the building of the core for
dendrimer growth. In our previous work, 1 was obtained in a
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Scheme 1 Synthesis of PAMAM dendrimers with triethanolamine as the core.

yield of approximately 70% by Michael addition of acrylonitrile
to triethanolamine, requiring a four-day reaction time. Now, we
are able to isolate this tri-nitrile derivative 1 in an 81% yield
while reducing significantly the reaction time to 16 hours at room
temperature by employing the procedure described by Newkome
et al.,28 namely, using a catalytic amount of aqueous 3.6 M KOH
in dioxane as solvent (Scheme 1).

From generations 1 to 7, the dendrimer growth was achieved
using a conventional procedure involving a two-step iterative
synthesis: (a) amidation of the terminal ester with ethylenediamine
to generate the amine-terminated dendrimers, followed by (b)
branching double alkylation of the terminal NH2 groups with
methyl acrylate, to generate the ester-terminated dendrimers.6,7,27

The synthetic procedure for preparation of PAMAM dendrimers
is well established and affords the corresponding products in nearly
quantitative yields.

The dendrimer structures were further confirmed by FT-IR and
NMR. The half-generation dendrimers with the ester-terminated
groups display the characteristic IR peaks for a carbonyl group at
1730–1750 cm−1. When the ester-terminated half-generation den-
drimers were converted to the amine-terminated full-generation
dendrimers, the methyl ester groups were transformed to the cor-
responding amide groups. This process could be monitored clearly
by FT-IR, with the corresponding carbonyl signals being shifted
from 1740 to 1650 cm−1. The 1H-NMR data corroborated well
with the FT-IR data to confirm the structure of the dendrimers:
the characteristic methyl ester peak, which appeared in all the

NMR spectra of the ester-terminated dendrimers, was absent in
the spectra of all the amine-terminated dendrimers.

The molecular weights of dendrimers from generations 1 to
3 could be determined by mass spectroscopy,7,29 while those
of dendrimers with higher generation could only be estimated
by GPC analysis using commercial PAMAM dendrimers as
references (Table 1). The obtained molecular weights were in good
agreement with the theoretical values.

2. AFM study of free RNA molecules and free dendrimers

We first studied AFM images of free RNA molecules such as
siRNA, ribozyme Ca.L-11 and poly(rU). None of these RNA
molecules were observed on the unmodified free mica surface

Table 1 General information on dendrimers synthesized and used in the
study

Generation End group number MWa MWb

G1 1 6 1 177 1 177c

G2 2 12 2 547 2 483
G3 3 24 5 287 5 143
G4 4 48 10 767 11 587
G5 5 96 21 727 18 893
G6 6 192 43 648 49 265
G7 7 384 87 489 86 342

a From theoretical calculation. b From GPC estimation. c From ESI MS
measurement.
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Fig. 1 AFM 3D images of the siRNA/G7 complexes at various N/P ratios from 0.1 to 10 at a final siRNA concentration of 0.0125 mg L−1. From left
to right, the N/P ratios are respectively 0.1, 0.2, 1, 5 and 10.

(data not shown). This is because both RNA and mica are
negatively charged. Therefore, RNA molecules could not be stably
immobilized on the bare mica due to the electrostatic repulsion,
and were washed out by water during sample preparation.

We then studied PAMAM dendrimers. With dendrimer
molecules G1 to G7, dendrimer aggregates could be observed at
concentrations over 0.7 mg L−1, while no obvious nanoparticles
were detected for the pure dendrimers at lower concentrations
(data not shown). This finding is consistent with the literature
report:30 dendrimers firstly form a film on the mica surface in
order to maintain lower surface tension; then, with increasing
concentration of dendrimers, excess dendrimer molecules aggre-
gate on the surface of the dendrimer film to form the globular
nanoparticles.

In order to avoid any interference which might result from free
dendrimers or free RNA, we used dendrimers at low concentra-
tions and an unmodified free mica surface for our AFM study of
the RNA/dendrimer complexes.

3. AFM study of the RNA/dendrimer complexes

Charge ratio between RNA and dendrimer. Our previous results
showed that the charge ratio N/P between the dendrimer G7 and
siRNA is an important factor contributing to the formation of
stable siRNA/dendrimer complexes and the efficient delivery of
siRNA.6 We therefore studied the siRNA/G7 complexes at various
N/P charge ratios by AFM. At an N/P ratio of 0.1, AFM studies
showed no nanoscale siRNA/G7 complexes but yielded only a
perforated film. Very few small nanoscale and irregular spherical
particles (D ∼35 nm) were detected at N/P ratios of 0.2 and 1
(Fig. 1 and Table S1†), whereas significant numbers of uniform
siRNA/G7 nanoparticles were clearly visible at N/P ratios of 5 and
10 (Fig. 1). At an N/P ratio of 10, the siRNA/G7 complexes were
well-defined compact uniform spheroids (Fig. 1 and Fig. 2). The
finding that the formation of stable siRNA/G7 complexes depends
strongly on the dendrimer/RNA charge ratio is consistent with
the results obtained by gel electrophoresis (Fig. 3c): the higher
the charge ratio of dendrimer to RNA is, the more stable the
RNA/dendrimer complexes are.6–8,23

Dendrimer generation. We also investigated the effects of
the dendrimer generation on the effective construction of
nanoscale RNA/dendrimer complexes. The AFM images of
siRNA/dendrimer complexes are shown in Fig. 4 at an N/P
ratio of 10 using dendrimers ranging from generations 1 to 7.
As we can see in Fig. 4, few siRNA/dendrimer particles were
observed with G1 to G3, while nanoscale particles started to appear
with G4 and G5, and remarkably numerous siRNA/dendrimer
nanoparticles were formed with G6 and G7. From generations G4

Fig. 2 AFM 3D image of a single spherical particle formed with
siRNA/G7 complexes at an N/P ratio of 10 at a final siRNA concentration
of 0.0125 mg L−1.

Fig. 3 Gel retardation of siRNA with different dendrimers (a) G1, (b) G4,
and (c) G7 at various N/P ratios: 10 : 1, 5 : 1, 2.5 : 1, 1 : 1, 1 : 5 and 1 : 10
(from left to right).

to G7, the siRNA/dendrimer nanoparticles became increasingly
uniform, well-defined and compact (Fig. 4), which suggests that
the dendrimers of higher generations are more apt to form
nanoscale siRNA/dendrimer complexes. This is also in agreement
with the results obtained by an RNA mobility shift assay (Fig. 3):
no complete gel retardation was observed for the siRNA with G1 at
an N/P ratio even up to 10, while G4 started to retard significantly
the siRNA mobility at charge ratios N/P > 2.5, and G7 almost
completely prevented the siRNA shift in the gels at a charge ratio
of N/P = 2.5. The above data can also explain why G7 is an
efficient siRNA delivery vector, since G7 forms much more stable
nanoparticles with siRNA, which can effectively protect siRNA
from enzymatic degradation and facilitate the endocytic uptake of
the siRNA/dendrimer complexes by the cell.6

RNA size. In order to study the influence of RNA size for the
construction of the RNA/dendrimer complexes, we also studied
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Fig. 4 AFM images of the siRNA/dendrimer complexes at an N/P ratio of 10 with dendrimers ranging from G1 to G7. The siRNA/dendrimer complexes
were prepared at a final siRNA concentration of 0.0125 mg L−1.

the RNA/G7 complexes using the Candida ribozyme Ca.L-11
and poly(rU). The Candida ribozyme Ca.L-11 has a length of
368 nt, while the poly(rU) is a larger RNA molecule with more
than 2000 nt. With N/P ratios ranging from 0.1 to 10, both
Ca.L-11 and poly(rU) formed increasingly uniform and compact
nanoparticles with G7 (Fig. 5(a) and (b)). At the low N/P ratio
of 0.1, G7 condensed the ribozyme Ca.L-11 into a few very small
but collapsed nanoparticles (Fig. 5(a)). Interestingly, G7 formed
well-defined globular nanoparticles with poly(rU), even at the low
N/P ratio of 0.1 (Fig. 5(b)). These results indicate that strong
cooperative effect and synergic interactions occurred between
RNA and the dendrimers, and that these interactions intensified
with the increasing size of the RNA molecule, resulting in the
formation of more uniform, stable and compact RNA/G7 parti-
cles. Therefore, the formation of the nanoscale RNA/dendrimer
complexes depends critically on both the N/P ratio and the size

of the RNA molecules. With larger RNA molecules, the RNA
molecules and dendrimers interweave more efficiently, leading to
more cooperative interaction and therefore easier construction of
nanoscale RNA/dendrimer complexes. The AFM data obtained
with the Candida ribozyme agreed with the results obtained by
the gel mobility shift assays,7 and also confirmed our previous
finding that RNA/dendrimers with a higher N/P ratio inhibit the
ribozyme activity more efficiently.7,8

Further studies on dendrimer generation dependence using
the ribozyme Ca.L-11 and poly(rU) yielded some intriguing
results, different from those observed with siRNA (Fig. 4);
both Ca.L-11 and poly(rU) formed spherical nanoparticles with
dendrimers G1 to G7 at an N/P ratio of 10 (Fig. 6). For the lower
generation dendrimers, the RNA molecules and the dendrimers
were loosely condensed and less compacted, resulting in larger
nanoparticles (Fig. 6, Table S2†). With increasing dendrimer

Fig. 5 AFM 3D images of the RNA/G7 complexes at various N/P ratios from 0.1 to 10 using (a) the Candida ribozyme Ca.L-11, and (b) poly(rU) at a
final RNA concentration of 0.0125 mg L−1. From left to right, the N/P ratios are respectively 0.1, 0.2, 1, 5 and 10.

Fig. 6 AFM images of the RNA/dendrimer complexes at the N/P ratio of 10 with dendrimers ranging from G1 to G7 and the RNA molecules being
(a) the Candida ribozyme, Ca.L-11, and (b) poly(rU). The RNA/dendrimer complexes were prepared at a final RNA concentration of 0.0125 mg L−1.
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generation, the RNA/dendrimer complexes were more densely
compacted due to the cooperative effect and stronger interactions.
This is further confirmed by the TEM on the RNA/dendrimer
complexes (Fig. 7). As shown in Fig. 6, Ca.L-11 and G1 assembled
only loosely in various sizes, while increasingly condensed and
uniform nanoparticles were formed with G4 and G7. All the
above results indicate also that both the RNA molecular sizes
and the dendrimer generation are crucial for the construc-
tion of nanoscale RNA/dendrimer complexes. The higher the
dendrimer generation is, the stronger the synergic interactions
between dendrimers and RNA molecules will be, and consequently
the more efficient the formation of the uniform and compact
nanoscale RNA/dendrimer complexes will become. This finding
is in agreement with the results obtained with DNA/dendrimer
complexes: dendrimers of higher generations bind more tightly to
longer DNA segments.31

Fig. 7 TEM images of the Ca.L-11 RNA/dendrimer complexes:
(a) RNA/G1, (b) RNA/G4, and (c) RNA/G7 complexes at an N/P ratio
of 10.

Conclusions

The results presented in this study show that effective construction
of uniform, stable nanoscale RNA/dendrimer complexes depends
strongly on the charge ratio between dendrimer and RNA, the size
of the RNA molecules and the generation of the dendrimers. The
charge ratio is one of the most important factors which need to
be taken into account in the construction of RNA/dendrimer
particles. At the high N/P ratio of 10, G7 formed the most
homogeneous spherical particles with various RNA molecules.
With small RNA molecules such as siRNA (21 bp), only den-
drimers of high generations can form stable, uniform and well-
defined nanoscale siRNA/dendrimer particles. With larger RNA
molecules such as the ribozyme Ca.L-11 (368 nt) and poly(rU)
(>2000 nt), dendrimers from generations 1 to 7 readily form
nanoparticles with RNA. This is the direct consequence of the
strong electrostatic interaction occurring in the RNA/dendrimer
complexes as well as of the cooperative and amplification effects
exhibited by both RNA and dendrimer macromolecules. The
results obtained in this work imply that higher generation den-
drimers are required for better interaction and efficient delivery
of the smaller siRNA molecules, which correlates well with our
previous findings,6 whereas lower generation dendrimers may be
sufficient to provide strong interaction with7,8 and efficient delivery
of larger RNA molecules such as the Candida ribozyme and
poly(rU). On the basis of these findings, the present work provides
useful instruction and adds new perspectives to the development
of efficient dendrimer systems for the delivery of various RNA
molecules. We are working actively in this direction.

Experimental

Materials and methods

siRNA was purchased from Proligo LLS (Colorado,
USA). The antisense sequence of siRNA is 5′-
UCG AAG UAC UCA GCG UAA G dTdT-3′, and the sense
sequence is 3′-dTdT AGC UUC AUG AGU CGC AUU C-5′.
The Candida ribozyme Ca.L-11 was synthesized and purified
as previously described.7,8 Poly(rU) (>2000 nt) was purchased
from Sigma. All other reagents and solvents of analytical grade
were obtained from commercial sources and used without
any further purification. Water (≥18.0 MX cm) was obtained
from a Lab water Pro Plus system (Labconco, USA) and used
freshly for the preparation of dendrimer and RNA solutions.
All the tips, tubes and buffer solutions for RNA experiments
were sterilized to prevent RNA from degradation by RNase
digestion. AFM studies were performed on a Picoscan atomic
force microscope (Molecular Imaging, USA) in MAC Mode
(Magnetic AC Mode) using commercial Type II MAClevers
probes (Molecular Imaging, USA) with a spring constant of 2.8 N
m−1 and resonance frequency of 75 kHz. Measurements were
carried out at 25 ◦C. Unless otherwise stated, data processing
was limited to first- or second-order flattening using the Picoscan
4.19 SPM software program (Molecular Imaging, USA). The
diameters of the particles in all the tables were obtained by
performing Gaussian fitting on fifty measurements with Origin
7.0 at a confidence level of 0.95.

Dendrimer synthesis

Scheme 1 summarizes the synthesis of triethanolamine-derived
PAMAM dendrimers from generation 1 to 7. To a solution of tri-
ester 2 in CH3OH was added a large excess of ethylenediamine, and
the reaction was stirred at room temperature for 1 day. The mixture
was concentrated in vacuo to give the full-generation dendrimer
G0. To a solution of G0 in CH3OH was added methyl acrylate.
The reaction mixture was stirred in dark at room temperature
for 5 days. The reaction solution was concentrated in vacuo to
afford the next half-generation dendrimers G0.5. To a solution
of G0.5 in CH3OH was added a large excess of ethylenediamine,
and the reaction was stirred at room temperature for 1 day. The
mixture was concentrated in vacuo to give the full-generation
dendrimer G1. The iterative steps afford dendrimers from G2 to
G7. Each generation of dendrimer was purified by precipitating
the dendrimer from its MeOH solution with either ether (for
amine-terminated dendrimers) or petroleum ether (for ester-
terminated dendrimers). The precipitate was then dried in vacuo.
This purification process was repeated more than three times
for each dendrimer. Higher generation dendrimers were further
subjected to dialysis.

G1. 1H NMR (300 MHz, D2O): d 3.55 (t, 6H, J = 5.7 Hz),
3.42 (t, 6H, J = 5.4 Hz), 3.02–3.24 (m, 18H), 2.41–2.75 (m, 30H),
2.47 (t, 6H, J = 6.6 Hz), 2.34 (t, 6H, J = 5.7 Hz), 2.27 (t, 12H, J =
6.9 Hz); 13C NMR (75 MHz, D2O): d 174.5, 173.3, 68.6, 67.1, 53.5,
51.8, 49.7, 49.4, 42.3, 42.2, 42.1, 40.4, 37.5, 36.8, 33.5; IR (cm−1):
m 1643.0; MS (ESI): Calcd. for C51H105N19O12: 1176.8 (M + H)+,
1198.8 (M + Na)+, Found: 1176.7 (M + H)+, 1198.7 (M + Na)+.
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G1.5. According to the same procedure described for the
synthesis of G0.5, G1.5 was obtained from G1. 1H NMR (300 MHz,
CDCl3): d 3.67–3.71 (m, 6H), 3.60–3.66 (m, 42H), 3.21–3.33 (m,
18H), 2.77–2.84 (m, 12H), 2.68–2.77 (m, 30H), 2.49–2.63 (m, 18H),
2.32–2.44 (m, 42H); 13C NMR (75 MHz, CDCl3): d 172.4, 172.3,
171.7, 68.0, 53.3, 52.6, 52.0, 50.4, 50.2, 49.7, 37.7, 36.5, 34.5, 33.3;
IR (cm−1): m 1736.1, 1651.3; MS (ESI): Calcd. for C99H177N19O36:
1105.6 (M + 2H)2+, Found: 1105.5 (M + 2H)2+.

G2. According to the same procedure described for the
synthesis of G1, G2 was obtained from G1.5. 1H NMR (300 MHz,
D2O): d 3.59 (m, 6H), 3.45 (m, 6H), 3.05–3.25 (m, 42H), 2.55–
2.75 (m, 66H), 2.42–2.55 (m, 18H), 2.18–2.41 (m, 42H); 13C NMR
(150 MHz, D2O): d 175.1, 174.7, 173.9, 68.3, 66.7, 53.0, 51.3, 50.1,
49.1, 42.7, 41.8, 39.9, 36.8, 36.2, 32.9, 32.7; IR (cm−1): m 1642.5;
MS (ESI): Calcd. for C111H225N43O24: 1273.9 (M + 2H)2+, 849.6
(M + 3H)3+, 637.5 (M + 4H)4+, Found: 1274.1 (M + 2H)2+, 849.6
(M + 3H)3+, 637.5 (M + 4H)4+.

G2.5. According to the same procedure described for the
synthesis of G0.5, G2.5 was obtained from G2. 1H NMR (300 MHz,
CDCl3): d 3.60–3.73 (m, 84H), 3.20–3.35 (m, 42H), 2.77–2.88 (b,
12H), 2.68–2.77 (m, 78H), 2.49–2.67 (m, 42H), 2.33–2.46 (m, 90H);
13C NMR (75 MHz, CDCl3): d 172.7, 172.0, 68.2, 53.5, 52.8, 52.3,
52.2, 50.4, 49.9, 37.9, 34.6, 33.5, 33.4; IR (cm−1): m 1735.9, 1647.6;
MS (ESI): Calcd. for C207H369N43O72: 1538.2 (M + 3H)3+, 1153.9
(M + 4H)4+, Found: 1538.7 (M + 3H)3+, 1154.2 (M + 4H)4+.

G3. According to the same procedure described for the
synthesis of G1, G3 was obtained from G2.5. 1H NMR (300 MHz,
D2O): d 3.58 (m, 6H), 3.45 (m, 6H), 3.02–3.25 (m, 90H), 2.53–2.80
(m, 114H), 2.40–2.53 (m, 42H), 2.18–2.40 (m, 90H); 13C NMR
(75 MHz, D2O): d 174.6, 174.2, 68.4, 67.0, 53.5, 51.8, 50.6, 49.6,
49.4, 43.2, 42.4, 40.4, 37.4, 33.5, 33.3; IR (cm−1): m 1645.5; MS
(ESI): Calcd. for C231H465N91O48: 1331.9 (M + 3H + Na)4+, 1065.7
(M + 4H + Na)5+, Found: 1331.8 (M + 3H + Na)4+, 1065.6 (M +
4H + Na)5+.

G3.5. According to the same procedure described for the
synthesis of G0.5, G3.5 was obtained from G3. 1H NMR (300 MHz,
CDCl3): d 3.62–3.76 (m, 156H), 3.16–3.38 (m, 90H), 2.62–2.98
(m, 186H), 2.48–2.62 (m, 90H), 2.24–2.48 (m, 186H); 13C NMR
(150 MHz, CDCl3): d 173.1, 172.4, 68.2, 53.0, 52.5, 52.3, 51.7,
50.2, 49.8, 49.3, 37.6, 37.2, 33.9, 32.8, 32.7; IR (cm−1): m 1733.8,
1646.1.

G4. According to the same procedure described for the synthe-
sis of G1, G4 was obtained from G3.5. 1H NMR (300 MHz, D2O): d
3.52–3.62 (m, 6H), 3.40–3.50 (m, 6H), 3.03–3.27 (m, 186H), 2.53–
2.77 (m, 282H), 2.40–2.53 (m, 90H), 2.15–2.40 (m, 186H); 13C
NMR (150 MHz, D2O): d 175.1, 174.6, 68.2, 66.8, 53.0, 51.3, 50.1,
49.1, 44.4, 41.5, 40.4, 39.8, 36.8, 32.8, 32.7; IR (cm−1): m 1644.2.

G4.5. According to the same procedure described for the
synthesis of G0.5, G4.5 was obtained from G4. 1H NMR (300 MHz,
CDCl3): d 3.60–3.76 (m, 300H), 3.20–3.38 (m, 186H), 2.70–2.84
(m, 378H), 2.51–2.62 (m, 186H), 2.29–2.48 (m, 378H); 13C NMR
(75 MHz, CDCl3): d 173.24, 173.17, 172.6, 53.1, 52.4, 51.9, 51.7,
51.5, 50.4, 50.0, 49.5, 37.4, 34.0, 32.9; IR (cm−1): m 1732.2, 1647.3.

G5. According to the same procedure described for the
synthesis of G1, G5 was obtained from G4.5. 1H NMR (300 MHz,

D2O): d 3.03–3.14 (m, 378H), 2.58–2.70 (m, 378H), 2.38–2.56 (m,
378H), 2.15–2.30 (m, 378H); 13C NMR (150 MHz, D2O): d 175.3,
174.8, 51.5, 50.2, 49.3, 41.5, 40.5, 39.9, 36.9, 33.0, 32.8; IR (cm−1):
m 1643.7.

G5.5. According to the same procedure described for the
synthesis of G0.5, G5.5 was obtained from G5. 1H NMR (300 MHz,
CDCl3): d 3.60–3.72 (m, 588H), 3.20–3.38 (m, 378H), 2.68–2.84
(m, 762H), 2.50–2.62 (m, 378H), 2.30–2.48 (m, 762H); 13C NMR
(75 MHz, CDCl3): d 173.3, 172.6, 53.2, 52.5, 51.9, 51.8, 50.4, 50.0,
49.5, 37.4, 34.0, 32.9; IR (cm−1): m 1732.5, 1645.8.

G6. According to the same procedure described for the
synthesis of G1, G6 was obtained from G5.5. 1H NMR (300 MHz,
D2O): d 3.00–3.14 (m, 762H), 2.58–2.70 (m, 762H), 2.40–2.56 (m,
762H), 2.20–2.28 (m, 762H); 13C NMR (150 MHz, D2O): d 175.2,
174.7, 51.4, 50.2, 49.3, 49.2, 42.2, 41.8, 39.9, 36.9, 32.9, 32.8, 32.7;
IR (cm−1): m 1646.4.

G6.5. According to the same procedure described for the
synthesis of G0.5, G6.5 was obtained from G6. 1H NMR (300 MHz,
CDCl3): d 3.58–3.80 (m, 1156H), 3.18–3.36 (m, 762H), 2.68–2.84
(m, 1530H), 2.50–2.64 (m, 762H), 2.28–2.48 (m, 1530H); 13C NMR
(75 MHz, CDCl3): d 173.3, 172.6, 53.2, 52.5, 51.9, 50.0, 49.5, 37.4,
34.0, 32.9; IR (cm−1): m 1735.1, 1647.1.

G7. According to the same procedure described for the
synthesis of G1, G7 was obtained from G6.5. 1H NMR (300 MHz,
D2O): d 3.00–3.10 (m, 1530H), 2.57–2.72 (m, 1530H), 2.37–2.54
(m, 1530H), 2.14–2.28 (m, 1530H); 13C NMR (150 MHz, D2O): d
175.3, 174.8, 51.5, 50.2, 49.3, 41.5, 40.5, 39.9, 36.9, 33.0, 32.8; IR
(cm−1): m 1642.5.

GPC analysis

GPC experiments were performed on an Alliance Waters HPLC
system equipped with Waters 515 HPLC pump, 2414 refractive
index detector (Waters Corp.), 2487 dual wavelength UV ab-
sorbance detector (Waters Corp.), and Polymer Standards Service
Novema NOA0830103E2 (300 × 8 mm, 10 lm) columns. An
Elite guard column was used to protect the column. The column
temperature was maintained at 30 ◦C. The temperature of the
refractive index detector was maintained as well at 30 ◦C. The
isocratic mobile phase was 0.3 M formic acid and 0.1 M sodium
chloride, pH 1.90, at a flow rate of 1.0 mL min−1. Sample
concentration was 1.0 mg mL−1 with an injection volume of
20 lL. The molecular weight of the dendrimer was determined
with Empower Pro software (Waters Corp.) using commercial
ethylenediamine-core PAMAM dendrimers from generation 1 to
7 (Aldrich) as references.32

AFM imaging of dendrimers

The dendrimer solutions were prepared to an appropriate con-
centration. The dendrimer concentrations were 8.6 × 10−4, 8.6 ×
10−3, 8.6 × 10−2, 7.0 × 10−1 and 7.0 mg L−1 for dendrimers from
G1 to G7. 5 lL of each solution were deposited on freshly cleaved
mica and kept for 5 minutes, allowing the dendrimer to adsorb on
the mica surface. The adsorption process was carried out under a
humid atmosphere in order to avoid the sample being dried. The
mica surface was then rinsed with water, dried under a nitrogen
flow, and subjected immediately to AFM study.
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AFM imaging of RNA molecules

The AFM studies of various RNA molecules on free mica were
undertaken under the same conditions as those described above
for dendrimers. The final concentration of RNA solutions was
0.0125 mg L−1.

AFM imaging of RNA/dendrimer complexes

In the AFM experiments, the concentration of the RNA solution
was 0.025 mg L−1 for all the RNA molecules, while those of
dendrimers G1 to G7 were 1.7 × 10−3, 3.4 × 10−2, 1.7 × 10−2,
8.6 × 10−2 and 1.7 × 10−1 mg L−1. 5 lL of the RNA solution
(0.025 mg L−1) was mixed with 5 lL of the dendrimer solution,
and the mixed solution was kept at 25 ◦C for 30 minutes. Then,
5 lL of the obtained solution was deposited on freshly cleaved
mica and kept under a humid atmosphere for 5 minutes, allowing
the RNA/dendrimer complexes to adsorb on to the mica surface.
The mica surface was then rinsed with water, dried under a
nitrogen flow and subjected to AFM study immediately. The
size of the RNA/dendrimer complexes was measured by cross-
section analysis using the Picoscan 4.19 SPM software program
(Molecular Imaging, USA).

Agarose gel analysis of RNA/dendrimer complexes

The dendrimers were prepared to an appropriate concentration in
50 mM Tris-HCl buffer (pH 7.6), mixed with the correspond-
ing siRNA or ribozyme RNA solution at various N/P ratios
(= [total end amines in dendrimer]/[phosphates in RNA]) and
then incubated at 37 ◦C for 30 minutes. The final concentra-
tion of RNA was adjusted to 25 mg L−1 (100 ng per well).
RNA/dendrimer complexes were analyzed by electrophoretic
mobility shift assays in 1.2% agarose gel in standard TAE buffer.
The RNA bands were stained by ethidium bromide and then
detected by a Kodak 290 digital camera.33

Transmission electron microscopic study on the RNA/dendrimer
complexes

TEM studies were performed with a JEM-1230 transmission
electron microscope. 10 lL of an RNA solution (5 mg L−1 RNA)
were mixed with 10 lL of a dendrimer solution (34 mg L−1)
in 50 mM Tris-HCl buffer and kept at room temperature for
30 minutes, allowing the formation and equilibration of the
RNA/dendrimer complexes. 4 lL of the obtained mixture was
dropped on to a standard carbon-coated copper TEM grid, and
allowed to dry in air (1 h at 30 ◦C, ambient pressure). The
grid was then stained with uranyl acetate (2% in water, pH 4.5)
for 3 minutes, air-dried for 20 minutes, and TEM imaging was
performed immediately.
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