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PAMAM dendrimers for efficient siRNA delivery and potent gene
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Jichua Zhou,” Jiangyu Wu,“> Nadia Hafdi,* Jean-Paul Behr,? Patrick Erbacher and Ling Peng**?

Received (in Cambridge, UK) 30th January 2006, Accepted 3rd May 2006

First published as an Advance Article on the web 10th May 2006

DOI: 10.1039/b601381c

Genuine, nondegraded PAMAM dendrimers self-assemble
with siRNA into nanoscale particles that are efficient for
siRNA delivery and induce potent endogenous gene silencing.

Short double-stranded RNAs, which are known as short
interfering RNA (siRNA), can be used to specifically down-
regulate expression of the targeted gene in a process known as
RNA interference (RNAi).! RNAI has rapidly become a popular
tool for functional genomics and target gene validation, and holds
great promise for therapeutic applications as well.' However, the
success of gene silencing applications based on the use of synthetic
siRNA critically depends on efficient intracellular delivery. There is
therefore an urgent need for safe and efficient siRNA delivery
systems.24

Polycationic dendrimers such as poly(amidoamine) (PAMAM)
dendrimers”® are known to be efficient DNA delivery systems.”
These dendrimers bear primary amine groups on their surface,
while having tertiary amine groups inside. The primary amine
groups participate in DNA binding, compact DNA into nanoscale
particles and promote the cellular uptake of DNA, while the
buried tertiary amino groups act as a proton sponge in endosomes
and enhance the release of DNA into the cytoplasm. Moreover,
partially degraded PAMAM dendrimers were reported to have
more flexible structures than intact dendrimers and therefore to
interact more efficiently with DNA.'® Their excellent DNA
delivery properties have been confirmed now. All these features
of dendrimers could also be used for RNA delivery, although very
few efforts have been made so far along these lines."" In our
ongoing project focusing on RNA targeting and RNA delivery, we
are interested in developing flexible polycationic PAMAM
dendrimers for siRNA delivery purposes. The advantages of using
dendrimers over other delivery systems are their controllable
molecular structure and size, high chemical and structural homo-
geneity, high ligand and functionality density ezc., which will allow
us to fine-tune dendrimer properties for the delivery purpose.

We recently reported that PAMAM dendrimers showed strong
binding affinity for RNA molecules.'>'> Dendrimers with the
triethanolamine as core have the branching units starting 10
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successive bonds from the center amine (Scheme 1). Therefore,
these dendrimers are expected to have less densely packed
branching units and end groups than the commercially available
PAMAM dendrimers with NHj3 or ethylenediamine as core, where
the branching starts immediately at the center amine of the core.
We have shown recently that lower-generation dendrimers
belonging to this family showed strong interactions with group I
intron ribozymes.'> Here, we report that higher-generation
dendrimers belonging to this family can efficiently deliver siRNA
and thus induce gene silencing in cell culture.

Dendrimers used in this study are referred as G, (n: dendrimer
generation number, Scheme 1). From generation 1 to 7, the
corresponding dendrimer has, respectively, 6, 12, 24, 48, 96, 192
and 384 end amine groups. We first studied the ability of
dendrimers to form self-assembled complexes with siRNA by
performing agarose gel electrophoresis. Dendrimers with amine
end groups were able to almost completely retard siRNA in the
gels at N/P ratios > 2.5 (Fig. 1A, N/P is the ratio of the total
number of dendrimer end amine groups and the total number of
siRNA phosphate groups). No gel retardation was observed with
dendrimers having ester end groups, even at N/P charge ratios up
to 20 (data not shown). These findings show that strong binding
occurred between siRNA molecules and the dendrimers with
amine end groups, indicating that an electrostatic complex is
formed between the positively charged amine end groups at the
dendrimer surface and the negatively charged phosphate groups of
siRNA. In addition, formation of the siRNA-dendrimer complex
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Scheme 1 Chemical structure of PAMAM dendrimers with triethanol-
amine as core. For clarity, only G, is drawn.

2362 | Chem. Commun., 2006, 2362-2364

This journal is © The Royal Society of Chemistry 2006



SIRNA + G,
A
T )
NIP ratio: & O & o
B 0 5 10 15 20 30 45 (min)
Naked siRNA
SIRNA + G,
Cc

Fig. 1 (A) Agarose gel analysis of the siRNA-dendrimer complexes.
Migration of the siRNA/G, complexes at charge ratios N/P varying from
1/10 to 20/1 in Tris-HCI buffer solution (pH 7.6). (B) Dendrimer G is able
to prevent siRNA from RNase A degradation. Naked siRINA and siRNA/
G; complex (N/P 2.5/1) were incubated in the presence of 0.01 pg/pL
RNase A for 0, 5, 10, 15, 20, 30 and 45 min at 37 °C and then agarose gel
electrophoresis was performed. (C) TEM imaging of the siRNA/G,
complex prepared in Tris-HCI buffer, pH 7.6.

depends on the dendrimer generation (data not shown). The higher
the generation of the dendrimers, the stronger the interactions
between the dendrimer and the RNA, and therefore the more
stable the complex formed. This is similar to what has been
observed in the case of DNA-dendrimer’ and ribozyme—
dendrimer complexes.'>!?

The siRNA-dendrimer complexes are very stable. Disruption of
these complexes required strong ionic detergents such as SDS (data
not shown), and was not observed under physiological conditions.
Moreover, the siRNA-dendrimer complexes showed considerable
resistance to RNase degradation, contrary to naked siRNA
(Fig. 1B). This is in agreement with results obtained from
transmission electron microscopy (Fig. 1C), which showed that
the siRNA and dendrimer formed compacted, spherical, nanosize
particles (ca. 60110 nm in diameter). Therefore, these dendrimers
self-assemble with siRNA into nanosized particles, similar to
what has been observed with DNA-dendrimer’ and ribozyme-
dendrimer complexes."

The ability of siRNA—dendrimer complexes to deliver sSiRNA to
cells was tested using a model of endogenous gene knockdown.
For these assays, AS5S49Luc cells stably expressing the GL3
luciferase gene were used. Efficient gene silencing was observed
with the specific GL3Luc siRNA-G7 complex (Fig. 2A), while
neither the naked siRNA (data not shown) nor the nonspecific
GL2Luc siRNA-G; complex showed any gene silencing effect

(Fig. 2A). These results are a consequence of efficient dendrimer-
mediated siRNA delivery.

Moreover, the gene silencing ability of the siRNA-dendrimer
complex was dependent on the dendrimer generation (Fig. 2B), the
N/P ratio (Fig. 2C), and the siRNA concentration (Fig. 2A and
Fig. 2B). The siRNA-dendrimer complex showed generation-
dependent gene silencing behavior: the higher the dendrimer
generation, the more efficient the gene silencing was found to be.
In a recent report, only weak gene silencing effect was observed
when using a conjugated dendrimer of generation 5.'' In our
system, the best gene silencing results were obtained with Gy at an
N/P ratio of 10-20 and siRNA concentration of 100 nM, where
more than ca. 80% gene silencing was observed (Fig. 2). This
correlates well with the results obtained on complex formation
between dendrimers and siRNA, which showed that the siRNA
complexing ability of the dendrimer increased with the generation
number, due to the increasingly strong interactions occurring
between dendrimer and siRNA via cooperative interactions. The
fact that the gene silencing efficiency was greater at higher N/P
ratio may be attributed to both the formation of stronger siRNA—
dendrimer complexes at neutral pH and the efficient internaliza-
tion of the siRNA molecules into the cytoplasm through buffering
of the endosomal cavity due to the relative high buffer capacity of
dendrimer G5, which has the continuous lower pK, values (Fig. 3),
as occurs in the case of PEI'* used for DNA transfection. PEI
seems not to be an efficient vector for siRNA delivery,'” yet there
are also reports on siRNA-mediated gene silencing using PEL'®

We also followed the kinetics of gene silencing with Gy (Fig. 4).
The silencing efficiency was stable up to 48 h and remained at a
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Fig. 2 Endogenous silencing efficiency in AS49Luc cells stably expres-
sing GL3Luc with (A) dendrimer G and, respectively, the specific sSiIRNA
(GL3Luc siRNA, black) and the non-specific siRNA (GL2Luc siRNA,
white), at various concentrations; (B) dendrimers of various generations
and the GL3Luc siRNA with various concentrations at N/P ratio of 10;
(C) denrimer G7 and the GL3Luc siRNA at various N/P ratios.
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Fig. 3 Potentiometric pH titration curve of dendrimer G.
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Fig. 4 Kinetic of gene silencing with dendrimer G; and GL3Luc siRNA.
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Fig. 5 Cell viability determined by MTT assay 24 h after the transfection
in A549 cells with dendrimer G; and siRNA (GL3Luc siRNA in black
and GL2Luc siRNA in white) at N/P ratio of 10.

level of around 50% even after 72 h, indicating slow siRNA release
over an extended period of time. This finding suggests that our
dendrimer is an effective siRNA delivery system and that siRNA—
dendrimer complexes are able to produce efficient and long-term
gene silencing.

We finally examined the toxicity of dendrimers using the MTT
assay (Fig. 5). The delivery step was relatively safe for the cells
although some toxicity was observed for the highest siRNA
concentration.

In conclusion, we report here on an effective siRNA delivery
system based on structure flexible polycationic PAMAM den-
drimers. These genuine, nondegraded dendrimers condense siRNA
into nanoscale particles. They protect siRNA from enzymatic
degradation and achieve substantial release of siRNA over an
extended period of time for efficient gene silencing. Taken
together, these findings suggest that flexible polycationic dendri-
mers may have great potential for in vitro (functional genomics)
and possibly in vivo (therapeutic) applications. The possibility of
closely controlling the size, shape and surface chemistry of
dendrimers should give us a unique opportunity for fine-tuning
dendrimer properties'” with the view to improving the delivery

efficiency and lowering the cell toxicity. One further direction is to
use dendrimers for cell-specific delivery of siRNA. For this
purpose, dendrimers are of special interest because one can
develop fan-shaped multi-functional compounds with one end
attached to a cell-specific ligand and the other end for dendrimer
promotion'® and siRNA binding. Studies in these directions are
currently underway at our laboratories. ]
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