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New targets for RNA interference (RNAi)based cancer therapy are constantly emerging from the
increasing knowledge on key molecular pathways that are
paramount for carcinogenesis. Nevertheless, in vivo delivery of small interfering RNA (siRNA) remains a crucial
challenge for therapeutic success. siRNAs on their own
are not taken up by most mammalian cells in a way that
preserves their activity. Moreover, when applied in vivo,
siRNA-based approaches are all limited by poor penetration into the target tissue and low silencing efficiency. To
circumvent these limitations, we have developed novel
polymerized polyglycerol-based dendrimer core shell
structures to deliver siRNA to tumors in vivo. These
cationic dendrimers can strongly improve the stability of
the siRNA, its intracellular trafficking, its silencing efficacy, and its accumulation in the tumor environment
owing to the enhanced permeability and retention effect.
Here, we show that our dendritic nanocarriers exhibited
low cytotoxicity and high efficacy in delivering active
siRNA into cells. With use of human glioblastoma and
murine mammary adenocarcinoma cell lines as model
systems, these siRNA-dendrimer polyplexes silenced the
luciferase gene, ectopically overexpressed in these cells.
Importantly, significant gene silencing was accomplished
in vivo within 24 h of treatment with our luciferase
siRNA-nanocarrier polyplexes, as measured by noninvasive intravital bioluminescence imaging. Moreover, our
siRNA-nanocarriers show very low levels of toxicity as
no significant weight loss was observed after intravenous
administration of the polyplexes. We show a proof of
concept for siRNA delivery in vivo using a luciferase-based
model. We predict that in vivo silencing of important cell
growth and angiogenesis regulator genes in a selective manner will justify this approach as a successful
anticancer therapy.—Ofek, P., Fischer, W.,
Calderón, M., Haag, R., Satchi-Fainaro, R. In vivo
delivery of small interfering RNA to tumors and their
vasculature by novel dendritic nanocarriers. FASEB J.
24, 3122–3134 (2010). www.fasebj.org
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becoming one of the most promising therapeutic tools
for a wide range of diseases (2, 3). Development of
RNAi-based drugs has rapidly become an enormous
and burgeoning market. Currently, several potential
small interference RNA (siRNA) candidates are undergoing clinical trials for the treatment of macular degeneration, respiratory diseases, and different types of
cancer (4).
Besides being a very potent and specific approach,
RNAi can be used to target many genes involved in
distinct cellular signaling pathways. This targeting is
particularly important for a disease as complex as
cancer, for which new targets for RNAi are constantly
emerging. Nevertheless, in vivo delivery of siRNA remains a crucial challenge for its therapeutic success.
Although many siRNA vector types are satisfactory for
most in vitro applications, they are usually inappropriate for in vivo use because of their reduced efficiency,
high toxicity, and poor pharmacokinetics (5). Currently, siRNAs in clinical trials are directly administered
to local target sites, thereby avoiding the complexity of
systemic delivery. However, to treat most cancers and
other disseminated diseases, it is necessary to introduce
the siRNA by a systemic route. To be useful as drugs,
siRNAs need to be delivered in vivo into the cytoplasm
of the target cells. Unfortunately, intravenously administered siRNA is rapidly degraded by nucleases in the
bloodstream and is subjected to renal filtration, resulting in poor cellular uptake and pharmacokinetics (6).
To confer drug-like properties such as stability, cellular
delivery, and tissue bioavailability to siRNAs, various
strategies have been developed. The latter range from
chemical modification of siRNA to design of different
nonviral vectors (7–9), such as lipid-based cationic
liposomes (10, 11).
Polymer-based delivery systems have been extensively
used for plasmid DNA and more recently for siRNA
delivery. Similarly to the cationic liposomes, they usually involve a cationic moiety as a core component (12).
Unlike most cationic polymers that require several
processing steps to form a complex with their RNA
1
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molecule, our novel cationic dendrimers form siRNAdendrimer complexes on simple mixing. Encapsulation
of the siRNA in a cationic carrier system can strongly
improve its stability in the blood, its intracellular uptake, its intracellular trafficking, and consequently its
gene silencing activity.
During endosomal maturation, the pH of the lumen
drops from ⬃7 to ⬃5, which is exploited by many
viruses to release viral genetic material (13). To mimic
this viral activity, many cationic polymers used in polyplex-type transfection reagents have pH-dependent
functional groups with pKa values ranging between 5
and 7. These buffering groups increase the number of
protons required to reduce endosomal pH. The increased numbers of protons and their counterions raise
the osmotic pressure of the endosome and lead to
membrane rupture, a hypothesis postulated as the
“proton-sponge theory” (14). In short, RNA and DNA
delivery into cells is enhanced by cationic polyplexes
containing proton-buffering polyamines, which lead to
endosomal accumulation of chloride, osmotic swelling,
and lysis of the endosome (15).
Several pH-sensitive nanocarriers have been prepared by attaching pH-sensitive shells to readily available dendritic core structures (polyglycerol and polyethylene imine), and various oligonucleotides and
anticancer drugs have been encapsulated inside (16,
17). Moreover, polyethylene glycol-coated (PEGylated)
polyethylene imines were recently used for delivery of
siRNA into tumor-bearing mice (18). However, despite
the recent progress, these approaches still encounter
critical problems such as nonspecific targeting, poor
pharmacokinetics, and uncontrolled particle size.
The rationale for using macromolecular carriers as
delivery vehicles of antitumor agents relies on the
enhanced permeability and retention (EPR) effect (19,
20), a phenomenon associated with tumor vasculature
and the lymphatic system. Compared with normal
vessels, tumor vasculature is distinctly abnormal in
structure and function, characterized by exaggerated
size, tortuosity, and hyperpermeability. Defective tumor
endothelial cells lead to abnormal molecular and fluid
transport dynamics, resulting in selective extravasation
and tumor accumulation of macromolecules.
In the present study, we use novel polycationic
dendrimer core shell structures to deliver siRNA to
solid tumors. We show a proof of concept for siRNA
delivery using both in vitro and an in vivo luciferasebased models. The nanocarriers tested showed high
biocompatibility and high efficacy in silencing the
luciferase gene, ectopically overexpressed in human
glioblastoma and murine mammary adenocarcinoma
cells. Importantly, in vivo experiments targeting luciferase siRNA polyplexes to luciferase-expressing
tumors in mice resulted in significant gene silencing
within 24 h. These experiments point to our novel
nanocarrier as a revolutionary vehicle for in vivo
siRNA delivery into tumors.

MATERIALS AND METHODS
Materials
Fluorescein isothiocyanate (FITC)-labeled siRNA targeting luciferase (luciferase siRNA) (5⬘-GAUUAUGUCCGGUUAUGUAUU-3⬘) and nontargeting
(NT) siRNA were from Dharmacon (Lafayette, CO,
USA). Antifade mounting medium was from
Biomeda (Foster City, CA, USA). pEGFPLuc plasmid
was from Clontech (Mountain View, CA, USA). Tetramethyl rhodamine isothiocyanate (TRITC)-labeled
phalloidin, Hoechst stain, dextran (MW 70,000), and
all other chemical reagents, including salts and solvents, were purchased from Sigma-Aldrich Israel
(Rehovot, Israel). XTT reagent was from Biological
Industries Ltd. (Kibbutz Beit Haemek, Israel).
Cell culture
U87 human glioblastoma and human embryonic
kidney 293T (HEK 293T) were obtained from the
American Type Culture Collection (ATCC; Manassas,
VA, USA). Murine mammary adenocarcinoma DA3
cells were derived from the D1-DMBA-3 transplantable mammary tumor (21). These cells were obtained
from the laboratory of I. Keydar (Tel Aviv University,
Tel Aviv, Israel) through the courtesy of I. Tsarfaty
(Tel Aviv University), and grown as described previously (22). Cells were cultured in DMEM supplemented with 10% FBS, 100 g/ml penicillin, 100
U/ml streptomycin, 12.5 U/ml nystatin, and 2 mM
l-glutamine (Biological Industries Ltd.). Human umbilical vein endothelial cells (HUVECs; PCS-100-010)
were purchased from ATCC and cultured in EGM-2
medium (Lonza, Basel, Switzerland). All cells were
grown at 37°C in 5% CO2.
Synthesis of the dendritic nanocarriers
Synthesis of polyglycerolamine (PG-Amine)
Polyglycerol (PG) with an average molecular mass of 5
and 10 kDa was prepared according to published
procedures (23–25). PG-Amine of average molecular
mass 10 kDa with quantitative conversion of the OH
groups to NH2 (⬃97%) was achieved according to
published procedures (26). 1H NMR (300 MHz,
CD3OD): ␦ ⫽ 3.31–2.40 (functionalized PG groups),
4.01–3.21 (PG); 13C NMR (75 MHz, CD3OD): ␦ ⫽
83.0 – 65.5 (PG), 55.5– 43.6 (functionalized PG groups)
(scheme is shown in Supplemental Fig. S1A).
Synthesis of polyglyceryl pentaethylenehexamine carbamate
(PG-PEHA)
PG-PEHA was synthesized in two steps (27). Phenyl
polyglyceryl carbonate with quantitative conversion
of the OH groups to phenyl carbonate groups
(⬃100%) was achieved according to published pro-

NOVEL DENDRITIC NANOCARRIERS FOR SYSTEMIC siRNA TUMOR DELIVERY

3123

cedures. In the second step, phenyl polyglyceryl
carbonate in p.a. pyridine was dropped into an
emulsion of the pentaethylenehexamine and 4-(dimethylamino)-pyridine in pyridine. The mixture was
refluxed for 16 h and after cooling was concentrated
in vacuo and finally dialyzed to give pure PG-PEHA
(⬃67%). 1H NMR (400 MHz, CD3OD): ␦ (ppm) ⫽
0.89 (PG starter), 1.41 (PG starter), 2.2–3.0
(–CH2CH2NH), 3.0 –3.3 (CONHCH2CH2), 4.0 –3.03
(PG), 4.0 – 4.4 (CONHCH2); 13C NMR (75 MHz,
D2O): ␦ (ppm) ⫽ 40.2–50.0 (PEHA), 81.2–59.4 (PG),
159.4 (CO) (scheme is shown in Supplemental Fig.
S1B).
Synthesis of polyethyleneimine (PEI)-polyamidoamine
(PAMAM)
PEI-PAMAM structures can be easily synthesized with
PEIs (Mw ⫽ 800 –25,000 g/mol) over a large Mw
range as core units with quantitative conversion of
linear and terminal units with methacrylate (⬃95%)
(26). 1H NMR (300 MHz, CDCl3): ␦ (ppm) ⫽ 2.33
(PEI–CH2–CH2COOCH3), 2.2–2.5 (PEI–CH2–CH2–
COO–CH3), 2.67 (PEI–CH2–CH2–COO–CH3), 3.55
(PEI–CH2–CH2–COO–CH3); 13C-NMR (75.4 MHz,
CDCl3): ␦ (ppm) ⫽ 32.4 (PEI–CH2–CH2–COO–
CH3), 49.6, 50.1 (PEI–CH2–CH2–COO–CH3), 51.3
(PEI–CH2–CH2–COO–CH3), 51–55 (PEI–CH2–CH2–
COO–CH 3 ), 172.6 (PEI–CH 2 –CH 2 –COO–CH 3 )
(scheme is shown in Supplemental Fig. S1C).
Synthesis of PEI-gluconolactone (PEI-Glu)
The attachment of d-glucono-1,5-lactone to PEI with
different Mw (800 –25,000 g/mol) leading to PEI-GLU
can be realized by a simple melt reaction in stoichiometric
amounts of water (28). 1H NMR (300 MHz, D2O): ␦
(ppm) ⫽ 2.3–2.9 (m, PEI–CH 2 –NHCO–CHOH–
(CHOH)3–CH2OH), 3.2–3.3 (m, PEI–CH2–
NHCOCHOH–(CHOH)3–CH2OH), 3.5–3.8 (m, PEI–
CH2–NHCO–CHOH–(CHOH)3–CH2OH), 3.8 – 4.0 (m,
PEI–CH2–NHCO–CHOH–(CHOH)3–CH2OH), 4.19 (s,
PEI–CH 2 –NHCO–CHOH–(CHOH) 3 –CH 2 OH). 13 C
NMR (75.4 MHz, D2O): ␦ (ppm) ⫽ 38.7, 39.5, 40.4, 41.0
(PEI–CH2–NHCO–(CHOH)4–H2OH), 47.8, 49.6, 53.2,
54.7 (PEI–CH2–NHCO–(CHOH)4–CH2OH), 65.0 (PEI–
CH2–NHCO–(CHOH)4–CH2OH), 72.7, 73.5, 74.5, 74.9,
75.8, 76.4 (PEI–CH2–NHCO–(CHOH)4–CH2OH), 176.7
(PEI–CH2–NHCO–(CHOH)4–CH2OH), 180.9 (PEI–
CH2–NH4⫹ ⫺OOC–(CHOH)4–CH2OH) (scheme is shown
in Supplemental Fig. S1D).
Dynamic light scattering
The mean hydrodynamic diameter of the nanocarriers
was evaluated using a real-time particle analyzer (LM20;
NanoSight, Costa Mesa, CA, USA). PG-Amine, PGPEHA, PEI-PAMAM, and PEI-Glu were injected into the
chamber, allowed to equilibrate for 30 s, and analyzed
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by Nanoparticle Tracking Analysis software (NanoSight).
Atomic force microscopy (AFM)
Nanocarriers were imaged by AFM using a MultiMode
IIIa scanning probe microscope (Digital Instruments,
Inc., Camarilla, CA). Backside reflective coated cantilevers were used with a typical resonance frequency in the
range of 140 –185 kHz and a spring constant of 17– 40
N/m, a width of 30 ⫾ 5 m, a length of 250 ⫾ 10 m,
and a thickness of 7 ⫾ 1 m (Nascatec, Stuttgart,
Germany). The height images were captured in the
trace direction and the phase image in the retrace
direction. A solution of 20 l of siRNA (0.5–1.0⫻10⫺5
M) was placed onto the surface of freshly cleaved mica,
which was covered with 20 l of 10 mM sodium
chloride solution, and the spin coating method was
used with 5000 rpm for 20 min (Spin Coater SCV; J.
Reinmuth, Markkleeberg, Germany). The pure polymers were prepared with 5 l (0.5⫻10⫺5 M) on freshly
cleaved mica. After 10 s, the solution was blotted,
followed by spin coating (5000 rpm for 120 min).
Analysis of polyplex formation between nanocarriers
and siRNA
The optimal ratio for the polyplex formation was
studied by electrophoretic mobility shift assay
(EMSA) as described previously (29). In brief, 100
pmol of siRNA was incubated with PG-Amine, PGPEHA, PEI-PAMAM, or PEI-Glu at 1:0.2, 1:0.5, 1:1,
1:2, and 1:5 M ratios of siRNA to carrier, for 15 min
at room temperature (RT). Mobility of free and
nanocarrier-complexed siRNA was then analyzed by
agarose gel electrophoresis. N/P ratios were calculated according to standard formulas reported in the
literature (11, 30 –32).
Surface charge measurements
-Potential measurements were performed on a Zetasizer Nano ZS analyzer with an integrated 4 mW He-Ne
laser ( ⫽ 633 nm; Malvern Instruments Ltd., Malvern,
Worcestershire, U.K.). To elucidate the surface charge
of the polyamines, siRNA and polyplex  potentials
were measured in aqueous phosphate buffer, pH 7.4.
Dendrimer and siRNA solutions were freshly prepared
by dissolving an appropriate amount of dry compound
(1 mg/ml) in 0.01 M buffer solution. siRNA was
incubated with PG-Amine, PG-PEHA, PEI-PAMAM, or
PEI-Glu at the molar ratios described in Fig. 2C, for 15
min at RT. The sample solutions were then stirred
thoroughly to ensure proper mixing and dissolution. 
Potential was measured by applying an electric field
across the sample solutions using the technique of laser
Doppler anemometry. All measurements were performed at 25°C using folded capillary cells (DTS 1060)
in three replicate measurements.
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Establishment of luciferase and mCherry-infected
U87 human glioblastoma and DA3 murine breast
adenocarcinoma cell lines
HEK 293T cells were cotransfected with pLB-Luciferase
or pQC-mCherry, and the compatible packaging plasmids (pMD.G.VSVG and pGag-pol.gpt), and infecting
retroviral particles were produced as described previously (33). U87 cells were infected with pLB-Luciferase
retroviral particles and DA3 cells with both pLB-Luciferase and pQC-mCherry retroviral particles. Infected
cell lines were named U87-Luc and DA3-mCherry-Luc.

photons were measured by a luminometer supported
by SIS 2020n software (Turner Biosystems, Sunnyvale,
CA, USA). Luciferase activity values were normalized to
cell count (Beckman Coulter, Fullerton, CA, USA).
Cell viability assay
U87-Luc cells were plated onto a 96-well plate (3⫻103
cells/well) in DMEM, supplemented with 5% FBS, and
incubated for 24 h (37°C; 5% CO2). Then, cells were
exposed to different dendritic nanocarriers at serial
concentrations. Viable cells were monitored by XTT
reagent after 72 h.

Intracellular trafficking of siRNA-PG-Amine complex
Red blood cell lysis assay
Confocal microscopy
FITC-labeled luciferase siRNA (50 pmol) was mixed
with PG-Amine (250 pmol) in serum-free medium,
incubated for 20 min at RT, and then added to the
cells. U87-Luc cells were incubated with luciferase
siRNA-PG-Amine polyplex or with siRNA alone for 2, 5,
and 24 h. Cells were washed with cold PBS, fixed with
4% paraformaldehyde (PFA) for 15 min at RT and
washed again with PBS. Actin filaments were stained
using phalloidin-TRITC conjugate (25 g/ml, 40 min
at RT), and nuclei were labeled with Hoechst stain (1
g/ml, 5 min at RT). Similar conditions were used for
all dendritic carriers. Endosome-lysosome system acidification was inhibited using ammonium chloride
(NH4Cl) (34 –37). U87-Luc cells were incubated with
FITC-labeled luciferase siRNA-PG-Amine polyplex for
6 h in the presence or absence of 20 mM NH4Cl and
then were washed with PBS, fixed, and stained as
described in the previous paragraph. Cellular uptake
and internalization were monitored with a Leica TCS
SP5 confocal imaging system (Leica Microsystems, Wetzlar, Germany).
ImageStream multispectral imaging flow cytometer
FITC-labeled luciferase siRNA (100 pmol) was mixed
with PG-Amine (500 pmol) in serum-free medium,
incubated for 20 min at RT, and then added to
U87-Luc cells. Cells were harvested at several time
points after treatment, resuspended in PBS, and
analyzed by ImageStream multispectral imaging flow
cytometer (Amnis Corp., Seattle, WA, USA).
Silencing efficacy of dendritic nanocarriers
encapsulating luciferase siRNA in vitro
Luciferase siRNA (50 pmol) was mixed with nanocarriers at different concentrations in serum-free medium,
incubated for 20 min at RT, and then added to U87-Luc
cells. PG-Amine (62 pmol) was mixed with pEGFPLuciferase (1.2 pmol) with either NT siRNA or luciferase siRNA (25 pmol) in EBM-2 medium (Lonza),
incubated for 20 min at RT, and then added to
HUVECs. Forty-eight hours later, cells were lysed, and

A red blood cell lysis assay was performed as described
previously (38). In brief, a 2% w/w rat red blood cell
solution was incubated with serial dilutions of the tested
carriers for 1 h at 37°C. Negative controls were PBS and
dextran (MW⬃70,000), and positive controls were a 1%
w/v solution of Triton X-100 (100% lysis) and PEI.
After centrifugation, the supernatant was withdrawn
and its absorbance was measured at 550 nm using a
microplate reader (Genios; Tecan, Grödig, Austria).
The results are expressed as a percentage of hemoglobin released relative to the positive control (Triton
X-100).
Animal studies
All animal procedures were performed in compliance
with Tel Aviv University, Sackler School of Medicine
guidelines and protocols approved by the institutional
animal care and use committee.
SCID male mice (Harlan Laboratories Israel Ltd.,
Jerusalem, Israel) and BALB/C female mice aged 6 – 8
wk were anesthetized and inoculated subcutaneously
with 3 ⫻ 106 U87-Luc cells and DA3-mCherry-Luc cells,
respectively. Tumor progression was monitored by caliper measurement [width ⫻ length2) ⫻ 0.52]. Mice
were imaged using a bioluminescence imaging system
(Photon Imager; Biospace Lab, Paris, France) after an
intraperitoneal injection of luciferin (50 mg/kg). Images were obtained by Photovision⫹ software (Biospace
Lab) and analyzed by Molecular Vision software (Biospace Lab).
SCID mice bearing 70-mm3 U87-Luc glioblastoma
tumors were injected intratumorally with luciferase
siRNA-PG-Amine polyplex at two different concentrations (2.5 or 5 mg/kg luciferase siRNA, complexed
with 10 or 20 mg/kg PG-Amine, respectively) or
saline. Mice were injected twice, on d 0 and on d 4
(n⫽3). BALB/C mice bearing DA3 tumors were
injected intratumorally or intravenously with luciferase siRNA or NT siRNA complexed with PG-Amine
at two different concentrations (2.5 or 5 mg/kg
siRNA, complexed with 4 or 8 mg/kg PG-Amine,
respectively), or saline as control (n⫽5).
Animals were monitored every other day after treat-
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ment for general health, body weight, tumor volume,
and luciferase activity. To assess the polyplex accumulation at the tumor site, mice (n⫽3) were injected
intravenously with FITC-labeled luciferase siRNA (2.5
mg/kg) complexed with PG-Amine (4 mg/kg). Four
hours later, perfusion was performed with 4% PFA.
Organs and tumors were dissected, fixed, and imaged
as whole mounts by confocal microscopy.

reported procedures (26). It can be easily synthesized
in 2 steps with PEI as the core unit. In the first step, all
amino units were partially converted into methacrylate
groups. For full conversion of all units of PEI, the
polymer was treated with pure acrylic acid methylester
in the second step. Subsequently, the methylester was
reacted with ethylene diamine in excess to obtain the
final PEI-PAMAM (Fig. 1A).

Statistical methods

Synthesis of PEI-Glu

Data are expressed as means ⫾ se. Statistical significance was determined using an unpaired t test. P ⬍ 0.05
was considered statistically significant. All statistical
tests were 2-sided.

PEI-Glu was synthesized by a simple melt reaction of
glucono-1,5-lactone with PEI (28) (Fig. 1B).
Synthesis of PG-Amine

PEI-PAMAM, PEI-Glu, PG-Amine, and PG-PEHA were
synthesized (Fig. 1) and characterized by NMR.

Hyperbranched polyglycerol with high amine loading
(PG-Amine, 97% amino-functionalized) was synthesized by a three-step protocol, starting with a conversion
of OH groups into mesyl (Ms) groups followed by
transformation of Ms groups into azide (N3) functionalities. Finally a reduction of the N3 groups to primary
amine (NH2) groups using triphenylphosphine as reducing agent was performed (27) (Fig. 1C).

Synthesis of PEI-PAMAM

Synthesis of PG-PEHA

The dendritic PEI-PAMAM scaffold was obtained
through a simple 2-step protocol, according to earlier

The first step yielded a quantitative formation of phenyl
chloroformate, which turned out to be a useful electro-

RESULTS
PEI-PAMAM, PEI-Glu, PG-Amine, and PG-PEHA

Figure 1. Chemical structures. A) PEI-PAMAM (Mw 16,970 g/mol). R,
branches are not shown for clarity. B) PEI-Glu (Mw 11,942 g/mol).
C) PG-Amine (Mw 10,000 g/mol). D) PG-PEHA (Mw 16,350 g/mol).
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philic PG derivate that, in contrast to the unmodified
polyglycerol, can react with diverse nucleophiles. The
second step involves the conjugation of the more
reactive phenyl polyglyceryl carbonate (carbonic acid
phenylpolyglyceryl ester) with the synthetic oligoamines pentaethylenehexamine to form the pH-sensitive
carbamate bond (27) (Fig. 1D).
Physicochemical characterization of siRNAnanocarrier polyplexes
The hydrodynamic diameter size distribution of the
dendritic carriers was determined using an optical
analyzer. All carriers had a polydispersity index of

1.5–1.7 with a range of mean hydrodynamic diameters
of 10 to 40 nm (Fig. 2A).
To establish the capability of the four tested dendritic nanocarriers to encapsulate siRNA, we incubated
several amounts of dendrimers with a constant amount
of siRNA and analyzed the efficacy of the polyplex
formation by gel electrophoresis. All four nanocarriers
were able to bind siRNA and neutralize its negative
charge in a dose-dependent manner, as shown by an
EMSA. The optimal dendrimer/siRNA ratio was 2:1 for
PG-Amine and PEI-Glu and 1:2 for PG-PEHA and
PEI-PAMAM (Fig. 2B). Besides a significant gel shift,
caused by the neutralization of the negative charge of
the siRNA when complexed with the positively charged

Figure 2. Chemical characterization of siRNA-vehicle polyplexes. A) Hydrodynamic diameter size
distribution of dendritic
nanocarriers as determined by dynamic light
scattering. B) EMSA of
siRNA incubated with the
different dendritic nanocarriers at several molar ratios. C) Table summarizing
the polyamine/siRNA optimal molar ratio, N/P ratios, and surface charge of
all polyplexes (each data
point is the mean of 3 samples ⫾0.2 mV).
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dendrimers, we observed an additional interesting phenomenon. The fluorescence of the siRNA-EtBr complex was partially quenched after siRNA complexation
with our nanocarriers, which probably reflects the
condensation of the RNA on conjugation, as described
and illustrated further on the AFM images (Fig. 5A). As
previously reported for DNA (39, 40), the binding
affinity of EtBr is dependent on the molecular flexibility of the nucleic acid it is bound to, and this flexibility
is altered through cationic compaction. Thus, condensed RNA might be expected to lower its affinity for
EtBr. This observation could be the basis for an efficient and straightforward way to follow the kinetics of
polyplex formation in solution by measuring its fluorescence intensity.
The neutralization of siRNA (⫺17.3 mV) after
mixing with the polyamines was confirmed by 
potential measurements. The polyamine dendrimers
alone displayed positive  potential values (PG-NH2, ⫹17
mV; PG-PEHA, ⫹12.4 mV; PEI-PAMAM, ⫹21 mV; and
PEI-Glu, ⫹2.2 mV). As expected, the highly negative
charged surface of siRNA was neutralized after mixing
with the polyamines at pH 7.4, yielding polyplexes with
slightly negative or positive charges (ranging from ⫺2.2

to ⫹12.4 mV). N/P ratios and surface charge values of
all dendrimer-siRNA polyplexes are presented in Fig.
2C.
These findings showed that strong binding occurred
between siRNA molecules and the dendrimers with
amine groups, indicating that an electrostatic complex
is formed between the positively charged amine groups
at the dendrimer and the negatively charged phosphate
groups of siRNA.
Enhanced intracellular delivery of siRNA by dendritic
nanocarriers to human glioblastoma cells
After chemical characterization, we evaluated the ability of FITC-labeled luciferase siRNA entrapped in each
of the four dendritic nanocarriers to internalize into
U87-Luc human glioblastoma cells. Cells were incubated with the siRNA-carrier polyplexes evaluated for 2,
5, and 24 h. After 2 h of incubation with all four
carriers, the siRNA was taken up by the cells and
detected intracellularly with a predominant accumulation in the cytoplasm, except for PEI-PAMAM, which
concentrated in the nucleus (Fig. 3, at 2 h). The

Figure 3. Intracellular uptake of siRNA complexed with dendritic nanocarriers. U87-Luc
cells were incubated with FITC-labeled siRNA
(green), either alone or complexed with PGAmine, PEI-Glu, PG-PEHA, or PEI-PAMAM for 2,
5, and 24 h. Actin filaments were stained with
phalloidin (red). Scale bars ⫽ 25 m.
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amount of siRNA accumulated inside the cells increased 3 h later and to a higher extent at the day after
the transfection with the PG-Amine and PEI-Glu carriers (Fig. 3, at 5 and 24 h, respectively). However, when
cells were treated with siRNA-PG-PEHA or siRNA-PEIPAMAM polyplexes for 5 h, morphological changes
were observed, including decreased spreading of the
cells and disruption of actin fiber morphology. No
green fluorescence was observed in the cytoplasm at 5
and 24 h after treatment with siRNA-PG-PEHA or
siRNA-PEI-PAMAM polyplexes, probably because of
cell damage leading to extracellular leakiness of the
FITC-siRNA.
Dendritic nanocarriers demonstrate a biocompatible
profile in vitro on tumor and red blood cells
Having shown that our novel dendritic nanocarriers
efficiently bind and deliver siRNA into cells, we next
evaluated their cytotoxicity. Cell viability and red blood
cell hemolysis assays were performed to assess their
biocompatibility as nanocarriers.
We first evaluated the cytotoxicity of the nanocarriers
in vitro, exposing U87-Luc cells to serial concentrations
of the dendrimers. Viability of cells was assessed 72 h
later using the XTT reagent (Fig. 4A). The least toxic
carrier was PEI-Glu (IC50⫽100 g/ml). The other
dendrimers showed higher cytotoxicity values (PGPEHA, IC50⫽55 g/ml; PG-Amine, IC50⫽30 g/ml;
and PEI-PAMAM, IC50⫽12 g/ml). A similar range of
results was obtained with human neuroblastoma cells
(data not shown). To further evaluate the biocompatibility of our nanocarriers, we performed a red blood
cell lysis assay (38). The results clearly show that our

dendritic nanocarriers were not hemolytic in vitro at
concentrations up to 5 mg/ml (Fig. 4B).
In vitro delivery of luciferase siRNA-nanocarrier
polyplexes results in effective silencing of the
luciferase gene in human glioblastoma and primary
endothelial cells
Once we had demonstrated the ability of our novel
dendritic nanocarriers to successfully bind siRNA and
deliver it into the cytoplasm of cells, we tested the
silencing efficacy of the different siRNA-dendrimers
polyplexes. Luciferase siRNA was complexed with each
one of the evaluated dendrimers and transfected into
U87-Luc. Three of the four nanocarriers tested showed
promising results (Fig. 4C). The PG-Amine nanocarrier
displayed increased potency (50% silencing achieved
by 7 g/ml), compared with that of PEI-PAMAM and
PG-PEHA (50% silencing by 22 and 30 g/ml, respectively). PEI-Glu was less effective (50% silencing
achieved by 70 g/ml). To assess target specificity, we
evaluated the four nanocarriers with NT siRNA. As
expected, no silencing of the luciferase gene was observed when NT siRNA was complexed with PG-PEHA
and PEI-PAMAM (Supplemental Fig. S2). PEI-Glu did
not induce silencing effects with either NT siRNA or
Luc-siRNA at the concentrations tested (2.5, 5, 15, and
30 g/ml). PG-Amine did not show any nonspecific
silencing effects at 2.5, 5, and 15 g/ml. However, at 30
g/ml (3 mM, which is 30-fold the amount of siRNA
used in the experiment), PG-Amine complexed with
NT siRNA silenced the luciferase gene. This phenomenon could be attributed to off-target effects evoked by
high levels of siRNA accumulated inside the cells (41,

Figure 4. Nanocarrier cytotoxicity profiles
and silencing activity of the nanocarrierLuc siRNA polyplexes in vitro. A) U87-Luc
cells were exposed to dendritic nanocarriers (f, PG-Amine; Œ, PG-PEHA; ⽧,
PEI-Glu; F, PEI-PAMAM) at serial concentrations. Cell viability was monitored
72 h later by XTT reagent. Results are
presented as mean ⫾ se percentage of
control (viability in the absence of treatment). B) Red blood cell lysis assay of
nanocarriers (f, PG-Amine; Œ, PG-PEHA; ⽧, PEI-Glu; F, PEI-PAMAM 䡺, dextran; ⫻, PEI). Results are presented as
mean ⫾ se percentage of hemoglobin release produced by the different dendrimers. Because of similar values, some
symbols overlap. C) Silencing efficacy of luciferase siRNA complexed with dendritic nanocarriers (f, PG-Amine; Œ,
PG-PEHA; ⽧, PEI-Glu; F, PEI-PAMAM) on U87-Luc cells. x Axes are expressed in logarithmic scale (A–C). D) Table
summarizing silencing efficacy (50% silencing) vs. toxicity (IC50) of the dendrimers evaluated. E) Transfection efficiency
of PG-Amine complexed with pEGFP-Luc in the presence of NT siRNA or luciferase siRNA on HUVECs.
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42). Because of the highly efficient intracellular delivery of siRNA by PG-Amine (compared with other
dendritic carriers), the concentration of siRNA in the
cells is probably higher than that for any other carrier
and may cause nonspecific silencing effects. The silencing efficiency was normalized to the number of viable
cells; therefore, the resulting decreased values of luciferase activity cannot be attributed to cytotoxic effects of
the dendrimers themselves on the cells.
PG-Amine exhibited the best ratio of specific silencing efficiency vs. toxicity in U87-Luc cells (Fig. 4D).
Therefore, it was selected for further evaluation and in
vivo gene silencing efficacy studies.
We further assessed the ability of PG-Amine to introduce plasmid DNA into HUVECs either alone or combined with siRNA. Endothelial cells, recruited by tumors, play a key role in tumor progression and
metastasis and therefore represent an important target
in cancer therapy. Primary cells in general and
HUVECs in particular are usually very difficult to
transfect and therefore an electroporator or a Nucleofector is used. Here, we demonstrate that by using
PG-Amine, we achieved high levels of transfection and
expression of the luciferase gene in HUVECs. More-

over, the luciferase siRNA-PG-Amine complex efficiently silenced luciferase gene expression in these cells
(Fig. 4E).
Luciferase siRNA-PG-Amine polyplex internalized into
U87 glioblastoma cells via endocytosis within 24 h
The morphology of the polyplexes with the lead candidate (PG-Amine) was determined by AFM. The morphology of siRNA changed from small fibers with
1.5–2.0 nm height to more globular structures with up
to 3 nm height after incubation with PG-Amine at the
same molar ratio used in the transfection experiments
(Fig. 5A).
Further examination of the cellular internalization of
the siRNA-PG-Amine polyplex was performed with the
ImageStream multispectral imaging flow cytometer.
Live cells were monitored at different time points after
transfection, using FITC-labeled siRNA (Fig. 5B). PGAmine was capable of delivering siRNA into U87-Luc
cells as demonstrated by increasing levels of fluorescence measured inside the live cells 2, 5, and 24 h after
transfection.

Figure 5. siRNA-PG-Amine polyplex morphology and intracellular uptake.
A) AFM images of luciferase siRNA alone, PG-Amine alone, and luciferase
siRNA-PG-Amine polyplexes at molar ratio 1:2. Graphs at bottom show the
height profile along the white line across the image. White arrow indicates
left end and red or green arrow indicates right end of the measured area. y
Axis indicates height (⌬h). B) siRNA intracellular uptake was monitored in
U87-Luc live cells at the indicated times after transfection with FITC-labeled
luciferase siRNA-PG-Amine polyplex. Left panel: brightfield and fluorescence images. Right panel: internalization histograms. C) U87-Luc cells
were incubated with FITC-labeled siRNA-PG-Amine polyplex in the presence or absence of 20 mM NH4Cl. Actin filaments
were stained with phalloidin (red). Scale bars ⫽ 25 m.
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To evaluate the contribution of endosomal trafficking in siRNA internalization, we used NH4Cl, which
interferes with endosomal acidification. Endosome alkalinization prevented siRNA internalization (Fig. 5C),
strongly indicating that the cellular uptake of the
siRNA-PG-Amine polyplex is mediated by the endosome-lysosome system.
Targeted gene silencing by systemic delivery of
siRNA-PG-Amine polyplex
To demonstrate the potential of our novel siRNA-PGAmine polyplex in cancer therapy, we performed an in
vivo experiment. PG-Amine, which showed the optimal
silencing efficiency and safety profile, was selected for
in vivo gene silencing efficacy studies.
U87-Luc human glioblastoma cells were inoculated
subcutaneously into SCID mice. Once tumors developed, we injected luciferase siRNA-PG-Amine intratumorally. Significant gene silencing (68 and 85%) was
accomplished in vivo within 24 h after treatment (2.5 or
5 mg/kg luciferase siRNA complexed with 10 or 20
mg/kg PG-Amine, respectively), as measured by photon flux bioluminescence. There was no reduction in
tumor bioluminescence in mice treated with saline.
Low levels of luciferase activity were maintained for 3– 4
d after a single dose of luciferase siRNA-PG-Amine and
even for additional 3 d, after a second dose of the
treatment on d 4 (Fig. 6A, left). The mice showed no
significant weight loss after two consecutive intratumoral injections of siRNA-PG-Amine polyplexes at two
different doses (Fig. 6A, right).

A similar experiment was repeated using BALB/C
mice bearing DA3-mCherry-Luc subcutaneous tumors.
Mice received intratumoral injections of PG-Amine (4
mg/kg), complexed with luciferase siRNA or NT
siRNA, which served as a control (2.5 mg/kg). Using
the data obtained from the EMSA (Fig. 2B), we performed this experiment with a molar ratio of dendrimer/siRNA of 2:1. In accordance with the previous
experiment, 24 h after treatment with the luciferase
siRNA-PG-Amine polyplex, the luciferase activity in the
tumor was significantly reduced (54% decrease). In
contrast, the NT siRNA-treated mice showed stably high
luciferase activity (Fig. 6B, left). We further performed
a preliminary test for intravenous administration of the
siRNA-PG-Amine polyplex (Fig. 6C, left). Luciferase or
NT siRNA (2.5 mg/kg) complexed with PG-Amine (4
mg/kg)was injected into the tail vein of BALB/C mice
bearing DA3-mCherry-Luc tumors. Again, 24 h after
treatment, the luciferase activity was reduced by 69% in
the luciferase siRNA-injected mice, as opposed to a
34% increase in the NT siRNA-treated mice. Altogether, the three in vivo experiments point to a significant silencing effect (P⬍0.05) achieved by luciferase
siRNA-PG-Amine polyplex treatment after 24 h (Fig. 6).
This silencing effect was sustained for 3 d after treatment. It is noteworthy that in all in vivo experiments at
approximately d 4 after treatment, the silencing effect
became less significant and a repeated dose was required. Administration of a second dose of siRNA-PGAmine polyplex on d 4 prolonged the luciferase knockdown for a further 3– 4 d (intratumoral experiments,
Fig. 6A, B). No significant change in the body weight of

Figure 6. In vivo silencing of the luciferase gene by siRNAPG-Amine in SCID
mice bearing U87Luc human glioblastoma tumors and in
BALB/C mice bearing DA3-mCherryLuc mammary tumors. A) SCID mice bearing U87-Luc tumors were treated with 10 mg/kg PG-Amine complexed with
2.5 mg/kg luciferase siRNA (f), 20 mg/kg PG-Amine complexed with 5 mg/kg luciferase siRNA (Œ), or saline as
control (䡺). Mice were injected twice, on d 0 and on d 4. Inset: representative picture of SCID mouse bearing a
U87-Luc tumor, treated intratumorally with a low dose of siRNA-PG-Amine. Images were taken on d 0, 1, and 3.
B, C) BALB/C mice bearing DA3-mCherry-Luc subcutaneous tumors were treated with PG-Amine (4 mg/kg), complexed
with luciferase siRNA (2.5 mg/kg) (f) or NT siRNA (2.5 mg/kg) as control (䡺). Mice were treated via two different
administration routes: intratumoral (B) and intravenous (C). A–C) Left panels: luciferase activity normalized to tumor
volume ⫾ se. *P ⬍ 0.005, **P ⬍ 0.02, ***P ⬍ 0.01 vs. control. Right panels: mean ⫾ se percentage change in body weight
measured during the treatment period. Red arrows indicate time of treatments. D) Whole-mount confocal microscopy of
DA3-mCherry-Luc murine mammary adenocarcinoma tumors dissected from mice treated with FITC-labeled luciferase
siRNA-PG-Amine polyplex. Scale bars ⫽ 100 m.
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the mice was observed (Fig. 6B, C, right). General
health and behavior were also monitored and found to
be suitable.
When mice organs and tumors were dissected and
imaged as whole mounts by confocal microscopy, a
clear accumulation of the siRNA-dendrimer polyplex in
the tumor site was demonstrated (Fig. 6D), whereas no
FITC-labeled siRNA was detected in other organs (data
not shown).

DISCUSSION
Novel intelligent and biocompatible delivery systems
are vital for the future development of nanomedicines
and the promising field of siRNA-based therapy. Dendritic polycations, characterized by tunable end groups,
defined architecture, and inertness to unspecific interactions, present a novel platform for the next generation of nanocarriers.
In this study, we evaluated the use of dendritic
polyamines with different MWs and adjustable degrees
of branching (Fig. 1), as potential nanocarriers for
delivery of siRNA to tumors. We examined four different PG- and PEI-derived, high-molecular-weight, dendritic structures. Cytotoxicity studies showed that our
dendritic nanocarriers exhibited a safe nontoxic profile
at the concentrations required for gene silencing (Fig.
4). Our luciferase siRNA-nanocarrier polyplexes radically decreased bioluminescence in a luciferase-expressing glioblastoma cell line and in primary endothelial
cells. Furthermore, in vivo experiments demonstrated
significant gene silencing. These results support the
general applicability and high degree of specificity of
our dendritic nanocarriers for targeted siRNA delivery
to tumor and endothelial cells.
The use of synthetic siRNA compacted and protected
within a nanoparticle has several potential advantages
over a gene therapy approach. These include adaptability to alternative chemical forms of nucleic acids and
avoidance of virus safety and immunogenicity problems. The electrostatic interaction between the negative phosphate backbones of nucleic acids with agents
that carry multiple positively charged groups is the
principle that is used in nonviral gene delivery. Cationic lipids and cationic polymers are the best studied
compounds for this purpose (43, 44). Dendrimers bear
a preorganized globular structure allowing stable complexation of siRNA as opposed to other carriers with
limited stabilities. Proton-buffering polyamines lead to
osmotic swelling, lysis of the endosome, and controlled
release of the siRNA, taking advantage of the “sponge
effect.”
We synthesized two hyperbranched polymers, which
were postmodified with amines, aminoamides, glucose,
and pentaethylenehexamine. These delivery systems
display a potential for general applicability, because
encapsulation of siRNA is driven by noncovalent interactions, thus allowing tailored combination of various
therapeutic molecules at the same time. The synthesis is
3132
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relatively easy to perform, and the starting materials are
affordable and commercially available. Versatile synthesis allows for a structural range of PG architectures
from perfect dendrons to well-defined hyperbranched
polymers (17). Particle size is another key factor that
influences the access of polyplexes to the target site.
The size of our dendritic nanocarriers can be defined
in the range of 10 – 40 nm. It has been reported that the
optimal nanoparticle size for tumor penetration should
be ⬍100 nm (45). Our polyplexes, at a dendrimer/
siRNA ratio of 2:1, exhibited an appropriate size range
for cellular uptake by endocytosis and for selective
passive tumor accumulation by the EPR effect in vivo
(Figs. 2 and 5). Complexation of our dendritic nanocarriers with siRNA neutralized the charge (Fig. 2B, C)
and condensed the size of the supramolecular structures as shown by the AFM images (Fig. 5A). Consequently, although naked siRNA was not taken up by
cells, siRNA-PG-Amine and siRNA-PEI-Glu polyplexes
successfully accumulated in the cytoplasm in a timedependent manner. Our data further show that PGAmine exhibited the best ratio of silencing efficacy vs.
toxicity in vitro. Even though none of the four dendrimers examined either caused hemolysis when tested in
the presence of red blood cells or showed remarkable
cytotoxicity in vitro, PG-Amine was the most biocompatible vehicle at the concentrations relevant for its activity
(Fig. 4).
We further characterized the intracellular uptake of
the siRNA-PG-Amine polyplex. Although confocal microscopy of fixed cells allowed analysis of the polyplex
localization at many focal planes, ensuring that the
labeled siRNA was indeed inside the cells cytoplasm,
live cell analysis gave a wider field of view and the ability
to study larger populations, allowing robust statistics
(Fig. 5B). We concluded from both imaging evaluations
that the polyplex was internalized into glioblastoma
cells within 24 h. Furthermore, we presented evidence
that the cellular uptake of the siRNA-PG-Amine polyplex was mediated by the endosome-lysosome system
(Fig. 5C). After these encouraging results, siRNA-PGAmine polyplex was administered intratumorally or
intravenously to tumor-bearing mice, resulting in a
major silencing effect and no apparent toxicity (Fig. 6).
According to the previously described EPR effect, our
macromolecular polyplex extravasated from the leaky
tumor vasculature and accumulated in the tumor tissue. Consequently, high levels of fluorescently labeled
siRNA were detected in the tumor and not in other
healthy organs examined (Fig. 6D and data not shown).
By leaving normal healthy cells untouched, selective
targeting and inertness of our polymeric system would
reduce unspecific toxicities as seen here in both studies
on SCID and BALB/C mice. Moreover, the siRNA dose
required to target a small subset of disease-causing cells
is likely to be substantially less than that needed for
indiscriminate targeting, which is an important advantage. Other targeting moieties, such as RGD peptidomimetics, folic acid, antibodies, and bisphosphonates,
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could also be used for selective targeting of tumor
epithelial and endothelial cells (33, 46 – 48).
In summary, PG-Amine showed enhanced siRNA
transfection efficiency and reduced cytotoxicity compared with other dendritic systems examined. Our
findings indicate that siRNA-PG-Amine polyplexes can
be systemically delivered to tumors inoculated in mice.
Moreover, we show that our siRNA-nanocarrier system
can efficiently inhibit expression of a specific gene in
tumor cells.
Our data strongly imply that PG-Amine, our novel
dendritic nanocarrier, is an outstanding candidate for
in vivo tumor-directed systemic delivery of siRNA. The
biocompatible nanocarrier PG-Amine efficiently assists
the double-stranded siRNA transport into tumor tissues
and mediates its endosomal release in the cytoplasm of
tumor cells. Once the intact siRNA molecule reaches
the target, the gene of interest is silenced. The PGAmine-based delivery system actually combines both
tumor passive targeting with the sequence selectivity of
siRNA, implicating that PG-Amine-mediated delivery
might be also used for the tumor-directed transport of
siRNA targeting any gene, nucleotide polymorphism or
splice variant.
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