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Abstract: A family of triazine dendrimers, differing in their core flexibility, generation number, and surface
functionality, was prepared and evaluated for its ability to accomplish RNAi. The dendriplexes were
analyzed with respect to their physicochemical and biological properties, including condensation of sSiRNA,
complex size, surface charge, cellular uptake and subcellular distribution, their potential for reporter gene
knockdown in HelLa/Luc cells, and ultimately their stability, biodistribution, pharmacokinetics and
intracellular uptake in mice after intravenous (iv) administration. The structure of the backbone was found
to significantly influence siRNA transfection efficiency, with rigid, second generation dendrimers displaying
higher gene knockdown than the flexible analogues while maintaining less off-target effects than
Lipofectamine. Additionally, among the rigid, second generation dendrimers, those with either arginine-
like exteriors or peripheries containing hydrophobic functionalities mediated the most effective gene
knockdown, thus showing that dendrimer surface groups also affect transfection efficiency. Moreover,
these two most effective dendriplexes were stable in circulation upon intravenous administration and
showed passive targeting to the lung. Both dendriplex formulations were taken up into the alveolar
epithelium, making them promising candidates for RNAI in the lung. The ability to correlate the effects
of triazine dendrimer core scaffolds, generation number, and surface functionality with sSiRNA transfection
efficiency yields valuable information for further modifying this nonviral delivery system and stresses the
importance of only loosely correlating effective gene delivery vectors with siRNA transfection agents.
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Introduction

RNA interference (RNAi) has shown promise in treating
various genetic and acquired diseases such as cancer, HIV, and
cardiovascular disease, and has been described in many

reviews.! ~® However, delivering siRNA for gene silencing faces
a variety of obstacles that may differ from those faced when
delivering DNA. While both DNA and siRNA are double
stranded nucleic acids, there are several fundamental structural
differences between siRNA and DNA that impact the effective-
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ness of a carrier in promoting transfection. First, there is a clear
difference in molecular topology between plasmid DNA and
siRNA with respect to persistence length, which relates to the
stiffness of the material. The length scale over which DNA
behaves as a rigid rod is 50 nm,” while the length for double
stranded RNA is 70 nm,® indicating that RNA is less flexible.
In fact, it is not until RNA is approximately 260 bp in length
before the chain becomes flexible.” Consequently, 21—27 bp
siRNA does not “compact” when complexed with a carrier as
does plasmid DNA, and incomplete encapsulation or the
formation of undesirably large complexes often results. Studies
have shown that for siRNA—poly(ethylene imine) complexes,
particle size directly correlates with transfection efficiency, and
complexes >150 nm in diameter show no gene knockdown in
vitro.'® Due to the dissimilar flexibility and because the site of
action for siRNA is the cytosol and not the nucleus, as in case
of DNA,'! carriers that are shown to efficiently deliver plasmids
are not necessarily optimal for siRNA transfection, and vice
versa.'?” ' Despite facing less cellular trafficking requirements,
siRNA is more prone to hydrolysis when exposed to serum
nucleases as compared to DNA. While modifications at the 2’-
position on the sugar—phosphate backbone of siRNA can
improve serum stability,'> complete encapsulation by a carrier
agent still provides the best protection from degradation.
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Various dendrimers have been investigated as carriers for
siRNA transfection. While carbosilane dendrimers,'® '8 PPI
dendrimers,'® and dendritic PLL?° have all shown potential
for delivery of siRNA, PAMAM dendrimers and their
derivatives have been the most widely studied dendritic
structures with respect to RNAi.?'?? Recently, various groups
have investigated the effect of PAMAM peripheral group
manipulations on siRNA transfection efficiency, including
Tat-conjugation of PAMAM G5 dendrimers to improve
cellular uptake,® acetylation of PAMAM dendrimers to
reduce the number of primary amines thus improving
biocompatibility and increasing intracellular release of siR-
NA,?* quaternization of the internal amines to increase
cationic charge at physiological pH,* and the formation of
hydroxyl-terminated PAMAM G4 dendrimers with quater-
nized internal amines.”® In addition to peripheral group
manipulations, the core and generation number of PAMAM
dendrimers have been modified to affect siRNA transfection
efficiency, as described by Peng et al. for PAMAM den-
drimers (G4—G7) with a triethanolamine core to increase
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flexibility.?” Based on the results obtained in the past by other
groups using various peripherally- and core-modified PAM-
AM dendrimers, it is clear that both surface group and
dendrimer scaffold manipulations significantly impact den-
drimer-mediated siRNA transfection efficiency. For PAMAM
dendrimers, it appears that incorporating neutral groups into
the periphery can reduce cytotoxicity, although this may
result in reduced cellular uptake of the dendrimer—siRNA
complex as well. Alternatively, increasing flexibility and/or
generation number appears to improve gene knockdown
effects. In this study, we aim to determine if triazine
dendrimers, which have been used successfully for DNA
transfection,”®? are capable of efficiently delivering siRNA
to its site of action. In our previous studies, it was shown
that DNA transfection efficiency was affected moderately
by the surface groups on the periphery of the dendrimers>’
and drastically by the dendrimer core structure.?® In continu-
ation we aim to elucidate structure—activity relationships
regarding the impact of peripheral and core functionality of
triazine dendrimers on complex formation with siRNA by
assessment of in vitro and in vivo stability, cellular uptake
and subcellular distribution, in vitro transfection efficiency,
and in vivo biodistribution.

Experimental Section

Materials. Poly(ethylene imine) (Polymin, 25 kDa) was
a gift from BASF (Ludwigshafen, Germany). Lipo-
fectamine2000 (LF) was bought from Invitrogen (Karlsruhe,
Germany), SuperFect (SF) from Qiagen (Hilden, Germany),
generation 2 PAMAM (ethylenediamine core, amino sur-
face), Beetle Luciferin, and heparin sodium salt from Sigma-
Aldrich Laborchemikalien GmbH (Seelze, Germany). 2’-O-
Methylated 25/27mer DsiRNA targeting firefly luciferase
(FLuc: sense, 5-pGGUUCCUGGAACAAUUGCUUUUAd-
CdA; antisense, 3-mGmAMCCmMAAMGGMACMCUMUG-
mUUmAAmMCGAAAAUGU), negative control sequence
(NegCon: sense, 5'-pCGUUAAUCGCGUAUAAUACGC-
GUAJAJT; antisense, 3’-mCmAMGCmMAAMUUMAGmMCG-
MCAMUAmMUUmAUGCGCAUAp), AlexaFluor488-, TYE-
546- and 5’-sense strand C6-amine modified DsiRNA were
obtained from Integrated DNA Technologies (IDT, Leuven,
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Belgium). Balb/c mice were bought from Harlan Laboratories
(Horst, The Netherlands). The chelator 2-(4-isothiocyana-
tobenzyl)-diethylenetriaminepentaacetic acid (p-SCN-Bn-
DTPA) was purchased from Macrocyclics (Dallas, TX),
SYBR Gold from Invitrogen (Karlsruhe, Germany), and all
chemicals used for synthesis were obtained from Sigma-
Aldrich (St. Louis, MO).

Synthesis. The triazine dendrimers used in this study were
synthesized following a divergent approach as previously
described.”®?° The final products and all intermediate
structures were characterized by "H and '3C NMR spectros-
copy, and mass spectrometry.

Dendriplex Formation. Dendriplexes were formed by
adding 25 uL of a calculated concentration of dendrimer to
an equal volume of 2 uM siRNA followed by vigorous
pipetting before letting the dendriplexes mature for 20 min.
The final concentration of siRNA was 1 uM. Both siRNA
and dendrimers were diluted with an isotonic solution of 5%
glucose. The appropriate amount of dendrimer was calculated
as previously described®® by considering the desired N/P ratio
and the “protonable unit” of each dendrimer, which repre-
sents the mass of dendrimer per protonable nitrogen atom.
Polyplexes with PEI25k and dendriplexes with generation 2
PAMAM were formed as described above, whereas dend-
riplexes with SF were prepared at a 2:1 ratio and lipoplexes
with LF with 1 4L per 20 pmol, as recommended by the
manufacturers.

SYBR Gold Assay. The ability of various dendrimers to
condense siRNA into small dendriplexes was studied as
previously reported.>® Briefly, 1 ug of luciferase-targeting
siRNA was complexed with dendrimers at different N/P
ratios in opaque FluoroNunc 96 well plates (Nunc, Thermo
Fisher Scientific, Langenselbold, Germany) and incubated
for 20 min at room temperature. Into each well, 50 4L of a
Ix SYBR Gold solution was added and incubated for 10
min in the dark. Intercalation-caused fluorescence was
quantified using a SAFIRE II fluorescence plate reader
(Tecan Group Ltd., Ménnedorf, Switzerland) at 495 nm
excitation and 537 nm emission wavelengths. For compari-
son, siRNA was complexed with PEI25k and generation 2
PAMAM as well. Experiments were performed in triplicate,
and the results are given as mean relative fluorescence
intensity values =+ the standard deviation (SD), where
intercalation of free siRNA represents 100% fluorescence
and nonintercalating SYBR Gold in buffer represents 0%
remaining fluorescence.

Heparin Competition Assay. The stability of the dend-
riplexes to competing polyanions, which are present under
in vivo conditions, was studied with the model molecule
heparin similar to what was previously reported.*° Briefly,
dendriplexes were formed at N/P = 5 and incubated with
50 uL of a 1 x SYBR Gold solution for 10 min in the dark
before increasing amounts of heparin were added and

(30) Merkel, O. M.; Beyerle, A.; Librizzi, D.; Pfestroff, A.; Behr, T. M.;
Sproat, B.; Barth, P. J.; Kissel, T. Nonviral siRNA delivery to
the lung: investigation of PEG-PEI polyplexes and their in vivo
performance. Mol. Pharmaceutics 2009, 6 (4), 1246—1260.
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incubated with the polyplexes for another 20 min. Fluores-
cence was quantified as described above. In this assay,
siRNA was also complexed with PEI25k and generation 2
PAMAM for comparison. Experiments were performed in
triplicate, and the results are given as mean relative fluo-
rescence intensity values == SD, where free siRNA represents
100% fluorescence and SYBR Gold in buffer represents 0%
fluorescence.

Dynamic Light Scattering and Zeta Potential Analysis.
Dendriplexes of various triazine dendrimers and siRNA were
characterized concerning their hydrodynamic diameters and
zeta potentials. PAMAM generation 2 and PEI25k were used
to form control dendriplexes and polyplexes, respectively.
For dynamic light scattering, dendriplexes and PEI poly-
plexes were formed in 5% glucose at N/P ratio 5 with 50
pmol of siRNA in a final volume of 50 L. and measured in
a disposable low volume UVette (Eppendorf, Wesseling-
Berzdorf, Germany) using a Zetasizer Nano ZS (Malvern,
Herrenberg, Germany) equipped with a 4 mW He—Ne laser
at a wavelength of 633 nm at 25 °C. Position and attenuator
were optimized by the device. Zeta potentials were deter-
mined with the same device by laser Doppler anemometry
(LDA) after diluting the samples with 750 uL 5% glucose
to a final volume of 800 L and transferring the suspensions
into a green zeta cuvette (Malvern, Herrenberg, Germany).
Scattered light was detected at a 173° backward scattering
angle. Data were analyzed using a high resolution multimodal
algorithm. Measurements were conducted in triplicate.
Results are given as mean values £ SD.

Cell Culture. HeLa cells that stably express luciferase
(HeLa/Luc) were obtained by transfection of a linearized
plasmid (pTRE2hyglLuc, Clontech, Saint-Germain-en-Laye,
France) and selection of single clones under pressure of 100
ug/mL hygromycin B (Invitrogen, Karlsruhe, Germany) as
previously reported.’’ HeLa/Luc cells were maintained at
100 ug/mL hygromycin B in DMEM high glucose (PAA
Laboratories, Colbe, Germany), supplemented with 10% fetal
bovine serum (Cytogen, Sinn, Germany), in a humidified
atmosphere with 5% CO, at 37 °C.

Transfection Efficiency. In a cell culture model using
HeLa/Luc cells, which stably express the luciferase gene,
the siRNA transfection efficiency of the different dendrimers
was screened. Cells were seeded at a density of 15,000 cells
per well on 48-well plates in the absence of hygromycin B
24 h prior to transfection. The cells were treated with
dendriplexes of 50 pmol of siRNA (siFLuc) or nonspecific
control (siNegCon) and the dendrimers at N/P 5 in a total
volume of 500 uL. As positive controls, siRNA was
complexed with the commercially available transfection

(31) Merkel, O. M.; Librizzi, D.; Pfestroff, A.; Schurrat, T.; Buyens,
K.; Sanders, N. N.; De Smedt, S. C.; Behe, M.; Kissel, T. Stability
of siRNA polyplexes from poly(ethylenimine) and poly(ethylen-
imine)-g-poly(ethylene glycol) under in vivo conditions: effects
on pharmacokinetics and biodistribution measured by Fluorescence
Fluctuation Spectroscopy and Single Photon Emission Computed
Tomography (SPECT) imaging. J. Controlled Release 2009, 138
(2), 148-159.
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reagents Lipofectamine2000 and SuperFect. The medium was
changed 4 h post transfection, and cells were incubated for
another 44 h. Following incubation, the cells were washed
with PBS buffer, lysed with CCLR (Promega) and assayed
for luciferase expression with a 10 mM luciferin solution
on a BMG luminometer plate reader. Transfections were
performed in replicates of four, and the results are given as
mean values £ SD.

Confocal Laser Scanning Microscopy (CLSM). Uptake
and subcellular distribution of dendriplexes was investigated
by plating HeLa/Luc cells at a density of 15,000 cells per
chamber on 16-chamber slides. The cells were transfected
24 h later with dendriplexes prepared using various triazine
dendrimers at N/P ratio 5 and 20 pmol of TYE-546-labeled
siRNA per chamber in a total volume of 200 uL. As positive
controls, the commercially available transfection reagents
Lipofectamine2000 and SuperFect were used. Cells were
incubated for 4 h at 37 °C and 5% CO, before they were
washed and fixed on the slides with a 4% paraformaldehyde
solution. Nuclei were stained with 4’,6-diamidino-2-phe-
nylindole (DAPI) (Molecular Probes, Invitrogen, Karlsruhe,
Germany) before the samples were embedded with FluorSave
(Calbiochem, Merck Biosciences, Darmstadt, Germany). A
Zeiss Axiovert 100 M microscope coupled to a Zeiss LSM
510 scanning device (Zeiss, Oberkochen, Germany) was used
for confocal microscopy. DAPI-stained chromosomal DNA
was excited with an enterprise laser with an excitation
wavelength of 364 nm, TYE-546-labeled siRNA with a
helium—neon laser with an excitation wavelength of 543 nm.
Fluorescence emission of DAPI was detected in channel 1
with a 385 nm long pass filter and emission of TYE-546 in
channel 2 with a 560 nm long pass filter. DAPI and TYE-
546 fluorescence and overlay of transmission light were
recorded.

Flow Cytometry. The intracellular uptake of dendriplexes
was quantified by flow cytometry. HeLa/Luc cells were
seeded in 48-well plates at a density of 30,000 cells per well
and transfected 24 h later with dendriplexes consisting of
50 pmol of Alexa488-labeled siRNA at N/P 5. Cells were
incubated with the dendriplexes for 4 h at 37 °C before they
were washed with PBS. For comparison, siRNA was
complexed with the commercially available transfection
reagents Lipofectamine2000 and SuperFect and with PEI25k.
Surface-bound fluorescence was quenched by incubating the
cells for 5 min with 0.4% trypan blue* before the cells were
trypsinized and fixed with a 1:1 mixture of FACSFlow (BD
Biosciences, San Jose, CA) and 4% paraformaldehyde in
PBS. Fixed cells were measured using a FACSCantoll (BD
Biosciences, San Jose, CA) with excitation at 488 nm and
the emission filter set to a 530/30 bandpass. Cells were gated
to evaluate 10,000 viable cells in each experiment, and results
of the geometric mean fluorescence intensity (MFI) are given

(32) Germershaus, O.; Mao, S.; Sitterberg, J.; Bakowsky, U.; Kissel,
T. Gene delivery using chitosan, trimethyl chitosan or polyeth-
ylenglycol-graft-trimethyl chitosan block copolymers: establish-
ment of structure-activity relationships in vitro. J. Controlled
Release 2008, 125 (2), 145-154.
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as the mean value of 3 independent measurements. Data
acquisition and analysis was performed using FACSDiva
software (BD Biosciences, San Jose, CA).

Radiolabeling and Purification. To investigate both the
pharmacokinetics and biodistribution of vector and payload,
and to determine if dendriplexes are stable in vivo after iv
injection, we radiolabeled the dendrimers and siRNA and
administered dendriplexes formed with either radiolabeled
siRNA or radiolabeled dendrimer. siRNA was labeled and
purified as previously described.?!** Briefly, amine-modified
siRNA was mixed with p-Bn-SCN-DTPA at pH 8.5 and
reacted for 45 min before it was precipitated in absolute
ethanol overnight. Dendrimers were labeled similarly to
polymers®! by adjusting a dendrimer solution of 10 mg/mL
with 0.2 M NaHCO; to pH 8.5 and adding p-Bn-SCN-DTPA.
The amount of p-Bn-SCN-DTPA was calculated to equal
10% of the amines present in the dendrimer to maintain
sufficient amounts of primary amines in the dendrimer for
complexation of siRNA. Unreacted DTPA was removed after
45 min of incubation by ultrafiltration using Microsep 1k
Centrifugal Devices (Pall Life Sciences, Dreieich, Germany).
DTPA-coupled dendrimers and siRNA, respectively, were
then incubated for 30 min with '""InCl; (Covidien Deut-
schland GmbH, Neustadt a.d. Donau, Germany) in 0.1 M
sodium acetate buffer, pH 5.4 for radiolabeling and purified
from free "'InCl; by size exclusion chromatography (SEC)
on PD-10 Sephadex G25 (GE Healthcare, Freiburg, Ger-
many) and additional RNeasy spin column purification in
case of siRNA, as described earlier.?*3!-33

In Vivo Pharmacokinetics and Biodistribution. All
animal experiments were carried out according to the German
law of protection of animal life and were approved by an
external review committee for laboratory animal care. Four-
to six-week-old BALB/c mice were anesthetized with xy-
lazine and ketamine and injected with dendriplexes contain-
ing 35 ug of siRNA and the corresponding amount of
dendrimer at N/P 6. In two control groups, mice were injected
with PEI25k/siRNA polyplexes which were prepared and
labeled as previously described.’’ Pharmacokinetics and
biodistribution were determined as previously reported.’’
Briefly, blood samples were withdrawn retro-orbitally and
pharmacokinetic profiles were calculated using Kinetica 5.0
(Thermo Fisher Scientific/Cypress Software Inc., Langley,
WA). Three-dimensional SPECT and planar gamma camera
images were recorded 2 h after injection using a Siemens
e.cam gamma camera (Siemens AG, Erlangen, Germany)
equipped with a custom built multiplexing multipinhole
collimator. Kinetics of biodistribution were followed by
planar perfusion live imaging as previously reported.” In
the first phase of the perfusion study, one picture was taken
every second for 400 s. In the second phase, 14 min long,
one picture was taken every minute. Planar static and

(33) Merkel, O. M.; Librizzi, D.; Pfestroff, A.; Schurrat, T.; Behe, M.;
Kissel, T. In vivo SPECT and real-time gamma camera imaging
of biodistribution and pharmacokinetics of siRNA delivery using
an optimized radiolabeling and purification procedure. Biocon-
jugate Chem. 2009, 20 (1), 174-182.

dynamic images were analyzed for radioactivity in regions
of interest (ROIs) and SPECT images were reconstructed
using Syngo software (Syngo, Siemens Medical Solutions,
Erlangen, Germany). After 2 h, animals were sacrificed and
the biodistribution in dissected organs was measured using
a Gamma Counter Packard 5005 (Packard Instruments,
Meriden, CT).

Cellular Tissue Distribution of in Vivo Transfected
Cells. For microscopic evaluation of the tissue distribution
of the administered siRNA, mice were injected with dend-
riplexes of 35 ug of TYE-546-labeled siRNA and the
corresponding amount of dendrimer for N/P 6. Animals were
sacrificed 2 and 24 h after injection, respectively, and the
major organs were dissected and stored in 4% paraformal-
dehyde in the dark, before they were embedded in paraffin.
The deparaffinized slices (3 um) were counterstained with
1 ug/mL 4’,6-diamidino-2-phenylindole (DAPI) (Molecular
Probes, Invitrogen, Karlsruhe, Germany) solution in PBS for
30 min under light exclusion, and embedded with FluorSave
(Calbiochem, Merck Biosciences, Darmstadt, Germany) to
protect the fluorophores. DAPI and TYE-546 fluorescence
and overlay of transmission light of the tissue sections were
recorded with the confocal microscope as described above.

Statistics. All analytical assays were conducted in repli-
cates of three or four, as indicated, and all in vivo experi-
ments included 5 animals per group. Results are given as
mean values =+ standard deviation (SD). Two way ANOVA
and statistical evaluations were performed using Graph Pad
Prism 4.03 (Graph Pad Software, La Jolla, CA). The AUC
was calculated using Kinetica 5.0 (Thermo Fisher Scientific/
Cypress Software Inc., Langley, WA).

Results and Discussion

Nomenclature of the Synthesized Dendrimers. The
target dendrimers described in this manuscript are designated
to reflect common and disparate features with respect to both
the core structure and surface group functionalities. The cores
differ in flexibility, increasing from G (rigid) to B (bow-tie)
to F (flexible) structures. In addition, the rigid cores include
both second (prefix 2) and third (prefix 3) generations. The
peripheral groups include triazines with varying numbers of
hydroxyl groups and amines (suffixes 1 and 3), hydroxyl
groups and guanidinylated amines (suffix 1g), and short alkyl
chains and amines (suffix 5). The nomenclature has been
adopted to reflect the degree of flexibility, the generation
number, and the peripheral groups in that order and is
illustrated in Figure 1.

Synthesis and Design Criteria. Multistep organic syn-
thesis enables the formation of triazine dendrimers with well-
defined structures with specific diamine groups linking the
triazine subunits of each generation. The ability to easily
manipulate both the core and the periphery of the dendrimers
enables the investigation of specific structure—activity
relationships, including the influence of size, backbone
structure, and surface functionality on both gene knockdown
potential and cytotoxicity. For this investigation, a panel of
triazine dendrimers was synthesized as previously described
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Figure 1. Structures of triazine dendrimer cores and peripheral groups. The cores are labeled based on their degree
of flexibility (rigid = G, bow-tie = B, and flexible = F) and generation number (2 or 3). The monochlorotriazines from
which the peripheral groups were obtained are labeled based on the substitutions (hydroxyl groups and amines = 1
or 3, hydroxyl groups and guanidinylated amines = 1g or 3g, and alkyl chain and amines = 5).

to include rigid core structures at different generations (G2
and G3) to probe the effect of increasing amine number on
siRNA transfection efficiency. In addition, the second
generation rigid structures were synthesized to include an
assortment of peripheral groups to investigate the effects of
the amount of amines present in the periphery and the effects
of incorporating either arginine-like functionality or more
hydrophobic functional groups on biophysicochemical prop-
erties of complexes with siRNA. While the role of vector
flexibility in siRNA transfection is limited to only a few
investigations, enhanced pDNA transfection efficiency by
less dense, activated PAMAM (i.e., Superfect and Polyfect)
was demonstrated experimentally.** In addition, previous
investigations of gene transfer using triazine dendrimers have
shown that flexibility is a key factor for promoting pDNA
transfection.”® In this study, the effect of the triazine
dendrimer flexibility on RNALI is investigated using different
core structures (G2, F2, B2). The syntheses of most of these
structures have been previously reported.?®?? The synthetic
yields and NMR spectroscopic data for previously unreported
structures are provided in the Supporting Information. The
composition of the panel is summarized in Figure 1. For the
physicochemical and biological assays, branched poly(eth-
ylene imine) of 25 kDa (PEI25k) and/or LF, generation 2

(34) Tang, M. X.; Redemann, C. T.; Szoka, F. C., Jr. In vitro gene
delivery by degraded polyamidoamine dendrimers. Bioconjugate
Chem. 1996, 7 (6), 703-714.
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PAMAM (ethylenediamine core, amino surface) or SF
(generation 4 activated PAMAM) were used as controls.
Condensation Efficiency. The condensation of siRNA by
various dendrimers was investigated by SYBR Gold assays,”
which give an idea of how much siRNA is still present as
free or accessible siRNA that is able to interact with SYBR
Gold. The amount of siRNA that is protected from intercala-
tion with SYBR Gold is most probably also protected from
nucleases. Since most of the dendrimers in this study were
generation 2 dendrimers, as control reagents, PEI25k and
generation 2 PAMAM were used. As shown in Figure 2,
condensation properties of the dendrimers were most im-
portantly controlled by the end group modification rather than
by core flexibility (compare Figure 2). While dendrimer G2-1
showed siRNA condensation comparable to condensation by
PEI25k, dendrimer G2-3, on the other hand, condensed
siRNA to a much lower extent, due to the lower number of
primary amines in its periphery and resulting lower charge
density.?® G2-5, the alkylated dendrimer, condensed siRNA
to 80% at N/P 1 and showed the best condensation properties
among the G2 dendrimers. This trend is in line with our
observations of DNA condensation.”’ Guanidinylation of
dendrimers leads to very similar condensation profiles,
independent of the number of guanidinium end groups and
core flexibility (compare Figure 2B: F2-1g), and slightly
lower condensation as compared to PEI25k at N/P ratios
below 5. The increase of primary amines in the periphery,
accomplished in dendrimer G3-1, only slightly improved
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Figure 2. Complexation behavior of dendrimers as mea-
sured by SYBR Gold intercalation of residual free
siRNA at increasing N/P ratios.

0 2 4 6 8

condensation of siRNA. This contrasts with previous results
in which DNA condensation was significantly improved by
increasing the generation.”® DNA seems to form a wider
range of three-dimensional structures and can therefore
interact better with all amines present, whereas the rigidity
of siRNA® prevents better interaction with G3-1. The
condensation properties of the more flexible dendrimers B2-1
and F2-1 were similar to each other, while B2-1 already
achieved complete condensation at N/P 1. As reported for
DNA condensation, the influence of the core structure on
condensation properties is rather low.?® Accordingly, F2-1g
exhibited a condensation profile comparable to G2-1g and
G2-3g. We therefore assume that guanidinium end groups
influence the condensation of siRNA irrespective of other
structural properties, such as core flexibility. The PAMAM
dendrimer, however, was the only reagent where a plateau
of 5% free siRNA remained even at N/P 20, which indicates
that triazine dendrimers can more efficiently condense and
protect siRNA than PAMAM dendrimers of the same
generation. The same inability to completely condense DNA
had been observed for PAMAM dendrimers of second and
third generation.?®

Stability against Competing Polyanions. The stability
of electrostatically formed complexes is subject to the
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Figure 3. In vitro stability of dendriplexes as measured
by SYBR Gold intercalation of displaced siRNA at in-
creasing concentrations of heparin.

presence of competing ions.*> Due to the release of coun-
terions upon complex formation, the process of polycation—nucleic
acid interaction is entropy driven® and can be significantly
influenced by the presence of other polyions. Moreover, the
stability of these complexes is often strongly impaired by
the presence of serum,! and the uptake of intact complexes
into cells can additionally be impeded by interaction of the
polycation with negatively charged proteoglycans on the cell
surface.’” Heparin therefore acts as a model polyanion
competing with nucleic acids for electrostatic interaction with
polycations. The stability of the complexes to heparin was
measured by quantification of siRNA released from the
complexes after intercalation with SYBR Gold. Strong
differences in the stability profiles of the various dendriplexes
were again observed to be related to end group modification
(Figure 3A). Dendriplexes of G2-1 did not release siRNA
up to 0.5 IU of heparin per ug of siRNA and were thus more
stable than PEI complexes. Dendrimer G2-3 formed unstable
complexes with more than 50% free siRNA before addition
of heparin as described above. The complexed portion of
the siRNA was easily released from the loose complexes

(35) Izumrudov, V. A.; Bronich, T. K.; Novikova, M. B.; Zezin, A. B.;
Kabanov, V. A. Substitution reactions in ternary systems of
macromolecules. Polym. Sci. U.S.S.R. 1982, 24 (2), 367-378.

(36) Bronich, T.; Kabanov, A. V.; Marky, L. A. A Thermodynamic
Characterization of the Interaction of a Cationic Copolymer with
DNA. J. Phys. Chem. B 2001, 105 (25), 6042-6050.

(37) Bolcato-Bellemin, A. L.; Bonnet, M. E.; Creusat, G.; Erbacher,
P.; Behr, J. P. Sticky overhangs enhance siRNA-mediated gene
silencing. Proc. Natl. Acad. Sci. U.S.A. 2007, 104 (41), 16050—
16055.
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upon treatment with concentrations of heparin as low as 0.1
IU per ug of siRNA. Dendriplexes made with G2-5 were
completely stable over the whole concentration range of
heparin investigated (0.1—1.5 TU of heparin per ug of RNA),
which can be explained by rather hydrophobic interactions
of the alkylated dendrimer with the amphiphilic 2’-O-
methylated siRNA, which, of course, are untainted with
competing polyanions. The higher stability of all dendriplexes
(except for G2-3) compared to PEI polyplexes can be
explained by additional van der Waals forces between the
triazines/piperazines and the amphiphilic siRNA. These
interactions, however, are not strong enough to replace
electrostatic interactions between phosphates and protonated
primary amines, as shown by the lack of stability of G2-3
dendriplexes.

Similar to the previously discussed condensation efficiency
with siRNA, guanidinium-modified dendrimers all showed
comparable stability profiles, independent of the amount of
guanidinium groups or core flexibility (compare Figure 3B:
F2-1g). Guanidinylation has previously been reported to
show increased interaction with DNA as compared to amine
structures.® Higher stability of G2-1g, G2-3g, and F2-1g
dendriplexes compared to G2-1, G2-3, and F2-1 was
observed in our study especially at heparin concentrations
of 1 IU of heparin per ug of siRNA and above. While PEI
complexes released 81% of their siRNA load at 1.5 IU of
heparin per ug of RNA, G2-1 dendriplexes released only
55%, while the guanidinylated counterpart G2-1g performed
even better with only 38% released siRNA.

As shown in Figure 3B and discussed above with respect
to complexation behavior, the increase of generation did not
yield a higher stability of G3-1 dendriplexes. The stability
profile of G3-1 is comparable to that of G2-1 at low heparin
concentrations. Release of siRNA starts at 0.5 IU heparin
per ug RNA, while G2-1 releases 55% and G3-1 only 37%
of the siRNA. B2-1 dendriplexes featured a similar profile,
but show slightly higher stability with a maximum of 27%
of released siRNA at 1.5 IU of heparin per ug of RNA.
Although F2-1 more efficiently condensed siRNA than G3-1
and PEI, the stability of its dendriplexes was lower compared
to G3-1 at heparin concentrations of 0.5 IU per ug of siRNA
and above. As described above, the stability of guanidinylated
dendriplexes was determined by their end group modification.
While the release profiles of G2-1g and G2-3g had already
reached a plateau of 30% released payload at 0.25 IU of
heparin per well and 38% released siRNA at 1.5 U of hep-
arin, F2-1g complexes were more stable at 0.25 IU of heparin
(24% released siRNA), but released up to 51% of their
payload at the highest heparin concentration of 1.5 U per
well.

PAMAM dendriplexes, on the other hand, were the only
complexes that released 100% of their payload at 1.5 TU of

(38) Aissaoui, A.; Oudrhiri, N.; Petit, L.; Hauchecorne, M.; Kan, E.;
Sainlos, M.; Julia, S.; Navarro, J.; Vigneron, J. P.; Lehn, J. M.;
Lehn, P. Progress in gene delivery by cationic lipids: guanidinium-
cholesterol-based systems as an example. Curr. Drug Targets
2002, 3 (1), 1-16.
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Figure 4. Hydrodynamic diameters of dendrimer/siRNA
complexes as determined by dynamic light scattering. The
dendriplexes were formed at N/P ratio 5 at a concentration
of 50 pmol of siRNA in 50 uL of 5% glucose.

heparin. The stability of these complexes showed a nearly
sigmoidal course with comparably good stability at low
heparin concentrations and low stability above 0.5 IU of
heparin per ug of siRNA.

Since the stability profiles of all triazine dendriplexes
(except for G2-3) were better compared to PEI and PAMAM,
we hypothesize that hydrophobic elements in the dendrimers,
including the triazine and piperazine units, are favorable,
given that the electrostatic interactions between nucleic acids
and polycations are strong enough for efficient condensation
at the low generation number.

Size and Zeta Potential. Hydrodynamic diameters and
zeta potentials were measured to better characterize the
dendriplexes. Except for G2-3, all dendrimers formed
complexes in the nanometer scale. The smallest complexes
of 105 and 103 nm, respectively, were formed with G2-3g
and G2-5, and are comparable in size to PEI complexes of
103 nm, as shown in Figure 4. G2-1 has twice the amount
of primary amines in its periphery (protonable unit: 245
g/mol N) as compared to G2-3 (protonable unit: 507 g/mol
N) and formed complexes of 167 nm with an essentially
lower amount of dendrimer mass. Guanidinylation did not
essentially change the sizes of dendriplexes in the case of
G2-1g and F2-1g, in contrast to G2-3g, which formed
especially small complexes of 103 nm. As seen in the
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condensation profiles, guanidinylation had a notable effect
only if a low number of primary amines was present in the
periphery of the dendrimer. The flexible dendrimer F2-1
formed complexes of 286 nm, which were larger than the
complexes made using the rigid dendrimers. These observa-
tions are in line with our previously reported simulations of
interaction of rigid and flexible triazine dendrimers with
nucleic acids. Since the flexible structures collapse in
solution, there are only a few contacts possible between the
peripheral amines and the siRNA.>* The interaction of
peripheral amines of the rigid dendrimers with phosphates
of siRNA, on the other hand, has been calculated to be more
pronounced and more numerous due to the reorganization
that the rigid dendrimers undergo upon binding.*® B2-1, the
dendrimer that was designed to represent intermediate
flexibility, formed complexes 255 nm in size although the
condensation efficiency of this dendrimer was especially
high. Since the delineation of the condensation characteristics
of a dendrimer, however, is not capable of predicting the
molecular or stoichiometric composition of the dendriplexes,
the measurement of hydrodynamic diameters is especially
important in characterizing the complexes. In the case of
B2-1, whose complexation with nucleic acids has not yet
been simulated, it can be hypothesized that a collapsed
structure is present, which results in fewer interaction sites
available for nucleic acid binding as was observed for the
flexible dendrimers F2-1 and F2-1g. Another explanation
might be formation of interdendriplex aggregates, which have
been observed in AFM micrographs of DNA complexes with
B2-1.%8 Dendriplexes of G3-1 exhibited larger complex sizes
compared to generation 2 dendriplexes. Since it was shown
that the piperazine linker in the rigid dendrimers positions
the peripheral groups at a significant distance from each other
and the core,® it must be noted that this distance is increased
for generation 3. For interaction with siRNA, this increase
in distance between the charged groups seems to be less
favorable, resulting in larger complexes, where possibly a
larger number of molecules is involved.

The zeta potentials of the various complexes, shown in
Figure 4, provide another indication that supports this
hypothesis. G2-1 dendriplexes exhibited a zeta potential of
8.5 mV, which is comparable to PEI complexes of 8.1 mV,
signaling the presence of protonated amines on the surface
of these complexes. Due to their low number of primary
amines, G2-3 dendriplexes exhibited an almost neutral zeta
potential of only 1.2 mV. In previous studies, this dendrimer
exhibited a negative zeta potential upon DNA complex-
ation,?” which suggested this complex to be an unsuitable
carrier. In the case of G2-5, the amount of measurable
positive charges on the surface of the dendriplexes is
decreased compared to G2-1, which has the same amount
of primary amines in the periphery. We therefore hypothesize
that, due to the alkyl chains in the dendrimer, the dendriplex

(39) Pavan, G.; Mintzer, M. A.; Simanek, E. E.; Merkel, O. M.; Kissel,
T.; Danani, A. Computational Insights into the Interactions
between DNA and siRNA with “Rigid” and “Flexible” Triazine
Dendrimers. Biomacromolecules 2010, 11 (3), 721-730.
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Figure 5. Cellular uptake of dendriplexes made of
Alexa488-labeled siRNA into Hela/Luc cells after four
hours of incubation as measured by flow cytometry.

conformation may be different from G2-1. As shown in the
heparin displacement assay, there seem to be additional van
der Waals interactions between G2-5 and 2’-O-Me siRNA.
These interactions may lead to a higher number of contacts
between the amines of the dendrimer and phosphates in the
siRNA, causing stronger neutralization of the positive
charges. F2-1, on the other hand, which has been shown to
interact less with siRNA than G2-5,%° did exhibit a higher
zeta potential than G2-5.

This can be understood as a function of protonated amines
which are not neutralized by interaction with siRNA. In
comparison to G2-1, however, the zeta potential of F2-1 is
decreased as a result of its collapsed structure® or the fact
that a larger number of siRNA molecules interact with the
dendrimer, leading to stronger charge neutralization. This
had already been assumed for F2-1, B2-1 and G3-1 regarding
their hydrodynamic diameters and may be admissible as
indicated by the further decreased zeta potentials of 4.8 and
3.9 mV for B2-1 and G3-1, respectively. PAMAM formed
the largest dendriplex, excluding G2-3, with a hydrodynamic
diameter of 411 nm and a zeta potential of 1.0 mV.
According to the condensation data, these dendriplexes are
probably diffuse and less compact than the triazine dendri-
plexes and are therefore not suitable for systemic application.

Uptake Efficiency. Based on the results from flow
cytometry, the uptake study clearly revealed strong differ-
ences in the amount of siRNA being taken up into the cell
as a result of the different carrier, as can be seen in Figure
5. Since trypan blue was used to quench all fluorescence on
the cell surface, only fluorescent signals inside the cells were
measured. As controls, the commercially available transfec-
tion reagents Lipofectamine2000 (LF) and SuperFect (SF)
were used, where LF is a cationic lipid-based reagent and
SF is a generation 4 “fractured” PAMAM.*’ Both com-
mercially available reagents led to strong uptake of fluores-
cently labeled siRNA into the cells. G2-1 only delivered 38%

(40) Tang, M. X.; Redemann, C. T.; Szoka, F. C., Jr. In vitro gene
delivery by degraded polyamidoamine dendrimers. Bioconjugate
Chem. 1996, 7 (6), 703-714.
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Figure 6. Confocal images showing the subcellular distribution of dendriplexes made of Tye543-labeled siRNA (red)
following cellular uptake in HelLa/Luc cells 4 h after transfection. DAPI-stained nuclei are shown in blue.

of the amount of siRNA into the cells as compared to LF,
which performed best among the reagents tested. G2-1g
showed reduced uptake as compared to G2-1, which may
be explained by the lower zeta potential. G2-3 did not
efficiently deliver siRNA since the fluorescence measured
was comparable to cells which had been treated with free
siRNA only. This result was not surprising, considering the
poor complexation and rapid release of siRNA in the
presence of very low concentrations of competing anions.
Cells transfected with G2-3g dendriplexes exhibited the
highest fluorescence among the triazine dendriplex-treated
cells. The amount of siRNA inside the cells was 65% of the
amount delivered by LF. This very effective delivery can
certainly be attributed to the very small size of G2-3g
dendriplexes. It has to be kept in mind, however, that the
sizes measured in 5% glucose solution are expected to be
larger in cell culture medium or in vivo. G2-5 dendriplexes,
however, did not perform as well despite their similar size.
A possible explanation for this rather surprising behavior is
that the fluorescence inside the G2-5 dendriplexes is strongly
quenched, as observed in the heparin displacement assay. It
is possible that, four hours after transfection, siRNA was
not yet released from the dendriplexes. Another reason for
the low fluorescence measured might be that the amphiphilic
dendrimer has changed the membrane properties of the
transfected cells and therefore enabled trypan blue to reach
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the cytosol, quenching the fluorescent siRNA. F2-1 and F2-
1g dendriplexes showed comparably low uptake efficiency
which may be caused by their larger size or in the case of
F2-1 due to its rather low stability as shown in the heparin
displacement assay. Cells transfected with B2-1 and G3-1
dendriplexes exhibited the lowest uptake despite good and
comparable stability of the complexes. Their failure to
efficiently deliver siRNA into the cells may therefore be
attributed to their sizes. As previously reported, a size of
around 150 nm seems to be the limit for successful cellular
uptake of siRNA complexes.'”

Subcellular Distribution. Since both the amount of
siRNA taken up and their subcellular distribution play a
critical role in the transfection efficacy of dendriplexes,
confocal laser scanning microscopy was performed to detect
differences in subcellular distribution resulting from the
structure of the triazine dendrimers used as the carrier.
Representative images of each treatment group are given in
Figure 6. Dendriplexes formed with G2-1 seemed to be taken
up only to a low extent, which corroborates well with the
flow cytometry data. Although the latter study had revealed
only very little uptake of G2-1g dendriplexes, nonetheless,
evenly distributed fluorescence was observed in the cyto-
plasm by confocal microscopy. siRNA complexed with G2-3
was not taken up, as already shown by flow cytometry,
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whereas G2-3g dendriplexes, which revealed the most
promising results in the uptake study, were retrieved to a
large extent in the cytosol of the transfected cells. G2-3 had
been one of the least toxic dendrimers in our earlier study,
due to the low density of primary amines.?® Reduction in
cytotoxicity, however, is often linked to reduced uptake, as
shown with acetylated PAMAM derivatives. These dendrim-
ers lost the ability to reduce GFP expression when complexed
with the appropriate siRNA, due to reduced cellular uptake.**
While this problem of reduced cellular uptake could be
improved by quaternization of the internal amines to increase
cationic charge at physiological pH,*> we show the same
improvement upon guanidinylation, which also leads to
stronger protonation of the dendrimer due to the higher pK,
of guanidium groups (pK, around 13) compared to primary
amines (pK, around 10). Alternatively, Minko, et al. syn-
thesized internally cationic and hydroxyl-terminated PAM-
AM G4 dendrimers,”® which we have mimicked by intro-
ducing both hydroxyl groups and protonable groups in the
periphery of our triazine dendrimers. When transfected with
the alkylated dendrimer G2-5, fluorescently labeled siRNA
was spread throughout the cells. This suggests that, even four
hours after treatment, the complexes are readily released from
the endosomal environment, and fluorescent siRNA is
released. It is possible that the uptake mechanism for
alkylated dendriplexes is different from the uptake mecha-
nisms by which less amphiphilic dendriplexes are taken up.
In an earlier study, Kono et al. attributed the high transfection
efficiency of phenylalanine-modified PAMAM to the ability
of the hydrophobic amino acid to interact with the hydro-
phobic portions of the cell membrane and cause its desta-
bilization, thus increasing the translocation of the complex.*!
This same interaction may result in the high intracellular
distribution of the alkylated triazine dendrimer G2-5, but may
also disrupt or disturb the cell membranes, leading to
diffusion of trypan blue into the cytosol in the uptake study.
In this case, it would have to be investigated, if the cell
membrane disturbance is only transient or rather severe,
leading to necrosis of the cells. Dendriplexes made of F2-1
were found to be bound to the outer cell membrane, and
F2-1g dendriplexes appeared to be trapped in the endoly-
sosomal compartment, suggesting that these complexes may
not result in high levels of gene knockdown as their load
may not be readily incorporated into the RISC in the cytosol
for biological activity. Incomplete release of the siRNA
inside the cells is a well-known hurdle in efficient siRNA
delivery and has been reported to limit the biological activity
of both PAMAM and Tat-conjugated PAMAM.** B2-1 and
G3-1 delivered very little siRNA into the cells, as already
observed by flow cytometry. Interestingly, siRNA formulated
with LF was retrieved both widely distributed and in vesicles.
It is therefore possible that at four hours after transfection
not all the lipoplexes have released their load. Cells trans-

(41) Kono, K.; Akiyama, H.; Takahashi, T.; Takagishi, T.; Harada,
A. Transfection activity of polyamidoamine dendrimers having
hydrophobic amino acid residues in the periphery. Bioconjugate
Chem. 2005, 16 (1), 208-214.
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Figure 7. Knockdown of luci ferase expression by
dendrimer—siRNA complexes in HelLa/Luc cells. Speci-
ficity of knockdown is maintained by comparison to effects
of dendriplexes with the negative control sequence
siNegCon. *p < 0.05, **p < 0.01, ***p < 0.001.

fected with SF dendriplexes exhibited a very interesting
subcellular distribution pattern. Tiny fluorescent dots were
found inside the cells and membrane-bound. Since the uptake
study revealed high intracellular fluorescence (74% of LF),
a considerable amount of siRNA must however be delivered
into the cells after four hours.

Transfection Efficiency. After clarification of the rela-
tionships between the physicochemical properties of triazine
dendriplexes and their uptake behavior, their biological
activity was measured in vitro. Both commercially available
transfection reagents (LF and SF) mediated specific and
significant (***p < 0.001 and **p < 0.01) luciferase knock
down, but also showed measurable off-target effects in cells
treated with lipo-/dendriplexes with the negative control
sequence, as shown in Figure 7. These off-target effects have
been shown to be problematic for other dendrimer systems,
including PAMAM®** and PPL** and are most commonly
caused by toxicity of the transfection reagent. SuperFect was
originally designed as a DNA transfectant, however Super-
fect/siRNA dendriplexes have previously been described to
successfully knock down the expression of Erbin in rat
cheochromocytoma cells (PC12), resulting in a 52% en-
hancement of NGF-mediated differentiation.”> Other modi-
fications of PAMAM such as Tat-conjugation of PAMAM
G5 dendrimers only led to modest gene knockdown at higher
dendrimer concentrations.” In our study, the most potent
triazine dendrimer formulations for specific and significant
(***p < 0.001) RNAi were the rigid, guanidinylated dend-
riplexes G2-1g and the alkylated dendriplexes G2-5. In the
case of G2-5, the high knockdown efficiency most likely
results from favorable intracellular distribution as well as

(42) Hollins, A.J.; Omidi, Y.; Benter, I. F.; Akhtar, S. Toxicogenomics
of drug delivery systems: exploiting delivery system-induced
changed in target gene expression to enhance siRNA activity. J.
Drug Targeting 2007, 15 (1), 83-88.

(43) Omidi, Y.; Hollins, A. J.; Drayton, R. M.; Akhtar, S. Polypro-
pylenimine dendrimer-induced gene expression changes: the effect
of complexation with DNA, dendrimer generation, and cell type.
J. Drug Targeting 2005, 13 (7), 431-443.
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the small complex size. G2-1g complexes were more
effective than G2-3g dendriplexes concerning in vitro RNAi
although G2-3g had shown the highest uptake efficiency due
to its small size. Since G2-1g, however, had revealed a more
uniform intracellular siRNA distribution, it is possible that
siRNA complexed with G2-3g was less available for
incorporation into the RISC than siRNA delivered by G2-
1g. The amine analogue of this dendrimer, G2-1, did not
exhibit gene knockdown capacity, which is in line with the
poor and diffuse subcellular presence of siRNA. It should
be mentioned that all triazine dendrimers, except for B2-1
and G3-1, exhibited less off-target effects than the com-
mercially available transfection reagents. The flexible den-
drimers F2-1 and F2-1g and the higher generation dendrimer
G3-1 all showed markedly reduced siRNA transfection
efficiency as compared to the previously mentioned rigid
analogues. This may result from a variety of factors. The
flexible dendrimers F2-1 and F2-1g both formed relatively
large complexes compared to the most successful dendri-
plexes, G2-1g and G2-5. Based on the CLSM images, these
dendriplexes were not readily translocated into the cytosol,
probably due to entrapment in endosomes or insufficient
uptake of the large complexes that made them unsuitable
for RNAIi within the cytoplasm. In a study by Peng et al.,
knockdown of the Hsp27 gene in human prostate cancer cells
(PC-3) was successfully achieved upon transfection with
PAMAM dendrimers (G4—G7) in which a triethanolamine
core was introduced to increase flexibility.?” In their study,
the toxicity of the higher generation PAMAM structures was
reduced by the flexible core. However, our “flexible” F2-1
dendrimer showed higher toxicity than the “rigid” G2-1
analogue”® and less interaction with siRNA than the “rigid”
alkylated structure G2-5°° indicating that F2 dendrimers,
which are more successful than PEI25k in DNA delivery,?®
are not suitable for siRNA transfections. G3-1 dendriplexes
were the least effective in uptake, as clearly shown by the
flow cytometry results. In addition, despite the low cellular
uptake, these dendriplexes showed strong off-target effects,
as observed with LF. The lack of knockdown efficiency may
be due, in part, to higher cytotoxicity® as well as poor
intracellular distribution. As a result these three structures
were not suitable candidates for siRNA delivery. The bow-
tie dendrimer B2-1 interestingly did display low but signifi-
cant (*p < 0.05) and specific luciferase knockdown efficiency
despite low uptake efficiency and large complex sizes. This
low knockdown efficiency most likely results from a very
small number of dendriplexes which successfully reached
the cytoplasm.

Pharmacokinetics and Biodistribution. The two den-
drimer formulations G2-1g and G2-5 which were the most
successful concerning in vitro knockdown efficiency were
subsequently tested in vivo to evaluate their circulation times
and deposition behavior as compared to polyplexes of
PEI25k. Thus, both vector and payload were radiolabeled,
and dendriplexes were formed with either radiolabeled
siRNA or radiolabeled dendrimer to distinguish between the
behavior of vector and payload and to test for their in vivo
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Figure 8. (A) Pharmacokinetics of vector and payload of
siRNA dendriplexes and polyplexes as measured by
gamma scintillation counting of blood samples. (B)
Statistical analysis of the bioavailability of vector and
load as measured by the area under the curve (AUC).
***p < 0.001.

stability. The DTPA coupling degree of siRNA was 74% of
the antisense strands, while the coupling degree of the
dendrimers was 0.2% of the peripheral amines. Expressed
in DTPA, 1.85 nmol of DTPA was attached to 2.5 nmol of
siRNA, and 1.5 nmol of DTPA was coupled to 780 amines
present in the dendriplex. As measured by gamma scintil-
lation counting of blood samples (Figure 8A), dendriplexes
made of both the guanidinylated dendrimer G2-1g (orange
lines) and the alkylated dendrimer G2-5 (red lines) were
stable in vivo for at least 60 min. Although G2-5 dendri-
plexes were most stable in the heparin displacement assay,
G2-1g dendriplexes showed longer lasting stability in vivo,
reflected in the comparable pharmacokinetic profiles of vector
and payload over the complete study of 120 min. G2-5
dendriplexes, however, showed slight dissociation after 60
min. Both dendriplexes performed much better than poly-
plexes made of PEI. As previously described, these poly-
plexes dissociate upon liver passage with the polymer being
deposited in the liver and the siRNA being excreted.’' Free
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Figure 9. Biodistribution of vector and payload of siRNA dendriplexes and polyplexes 2 h after iv administration as
measured by gamma scintillation counting of dissected organs.

2’-O-Me-siRNA showed rapid clearance from the blood pool,
as previously reported for native siRNA.** While PEI25k
(Figure 8A, blue line, circles) was cleared more readily,
which can be explained by its strong first-pass effect in the
liver,>'*> 2’-0-Me siRNA complexed with PEI25k (Figure
8A, blue line, squares) showed the same pharmacokinetic
profile as free siRNA, indicating that it was displaced from
the complexes. This observation is in line with the low
stability of PEI polyplexes described in the heparin displace-
ment assay and in our previous results.>' On the other hand,
siRNA that was complexed with dendrimers exhibited longer
circulation times than free and PEIl-complexed siRNA,
emphasizing the in vivo stability of the dendriplexes. To
quantify the differences in the circulation times and bio-
availability of each vector and load, the areas under the
curves (AUCs) were calculated as shown in Figure 8B.
Statistical analysis of the values revealed that siRNA
complexed with both dendrimers has significantly (***p <
0.001) elevated circulation times and bioavailability com-
pared to free or PEI-complexed siRNA.

Additionally, the deposition of dendriplexes in comparison
to free siRNA and PEI polyplexes was investigated two hours
after injection as shown in Figure 9. Interestingly, dendri-
plexes accumulated to a much lesser extent in the liver as
compared to PEI polyplexes. Both dendriplexes showed
passive lung targeting, with 47% of the injected dose of
dendrimer G2-5 and 32% of the injected dose of G2-1g
retrieved by the lung. The G2-5 dendriplexes seemed to
dissociate especially in the lung since only 13% of the

(44) Dykxhoorn, D. M.; Palliser, D.; Lieberman, J. The silent treatment:
siRNAs as small molecule drugs. Gene Ther. 2006, 13 (6), 541—
552.

(45) Merdan, T.; Kunath, K.; Petersen, H.; Bakowsky, U.; Voigt, K. H.;
Kopecek, J.; Kissel, T. PEGylation of poly(ethylene imine) affects
stability of complexes with plasmid DNA under in vivo conditions
in a dose-dependent manner after intravenous injection into mice.
Bioconjugate Chem. 2005, 16 (4), 785-792.

payload (compared to 47% of the vehicle) was found in the
lung. G2-1g exhibited similar instability with 20% of the
complexed siRNA being delivered to the lung in comparison
to 32% of the dendrimer. This behavior explains the
differences of the pharmacokinetic profiles of G2-5 dend-
riplexes and is similar to the dissociation of PEI complexes
in the liver.’! Passive lung targeting has been described for
cationic lipid/DNA complexes many years ago and has been
attributed to result from interactions between cationic
complexes and anionic serum proteins.

The nanosized complexes subsequently form aggregates,
leading to temporary deposition in the capillary beds of the
lung and possibly transient emboli in the lung microvasu-
lature.*® Lung deposition and efficient transfection of alveolar
cells, including pneumocytes, upon systemic administration
of polyplexes has been reported for linear PEI*’ while
branched PEI is not capable of providing highly efficient
gene delivery to lungs upon systemic administration.*® In
this context, no correlation between complement activation
and the determination of the deposition pattern of DNA
complexes could be demonstrated.*® Since erythrocyte ag-
gregation was shown to be lower for all triazine dendrimers
than for PEI?® this property cannot serve as an explanation
for the extensive lung targeting of the dendriplexes. Con-
cerning branched PEI, we could not observe beneficial
properties of polyplexes made of 2’-O-Me siRNA compared
to complexes made of native siRNA*' since 36% of the

(46) Barron, L. G.; Meyer, K. B.; Szoka, F. C., Jr. Effects of
complement depletion on the pharmacokinetics and gene delivery
mediated by cationic lipid-DNA complexes. Hum. Gene Ther.
1998, 9 (3), 315-323.

(47) Zou, S.-M.; Erbacher, P.; Remy, J.-S.; Behr, J.-P. Systemic linear
polyethylenimine (L-PEI)-mediated gene delivery in the mouse.
J. Gene Med. 2000, 2 (2), 128-134.

(48) Goula, D.; Benoist, C.; Mantero, S.; Merlo, G.; Levi, G.;
Demeneix, B. A. Polyethylenimine-based intravenous delivery of
transgenes to mouse lung. Gene Ther. 1998, 5 (9), 1291-1295.
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Figure 10. Subcellular distribution of dendriplexes made of Tye543-labeled siRNA (red) in the lung and liver following

iv administration. DAPI-stained nuclei are shown in blue.

polymer accumulated in the liver compared to only 12% of
the PEI-complexed siRNA. Dendriplexes, which were only
captured at 15% in the liver, seemed to be deposited as intact
complex with comparable amounts of payload and vector.
Free 2’-O-Me siRNA was mostly cleared by the kidneys,
and considerable amounts were found in the urine (data not
shown), but interestingly 19% of the administered dose was
excreted hepatobiliarily and was found in the bowel. This is
possibly a result of interaction of the amphiphilic siRNA
with bile salts or lipoproteins in the blood as reported
earlier.*” The renal clearance varied strongly due to differ-
ences in the filling level of the bladder 2 h after injection.

The biodistribution was additionally detected noninva-
sively by SPECT imaging where strong accumulation in the
lung and articulate signals in the liver were detected in all
animals treated with dendriplexes (Supporting Information
S1 and S2). The SPECT image of a mouse injected with
G2-1g dendriplexes (Supporting Information S1) also showed
clearance via bowel and bladder, whereas G2-5 dendriplexes
seemed to be cleared mainly via the bowel. All SPECT
images corroborated well with the results from the dissected
organs.

To investigate at which time point the dendriplex ac-
cumulations occurred and if a secondary redistribution of
dendriplexes follows a primary deposition in the lungs, as
assumed for PEI/pDNA complexes,** perfusion life imag-
ing of mice injected underneath the camera was performed.
The time course of biodistribution was analyzed on the basis

(49) Jeong, J. H.; Mok, H.; Oh, Y.-K.; Park, T. G. siRNA Conjugate
Delivery Systems. Bioconjugate Chem. 2008, 20 (1), 5-14.

(50) Ishiwata, H.; Suzuki, N.; Ando, S.; Kikuchi, H.; Kitagawa, T.
Characteristics and biodistribution of cationic liposomes and their
DNA complexes. J. Controlled Release 2000, 69 (1), 139-148.
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of regions of interest (ROIs) placed in the lung, the bladder
and the mediastinal region, which served for quantification
of activity in the blood pool. The analysis of the real-time
imaging shows almost no changes in activity in the blood
pool since the amount of radioactivity is low compared to
the counts measured in the lung. Only a very slight decrease
of activity in the lung and a slight increase in the bladder
could be observed. The increase of activity in the bladder
was stronger in mice treated with G2-1g dendriplexes, which
can be explained by the better water solubility of this
dendrimer, also shown in the SPECT image (Supporting
Information S1). The activity in the blood pool drops to 14%
in mice treated with G2-1g dendriplexes and to 36% in mice
treated with G2-5 during the first 6 min compared to the
first signal measured (Supporting Information S3—S5). These
findings corroborate the pharmacokinetics study, whereas in
the latter one no values are available for + = 0. With this
perfusion study, we were able to show rapid lung targeting
and to rule out secondary redistribution during the first 20
min after injection.

Cellular Tissue Distribution of in Vivo Transfected
Cells. Since in vivo instability and premature unpackaging
of electrostatically formed complexes is a major hurdle for
efficient in vivo intracellular delivery,51 cellular distribution
of siRNA after intravenous administration of dendriplexes
was investigated in organ slices of the main target organs
exposed by the biodistribution study, namely, the lung and
the liver. Since temporary deposition of lipoplexes in the
capillary beds of the lung has been reported to cause transient
emboli in the lung microvasulature,*® lung (and liver)
deposition was investigated 2 and 24 h after injection.
Interestingly, fluorescent siRNA was mostly found in the
alveolar tissue and alveolar macrophages, rather than in
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bronchiolar tissue, as shown in Figure 10. We therefore
hypothesize that the dendriplexes crossed the alveolar—
capillary barrier. siRNA complexed with G2-5 was taken
up into the cells to a greater extent than siRNA in G2-1g
dendriplexes, although the total amount of siRNA targeted
to the lung was greater for G2-1g than for G2-5. This on
the one hand illustrates the importance of distribution at the
cellular level and on the other hand indicates that the
amphiphilic modification of dendrimer G2-5 was favorable
for intracellular uptake. The amount of siRNA present in
the lung tissue still seemed to be higher in animals treated
with G2-5 dendriplexes 24 h after administration, whereas
in both groups of animals the size of the fluorescent dots
decreased, suggesting that the siRNA has been partially
eliminated and possibly degraded. The amount of fluorescent
siRNA retrieved in the liver sections was also greater in
animals treated with G2-5 dendriplexes compared to the G2-
1g treatment group. However, neither the amount nor the
morphology of the fluorescent dots in the liver seemed to
be influenced by the time point. Interestingly, some of the
siRNA found in the liver was not internalized into liver cells
but was present in the bile ducts. This is perfectly in
agreement with our assumption of hepatobiliary clearance
of part of the siRNA.

Conclusions

It is well understood that the differences in the molecular
topology and location for mechanism of action for DNA and
siRNA transfection differ, and as a result, carrier vectors that
excel in pDNA transfection may result in poor RNAi. Based
on the results from this study it has become clear that triazine
dendrimers follow this trend. In previous studies it was
shown that surface group manipulations have a moderate
effect on pDNA transfection efficiency,?® while increasing
the flexibility of the core substantially improves gene
transfer.”® However, these same trends are nearly the opposite
for siRNA transfection. While F2-1, the most effective DNA
delivery vector of the triazine dendrimers investigated,*®>’
was not able to mediate RNAi, the rigid triazine dendrimers

G2-1g and G2-5, which were only moderately effective gene
delivery vectors,” were the most promising for in vitro
siRNA delivery. In this study, the interplay of a number of
characteristics such as stability, size, surface charge and
uptake efficiency was shown. It must be noted that the
triazine dendriplexes that were the most effective at gene
knockdown showed favorable intracellular distribution, sug-
gesting that this factor may be the most accurate predictor
in determining the effectiveness of triazine-based dendri-
plexes in RNAI. Previous studies have proven an inverse
correlation between complex size and level of gene knock-
down. However, this trend did not appear to be the most
influential parameter in our study. With respect to in vivo
siRNA applications, both dendriplexes tested in our study
efficiently mediated intracellular siRNA delivery in the lung,
indicating that these formulations may be promising nano-
medicines for post-transcriptional gene regulation in lung
diseases.
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