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he inefficient transport of nucleic ac-

ids through the cell membrane is a

major limiting factor in clinical appli-
cation of therapeutic nucleic acids, includ-
ing antisense or antigene oligonucleotides,
and short interference RNA (siRNA). Several
approaches including packaging of the nu-
cleic acid to nanoparticles have recently
been used to facilitate transmembrane
transport of nucleic acids."? Viral vectors
are able to efficiently accomplish such task;
however, the immune response elicited by
viral proteins has posed a major challenge
to this approach.® Hence, there is much in-
terest in developing nonviral gene delivery
vehicles.

Cationic polymers and lipids have been
widely used for condensation of DNA/siRNA
into nanoparticles for cellular delivery. Den-
drimers are highly branched three-
dimensional polymers with a large number
of controllable peripheral functionalities,
useful as gene delivery agents, drug deliv-
ery vehicles, and magnetic resonance imag-
ing agents.*” 8 The protonatable amino
groups of dendrimers appear to buffer
acidic endosomal compartment and re-
lease DNA to the cytoplasm.**'® However,
it was reported that dendrimers bearing
-NH, termini displayed generation- and
concentration-dependent hemolysis, with
higher generation and/or higher concentra-
tion having higher cytotoxicity,' "' and
their synthesis and purification are usually
tedious with low yield.''> In contrast, low
generation dendrimers are nontoxic and
easy to synthesize,'® however, the limited
surface charges of low generation dendrim-
ers lead to inefficient complexation with
DNA and low cellular uptake efficacy.!”'®
We recently found that only higher genera-
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ABSTRACT A novel approach was developed to efficiently package and deliver nucleic acids with low

generation polypropylenimine (PPI) dendrimers by using Au nanoparticles as a “labile catalytic” packaging agent.

The gold nanoparticles (Au NPs) helped low generation dendrimers to package nucleic acids into discrete

nanoparticles but are not included in the final DNA/siRNA complexes. Therefore it becomes possible to eliminate

the potential toxic problems associated with Au NPs by selectively removing the Au NPs from the resulting nucleic

acid complexes before their delivery to targeted cells. This is a new concept in using inorganic engineered
nanoparticles in nucleic acid packaging and delivery applications. Furthermore, compared to the siRNA
nanostructures (mainly randomly aggregated nanofibers) fabricated by low generation dendrimer alone

(Generation 3), the siRNA nanoparticles packaged using this novel approach (by Au NPs modified with G3 PPI)

can be internalized by cancer cells and the delivered siRNAs can efficiently silence their target mRNA. The efficiency

of mRNA silencing by this novel approach is even superior to higher generation dendrimers (Generation 5).

KEYWORDS: gene therapy - siRNA - plasmid DNA - nonviral gene delivery - Au
nanoparticles - polypropylenimine (PPI) dendrimers

tions of polypropylenimine (PPI) dendrim-
ers could enhance oligodeoxynucleotide
(ODN) and siRNA uptake to cancer cells as
demonstrated by confocal microscopy.'®?°
There is a surge of interest in using inor-
ganic engineered nanoparticles for medical
and biological applications. They are ex-
pected to solve some drug delivery prob-
lems due to their unique properties and re-
markably large surface area. Studies using
inorganic engineered nanoparticles modi-
fied with cationic molecules, including den-
drimers, have demonstrated enhancement
in DNA/siRNA condensation, delivery, and
transfection in mammalian cells.?'~2> How-
ever, the inorganic nanoparticles were en-
capsulated inside the resulting DNA/siRNA
complexes, and must be codelivered to-
gether with the therapeutic DNA/siRNA.
The toxicity of inorganic nanoparticles rep-
resents a major concern for practical thera-
peutic applications. It is reported that nano-
particles chemically modified with low
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generation dendrimers may act as mesomolecules in-
ducing hemolysis comparable or even higher than that
of the higher generation dendrimers.?® For Au nanopar-
ticles, even though bulk Au was considered inert, the
toxicity of Au nanparticles depends on their size, shape,
and surface charge.?”’~% In general, smaller sized nano-
particles (<3 nm in diameter) are more toxic than larger
ones. Positively charged nanoparticles are more toxic
than the neutral or negatively charged ones. Chithrani
et al. studied the endocytosis and excytosis of
transferrin-coated Au nanoparticles (from 14 to 100
nm).3° They found that smaller NPs appeared to exocy-
tose at a faster rate and at a higher percentage than
large NPs. These exciting results indicated that it is not
necessary to worry about the long-term toxicity of Au
nanoparticles anymore. However, the authors of this
paper claimed that these results could not directly ex-
tend to other particles since uncoated or other surface-
modified Au nannoparticles may bind other proteins

in serum and they may behave differently in terms of
toxicity, endocytoses, or exoctytosis. Indeed, Yung et
al3! found that negatively charged, citrate-stabilized
gold nanoparticles (Au NPs) with a diameter of 20 nm
after passivation with fetal bovine serum inhibited cell
proliferation by down-regulating cell cycle genes. They
found that the Au NPs passivated with fetal bovine se-
rum not only caused DNA oxidative damage but also af-
fected genes associated with genomic stability and
DNA repair, which may lead to carcinogenesis.>? Perno-
det et al.® also found that citrate-stabilized Au NPs
with a diameter of 14 nm can easily cross the cell mem-
brane of dermal fibroblast cells and accumulate into
vacuoles. The presence of the particles induced abnor-
mal actin filaments and extracellular matrix constructs
in dermal fibroblasts, which in turn, caused decrease
cell proliferation, adhesion, and motility. Therefore the
long-term toxicity of Au nanoparticles still needs exten-
sive study before their clinic applications.

In this work, we report our interesting finding that
Au NPs can be used in combination with low genera-
tion polypropyleneimine (PPI) dendrimers to effectively
assemble and package DNA/siRNA into discrete com-
plex nanoparticles. Moreover, the Au NPs were not en-
capsulated inside the final DNA/siRNA complexes.
Therefore it becomes possible to eliminate the poten-
tial toxic problems associated with Au NPs by selec-
tively removing the Au NPs from the resulting nucleic
acid complexes before their delivery to targeted cells. In
contrast to the siRNA nanostructures (mainly random
aggregated nanofibers) formed from low generation
dendrimer alone (PPl Generation 3), the siRNA complex
nanoparticles packaged by this novel approach (Au
nanoparticles modified with G3 PPI dendrimers) can
be internalized by cancer cells and the delivered siR-
NAs can effectively silence their targeted mRNA. The ef-
ficiency of mRNA silencing by the proposed nanoparti-
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cles is even superior to higher generation dendrimers
(PPI Generation 5).

RESULTS AND DISCUSSION

A Novel Approach for Assembly and Delivery of DNA Using
Labile Au/G3 PPI Dendrimer. We prepared Au NPs physically
attached with several generation 3 (G3) PPl dendrim-
ers according to a protocol described by Wang and his
colleagues.3** Briefly, 32.8 mg of G3 dendrimer was
mixed with 8.8 mL of 2.45 mM HAuCl, solution at a mo-
lar ratio of 0.9:1 and then heated at 80 °C for 1 h with
continuous stirring. As a result, a clear and reddish Au
NP solution (Supporting Information, Figure S1) was ob-
tained with each Au NP physically anchoring several
G3 dendrimers.® The largely increased positive charges
on each of the condensing agent (here Au NPs modi-
fied with G3 dendrimers) enabled the low generation
dendrimers to efficiently condense DNA as higher gen-
eration dendrimers do.?"**3738 To remove the unre-
acted HAuCl, and unreacted dendrimers, the solution
thus obtained was cooled to 22 °C and dialyzed (3.5k-Da
cutoff) against 200 mL of double-distilled water twice
before it was used to condense nucleic acids.
UV —visible spectroscopy was used to characterize the
formed nanoparticle solution (Supporting Information,
Figure S2). A strong absorption was observed at ~523
nm, which was due to the surface plasmon resonance of
the Au NPs. The mean hydrodynamic radius of Au NPs
was 8.9 £ 2.8 nm as determined by dynamic light scat-
tering (DLS) (Supporting Information, Figure S3). Using
these Au NPs to condense PGL3 Plasmid DNA, we found
that DNA was efficiently condensed into nanoparticles,
while Au NPs were not encapsulated inside the final
condensates (Figure 1A,B). Two sets of nanoparticles
were observed. One set has an average height of 3.9
*+ 0.7 nm and diameter of 81 = 36 nm, and these nano-
particles are believed to be the condensed DNA arbi-
trated from their daisy flower-shaped peripheral. The
nanoparticles in the other set have an average height
of 6.4 nm, and diameter of 23 nm, which is very close to
the size of the gold nanoparticles in the DLS experi-
ment (hydrodynamic radius of 8.9 nm and diameter of
17.8 nm, note that average height of the atomic force
microscopy (AFM) image is often lower than the actual
diameter based on our and others observations. The
possible reasons have been discussed in our previous
work'®). Therefore we assign this set of nanoparticles as
the gold nanoparticles which left the DNA nanoparti-
cles upon DNA condensation. The phase image in Fig-
ure 1B shows that the two sets of nanoparticles have
different phase shifts. The phase of the small nanoparti-
cles shifted 6.1 = 1.1 degree (appearing brighter) and
that of the larger ones only shifted 0.8—1.7 degree, fur-
ther suggesting that these two sets of nanoparticles
were composed of different materials. The arrow in Fig-
ure 1A indicates an Au NP leaving a condensate.
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Figure 1. AFM images (panels A and B) and TEM images (pan-
els C and D) of condensates formed by plasmid DNA in the
presence of G3 PPl dendrimer-modified Au NPs (1 h condensa-
tion): (A) height image, z range = 18.0 nm; (B) phase image, z
range = 10°. The bar represents 200 nm in panels A and B. It
showed that the Au NPs were isolated from the condensed
nanoparticles. (C) One DNA nanoparticle imaged by TEM at ze-
roloss mode. (D) The same DNA nanoparticle imaged by TEM
in the energy filtering mode, the energy slit of 150 eV energy
window was set around the maximum loss (2386 eV) of M5
edge of Au element. High beam current and long exposure
time were employed in the energy filtering imaging mode. It
showed that no Au NPs were present in the condensate of
plasmid DNA. Scale bar represents 50 nm in panels C and D.

To further confirm that the Au NPs were not encap-
sulated inside DNA condensates, the same solution
sample was imaged using a transmission electron mi-
croscope (TEM) (Libra 120 Energy Filtering, Zeiss). If Au
NPs were included in the condensates, as found in pre-
vious reports,?'3° we should be able to see them due
to the native high contrast of Au in TEM. Figure 1C
shows a typical TEM image of a DNA condensate. The
diameter of the condensates is 100 = 30 nm. The size
and shape of the condensates were similar to that of
the bigger flower-shaped nanoparticles in the AFM im-
ages. By imaging the same condensate in the energy fil-
tering TEM mode,**4! setting the energy slit to 2386
eV, which is the energy edge of Au element, we per-
formed Au elemental analysis of the condensates. As
shown in Figure 1D, the image was blank, as there was
no Au signal from the DNA condensate, indicating that
the Au NPs left the products upon condensation. The
result found here is very different from that of previous
reported DNA condensation by using Au NPs and other
nanoparticles as condensing agents, which were encap-
sulated in the final DNA nanoparticles.?'2437:394243

Packaging of 21-Base Pair (bp) siRNAs to Nanoparticles. There
is an increasing enthusiasm for developing therapies
based on RNA interference (RNAI), a post-transcriptional
gene silencing method, mediated by small duplex RNAs
of 19—23 base pairs. The advantage of RNAi compared
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to other gene therapeutic strategies lies in its high
specificity and potency of gene silencing, coupled with
the fact that it can target every gene, and every cell, that
has the necessary machinery.*** However, just like
other gene therapeutic strategies, the main obstacle to
the success of siRNA therapies is in delivering it across
the cell membrane to the cytoplasm where it can enter
the RNAi pathway and guide the sequence-specific
mRNA degradation.* It is reported that in general short
oligonucleotides are more difficult to package into well-
defined particles than the long plasmid DNA.*47 In
our recent studies,?® we found that in contrast to long
plasmid DNA, siRNA required higher generation den-
drimers to reach the maximum transfection efficiency
(G4 PPI for siRNA vs G2 PPI for plasmid DNA), possibly
due to the less negative charge per molecule and the
more rigid structure of siRNA. Recently, Huang et al. re-
ported that by adding high molecular weight calf thy-
mus DNA into the siRNA formulation, the size of the
formed nanoparticles decreased by 10—30% and the
delivery efficiency increased by 20—80%.%4°

To demonstrate the wide application of the new
packaging approach in gene therapy, we next tested
whether the Au NPs modified with G3 PPl dendrimer
could catalytically provoke siRNA nanoparticle forma-
tion. The complex formation is driven mainly by electro-
static interaction between negatively charged siRNA
and positively charged dendrimers on Au NPs. Such
binding leads to the formation of positively charged
complexes that can be retarded in gel electrophoresis
when compared with free siRNAs, which cannot. There-
fore the sufficient amount of G3 PPl dendrimers needed
for the complex formation can be determined from an
agarose gel electrophoresis experiment. It was found
that when the N/P (nitrogen/phosphate) ratios, which
refer to the ratios of the positively charged primary
amine groups of the G3 dendrimer on the Au—NPs to
negatively charged phosphate groups from siRNAs,
were equal to or higher than 1.2, the siRNA was com-
pletely retained in the sample wells with negligible
electrophoretic shift corresponding to free siRNA (Sup-
porting Information, Figure S4). This indicated that all
siRNAs formed stable complexes with Au—G3 at N/P ra-
tios equal to or higher than 1.2. On the basis of this,
we prepared siRNA nanoparticles by mixing the G3 PPI
dendrimer-modified Au NPs solution and siRNA solu-
tion in physiological buffer at an N/P ratio of 2.4, which
we then incubated for 30 min at room temperature.
We then visualized nanoparticles using AFM and TEM
as described in the previous section. Figure 2A shows
that siRNA nanoparticles with an average height of 10
+ 3 nm and diameter of 70 = 10 nm were formed af-
ter 30 min of condensation. siRNA nanoparticles were
also observed in TEM images (Figure 2C), indicated by
the green arrows. Remarkably, both AFM and TEM im-
ages clearly show that most of the Au NPs (white ar-
rows) were not included inside the siRNA nanostruc-
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Figure 2. AFM images (A and B) and TEM image (C) of siRNA nanoparticles formed from 0.4 M 21 bp siRNA in the presence of Au NPs
modified with G3 PPl dendrimer (2.5 pM). (A) AFM image, z range = 20.0 nm; (B) phase image, z range = 40 degree. The bar represents
100 nm in panels A and B. (C) TEM image of NPs. The bar represents 50 nm in panel C. The AFM phase image and TEM image clearly show
the Au NPs (indicated by white arrows) were not included in the siRNA nanoparticles (indicated by green arrows). (D) AFM images of
siRNA nanostructures formed from G3 alone with the same concentration of siRNA and G3 PPI as in the case of Au NPs modified with
G3 PPI dendrimer. The bar represents 500 nm in panels (D)

tures. For comparison, we also studied the morphology
of the siRNA nanostructures formed with G3 dendrimer
alone under the same condensation conditions (Figure
2D). Instead of nanoparticles, most of the siRNAs
formed random nanofibers. The height of the fiber-like
structures was around 1.7 nm with the length varying
from 100 nm to several wm. The relatively weak electro-
static cooperative interaction between siRNA and G3
PPI may be the reason to form these fiber-shaped
structures.

Au Nanoparticles Can Be Selectively Removed from the siRNA
Complexes Solution. We found that although the Au nano-
particles were not included inside of the DNA/siRNA
complexes (Figures 1 and 2), the Au nanoparticles still
existed in the DNA/siRNA solution, which may cause
long-term toxicity. To selectively remove the Au nano-
particles, we studied the effect of ionic strength and pH
on the aggregation/precipitation characteristics of Au
nanoparticles in the siRNA complex solution prepared
from Au—G3 NPs. Au—G3 NPs were first complexed
with siRNA at an N/P ratio of 1.2 to prepare the Au—G3/
siRNA complex. Then the obtained complex solution
was diluted 12 times into H,O, 100 mM pH = 7.4, 6.0,

(a)

and 4.5 phosphate buffers, respectively. After storing
at room temperature for 1 h and then at 4 °C for 21 h,
supernatants from each sample were collected and ana-
lyzed by UV—vis directly.

The UV—vis spectra of all four supernatants are
shown in Figure 3a. It showed that under all three 100
mM phosphate buffers with different pH values, a sig-
nificant amount of Au NPs precipitated, as indicated by
the decreased absorbance of supernatant at ~523 nm,
which is the characteristic absorption of Au NPs in solu-
tion. It further demonstrated that the amount of Au pre-
cipitation is inversely proportional to the pH, with more
precipitation at lower pH. We wondered whether the
siRNA complexes also experienced aggregation and
then precipitated out of the solution with the Au nano-
particles. We overlaid the UV—vis spectra of superna-
tants collected from suspensions of Au—G3/siRNA in
H,0 and from suspensions of same concentration of Au
NPs in H,O after storage at room temperature for 1 h
and at 4 °C for 21 h (Figure 3a inset). It showed that the
difference of absorbance spectra of Au—G3/siRNA com-
plex as compared to that of Au—G3 is mainly in the re-
gion of 200—310 nm, where the siRNA has absorbance.

(b)
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Figure 3. (a) UV—vis spectra of supernatants collected from suspensions of complexes of Au NPs with siRNA in H,0, 100

mM pH = 7.4, 6.0, and 4.5 buffer, respectively, after storage at room temperature for 1 h and at 4 °C for 21 h. Inset: UV—vis
spectra of supernatants collected from suspensions of complexes of Au NPs with siRNA in H,O vs spectra from suspensions of
the same concentration of Au NPs in H,O after storage at room temperature for 1 h and at 4 °C for 21 h. (b) Absorbance at
260 nm and at 523 nm of supernatants collected from suspensions of Au—G3/siRNA complex in H,0, 100 mM pH = 7.4, 6.0,
and 4.5 buffer, respectively, after storage at room temperature for 1 h and at 4 °C for 21 h. The absorbance at 260 nm was re-
ported after subtracting the absorbance at 320 nm. After correction, the reported absorbance at 260 nm can be approxi-
mately correlated to the amount of siRNA in each supernatant.
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3682 www.acsnano.org



To relatively compare the amount of siRNA remaining
in each supernatant, the absorbance at 260 nm was
subtracted by the absorbance at 320 nm (where the
siRNA has no absorbance). After correction, the absor-
bance at 260 nm of each supernatant was normalized to
that of the supernatant collected from suspensions of
Au—G3/siRNA in H,0 and then plotted in Figure 3b
(green bars). Similarly, the absorbance at 523 nm of
each supernatant is also normalized to that of the su-
pernatant collected from suspensions of Au—G3/siRNA
in H,O at 523 nm. It showed that the absorbance at 260
nm of supernatant from suspensions of complexes in
three different pH buffers was only slightly reduced
when compared to that in H,O (Figure 3b green bars).
This was in sharp contrast to the absorbance at 523 nm
(Figure 3b pink bars), which was significantly decreased
for supernatants from suspensions of complexes in
three different pH buffers when compared to that in
H,O0. This study demonstrated that the Au NPs can be
selectively removed from the siRNA nanoparticle solu-
tions, which further demonstrated that the Au nanopar-
ticles were not encapsulated in the final siRNA
complexes.

The mechanism of this unique DNA/siRNA packag-
ing is still under study. We hypothesize that it relies on
the competing affinities of Au and nucleic acids for the
amine sites of low generation polypropyleneimine (PPI)
dendrimers. In neutral pH solutions, the primary amines
of the dendrimers are protonated (pK, ~ 9.8), while
most of their tertiary amines (pK, ~ 5.9—7.0) are
not,*~>3 which provides strong Au/amine interactions
via coordination interactions between the empty d or-
bital of Au and the free pair of electrons on the N atom
of the nonprotonated tertiary amines. As a result, each
Au NP anchors several low generation dendrimers
through multiple Au/amine collective coordination in-
teractions.>* The largely increased positive charges on
each of the delivery vehicles (here Au NPs modified with
low-generation dendrimers) resemble higher genera-
tion dendrimers (Scheme 1) and enable effective pack-
aging of nucleic acids (both long plasmid DNA and
siRNA) into nanoparticles. However, when multiple nu-
cleic acids interact with the delivery vehicle, the local
pH effects caused by the presence of the multiple nu-
cleic acids increase the local acidity of the dendrimers.
As a result, the number of nonprotonated tertiary
amine sites on the dendrimer is decreased, which in
turn decreases the affinity of the dendrimer to Au while
increasing the affinity to nucleic acids.>* > The large lo-
cal pH effect has been used to extend the conductivity
of polyaniline to neutral or slightly basic solutions, as il-
lustrated in our previous work.>®

Another possible mechanism involved pH-
dependent hydrogen bonding between tertiary amines
and prorogated primary amines. Instigated by the re-
cent observation of dendrimer aggregation, we assume
that the PPl G3 dendrimer may be arranged in mul-
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Scheme 1. An Au NP anchored with several low generation den-
drimers through Au—amine coordination bonds. Addition of DNA/
siRNA leads to an increase of local acidity, which protonates the ter-
tiary amines, weakening the Au—amine interactions. As a result, the

Au NPs are released from the dendrimers and are not included in the

final DNA/siRNA nanoparticles

tiple layers on the Au nanoparticle surface due to the
hydrogen bonding between tertiary amine groups from
one dendrimer and the prorogated primary amines
from another dendrimer in the outer layer (or another
way around). When multiple nucleic acids come close to
this delivery vehicle, the strong interaction between
the primary amines groups and nucleic acids would
weaken and break the hydrogen binding, leaving Au
nanoparticles outside of the formed DNA/siRNA com-
plexes. If this was the case, the Au nanoparticles would
be still covered with a few dendrimer molecules. The
fact that the Au nanoparticles were still stable in water
solution after complexation with DNA/siRNA, but pre-
cipitated out in phosphate buffer solution, supports this
assumption. However, more Au nanoparticles were pre-
cipitated out in lower pH solutions than those in higher
pH solutions, indicating the first mechanism we hypoth-
esized. More detailed and systematic study is needed
to further uncover the exact mechanism for this inter-
esting packaging approach.

Cellular Uptake of siRNA by Fluorescence Microscopy and Flow
Cytometry. We next studied the ability of the siRNA nano-
particles to undergo facile cellular uptake in A549 hu-
man lung cancer cell line. Au NPs modified with G3 PPI
dendrimers (Au—G3) and G3 PPl dendrimer were re-
spectively complexed with siGLO green siRNA transfec-
tion indicator (fluorescein amidite (FAM)-labeled) and
then added to A549 lung cancer cells and incubated for
24 h. The cells were then washed with PBS buffer, and
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ied by flow cytome-
try. A549 cells were
placed in 6-well
plates at a density
of 500K cells/well
and cultured for

24 h. The cells were
then treated with
siRNA (FAM-labeled
siGLO green siRNA
transfection indica-
tor) nanoparticles
fabricated by
Au—G3 and G3 PPI
dendrimers, respec-
tively, for 24 h. Cells
were then
trypsinized and col-

|

Figure 4. Representative fluorescence microscopic images of cellular uptake of FAM-labeled siRNA
complexed with G3 PPl dendrimers (a,b,c) or Au NPs modified with G3 PPl dendrimers (d,e,f). An

N/P ratio of 2.4 was used, and the final siRNA concentration was 0.25 pM. Incubation was 24 h at
37 °C. Light images of cells are shown in panels a and d. Detection of FAM-labeled siRNA (b and e)

lected for flow cy-
tometry analysis. As
shown in Figure 5,
when an N/P ratio

and overlay of images (c and f) are shown.

then fresh medium was added for fluorescence
imaging.

As shown in Figure 4, cells dosed with siRNA nano-
particles fabricated by G3 PPI alone showed very mild
green fluorescence on the surface and inside of the cells
(Figure 4b,c), indicating a low level of siRNA uptake. A
similar result was obtained when G3 PPI dendrimer was
used to deliver antisense oligodeoxynucleic acids in
our previous study.' In contrast, the siRNA nanoparti-
cles fabricated by Au—G3 were highly effective in trans-
porting siRNA to the cell, as shown by the green fluores-
cence in the cells (Figure 4e,f). This result clearly
demonstrated that the Au NPs can help the low genera-
tion dendrimers effectively deliver siRNA into cancer
cells.

To gain more quantitative information on the cellu-
lar uptake of siRNA delivered by Au—G3 versus G3 PPI
dendrimers, the cell uptake of siRNA was further stud-

of 0.6 was used, only
20% of cells treated
with Au—G3/siRNA were transfected and none of the
cells treated with G3/siRNA were transfected. When the
N/P ratio was increased to 1.2, siRNA internalized into
~80% of cells in the case of treatment with Au—G3/
siRNA, while only ~10% of cells treated with G3/siRNA
was transfected with siRNA. As the N/P ratio further in-
creased to 2.4, the cell uptake reached maximum in the
case of treatment with Au—G3/siRNA, with 90% cells
transfected, and the mean green fluorescence inten-
sity of each cell reached 1.82. The transfection of cells
treated with G3/siRNA also significantly increased when
the N/P ratio increased to 2.4, with ~60% cells trans-
fected, and the mean fluorescence intensity of each cell
reaching 1.15. This data clearly indicated that the siRNA
nanoparticles fabricated by Au—G3 are more easily in-
ternalized into the cells. To achieve the same percent-
age of cell transfection, a much lower N/P ratio was re-
quired in the case of Au—G3/siRNA because of the
higher efficiency of

>
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ticularly at an N/P
ratio of 2.4, not only
were more cells
transfected in the
case of Au—G3/
siRNA than in the

0.6 1.2 24
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Figure 5. Cell uptake of siRNA nanoparticles fabricated by Au—G3 vs G3 PPl dendrimers at differ-
ent N/P ratios by flow cytometry. (Left) Percentage of cell uptake as a function of N/P ratio. (Right)
Mean green fluorescence intensity of each individual cell as a function of N/P ratio. A549 cells were
incubated by Au—G3/siRNA and G3/siRNA, respectively, at 37 °C for 24 h at N/P ratios of 0.6, 1.2,
and 2.4. The percentage of cell uptake and the mean green fluorescence intensity of each individual
cell were calculated on the basis of the data collected from a population of 10 000 gated cells.
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case of G3/siRNA
(90% vs 60%) but
also the mean
green fluorescence
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Figure 6. Effect of different formulations on the expression of
BCL2 mRNA in A549 lung cancer cells: (1) no treatment; (2)
Au—G3; (3) G3; (4) G5; (5) Au—G3/BCL2 siRNA; (6) G3/BCL2-

siRNA; (7) G5/BCL2-siRNA; (8) Au/G3-scrambled siRNA. Gene ex-

pression was calculated as a ratio of the band intensity of the
BCL2 gene to that of the internal standard, 32-m and then the

treatment (lane 1). This indicated minimal influence
of Au—G3, G3 PPI, or G5 PPl on the expression of
BCL2 gene. In contrast, after incubation with G3/
BCL2 siRNA and G5/BCL2 siRNA, the BCL2 mRNA
level was suppressed to ~80% (Figure 6, lane 6) and
52% (Figure 6, lane 7) respectively. However, the
BCL2 siRNA nanoparticles fabricated by Au—G3 are
even more efficient than those fabricated by G5 PPI
in inhibiting the BCL2 mRNA expression. The BCL2
mMRNA level was significantly suppressed to ~28%
after incubation with Au—G3/BCL2 siRNA nanopar-
ticles. These results are striking and soundly demon-
strated that the Au NPs can help the low genera-
tion dendrimers effectively deliver siRNAs into
cancer cells and efficiently inhibit their target mRNA
expression. To further study the gene knockdown

specificity of the BCL2 siRNA delivered by Au—G3,
Au—G3 was complexed with a scrambled siRNA,
and the BCL2 mRNA level of the cell was analyzed af-
ter incubation with Au—G3/scramble siRNA for

24 h. As shown in Figure 6 lane 8, there was no inhi-
bition on BCL2 gene expression after the treatment
of A549 cells with control scrambled siRNA com-
plexed with Au—G3, confirming the specificity of
BCL2 siRNA delivered by Au—G3 to knockdown its
target mRNA.

ratio of each sample was normalized to that of the sample with- In Vitro Cytotoxicity of G3 PPl vs Au—G3. To examine

out treatment. In samples (5—8), an N/P ratio of 2.4 was used,

and the final concentration of siRNA in the cell medium was 0.25  Whether Au—G3 influenced the cell viability of A549

M. The concentration of primary amine in all samples (2—8)
was 25 pM.

intensity of each cell was ~60% higher in the case of
Au—G3/siRNA than in the case of G3/siRNA. This result
quantitatively confirms that the Au—G3 is significantly
more efficient in delivering siRNA into cancer cells.
Gene Knockdown. The ability of the siRNA nanoparticles
fabricated by Au—G3 to silence the target mRNA ex-
pression was studied with a quantitative reverse
transcriptase —polymerase chain reaction (RT-PCR).
21-bp siRNA designed to silence BCL2 mRNA to sup-
press nonpump drug resistance was used. For compari-
son, we also performed the same experiment on the
siRNA nanoparticles fabricated by G3 PPl dendrimers
as well as higher generation G5 PPl dendrimers. G5 PPI
dendrimers have been demonstrated to be much more
efficient in packaging and delivering antisense ODNs
into cancer cells compared to G3 PPl dendrimers.” The
same trend was also demonstrated in our recent work
in siRNA delivery.?° A549 cancer cells were incubated for
24 h with siRNA nanoparticles fabricated by G3 PPI, G5
PPI, and Au—G3 respectively. Gene expression was cal-
culated as a ratio of band intensity of BCL2 mRNA to
that of internal standard, 32-m and then the ratio of
each sample was normalized to that of sample without
treatment. As shown in Figure 6, Au—G3, G3 PPI, G5 PPI
alone without siRNA showed similar level of BCL2
mRNA (lanes 2, 3, 4) as that of control cells without
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cancer cells, the cytotoxicity of Au—G3 was deter-

mined by MTT assay and compared with that of G3

PPI dendrimers alone. As shown in Figure 7, at a con-
centration of G3 PPI dendrimers up to 4 M, both G3 PPI
dendrimers and Au NPs modified by G3 PPl dendrimers
are nontoxic. In all our experiments, a concentration of G3
PPI dendrimer up to 1.57 M has been used.

In conclusion we report a novel approach to effi-
ciently package and deliver nucleic acids with low gen-
eration dendrimers by using Au NPs as a “labile cata-
lytic” packaging agent. The Au NPs help low generation
dendrimers to package nucleic acids into discrete nano-
particles but are not included in the final DNA/siRNA
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Figure 7. Viability of A549 cells after incubation with G3 PPI
dendrimers or Au NPs modified with G3 PPl dendrimers for
24 h at 37 °C. The data show that at a concentration of G3 PPI
dendrimer up to 4 uM (which is relevant to our cell uptake

study), both G3 PPl dendrimer and Au NPs modified by G3

PPI dendrimers are nontoxic.
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complexes. Compared to the siRNA nanostructures
(mainly nanofibers) fabricated by low generation den-
drimer alone (G3 PPI), the siRNA nanoparticles pack-
aged using this novel approach (by Au NPs modified
with G3 PPI) can be internalized by cancer cells, and the
delivered siRNAs can efficiently silence their target
mMRNA. The efficiency of mRNA silencing by the pro-
posed approach is even superior to higher generation
dendrimers (G5 PPI). More importantly, the Au NPs can
be selectively separated from the siRNA complex solu-

METHODS

Chemicals. The PGL-3 luciferase control vector (5256 bp), which
contains the SV40 promoter and enhancer sequences, was pur-
chased from Promega (Madison, WI). Polypropyleneimine hexa-
decaamine dendrimer (PPl dendrimer) generation-3 (G3) and
generation-5 (G5) and other chemicals used in this study were
purchased from Aldrich (Milwaukee, WI) and used without fur-
ther purification. Fluorescent RNA duplex, siGLO green siRNA
transfection indicator, was obtained from Applied Biosystems
(Ambion, Inc., Foster City, CA). siRNA that is sequence specific
for human BCL2 mRNA was custom synthesized by Ambion (Aus-
tin, TX). The sequence of the siRNA used is as follows: sense
strand, 5'-GUGAAGUCAACAUGCCUGC-dTdT-3’; antisense
strand, 5'-GCAGGCAUGUUGACUUCAC-dTdT-3".

Fabrication of Au NPs Modified with G3 PPl Dendrimers. A 32.8 mg por-
tion of G3 PPl dendrimer was mixed with 8.8 mL of 2.45 mM
HAuCl, solution with a molar ratio of 0.90:1 and then heated at
80 °C for 1 h with continuous stirring. The clear solution thus ob-
tained was cooled to room temperature and dialyzed (3.5k Da
cutoff regenerated cellulose tubular membrane) against 200 mL
of double-distilled water twice for a total of 4 h. The dialyzate
thus obtained was used as stock solution.

Determination of PPl G-3 Dendrimer Concentration in the Au NPs
Modified with PPI G-3 Dendrimers. To determine the PPI G-3 den-
drimer concentration in the Au NP modified with PPI G-3 den-
drimer stock solution, an improved 2,4,6-trinitrobenzenesulfonic
(TNBS) acid method was used. Briefly, 75 L of aqueous 0.03 M
TNBS is added to 4.0 mL of 0.042 M sodium tetraborate buffer
containing different amounts of samples. The thus-obtained so-
lution was shaken in a shaking block for 1 h and then ~3 mL of
the solution was transferred into a quartz cuvette for UV—vis
analysis. A 75 pL aliquot of aqueous 0.03 M TNBS in 4 mL of 0.042
M sodium tetraborate buffer was used as blank solution. The ab-
sorbance at 420 nm was used to obtain the calibration curve
and determine the dendrimer concentration in the Au stock
solution.

Plasmid DNA Condensation by the Au NPs Modified with G3 PPI
Dendrimers. Condensation experiments were conducted in DI wa-
ter by adding a suitable amount of stock solution of Au NPs to
a diluted plasmid DNA solution in water. The resultant mixture
was mixed by a vertex machine for several seconds. The final
DNA phosphate concentration is 2.0 wM, and the ratio of periph-
eral nitrogen of PPl G-3 dendrimer to the phosphorus of plas-
mid DNA (N/P value) is 6:1.

Packaging siRNA with G5 PPl Dendrimers and with Au NPs Modified with
@3 PPI Dendrimers for Cell Uptake Experiment. The condensed siRNA
complexes were prepared at an N/P ratio of 2.4 either in DI wa-
ter or 10 mM Hepes buffer (pH 7.2) by adding a stock solution of
PPI G5 dendrimer or a stock solution of Au—G3 into prepared
siRNA solution. The samples were vortexed briefly, and the solu-
tions were then incubated at room temperature for 30 min be-
fore being dosed.

Cell Lines. Human lung carcinoma cell line A549 was obtained
from the ATTC (Manassas, VA). Cells were cultured in RPMI 1640
medium (Sigma Chemical Co., Louis, MO) supplemented with
10% fetal bovine serum (Fisher Chemicals, Fairlawn, NJ). Cells
were grown at 37 °C in a humidified atmosphere of 5% CO, (v/v)
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tion without influencing the integrity of the siRNA com-
plexes, which provides a possibility of removing the
Au NPs before the nucleic acid NPs are delivered, pre-
venting cytotoxicity of the Au NPs. This is a new con-
cept in using inorganic engineered NPs in nucleic acid
packaging and delivery applications. Currently, we are
carrying out detailed studies on the mechanism of this
novel packaging approach and the cellular uptake,
gene knockdown efficiency, and the toxicity of the nu-
cleic acid complex after removal of Au NPs.

in air. All of the experiments were performed on the cells in ex-
ponential growth phase.

Cytotoxicity. The cellular cytotoxicity of G3 PPl dendrimers
and Au—G3 was assessed using a modified MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
Cells were seeded into 96-well microtiter plates at the density
of 10 000 cells per well. After incubation for 24 h, media were as-
pirated and various concentrations of G3 or Au—G3 in fresh cell
growth medium (200 p.L/well) were added. Control cells were
added with equivalent volume of fresh media. Cells were cul-
tured for 24 h before the cell viability assay was performed. The
old medium was removed and 100 pL of fresh medium and 25
wL of a 5 mg/mL MTT (Fluka) solution in DPBS was added to each
well. Plates were then incubated under cell culture conditions
for 3 h. Every well was then allotted 100 p.L of 50% (v/v) dimeth-
ylformamide in water containing 20% (w/v) sodium doecyl sul-
fate (with pH adjusted to 4.7 by acetic acid) and incubated over-
night to dissolve the formazan crystals. The absorbance of each
sample was measured at 570 nm with a background correction
at 630 nm. On the basis of these measurements, IC50 doses of G3
PPI dendrimers and Au—G3 (the concentrations of G3 neces-
sary to inhibit the cell growth by 50%) were calculated.

Cellular Internalization. Cellular internalization of FAM-labeled
siRNA nanoparticles packaged with Au NPs modified with G3
PPl and G3 PPI alone were analyzed by fluorescence microscope
(Olympus America Inc., Melville, NY). A549 cells were plated
(20 000 cells/well) in 6-well tissue culture plate and cultured for
24 h. The cells were then treated with siRNA nanoparticles pack-
aged with Au NPs modified with G3 PPl or siRNA nanoparticles
packaged with G3 PPI alone, respectively, for 24 h. The concen-
tration of G3 PPI dendrimer for both cases was 1.57 uM, and the
concentration of siRNA was 0.25 wM. After 24 h of treatment,
cells were washed three times with phosphate buffered saline
(PBS), and 1 mL of media was added to each well.

Gene Knockdown. The ability of the siRNA delivered by Au NPs
modified with G3 PPI, G3 PPl dendrimers, and G5 PPI dendrim-
ers to silence the target mRNA expression was studied with
quantitative reverse transcriptase-polymerase chain reaction (RT-
PCR). A549 cells were placed in small flasks at a density of
750 000 cells/flask and cultured for 24 h. Then the cells were
treated with different siRNA nanoparticles. Cells were also
treated with Au—G3 complex with scrambled siRNA, Au—G3,
G3 PPI, and G5 PPI, respectively, as control. After 24 h of incuba-
tion of A-549 lung cancer cells with different formulations, the
total cellular RNA was isolated using an RNeasy kit (Qiagen, Va-
lencia, CA). First strand cDNA was synthesized by Ready-To-GO
You-Prime First-Strand Beads (Amersham Biosciences, Piscat-
away, NJ) with 4 mg of total cellular RNA and 100 ng of random
hexadeoxynucleotide primer (Amersham Bioscience). After syn-
thesis, the reaction mixture was immediately subjected to a poly-
merase chain reaction, which was carried out using a GenAmp
PCR System 2400. The pairs of BCL2 and 2-m primers were used
to amplify each type of cDNA. PCR products were separated in
4% NuSieve 3:1 Reliant agarose gels in 1X TBE buffer (0.089 M
Tris/borate, 0.002 M EDTA, pH 8.3; Research Organic Inc., Cleve-
land, OH) by submarine electrophoresis. The gels were stained
with ethidium bromide, digitally photographed, and scanned us-
ing Gel Documentation System 920 (NucleoTech, San Mateo,
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CA). Gene expression was calculated as the ratio of mean band
density of analyzed RT-PCR product to that of the internal stan-
dard (B2-m). In preparing all siRNA complex, an N/P ratio of 2.4
was used, and the final concentration of siRNA in cell medium
was 0.25 wM. The concentration of primary amine of PPl den-
drimers in all samples was 25 pM.

Atomic Force Microscopy. AFM images were obtained using
Nanoscope llIA equipment (Digital Instruments, Santa Barbara,
CA) in tapping mode, operating in ambient air. A 125 pm long
rectangular silicon cantilever/tip assembly was used with a
spring constant of 40 N/m, resonance frequency of 315—352
kHz, and tip radius of 5—10 nm. The applied frequency was set
on the lower side of the resonance frequency. The image was
generated by the change in amplitude of the free oscillation of
the cantilever as it interacted with the sample. The height differ-
ences on the surface are indicated by the color code, lighter re-
gions indicating increase in height of the NPs. To image DNA or
siRNA nanoparticles, 5 L of the prepared complex solutions was
deposited on a freshly cleaved mica surface. After 3—6 min of in-
cubation, the surface was rinsed with 2—3 drops of nanopure
water (Barnstead), and dried under a flow of dry nitrogen. Height
and outer diameter of the nanoparticles were measured using
the Nanoscope software. Data are given as mean * standard er-
ror of the mean.

UV-Visible Absorbance. An appropriately diluted solution of Au
NPs was transferred to a UV—vis cuvette for analysis by Cary
300 UV—vis spectrophotometer (Varian Inc., CA). The sample
was scanned from 800 to 200 nm.

Transmission Electron Microscopy (TEM). TEM analyses of siRNA/
DNA condensates were performed using Libra 120 Energy Filter-
ing TEM (Carl Zeiss). A 5 L portion of the siRNA/DNA conden-
sate solution was deposited on a carbon-coated 200 mesh
copper grid that was glow discharged for 1 min. After 3 min,
the sample was drained off with a filter paper and further dried
with a flow of N, gas. Then the sample was viewed on the elec-
tron microscope, and photographs were taken using a SSCCD
camera attached to the microscope. Some samples were also im-
aged in the energy filtering TEM mode®® and analyzed by Au el-
emental analysis by setting the energy slit to 2386 eV, which is
the M5 edge of Au element.

Flow Cytometry. Flow cytometry analyses were performed on
a Cytomics FC500 cytometer (Beckman-Coulter). An air-cooled
argon laser was used to excite the siGLO green siRNA (FAM-
labeled) at 488 nm, and the emitted light was collected at 525
nm after being filtered by a 525 nm band-pass filter. Under this
excitation condition, the emission from Au/PPI nanoparticles
alone was barely detected. The cells were gated by forward and
side-scatter parameters, and data were collected from a popula-
tion of 10 000 gated cells. The data were analyzed using the Cy-
tomics FC500 RXP software.
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