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Abstract
siRNA-aptamer chimera is emerging as a highly promising approach for cell-type specific delivery
of siRNA due to the outstanding targeting capability of aptamer and the compatibility of chimera
with native ribonuclease (Dicer) processing. For efficient RNA interference (RNAi), however,
additional challenges must be addressed, in particular how to get siRNA out of endosome after cell
entry and how to preserve aptamer targeting specificity when chimeras are combined with delivery
carriers. Here, we report a rationally designed nanoparticle vector that simultaneously displays
large surface area for high siRNA payload, exposed aptamer for specific targeting, proton sponge
effect for endosome escape, and fluorescence for imaging and quantification. A key concept of
this work is to graft chimeras onto nanoparticle surface via a two-step process: first immobilizing
siRNA onto nanoparticle via non-covalent interactions to facilitate intracellular unpackaging and
reduce nanoparticle surface charge (avoiding non-specific electrostatic interactions between
aptamers and nanoparticles), and then coupling siRNA and aptamer with retained conformation
and high accessibility. Compared with conventional one-step adsorption of siRNA-aptamer
chimeras onto nanoparticles with random orientations and conformations, which does not elicit
much improved RNAi effect than non-targeted nanoparticle-siRNA complexes (~6-8%
improvement of the total cell population), under the same RNA concentration our approach shows
selective gene silencing and enables 34% more silenced cells of the total cell population over non-
targeted nanoparticle-siRNA complexes. This remarkable difference in RNAi efficiency using
nanoparticle-chimera complexes is directly related to cell uptake discrepancy resulted from
aptamer conformation on nanoparticle surface (intact vs. random).
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siRNA is of considerable current interest in biology and medicine because it can elicit
potent, target-specific knockdown of virtually any mRNA, creating new opportunities for
functional genomics studies and medical treatment of tough diseases.1-3 Similar to other
antisense approaches, applying siRNA technology in vivo, however, still faces major
challenges, particularly the technical hurdles in selective delivery.4 To guide siRNA to
diseased cells, targeting ligands such as small molecules, lipids, peptides, and proteins have
been linked directly to siRNA or on the surface of siRNA carriers.5-10 Most recently,
siRNA-aptamer chimera, employing only RNA molecules, has emerged as a promising
approach for efficient delivery of siRNA to specific cell types, owing to its low
immunogenicity, ease of chemical synthesis and modification, and the outstanding targeting
specificity of aptamer. For example, chimeras composed of aptamer targeting prostate
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specific membrane antigen PSMA and siRNA targeting anti-apoptotic genes have been
identified and optimized.11, 12 The aptamer block recognizes PSMA on prostate tumor cell
surface and leads to chimera cell internalization, whereas the siRNA block enzymatically
cleaved from the chimera causes cell death. Significantly reduced tumor mass was observed
in mouse xenograft models of prostate tumor after administration of the chimera, though the
exact mechanism of how chimera escape endosome after cell entry remains unclear.13 This
limitation may help explain the fact that high concentrations of chimera were used in these
pioneer studies to treat prostate tumors.11, 12

A solution to this problem and potential improvement of the chimera technology is to
combine chimeras with nanocarriers with endosome rupturing capabilities. Recent advances
in bionanotechnology and molecular engineering have produced a number of siRNA
delivery strategies based on liposome, cationic polymers, and most recently inorganic
nanoparticles such as gold, silica, magnetic, and semiconductor nanoparticles.14-18 In
addition to the endosome rupture capability, inorganic nanoparticles often provide imaging
functionalities as well due to their unique electronic, optical, and magnetic properties, which
enable real-time imaging of siRNA delivery, distribution, and intracellular behavior.19 For
example, we have previously reported the combination of quantum dots (QDs) with
zwitterionic amphiphilic polymers for efficient in vitro siRNA delivery.20, 21 The intrinsic
fluorescence of QDs and exquisitely designed energy transfer assays allow real-time
observation of siRNA cell entry, endosome escape, and separation with the nanoparticle
carrier.20 A common feature shared by these existing nanocarriers is that they are positively
charged, which is essential for siRNA immobilization, condensation, and escape from
endosome and lysosome. On the other hand, this high positive charge also creates a problem
for targeted delivery of siRNA-aptamer chimeras. Since both the siRNA and aptamer blocks
are negatively charged RNA molecules, they will non-specifically ‘collapse’ onto cationic
materials and thus affect aptamer conformation and selective binding (Fig. 1a). Indeed,
using planar microarray chips, Walter et al. have shown that aptamers interact with
positively charged surface electrostatically, resulting in unfolding of aptamers and loss of
binding activity.22

Thus, we hypothesize that the control of aptamer orientation and 3D conformation on the
surface of nanoparticles is critical in preserving its targeting functionality (at least for some
aptamer sequences). Ideally, the siRNA block should become the anchor point for
interaction with cationic nanoparticles for reduced enzymatic degradation and non-specific
interaction with cells and tissues, whereas the aptamer block should stay on the outside with
minimized interaction with nanoparticle surface. Towards this goal, here we present a two-
step approach to link siRNA-aptamer chimeras onto nanoparticles with endosome-rupturing
capability. In contrast to single-step adsorption of pre-formed chimeras onto nanoparticles
(Fig. 1a), siRNA molecules (targeting eGFP) with a thiol-reactive terminal group are first
adsorbed onto polyethylene imine (PEI)-coated nanoparticles electrostatically (Fig. 1b). This
non-covalent interaction not only facilitates siRNA detaching from the nanocarrier inside
cells but also helps neutralize some of the positive charges on nanoparticle surface. In the
second step, aptamers (targeting PSMA) with a single thiol group away from the binding site
are brought in to form siRNA-aptamer chimeras. Due to the reduced positive charge on
nanoparticles, their interaction with aptamers is weakened, thus help retain aptamer
flexibility, accessibility, and original binding activity. Note that QD is selected as a model
system because of its excellent photoluminiscent properties for real-time imaging. We
expect the design principles learned from these studies can be generalized because other
types of nanoparticles can be readily made with similar surface chemistry.
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RESULTS AND DISCUSSION
Water-soluble QDs are prepared by molecular self-assembly of hydrophobic QDs with
amphiphilic copolymers (poly(maleic anhydride-alt-1-tetradecene), or PMAT).23 The
resulting QDs are highly stable in aqueous solution (due to the high-density carboxylic acid
groups of PMAT) with well-preserved optical properties. To capture siRNA and facilitate its
escape from endosome, PEI is conjugated to water-soluble QDs due to PEI’s pH buffering
capability, also known as the proton sponge effect.24 In contrast to prior reports on
formation of QD-PEI cluster of approximately 200 nm by mixing PEI with carbodiimide
compounds first,25 our approach by adding carbodiimide-activated QDs to PEI yields single
non-aggregated QDs (TEM images in Fig. 1c). Dynamic light scattering measurements of
purified QD-PEI particles shows an average hydrodynamic diameter of 32.2 ± 4.5 nm (Fig.
1d), which is ~10 nm greater than QD-PMAT (12.1 ± 0.7 nm) on both sides, indicating
successful conjugation of PEI to QDs. To further confirm this result, we characterized the
surface charge before and after PEI conjugation. The zeta potential of QDs reverses from
negative 43.9 ± 5.3 mV to positive 27.0 ± 4.5 mV, confirming a positively charged PEI layer
on QD surface.

To investigate the number of siRNA molecules that can be loaded on QDs, siRNA at a fixed
amount is mixed with QDs at various molar ratios and probed with gel electrophoresis. As
shown in Fig. 2a, when the molar ratio of siRNA/QD is below 50, no free siRNA band is
detected after SYBR® gold staining. Further increase of the molar ratio to 100 results in a
smeared stain of siRNA on the gel. These results indicate that at least 50 copies of siRNA
can be stably condensed with QD-PEI complexes, a loading capacity that is ~5 times higher
than that of the QD-zwitterionic amphiphilic polymer complexes we reported previously.20

This improvement is likely due to PEI’s higher density of positive charges and thicker
coating on QD surface compared to the monolayer of amphiphilic polymers on QD
surface.20 In general, high siRNA payload is desirable. For rational design of efficient
siRNA delivery vehicles, however, additional parameters beyond the siRNA loading
capacity must also be taken into account, such as the overall size of the final assembly that
affects nanoparticle behaviors both in vitro and in vivo. For example, it is well documented
that in plasma circulation, nanoparticle extravasation into tumors, clearance by kidney and
the reticuloendothelial systems (RES), and transfer to the lymphatic systems are all directly
correlated with particle sizes.26 Most recently, Jiang et al reported the size effect on
receptor-mediated endocytosis and suggested that 40-60 nm is the optimal size range for
enhanced uptake.27 As shown in Fig. 2b, quantitative DLS measurements reveal that QD-
siRNA complexes with siRNA/QD ratio below 25 are close to this optimal size range for
receptor mediated endocytosis. In contrast, above siRNA/QD ratio of 30, the particle size
increases rapidly to hundreds of nanometers, indicating formation of large aggregates. When
siRNA is in large excess, the particle size drops back down, a typical technique used in
charge-mediated layer-by-layer self-assembly to avoid aggregation.16 Following size
characterization, we evaluated QD-siRNA complexes in the optimal size range against the
next design criterion, nanoparticle surface charge. As aforementioned, we hypothesize that
the initial high positive charge of QD-PEI should be significantly reduced before addition of
aptamers. Indeed, the positive charge of QD-PEI gradually decreases as the siRNA/QD ratio
increases. The zeta potential drops to 19.6 ± 4.5 mV at ratio 10, and to 7.7 ± 6.3 mV at ratio
20, which is significantly lower than the original 27.0 mV of QD-PEI (Fig. 2b insert). We
thus proceeded with the siRNA/QD ratio of 20 for the following experiments since this
reduced positive charge should minimize interaction between QD-PEI and aptamer and help
retain aptamer’s activity.

For targeted cell specific delivery, a 41-base RNA aptamer targeting PSMA is coupled to
siRNA on nanoparticle surface, via the well-established thiol-disulfide exchange reaction.28
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Previous research has identified PSMA as one of the most attractive cell surface markers for
both prostate epithelial cells and neovascular endothelial cells.29 Accumulation and
retention of PSMA targeting probes at the site of tumor growth is the basis of
radioimmunoscintigraphic scanning (e.g., ProstaScint scan) and targeted therapy for human
prostate cancer metastasis. By combining QD-antibody bioconjugate targeting PSMA and
hyperspectral imaging, we have previously achieved molecular imaging of prostate tumors
in mouse models.30 In order to overcome the shortcomings of antibody-based targeting such
as immunogenicity, Coffey et al have identified two highly specific aptamer sequences for
PSMA targeting,31 both of which have been proven to be effective in a variety of
applications including formation of siRNA-aptamer chimeras for targeted prostate tumor
treatment.11, 12 To conjugate PSMA aptamer onto siRNA molecules, RNA aptamer
molecules with a terminal thiol group is added to (N - Succinimidyl 3-(2-pyridyldithio)-
propionate (SPDP) modified siRNA on the surface of QDs. The starting molar ratio of QD/
siRNA/aptamer in the reaction is kept at 1/20/10. The resulting siRNA-aptamer chimera is
analyzed with polyacrylamide gel electrophoresis (PAGE) after detaching from QD surface
due to treatment with sodium dodecyl sulfate (SDS). The 21bp double stranded siRNA and
the 41-base RNA aptamer share similar mobility (Fig. 2c, lane 1&2). Compared with the
control experiment where free siRNA and aptamer are conjugated (Fig. 2c, lane 3), the
reaction on the surface of QD-PEI shows virtually the same yield (~71%, 7 out of 10 copies
of aptamer reacted with siRNA) based on the approximate percentage of the chimera to free
siRNA and aptamer (Fig. 2c, lane 5). Note that in lane 3 and 5, the band with lower mobility
is siRNA-aptamer chimera, and the band with higher mobility is composed of a mixture of
unreacted siRNA and aptamer. Therefore, the final assembly of QD-chimera on average
should have a single QD, and ~20 copies of siRNA molecules with ~7 of them formed
chimeras with aptamer, as schematically plotted in Fig. 1b. Further characterization of the
fully assembled QD-chimera reveals a DLS size of 66.3 ± 2.2 nm and approximately neutral
surface charge (-1.8 ± 0.6 mV).

To address the central hypothesis of this work, the functionality and targeting capability of
the aptamer decorated on QD surface, we evaluated the cell uptake efficiency of QDs
directed by the PSMA aptamer. For direct comparison of our two-step bioconjugation
approach with the conventional methods where aptamers are linked to highly positively
charged nanoparticles with random conformation and orientation, two key control groups
are included in this study: (1) siRNA-SPDP complexed with QDs followed by addition of
aptamers without thiol modification (Random 1); and (2) preformed siRNA-aptamer
chimera mixed with QDs in a single step (Random 2). After 6 h incubation with PSMA-
positive C4-2B cells, fluorescence microscopy reveals that compared to QD-siRNA without
aptamer, random 1, and random 2 (Fig. 3b-d), the QD-chimera complexes prepared in the
two-step process (Fig. 3e) have significantly improved cell uptake as a result of aptamer
binding to PSMA antigen on the plasma membrane. This improved cell uptake indeed
demonstrates that the internalization of the nanoparticle-chimera is affected by the molecular
orientation and conformation of the PSMA aptamer.

Next, using eGFP-expressing C4-2B cells as a model, we evaluated the gene silencing effect
of this new class of nanoparticle-chimera complex with confocal microscopy and
quantitative flow cytometry. Fig. 4a-e shows confocal images of the C4-2B cells treated
with QD-siRNA without aptamer, random 1, random 2, and the QD-chimera. Qualitatively,
it appears that the high uptake efficiency of QD-chimera complexes is directly correlated
with efficient gene silencing (Fig. 4e), whereas QD-siRNA without aptamer (Fig. 4b) or
with aptamer in unfavorable conformation (Fig. 4c&d) do not lead to significant suppression
of GFP expression. The gene silencing efficiency and nanoparticle cell uptake are further
quantitatively assessed by fluorescence activated cell sorting (FACS), where cells are
evaluated with respect to the untreated eGFP-expressing cells (Fig. 4g). At the current gate
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value set with the GFP fluorescence intensity, the original untreated cells showed an eGFP-
positive population of 82.7%. QD-siRNA without aptamer vs. QD-siRNA-aptamer
complexes with random aptamer conformation show insignificant difference (6-8%) in gene
silencing (GFP-positive cells 63.3% vs. 55.9%, and 54.7%, respectively, Fig. 4h-j).
Remarkably, the GFP-positive cell group is reduced to 29.7% by the QD-chimera complexes
prepared with the two-step procedure, which represents a ~34% drop compared to the non-
targeted case (Fig. 4k). Taken together, these results clearly show the importance of aptamer
conformation for efficiently delivery of siRNA-aptamer chimera. Positive control using
cationic liposome (Lipofectamine™) to deliver preformed siRNA-aptamer chimera also
shows excellent gene silencing efficiency (16% eGFP-positive cells) (Fig. 4l), confirming
that the chemically conjugated siRNA-aptamer chimera is functional, similar to the chimera
structures obtained with in vitro transcription.11, 12 It is also noteworthy that using our
rationally designed nanoparticle vectors or Lipofectamine for chimera delivery, efficient
gene expression suppression can be achieved at much lower chimera concentration than
using chimera alone.11, 12

A remaining important issue is the cytotoxicity of the QD-PEI carrier, since the cationic
polymer PEI is known for its high transfection efficiency but at the same time high toxicity.
In our study, branched PEI (25 kD) is chemically conjugated to QD-PMAT. To ensure a fair
toxicity comparison of free PEI and PEI on nanoparticle surface (since toxicity is
concentration dependent), we first quantified the amount of PEI on nanoparticle surface
using the O-pthalaldehyde (OPA), a sensitive assay for analysis of primary amines (OPA
fluorescence wavelength is far away from that of QDs).32, 33 Based on this assay, we found
that on average approximately 8 PEI molecules are coated on the surface of individual QDs.
Cell viability is evaluated by cell titer-blue assay after 24 h incubation period. In contrast to
free PEI that shows fast increasing toxicity above concentration of 10 μg/mL (0.4 μM) in
C4-2B cells (Fig. 5a), QD-PMAT and QD-PMAT-PEI are generally non-toxic to cells in the
concentration range probed (QD concentration 0-150 nM, for QD-PMAT-PEI the PEI
concentration 0-1.2 μM) (Fig. 5b). This improved biocompatibility of surface bound PEI has
been previously observed on silica and poly(methyl methacrylate) nanoparticle as well,34, 35

although the exact mechanism is largely unknown at this time and deserves systematic
investigation in the future. Since the imaging and silencing experiments described above are
performed at a QD concentration of 4 nM in the presence of siRNA (siRNA/QD molar ratio
20:1), we further probed the cytotoxicity of QD-PEI in the presence of siRNA at two QD
concentration, 4 nM and a slightly elevated concentration of 10 nM (Fig. 5c). Regardless of
the aptamer orientation, all the complexes at both concentrations do not result in significant
toxicity with greater than 95% cell viability. The positive control Lipofectamine-RNA
complexes used at the manufacturer-recommended quantity show high cell viability as well.
These results indicate that the QD-chimera conjugates are non-toxic, which is perhaps not
too surprising since GFP is a non-essential gene for cell survival.

CONCLUSIONS
In conclusion, we have developed a new technology for linking siRNA-aptamer chimera to
carrier nanoparticles, which simultaneously solved the technical hurdles previously
encountered in chimera delivery such as endosome escape and aptamer orientation control.
Since both siRNA and aptamer are RNA molecules and often share similar molecular
weight, it is hard to design cationic delivery vehicles that selectively bind to the siRNA
block, leaving the targeting aptamer block exposed. Based on a two-step process where
siRNA molecules are first adsorbed onto nanoparticle surface electrostatically for
nanoparticle surface charge reduction and easy intracellular unpackaging, and then coupled
with aptamer for retained conformation and high accessibility, our approach shows
significantly improved gene silencing over the conventional approaches based on simple
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mixing of siRNA-aptamer chimeras with cationic nanoparticles. To demonstrate the
concept, QDs are used as a model system due to their unique optical properties and
advantages of optical imaging (e.g., excellent sensitivity, resolution, multiplexing capability,
and low cost) over other imaging modalities for cellular and small animal studies. They are
the ideal tool for discovery and validation in cells and small animals, but their potential uses
in humans as drug delivery vehicles are unclear at this time because bioconjugated CdSe-
based QDs cannot be efficiently cleared from the body either as intact particles or as ions
(for detailed discussions see recent review articles by Zrazhevskiy).36, 37 Fortunately, recent
advances in nanotechnology have produced a large number of organic and inorganic
nanoparticles with better in vivo biocompatibility than semiconductor QDs, and can be
engineered in the same fashion for efficient and cell type-selective delivery of siRNA.
Therefore, we expect the technology reported here can be generalized to help link siRNA-
aptamer chimera with other types of nanoparticles in favorable conformation. Furthermore,
as current research in biology and high-throughput screening produces more and more
siRNA and aptamer sequences and combinations, we envision our technology will open new
opportunities in targeted delivery and help develop individualized therapy based on siRNA-
aptamer chimera.

METHODS
Unless specified, chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used
without further purification. SPDP crosslinker and DTT were purchased from Pierce
(Rockford, IL). Hydrophobic CdSe/ZnS core-shell QDs (620nm emission) were a gift from
Oceannanotech LLC (Springdale, Arkansas). Human prostate cancer cell line C4-2B (a
lineage derived LNCaP subline) stably transfected with GFP was received from our
collaborator, Prof. Bob Vessella, and was maintained in G418 antibiotics (0.02 mg/mL)
supplemented RPMI-1640 medium with 10% FBS (Gibco, Carlsbad, CA). siRNA targeting
eGFP with a 5′ amine on the sense strand was purchased from Dharmacon (Lafayette, CO).
The sequences of the sense and antisense strands are 5′-N6-
CAAGCUGACCCUGAAGUUCUU-3′ and 5′-GAACUUCAGGGUCAGCUUGCC-3′,
respectively. Lipofectamine™ reagent was obtained from Invitrogen Co. (Carlsbad, CA). A
UV-2450 spectrophotometer (Shimadzu, Columbia, MD) and a Fluoromax4 fluorometer
(Horiba Jobin Yvon, Edison, NJ) were used to characterize the absorption and emission
spectra of fluorescent materials. A tabletop ultracentrifuge (Beckman TL120) was used for
nanoparticle purification and isolation. The dry and hydrodynamic radii of QDs were
measured on a FEI TECNAI G2 F20 S-TWIN electron microscope and a nanoparticle size
analyzer (NanoZS, Worcestershire, United Kingdom). Confocal fluorescence micrographs
were obtained on a Zeiss confocal microscope (LSM 510, Germany) equipped with DPSS,
argon, and He/Ne lasers with lines at 405, 458, 488, 543, and 633 nm. Electrophoretic gel
images were acquired with a macro-imaging system (Lightools Research, Encinitas, CA).

Preparation and characterization of QD-PMAT-PEI
To solubilize hydrophobic CdSe/ZnS core-shell QDs coated with tri-n-octylphosphine oxide
(TOPO), QDs were mixed with amphiphillic polymer, PMAT, in chloroform at a molar ratio
of 1:500. The solvent was slowly evaporated, resulting in the formation of a thin film of
QD-polymer mixture. The dried film was dissolved in 50 mM borate buffer (pH 8.5) and
filtered through 0.2 μm syringe filter. The obtained solution was subjected to three rounds of
ultracentrifugation at 55,000 rpm for 1 h to remove excess PMAT polymers. The purified
water-soluble QDs were characterized for absorption, fluorescence emission, hydrodynamic
size and zeta potential. The carboxyl groups on the surface of water-soluble QD-PMAT (1
nmole, in 2 mL PBS) were activated with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDAC, 5 μmole) for 15 minutes and the QDs were added to a PEI solution (0.5 μmole in 3

Bagalkot and Gao Page 6

ACS Nano. Author manuscript; available in PMC 2012 October 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ml PBS). The reaction was stirred for 4h at ambient temperature, and excess PEI was
removed by three rounds of ultracentrifugation (35,000 rpm for 30 minutes), filtered with
0.2 μm syringe filter and resuspended in cell culture grade PBS (Dulbecco).

Binding of siRNA to QD-PMAT-PEI
To determine the binding ratio of siRNA to QDs, 5′ amine modified siRNA against eGFP
(20 pmole) was mixed with 2, 1.33, 1, 0.8, 0.66, 0.4, 0.2 pmole QD-PMAT-PEI and
incubated for 20 minutes to obtain QD:siRNA molar ratios of 1:10, 1:15, 1:20, 1:25, 1:30,
1:50, and 1:100. The complexes were loaded on agarose gel for electrophoretic analysis and
stained with SYBR gold dye to detect siRNA.

Modification of siRNA with SPDP and aptamer with thiol group
2 nmole double stranded siRNA and 1 nmole aptamer with a 5′ amine were each dissolved
in PBS buffer and activated with SPDP crosslinker (20 nmole) initially dissolved in DMSO
for 2 h. excess SPDP crosslinker was removed by three rounds of centrifugation using a
membrane ultrafiltration filter tube (Vivaspin, MWCO:3000). For thiol modification of
aptamer, the SPDP modified aptamer was treated with DTT dissolved in PBS (500 mM, 50
μl) containing 10 mM EDTA for 1 h and excess DTT was again purified away with
ultrafiltration filters.

QD-chimera complex assembly and characterization
siRNA-aptamer chimera was prepared by mixing 80 pmole SPDP-modified siRNA with 40
pmole thiol-modified aptamer and incubated overnight. To assemble the QD-siRNA-
aptamer complexes, the molar ratio of QD:siRNA:aptamer 1:20:10 was used. First 4 pmole
QD-PMAT-PEI was mixed with 80 pmole siRNA-SPDP and incubated for 15 minutes for
siRNA binding to QD surface. After incubation either thiol-modified or unmodified aptamer
(40 pmole) was added to the above QD-PMAT-PEI-siRNA complex and incubated
overnight to form the QD-chimera (retained aptamer conformation) and QD-siRNA plus
non-reactive aptamer (random 1). The QD-chimera complex was further purified on
membrane ultrafiltration tube (Vivaspin, MWCO:5000). For the assembly of QD-siRNA
plus preformed chimera (random 2), first the SPDP modified siRNA (80 pmole) was reacted
with thiol modified aptamer (40 pmole) overnight and washed once on membrane
ultrafiltration filter tube (Vivaspin, MWCO:5000) to remove displacement side product of
the reaction (pyridine 2-thione), the obtained preformed siRNA-aptamer chimera was mixed
directly with 4 pmole QD-PMAT-PEI nanoparticles. The conjugates were characterized by
15% PAGE and stained with SYBR gold to detect siRNA. To release the chimera from
positively charged QDs, 1% SDS was used.

Cellular uptake of QD-siRNA-aptamer conjugates
For cell uptake studies, eGFP-expressing C4-2B cells were seeded in glass-bottom dishes
(Mat-tek) and were grown overnight before addition of QD-siRNA-aptamer complexes. The
QD-siRNA-aptamer complexes were assembled as indicated above, and diluted in cell
culture media at final QD concentration of 4 nM and incubated for 6 h. Confocal images
were obtained using 63x oil immersion objective on a Carl Zeiss LSM 510 Meta
microscope.

Microscopy and flow cytometry studies of eGFP down regulation in C4-2B cells
PSMA-positive eGFP-expressing C4-2B cells were seeded in 12-well plates at a density of 5
× 104 cells and maintained for 24 h before treated with QD (or Lipofectamine)-chimera
complex. For the QD studies, QD-siRNA without aptamer, QD-chimera (intact), random 1,
and random 2 complexes were added in 1 ml complete RPMI media to the cells. For
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transfection with Lipofectamine RNAimax, 3 μl/well transfection reagent (following
manufacturers protocol) was diluted in 100 μl OPTIMEM, mixed with preformed chimera
(100 μl) for 15 min, diluted in complete media (800 μl), and added to cells. The media was
changed with fresh medium after 6 h and cells were further incubated for 42 h. After 48 h
the cells were analyzed by a FACScan flow cytometer (~ 10,000 live cell events were
collected for each sample). For confocal imaging, QDs were excited with a 405 nm laser.
Fluorescence was detected passing a long pass emission filter (560 nm). eGFP was excited
with a 488 nm laser detected passing a band pass filter (505-530 nm).

Cytotoxicity by the CellTiter-blue assay
Cell viability was assessed with standard CellTiter-blue assay, C4-2B cells (15 × 103) were
seeded in 96 well plates and grown until 70% confluence. Cells were treated with the
nanoparticle-RNA complexes discussed above for 24 h, washed with PBS, followed by
addition of 20 μl the CellTiter-blue reagent. Cell viability was assessed by the absorbance of
the converted dye at excitation 570 nm and emission 590 nm on a TECAN Infinite M200
microplate reader.
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Figure 1.
Schematic representation of cationic nanoparticles for targeted delivery of siRNA-aptamer
chimera. (a) Immobilization of preformed siRNA-aptamer chimera onto positively charged
QD-PMAT-PEI nanoparticles. The aptamer block collapsed on the carrier results in reduced
binding activity. (b) Two-step immobilization of chimera on cationic nanoparticle surface.
siRNA molecules with a thiol-reactive terminal group are first adsorbed on QD-PMAT-PEI
surface to reduce the positive charge; subsequently aptamers with a single thiol group are
brought in to form the siRNA-aptamer chimera on the nanoparticle surface. (c) TEM image
of QD-PMAT-PEI nanoparticles (scale bar 10 nm). (d) Hydrodynamic diameter of QD-
PMAT (12.1 ± 0.7 nm) and QD-PMAT-PEI (32.2 ± 4.5 nm) nanoparticles.
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Figure 2.
Characterization of the two-step QD-chimera formation process. (a) Determination of
siRNA loading capacity on QD-PMAT-PEI surface. 20 pmole of siRNA is mixed with QDs
at various molar ratios (10, 15, 20, 25, 30, 50, and 100). Free siRNA are undetectable up to
1:50 siRNA:QD molar ratio, however at 1:100 ratio the green flourescence of SYBR gold-
stained siRNA can be seen indicating that at least 50 siRNA molecules can bind onto each
QD. (b & insert) Hydrodynamic size and zeta potential measured by DLS of QD-PMAT-PEI
nanoparticles before and after siRNA loading. The particle size of the complexes increases
with increasing siRNA/QD molar ratio 5, 10, 15, 20, 25, 30, 40, 50, 60 and 100 as follows
66.3 ± 23.8 nm, 46.0 ± 18.9 nm, 42.4 ± 4.29 nm, 41.6 ± 5.0 nm, 31.4 ± 3.9 nm, 193.1 ±
141.3 nm, 625.7 ± 106.4 nm, 1067.8 ± 443.0 nm, 243 ± 177.5 nm, 76.5 ± 47.8 nm
respectively. The zeta potential values for QD-PMAT and QD-PMAT-PEI are -43.9 ± 5.3
mV and 27.0 ± 4.5 mV. After siRNA binding at siRNA/QD molar ratio 5, 10, and 20, the
values become 27.4 ± 6.1 mV, 19.6 ± 4.5 mV, and 7.7 ± 6.3 mV, respectively. The average
values and error bars are calculated based on three runs. (c) Polyacrylamide gel (10%)
characterization of thiol-aptamer conjugation with siRNA-SPDP after complexation on QD
surface. Lane 1-5 are siRNA, aptamer, siRNA-aptamer chimera formed in solution, QD-
siRNA with SDS, and chimera formed on QD surface with SDS, respectively. The DNA
ladder on the left is a 10bp ladder (Track it Orange, Invitrogen). The yield of the siRNA –
aptamer conjugation reaction does not change with or without QDs.
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Figure 3.
Intracellular uptake of QD-siRNA-aptamer in PSMA-positive eGFP-expressing C4-2B cells
after 6h incubation. (a) Untreated C4-2B cells, (b-d) cell uptake of QD-siRNA without
aptamer, QD-siRNA with non-reactive aptamer (Random 1), and QD with preformed
chimera (Random 2), and (e) QD-chimera formed via the two-step process. The uptake of
QD-chimera with intact aptamer conformation is remarkably higher than that in b-d. The red
dot outside cells in panel d is likely a QD aggregate.
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Figure 4.
Evaluation of eGFP gene silencing in C4-2B cells with confocal microscopy and flow
cytometry. (a) Untreated C4-2B cells only, (b) cells treated with QD-siRNA without
aptamer, (c) cells treated with QD-siRNA and aptamer without terminal thiol group (random
1), (d) cells treated with QD and preformed chimera (random 2), (e) cells treated with QD-
chimera with retained aptamer conformation, and (f) cells treated with Lipofectamine-
chimera. Fluorescence imaging shows significant GFP reduction (green) and QD
fluorescence (red) in (e). (g-k) Quantitative flow cytometry of eGFP silencing corresponding
to the above fluorescence imaging studies. At the current gate value, the eGFP-positive cells
are 82.7%, 63.3%, 55.9%, 54.7%, and 29.7%, respectively, revealing enhanced silencing is
only observed when aptamer is in its native conformation. The flow cytometry study also
confirms the microscopy result on enhanced uptake of QD-chimera with intact
conformation. Compared to cells treated with QD-siRNA without targeting aptamer (h),
cells in random 1 (i), random 2 (j), and QD-chimera (k) experiments on average uptake
approximately 1.4, 1.4, and 2 times more particles revealed by the QD fluorescence channel.
(l) Positive control using Lipofectamine confirms the activity of the chimera.
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Figure 5.
Dose-dependent cytoxicity of free PEI and QD-PMAT-PEI nanoparticles in C4-2B cells
after 24 h treatment. (a) free PEI shows a sharp decline in cell viability above 0.4 μM. (b)
QD-PMAT and QD-PMAT-PEI nanoparticles are not toxic to cells upto 150 nM based on
QDs (for QD-PMAT-PEI the PEI concentration is 1.2 μM). (c) Comparison of cytotoxicity
of QD-PMAT-PEI (4 and 10 nM) in the presence of siRNA. Cell viabilities after treatment
with QD-siRNA, random 1, random 2, QD-chimera with preserved conformation,
Lipofectamine with siRNA and Lipofectamine with preformed chimera, compared with
untreated cells. The assembled complexes at the above concentrations are non-toxic to cells.

Bagalkot and Gao Page 15

ACS Nano. Author manuscript; available in PMC 2012 October 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


