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R
NA interference (RNAi) is a natural
cellular post-transcriptional gene reg-
ulation process that utilizes small

double-stranded RNAs to trigger guided
gene silencing.1 By introducing synthetic
RNA duplexes called small-interfering RNAs
(siRNAs),2 we can harness the RNAi machin-
ery for therapeutic gene control and the
treatment of various diseases.3�6 RNA
nanotechnology offers an advantage of pre-
cise control over the composition and stoi-
chiometry of the delivered cargo.5,7�15 RNA
molecules can be programmed7,8,16�23 to
form a wide variety of compact and stable
artificial three-dimensional nanostructures
(called RNA nanoparticles) suitable for the
broad range of clinical and nanotechnolo-
gical applications.5,9,11,14,24�31 Recently, we
developed a strategy based on RNA�DNA
hybrids that can be generally used for trig-
gering activation of different functionalities
in vitro and in vivo.32,33 The key idea is to

split the functional entity (e.g., Dicer Sub-
strate RNAs or DS RNAs, RNA aptamers, FRET
pair of dyes) into two RNA�DNA hybrids.
The resulting inactive hybrids are decorated
with complementary ssDNA toeholds which
will interact and trigger the reassociation
process when both of the cognate hybrids
are present in close proximity. The reasso-
ciation releases the split functionalities and
restores their original function. Utilizing this
novel approach involving RNA�DNA
hybrids7,8,32,33 and our expertise in RNA
nanotechnology,8,17 we have developed
RNA�DNA and DNA�RNA hybrid nano-
cubes consisting of either RNA or DNA cores
(composed of six strands), respectively, with
six attached RNA�DNA hybrid duplexes.
After addition of six cognate hybrids to the
hybrid nanoparticles, the complementary
toeholds in each duplex initiate reassocia-
tion of the DNA strands, displacing the RNA
strands. This regulated displacement from a

* Address correspondence to
shapirbr@mail.nih.gov.

Received for review August 12, 2014
and accepted December 11, 2014.

Published online
10.1021/nn504508s

ABSTRACT Control over cellular delivery of different function-

alities and their synchronized activation is a challenging task. We

report several RNA and RNA/DNA-based nanoparticles designed to

conditionally activate the RNA interference in various human cells.

These nanoparticles allow precise control over their formulation,

stability in blood serum, and activation of multiple functionalities.

Importantly, interferon and pro-inflammatory cytokine activation

assays indicate the significantly lower responses for DNA nanopar-

ticles compared to the RNA counterparts, suggesting greater

potential of these molecules for therapeutic use.
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DNA partner induces the reassociation of the RNA
duplexes, which are further processed by the human
Dicer enzyme, thus activating RNAi.

RESULTS AND DISCUSSION

Overall, three different types of RNA�RNA, RNA�D-
NA and DNA�RNA functional nanoparticles (sche-
matically shown in Supporting Information Figure S1)
were designed and tested in this work. All three-
dimensional models of the functional nanoparticles
presented in this work were generated as detailed in
Methods. The experimental results are presented and
discussed below.

RNA Nanocubes. We first used previously char-
acterized six-stranded RNA nanocubes17 with three

single-stranded uracils at the corner16 as scaffolds for
the controlled delivery of multiple siRNAs. Through
30-side extensions of individual scaffold strands, RNA
nanocubes were functionalized with six Dicer Sub-
strate RNAs or DS RNAs34 (Figure 1a). DS RNAs are
needed to promote the intracellular release of siRNAs
through dicing (Supporting Information Figure S2a).24

To study the potential use of RNA scaffolds for simul-
taneous delivery of multiple siRNAs, nanocubes func-
tionalized with six fluorescently labeled DS RNAs were
transfected using Lipofectamine 2000 (L2K) into
human breast cancer cells (Figure 1b, Supporting
Information Figure S1), visualized by confocal fluores-
cence microscopy and analyzed by fluorescence-
activated cell sorting (FACS). The results reveal

Figure 1. Activation of RNAi with RNA nanocubes 30-side functionalized with six Dicer substrate RNAs. (a) Schematics of
nanocube formation and release of siRNAs through dicing. (b) Cellular uptake of fluorescently labeled cubes (10 nM) and
duplexes (60 nM) was assessed with confocal microscopy and analyzed by flow cytometry. (c) Localization of fluorescently
labeled functional nanocubes (10 nM) with commonly used markers for endosomal compartments EEA1 and Rab7. (d) GFP
knockdown assays for human breast cancer cells (MDA-MB-231/GFP) which stably express GFP. At 3, 5, 6, 7, 12, and 14 days
after the transfection of cells with nanocubes, eGFP expressionwas statistically analyzedwith flow cytometry experiments. As
the control, siRNAduplexes against eGFPwere used for all timepoints. gMFI corresponds to the geometricmean fluorescence
intensity. Error bars denote SEM. The images were taken 3 days post-transfection.
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significant intracellular uptake of the functionalized
nanocubes through endocytosis (Figure 1c). Intracel-
lular release of siRNAs activating RNAi (Figure 1d and
Supporting Information Figure S3) was assessed in
experiments with human breast cancer cells stably
expressing enhanced green fluorescent protein
(eGFP). MDA-MB-231/eGFP cells were transfected with
nanocubes carrying six DS RNAs against eGFP34 and
the same individual siRNAs at 6-fold higher concentra-
tions. After 3 days, the levels of eGFP expression were
analyzed with fluorescence microscopy and FACS.

Extensive levels of silencing in eGFP production were
observed and the silencing in GFP production re-
mained significant even on the 12th day post-transfec-
tion (Figure 1d).

Functional RNA Nanocubes against HIV-1. To demon-
strate the generality and the feasibility of the approach
in using functionalized nanocubes as potential thera-
peutic moieties, several different HIV-1 genes were
targeted with six different DS RNAs35 carried by the
RNA nanocubes (Figure 2). 293T cells were used to
produce HIV-1 pseudotyped with VSV-g in the pre-
sence of increasing amounts of functional nanocubes
or a mixture of the six individual DS RNAs. Equal
amounts of virus-containing supeRNAtant were used
to infect HeLa cells, and the percentage of infected
cells was detected using FACS analysis. The results
shown in Figure 2 confirm that functional RNA nano-
cubes have comparable negative effect on HIV-1 pro-
duction to the mixture of six DS RNAs alone. Western
blot analysis using R-HIV-Ig confirms that both the
functional RNA nanocubes and themixture of DS RNAs
reduce the level of p55 (Gag polyprotein) and p24
in the virus producing cells (Supporting Information
Figure S4). Functional nanocubes (ate5 nM) designed
to target HIV-1 significantly reduce the levels of viral
RNA in infected cells and subsequently the expression
of Gag, while nonfunctionalized cubes have no
such effect. This approach can be used as a part of a

Figure 2. Assembly of RNA nanocubes functionalized with
six different Dicer substrate RNAs against HIV-1. Virus
produced from cells transfected with a mixture of siRNAs
or an RNA�RNA nanocube targeting HIV-1 RNA was as-
sessed for infectivity. Error bars denote SD; N = 3.

Figure 3. Activation of split functionalities during reassociation of RNA nanocubes 30-side decorated with six RNA�DNA
(in blue) hybrids (carrying six Dicer substrate RNA antisense) with six cognate hybrids (carrying Dicer substrate RNA senses).
(a) Schematics of reassociation and activation of FRET and RNAi. (b) Assembled RNA cubes were analyzed by total SYBR Gold
staining native PAGE and DLS experiments. (c) FRET time traces during reassociation of fluorescently labeled cubes and
hybrids labeled with Alexa 488 and Alexa 546. (d) GFP knockdown was quantified through flow cytometry. Please note that
the individual hybrids and RNA nanocubes decorated with hybrids cause no decrease in eGFP production.
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combinatorial RNAi (co-RNAi) strategy for highly effec-
tive simultaneous suppression of multiple viral genes
preventing the possibility of mutation-assisted escape
from RNAi.36,37

RNA�DNA Nanocubes. To test the idea of simulta-
neous delivery and activation of multiple split func-
tionalities (e.g., RNAi and FRET) that can be triggered in
a controlled manner, the same RNA nanocubes were
decorated with RNA�DNA hybrids containing DNAs
fluorescently labeled with Alexa 546 that are comple-
mentary to the antisense strands of the DS RNAs
(Figure 3a). The DNAs were designed to have ssDNA
toeholds oriented outward from the nanocubes. The
inward orientation of toeholds was also tested but the
assembly yields of the nanoparticles were very low
(data not shown). The assemblies were confirmed by

native-PAGE and DLS experiments, shown in Figure 3b.
These nanoparticles do not activate the RNAi pathway
in cells due to the inability of Dicer to process the RNA�
DNA hybrids (Supporting Information Figure S2a).
Cognate RNA�DNA hybrids were designed to carry
the sense RNA strands of DS RNAs hybridized to DNAs
fluorescently labeled with Alexa 488. The in vitro

reassociation of RNA�DNAnanoparticles with cognate
hybrids was monitored using FRET (Figure 3c). These
experiments demonstratedDNAduplex formation that
positioned the pair of Alexa dyes within their Förster
radius, thus, activating FRET. To confirm the release of
active DS RNAs on the RNA nanocube scaffolds that
accompanied the formation of duplex DNA, silencing
experiments were carried out using eGFP expressing
cells (Figure 3d). The cells were transfected with

Figure 4. Activation of different split functionalities during reassociation of DNA nanocubes (in blue) 30-side decorated with
six RNA�DNA hybrids (carrying six DS RNA antisenses, in red) with six cognate hybrids (carrying DS RNA senses). (a)
Schematics of reassociation and activation of FRET and RNAi. (b) The formation of DNA cubes was confirmed by total SYBR
Gold staining native PAGE and DLS experiments. (c) FRET time traces during reassociation of fluorescently labeled cubes and
hybrids labeledwith Alexa 546 andAlexa 488. (d) FRET experiments: cells were cotransfectedwith cubes and cognate hybrids
labeled with Alexa 546 and Alexa 488 and images were taken on the next day. (e) GFP knockdown was measured via flow
cytometry. Please note that the individual hybrids and DNA nanocubes decorated with hybrids cause no decrease in eGFP
expression. Image numbers in (d) correspond to differential interference contrast (DIC) images (1), Alexa 488 emission (2),
Alexa 546 emission (3), bleed-through corrected FRET image (4), 3D chart representation of zoomed fragment indicated by a
white box of bleed-through corrected FRET image with the white dot indicating the correspondence (5).
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RNA�DNA nanocubes alone, and the corresponding
cognate free RNA�DNA duplexes alone, or cotrans-
fected with both using individually prepared com-
plexes with L2K. It is evident that eGFP silencing
occurs only when RNA�DNA nanocubes and the
cognate RNA�DNA hybrids are simultaneously deliv-
ered into the cells.

DNA�RNA Nanocubes. As an alternative approach for
simultaneous activation of multiple split functions in
cells, we used DNA nanocubes as scaffolds (Figure 4a).
These scaffolds were decorated with six hybrids carry-
ing antisense strands of DS RNAs. The correct forma-
tion of DNA�RNA hybrid nanocubes was verified by
native PAGE (Figure 4b). The reassociation of the RNA
parts of the hybrids resulted in the release of functional
DS RNAs and activated FRET (Figure 4a). The effective
activation of FRETwas confirmed in vitro (Figure 4c and
Supporting Information Figure S5) and in the cultured
cells (Figure 4d). The release of DS RNA was observed
through gene silencing experiments (Figure 4e, Sup-
porting Information Figure S5). The DNA�RNA hybrid
cubes containing sense strands of DS RNAs with the
corresponding cognate RNA�DNA heteroduplexes
carrying the antisense RNA strands were also exten-
sively tested (Supporting Information Figure S6).

Activation of Interferons by Functional Nanoparticles. Since
secretion of inflammatory cytokines and type I inter-
ferons by the immune cells in response to traditional
nucleic acid based therapeutics (siRNA, antisence
oligonucleotides, etc.) is a commondose-limiting toxic-
ity that restricts the therapeutic benefits of these
compounds38�41 and has recently been reported for
RNA-based nanoparticles,27 we also examined the type
I IFN and cytokine responses to RNA�RNA, RNA�DNA
and DNA�RNA nanoparticles in both primary human
peripheral blood mononuclear cells (PBMC) and in a
monocyte�macrophage reporter cell line (Figure 5
and Supporting Information Figure S7a). While all
constructs resulted in elevation in IFNβ levels above
baseline, only RNA-containing cubes were very potent
inducers of type I IFN in human PBMC (Figure 5a). The
potency of RNA-containing cubes was comparable to
or even stronger than that of the assay positive control
ODN2216 specifically designed to produce high levels
of type I interferon.42

This data was further supported in the model of the
monocyte�macrophage reporter cell line in which
RNA-containing cubes were potent stimulators of type
I IFN, while DNA-containing cubes were relatively inert
toward the type I IFN response. Importantly, triggering
of type I IFN was not related to any inherent toxicity of
the nanocubes based on cell viability assays (Sup-
porting Information Figure S7b). RNA-induced stimula-
tion of IFN activity required the adaptor protein MAVS,
suggesting signaling occurred through the RNA sen-
sing pathways involving RIG-I and MDA5. Although
DNA-based cubes failed to trigger measurable type I

IFN responses, as expected, long dsDNA (93 bps) were
able to induce a type I IFN response via cGAS, a DNA-
binding receptor in the type I IFN signaling pathway.43

These data suggest that the large DNA cubes used in
this work might not be recognized by cGAS. Further-
more, mixing RNA or DNA cubes containing RNA�DNA
hybrids with cognate RNA�DNA hybrids carrying
DNAs complementary to the DNAs of nanocubes did
not result in measurable DNA-dependent type I IFN-
induction. These results are not unexpected since
reassociation results in only 39 bps DNA duplexes,
and IFN induction is directly proportional to the numb-
er of base pairs of the dsDNA.44 In agreement, we have
shown previously that reassociation of RNA�DNA
hybrids yielding short dsDNA molecules are less effi-
cient at stimulating type I IFN compared to those
releasing long dsDNA molecules.32

Induction of pro-inflammatory cytokine IL-1β, re-
cognized as a marker of pyrogenicity and an innate
immune response triggered by TLR-mediated NFkB

Figure 5. Induction of type I interferon and pro-inflamma-
tory cytokine in human peripheral bloodmononuclear cells
in vitro. Human PBMC from 2 healthy donor volunteers was
incubated with control and test samples for 24 h. Cell
culture supernatants were analyzed by conventional ELISA
to detect IFNb (a) or IL-1b (b). Error bars denote SD; N = 2
donors. Variability of responsewithin each individual donor
was low (% CV < 20). NC is negative control (PBS); PC is
positive control in (a) 5 μg/mL of ODN2216, in (b) 20 ng/mL
of ultrapure K12 Escherichia coli LPS. Lipofectamine
2000 (L2K) at the same concentration as used to deliver
constructs and 5 μg/mL polyIC were used as additional
controls.
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activation,45�47 was also detected in PBMC cultures
only in response to RNA-containing cubes (Figure 5b),
suggesting that in addition to the intracellular RIG/
MDA5 pathway, these constructs trigger activation of
inflammatory pathways through endosomal TLRs
(TLR3, TLR7 and/or TLR9).

Together, these data indicate that DNA�RNA nano-
cubes might be less immunogenic than RNA�RNA and
RNA�DNA nanocubes, and thus might be better suited
for therapeutic purposes to reduce the potential side
effects of cytokine release. RNA-based nanocubes, on
the other hand, may become possible candidates for
conditionally controlled immunostimulation enhance-
ment analogous to the work of Khisamutdinov et al.27

CONCLUSION

In conclusion, we have developed three different
nanoparticle-based strategies for conditional activa-
tion of RNAi. We show how RNA and DNA nanoscaf-
folds can be functionalized withmultiple DS RNAs (e.g.,
targeting six different parts of HIV) as well as RNA�D-
NA hybrids. The RNA�DNA hybrids cannot be diced
and, thus, are not active. Cognate hybrids reassociate
through ssDNA toeholds interactions and release

either the functional RNA nanoparticles or siRNAs.
Several different cell culture experiments demonstrate
FRET and RNAi activation by conditional triggering of
split functionalities in cells. The use of RNA nanocubes
as scaffolds formultiple DS RNAs provides a simple and
precisely programmable mechanism to control com-
position. However, the application of DNA nanoscaf-
folds carrying multiple split functionalities appears to
have some additional advantages summarized in Table
1. These nanocubes aremore resistant to human blood
serum nucleases and have lower immunogenicity
compared to their RNA-based counterparts. The intra-
cellular fluorescent tracking of hybrid reassociation in
the nanocubes is more practical, because fluorescent
dyes and any other additional functionality attached to
the DNAs will not interfere with RNAi, mediated by the
DS RNA released from the nanoparticles. Furthermore,
besides being the carriers for RNAi activators, nano-
cubes can easily be modified with various ligands
such as aptamers48,49 for targeted delivery (Supporting
Information Figure S8). An inherent utility of this
novel technique will be to exploit the multiple existing
three-dimensional shapes formed by the DNA mol-
ecules50�58 and RNA�DNA hybrid structures.59�61

METHODS

3D Modeling of Functional RNA and DNA Cube Assemblies. All three-
dimensional models of the functional nanoparticles presented in
this work were generated using custom-written PyMOL scripts
(http://www.pymol.org/). In the case of the RNA cube scaffolds,
the previously generated and tested RNA cube model16

was mated with separately generated multiple alteRNAtive
models of a helix and siRNA arm junctions generated with
the aid of RNA2D3D, MC-Sym, and RNAComposer.62�64 Over-
lapping fragments were best fit together (minimum RMSD),
then any structural duplicates were removed, and the final
models were converted into PDB files and imaged in PyMOL.
The DNA cube models were built using RNA cube helices as
guides to lay out separately generated B-form DNA helices
bridged in the corners with single-stranded (B-form) DNA
fragments. Overlapping backbones were best fit and ultimately
fused into individual chains (with duplicate fragments re-
moved). The junction models were best-mated to the cubic
DNA scaffold and separately generated A-form RNA�DNA
(hybrid), and B-form DNA�DNA helical arms were best-fit,
depending on the modeled cube.

Functional RNA and DNA Cube Assemblies and Native PAGE. The
designing principles and production of RNA strands entering
the composition of nanocubes functionalized with six siRNAs is
comprehensively described elsewhere.24 The full list of RNA and
DNA sequences used is available in Supporting Information.
RNA molecules were purchased from Integrated DNA Technol-
ogies, Inc. or prepared by transcription of PCR amplified DNA

templates; synthetic DNAmolecules coding for the sequence of
the designed RNA were purchased and amplified by PCR using
primers containing the T7 RNA polymerase promoter. RNA
molecules were prepared enzymatically by in vitro transcription
using T7 RNA polymerase.65 Transcription was performed in
50 mM Tris-HCl, pH 7.5; 2 mM spermidine; 1 mM DTT; 5 mM
MgCl2; 0.5 mMMnCl2; 1 mMNTPs; 0.1 μM of DNA template; and
T7 RNA polymerase (Promega). RNA, RNA�DNA and DNA�RNA
nanocubes were assembled as detailed in Afonin et al.17,24

Cognate RNA�DNA hybrids were assembled as described in
Afonin et al.33 For the visualization of assembled nanoparticles,
native-PAGE was used.66,67 Typically, assembly experiments
were analyzed at 10 �C on 7% (29:1) native polyacrylamide gels
in the presence of 89 mM Tris-borate, pH 8.3, and 2 mM
Mg(OAc)2. A Hitachi FMBIO II Multi-View Imager was used to
visualize SYBR Gold stained RNA-, RNA�DNA- and DNA�RNA-
based nanoparticles.

Dynamic Light Scattering (DLS) Experiments. For DLS experiments,
400 μL of sample solutions containing assembled nanoparticles
(500 nM final) was used. The samples were measured at 25 �C
with a Zetasizer nano (Malvern Instruments Ltd.) equipped with
a 633 nm laser.68 Readingswith polydispersity index (PDI) below
0.5 were used.

Recombinant Human Dicer Assay. For dicing experiments, pur-
chased DS RNA sense strand molecules were 50-end radiola-
beled using T4 Polynucleotide Kinase. Nanocubeswith either six
DS RNAs or six RNA�DNA hybrids were prepared as described
above (3 μM final). For dicing, samples were incubated for 3 h at

TABLE 1. Relative Differences for RNA�RNA, RNA�DNA, and DNA�RNA Nanoparticles Described in This Work

functional nanoparticle processed by Dicer stable in human serum activates type I IFNs activates pro-inflammatory cytokine activates RNAi

RNA�RNA nanocube YES NO YES YES YES
RNA�DNA nanocube NO NO YES YES NOa

DNA�RNA nanocube NO YES NO NO NOa

a Cognate RNA�DNA hybrids are required for activation of RNAi during intracellular reassociation.
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37 �C with recombinant human turbo dicer enzyme kit
(Genlantis) prior to analysis on 2 mMMg(OAc)2 native 7% PAGE
(described above). The electrophoresis was performed for 1.5 h
at 15Wat 10 �C followed by the exposure to a phosphorimaging
screen and analysis using phosphorimaging instrument
(Storm).

Human Blood Serum Degradation Studies. Aliquots of freshly
drawn human whole blood serum (blood was allowed to
coagulate, then spun down and supeRNAtant was collected)
were used. Different radiolabeled constructs (3 μM final) were
incubatedwith 5% (v/v) human blood serum at 37 �C for various
time periods. Prior to immediate loading on native-PAGE, deg-
radation time courses were quenched on dry ice and loaded on
the gel in reverse order. The electrophoresis was performed as
described above.

Fluorescence Studies. Reassociation of RNA�DNA and
DNA�RNA nanocubes with cognate RNA�DNA hybrids in vitro
was tracked with FRET measurements using a FluoroMax3
(Jobin-Yvon, Horiba). All fluorescently labeled sequences are
presented in Supporting Information (Fluorescently labeled
molecules). For all the experiments, the excitation wavelength
was set at 460 nm and the excitation and emission slit widths
were set at 2 nm. Alexa 488 labeled constructs were first incu-
bated for 2 min at 37 �C and then Alexa 546 labeled constructs
were added. Upon excitation at 460 nm, the emissions at 520
and 570 nm were recorded simultaneously every 30 s to follow
the process of reassociation through FRET measurements. This
was done with naked constructs and constructs individually
preincubated with L2K in the amounts relevant for the transfec-
tion conditions (see below).

Transfection of Human Breast Cancer Cells. Human breast cancer
cell line MDA-MB-231 (with or without eGFP) was grown in
D-MEM media (Gibco BRL) supplemented with 10% FBS and
penicillin-streptomycin in a 5% CO2 incubator. All transfections
in this project were performed using Lipofectamine 2000 (L2K)
purchased from Invitrogen. 10� or 50� solutions of nanopar-
ticles were individually preincubated at room temperature with
L2K. RNA�DNA and DNA�RNA cubes were cotransfected with
their cognate RNA�DNA hybrids (at 6-fold higher con-
centrations). To avoid reassociation in media, RNA�DNA or
DNA�RNA NPs and cognate hybrids were preincubated with
L2K separately. In vitro fluorescent experiments show no reas-
sociation of these complexes in solution (Supporting Informa-
tion Figures S4a and S5d); thus, the reassociation occurs only in
cells. Prior to each transfection, the cell media was swapped
with OPTI-MEMmixed with prepared 50� of NP/L2K complexes
and/or Hybrid/L2K complexes to the final concentration of 1�.
The cells were incubated for 4 h followed by the media change
(D-MEM, 10% FBS, 1% pen�strep).

Endosomal Colocalization Studies. To confirm the endosomal
location of endocytosed fluorescently labeled functional RNA
NP in cells, costaining experiments with endosomal markers
(EEA1 and Rab7) were performed.33 Cells were transfected with
RNA NPs labeled with six Alexa 546 dyes. On the next day,
transfected cells were fixed with 4% paraformaldehyde for
20 min at room temperature and handled at this temperature
thereafter. Samples were washed three times with PBS and then
permeabilizedwith 0.2% Triton X-100 for 20min. Uponwashing
three times with PBS, samples were blocked for 1 hwith 1% BSA
and then exposed to primary antibodies against the early
endosome associated protein EEA1 (Cell signaling) or against
the late endosomemarker Rab 7 (Cell signaling). Upon washing
three times with PBS, the samples were stained with a second-
ary Alexa 488 antibody (Molecular Probes). As the comparison,
fluorescently labeled DS RNAs were used at 6-fold higher
concentrations.

Microscopy. Reassociation of RNA�DNA hybrids in cells was
assessed through FRET.33 All measurements were performed
using a LSM710 confocal microscope (Carl Zeiss) with a 63�, 1.4
NA magnification lens. All images were taken with a pinhole
adjusted to 1 airy unit. Fluorescently labeled hybrid NPs and
cognate hybrids were individually preincubated with L2K and
cotransfected into cells. On the next day, the samples were fixed
by incubation in 4% paraformaldehyde for 20 min at room
temperature. Images of the cells were then taken to assess the

appearance of FRET within the sample. For Alexa 488 imaging,
the 488 nm line of an argon laser was used as excitation and the
emission was collected between 493 and 557 nm. For Alexa 546
imaging, a DPSS 561 laser was used for excitation and emission
was collected between 566 and 680 nm. In order to evaluate the
sensitized emission through FRET, images were taken exciting
the sample with the 488 nm line and collecting emission
between 566 and 680 nm. Because of spectral overlap, the FRET
signal is contaminated by donor emission into the acceptor
channel and by the excitation of acceptor molecules by the
donor excitation wavelength. This bleed through was assessed
through measurements performed with samples transfected
with individual dyes and mathematically removed from the
images of FRET.

Flow Cytometry Experiments. For analysis with flow cytometry
experiments, the MDA-MB-231 (with or without eGFP) cells
grown in 12-well plates (1.0 � 105 cells per well) were lifted
with cell dissociation buffer, and the level of nanoparticle
uptake or expression of eGFP was determined by fluores-
cence-activated cell sorting (FACS) analysis on a FACScalibur
flow cytometer (BD Bioscience).68 At least 20 000 events were
collected and analyzed using the CellQuest software. For statis-
tical analysis, the geometric mean fluorescence intensity (gMFI)
and standard error of the mean (SEM) were calculated and
plotted.

Virus Production. 293T cells were transfected with HIV-RFP
and VSV-g in the presence of increasing amounts of DS RNA
mixture and functionialized RNA nanocubes. As a control the
nonfunctionalized RNA nanocubes and pcDNA (to compensate
for the amounts of transfected DS RNAs, nanocubes and func-
tional RNA nanocubes) were used. At 48 h post-transfection,
culture supeRNAtants were collected and filtered with 0.45 μm
pore-size sterile filters.

Infectivity Assay. The day before the infection, 2.5� 104 HeLa
cells/well were plated in 24-well tissue culture plates. On the day
of the infection, the culture media (DMEM, 10%FBS) was
replaced with new culture media containing Polybrene at the
final concentration of 5 μg/mL. Different dilutions of virus-
containing supeRNAtant were added to the plates before
incubation at 37 �C for 48 h. After this incubation, the cells were
trypsinized and resuspended in PBS containing 2% FBS. The
percentages of infected cells were measured by fluorescence-
activated cell sorter (FACS) analysis.

Western Blot Analysis. RIPA buffer (SIGMA) was used to lyse
transfected 293T cells. Cell lysates weremixed with 2� Laemmli
sample loading buffer (BioRad), boiled, and loaded on native-
PAGE gels. Subsequently, proteins were transferred to a PVDF
membrane by electroblotting. Then the membrane was incu-
bated for 1 h at room temperature in blocking buffer (5% nonfat
dry milk in PBS). The blocked blot was exposed to the HIV-Ig
or tubulin antibody in blocking buffer with constant mixing.
After extensive washing, bound antibodies were detected by
chemiluminescence using horseradish peroxidase-conjugated
species-specific secondary antibodies as described by the
manufacturer (GE Healthcare).

Reporter-Cell Line for Analysis of Interferon Activation. Type I IFN
activity was measured using THP-1 reporter cells which express
secreted alkaline phosphatase (SEAP) in response to type I IFN
(Invivogen). THP-1 cells were depleted for cGAS or MAVS by
siRNA to assess whether IFN induction was dependent on DNA-
or RNA-sensing, respectively. THP-1 cells were cultivated in
RPMI 1640 with 10% FBS, 10 mM HEPES, 1 mM pyruvate,
penicillin�streptomycin, and normocin (100 μg/mL). THP-1
cells were transfected with control or SMART pool siRNAs
(Thermo) at a final concentration of 50 nM with RNAiMax
(Invitrogen). After 24 h, cells were differentiated with 50 ng/
mL phorbol 12-myristate 13-acetate (PMA)(Sigma) for 24 h. Cells
were transferred to a 96-well dish and incubated for an addi-
tional 24 h in media lacking PMA prior to transfection of
nanocubes. Nucleic acids were transfected using Lipofectamine
2000 reagent according to the manufacturer's protocol
(Invitrogen) at a final concentration of 10 nM. Culture supeR-
NAtants were harvested 24 h post transfection and assayed for
alkaline phosphatase activity by incubating with the QUANTI-
BLUE substrate (Invivogen) and absorbance was measured at
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625 nm using a spectrophotometer. The viability of the THP-1
cells was assessed with the CellTiter-Blue assay (Promega,
Madison, WI) following manufacturer's instructions. Briefly, the
CellTiter-Blue reagent was added to the wells at a 1 to 6 ratio
and the fluorescencewas recorded (560 ex/590 em) upon 1�2 h
incubation at 37 �C.

Primary Human Peripheral Blood Mononuclear Cell (PBMC) Culture for
Analysis of Interferon and Cytokine Secretion. Healthy volunteers'
blood was collected under FNLCR Protocol OH9-C-N046. Blood
was drawn into tubes containing Li-heparin as anticoagulant
and processed within 2 h after collection. PBMC were isolated
using Ficoll-Paque Plus (GE Healthcare Biosciences, Pittsburgh,
PA) according to the manufacturer's protocol. One million cells
in the total final volume of 1 mL of complete RPMI was
incubated in the presence of negative control (PBS), positive
control (20 ng/mL ultrapure K12 E. coli LPS for IL-1β assay or 5
μg/mL ODN2216 for IFNβ assay) or test compounds in L2K at a
final concentration of 0.5 μM. L2K mixed with cell culture grade
endotoxin free water was analyzed as a vehicle control. After
24 h incubation at 37 �C, cell culture supernatants were
collected and analyzed for the presence of IFNβ and IL-1β using
commercial ELISA kits from PBL Assay Science (Piscataway, NJ)
and R&D Systems (Carlsbad, CA), respectively.
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