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Probes to visualize and detect intracellular RNA including those
used for in situ staining,1 molecular beacons,2 and fluorescent
resonance energy transfer (FRET) pairs3 are important tools to
measure and quantify activity in living systems in response to
external stimuli.4 However, these probes are often difficult to
transfect, require additional agents for cellular internalization, and
can be unstable in cellular environments. These factors can lead to
a high background signal and the inability to detect targets. Here
we show how novel oligonucleotide-modified gold nanoparticle
probes hybridized to fluorophore complements can be used as both
transfection agents and cellular “nano-flares” for visualizing and
quantifying RNA in living cells. Nano-flares take advantage of the
highly efficient fluorescence quenching properties of gold,5 cellular
uptake of oligonucleotide nanoparticle conjugates without the use
of transfection agents, and the enzymatic stability of such conju-
gates,6 thus overcoming many of the challenges to creating sensitive
and effective intracellular probes. Specifically, nano-flares exhibit
high signaling, have low background fluorescence, and are sensitive
to changes in the number of RNA transcripts present in cells.

Approaches for visualizing RNA in cells typically utilize
fluorophore-labeled synthetic oligonucleotides such as FRET
probes2 or molecular beacon reporters,3 which translate a specific
RNA binding event into a fluorescent signal. However, the delivery
of oligonucleotide-based reporters into cellular media and cells has
proven to be a major challenge for intracellular detection. The
cellular internalization of oligonucleotide-based probes typically
requires transfection agents such as lipids7 or dendrimers8 that can
be toxic or alter cellular processes. Furthermore, oligonucleotides
are prone to degradation within cells,9 and in the case of fluoro-
phore-labeled probes, this can lead to a high background signal
that is indistinguishable from a true recognition event.10

The discovery and subsequent development of the oligonucle-
otide-nanoparticle conjugate have led to a variety of new op-
portunities in molecular diagnostics11 and materials design.12

Recently, it has been demonstrated that oligonucleotide-function-
alized nanoparticles enter cells and can act as antisense agents to
control gene expression.6 These “antisense particles” are not only
delivery vehicles13 but also single entity regulation and transfection
agents that undergo facile cellular internalization, resist enzymatic
degradation, and bind targets with affinity constants that are as much
as 2 orders of magnitude greater than free oligonucleotides.14

Moreover, they can be easily modified with potent designer
materials such as locked nucleic acids15 and are nontoxic under
conditions required for gene regulation.

The nano-flares described herein are oligonucleotide-function-
alized nanoparticle conjugates designed to provide an intracellular
fluorescence signal that correlates with the relative amount of a
specific intracellular RNA. By utilizing nanoparticles densely
functionalized with fluorophore-labeled oligonucleotides, we al-
leviate several difficulties commonly associated with intracellular

RNA detection. These probes do not require microinjection or
auxiliary transfection reagents to enter cells, are highly resistant to
enzymatic degradation like their therapeutic counterparts, and
are nontoxic under the conditions studied. As a result of these
properties, nano-flares can be used to quantify RNA levels and are
less prone to nonspecific signaling than free oligonucleotide probes.

Nano-flares take advantage of the unique optical properties of
gold nanoparticles (Au NPs). Au NPs quench fluorescence with a
greater efficiency5 and over greater distances16 than molecular
quenchers. We designed nano-flares using 13 nm Au NPs since
this size particle is an efficient quencher, can be densely function-
alized with oligonucleotides,12a and does not efficiently scatter
visible light, which is important for designing optical probes with
minimal interference. Au NPs were functionalized with thiolated
oligonucleotides containing an 18-base recognition element to a
specific RNA transcript (Figure 1c) via gold thiol bond formation.17

Oligonucleotide-functionalized Au NPs were then allowed to
hybridize with short cyanine (Cy5) dye-terminated reporter se-
quences capable of acting as “flares” when displaced by a longer
target or target region (Figure 1a). In the bound state, the Cy5
fluorescence of the reporter strand is quenched due to proximity to
the Au NP surface. In the presence of a target, the flare strand is
displaced and liberated from the Au NP by forming the longer and
more stable duplex between the target and the oligonucleotide-
modified Au NP.

Testing the nano-flare design using synthetic complementary
targets demonstrates that the probes respond with a 3.8-fold increase
in fluorescence signal upon target recognition and binding (Figure
1b). In contrast, the signal does not change in the presence of a
noncomplementary target and is of comparable magnitude to
background fluorescence (Figure 1b). These results thus demonstrate
that nano-flares are efficient at signaling the presence of a specific
target.

Having established the signaling ability of nano-flare probes with
synthetic targets, their ability to enter cells and detect RNA targets
was investigated. Nano-flares were designed to incorporate a
complementary region for the survivin transcript, a target that has
received significant attention due to its potential use in cancer
therapeutics and diagnostics.18 The SKBR3 cell line (human breast
cancer), which expresses a high number of survivin transcripts,2c

was used as a model to test survivin-targeting nano-flares. As a
control, a second probe containing a noncomplementary sequence
was prepared. The noncomplementary probe was designed and
determined to have similar background fluorescence, melting
properties, and signaling ability as the survivin probe (Supporting
Information).

Cells were cultured on glass microscope cover slips, incubated
with nano-flares, and imaged using scanning confocal microscopy.
SKBR3 cells treated with survivin nano-flares were highly fluo-
rescent as compared to those treated with the noncomplementary
controls (Figure 2). To further confirm that this signaling is
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consistent with the presence of survivin, a C166 cell line (mouse
endothelial) was used as a control since it does not contain the
human survivin transcript. C166 cells were treated with both the
survivin and control probes. In this case, no distinguishable
difference in the fluorescence of the cells was observed after
treatment. These imaging results were consistent with reverse
transcriptase PCR (RT-PCR) measurements (vide infra).

In order to quantify the intracellular signaling of the nano-flares,
we examined cells treated with probes using analytical flow
cytometry. Additionally, flow cytometry allows one to collect
fluorescence data for a large population of cells. This eliminates
variations and experimental artifacts that can be observed using
techniques such as fluorescence imaging which only permit the
examination of a small sample of cells. Cell lines transfected with
nano-flares showed uniform single populations of fluorescent cells,
consistent with the greater than 99% cell penetration that we observe
when transfecting antisense particles.6 Flow cytometry revealed that
SKBR3 cells treated with survivin nano-flares were highly fluo-
rescent and 2.5 times more fluorescent than the population treated
with noncomplementary controls (Figure 2). For comparison, in
C166 cell models, both probes resulted in a similarly low fluorescent
signal. These flow cytometry experiments are in excellent agreement
with confocal imaging and demonstrate the uniform cellular
internalization and intracellular signaling of the nano-flares.

We next designed experiments to understand the unique proper-
ties of these probes in the context of intracellular detection
experiments. We first compared the intracellular performance of
nano-flares with a molecular beacon reporter delivered using
Lipofectamine, a commercial transfection agent. Molecular beacons
and nano-flares were introduced to SKBR3 cells (Supporting
Information). A higher cell-associated fluorescence was observed
with complementary probes using both nano-flares and molecular
beacons. We then compared the background fluorescence contrib-
uted by the noncomplementary probes (both molecular beacon and
nano-flare). The fluorescence of the noncomplementary molecular
beacon probe is 1.9 times greater than that of the noncomplementary
nano-flare (Supporting Information). Since the difference between

the background and signal is critical for accurate target detection,
the lower background of nano-flares provides an important advan-
tage when detecting intracellular targets.

We hypothesized that the greater signaling ability and low
background of the nano-flares was the result of both efficient gold
quenching and enhanced nuclease resistance since it has been
previously shown that immobilization of oligonucleotides on a
nanoparticle surface provides stability in the presence of enzymes.6

To probe how enzymatic degradation leads to nonspecific signaling,
we incubated nano-flares with the endonuclease DNAse I (0.38
mg/L, significantly greater than what would be found in a cellular
environment) and measured the rate of degradation by monitoring
the increase in fluorescence signal as a function of time. The results
of the assay reveal that the nano-flare is degraded at a normalized
rate of 0.275 nmol min-1 under these conditions. By comparison,
a molecular beacon is degraded at a normalized rate of 1.25 nmol
min-1, approximately 4.5 times more rapidly than the nano-flare
(Supporting Information). Since nuclease activity increases back-
ground fluorescence with a conventional probe, the reduced nuclease
activity of the nano-flares leads to a system with lower background
signal.

To demonstrate an application where the cellular entry, elevated
signaling, and low background of the nano-flare translate into a
high sensitivity for changes in intracellular amounts of RNA, we
conducted siRNA knockdown experiments to reduce the levels of

Figure 1. (a) Nanoparticles functionalized with a recognition sequence
are hybridized with a short complementary Cy5 labeled reporter strand,
which is capable of being displaced by the target. (b) Fluorescence spectra
of 1 nM nano-flares alone (green), in the presence of 1µM target (red),
and in the presence of 1µM noncomplementary sequence (blue). (c)
Oligonucleotide sequences.

Figure 2. Intracellular testing of nano-flares. Differential contrast and
fluorescence image of survivin-expressing SKBR3 cells treated with survivin
nano-flares (top left panel) and noncomplementary nano-flares (top right
panel). Analogously treated non-survivin-expressing C166 cells (bottom
panels). Scale bar is 20µm. Flow cytometry data are shown below each
image. The bold numbers to the right of the histogram are the total mean
fluorescence of the cell populations. The background fluorescence (untreated
cells) was 3.4 and 4.7 for the C166 and SKBR3 cells, respectively.
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survivin RNA transcripts in the SKBR3 cell models. Cells were
initially treated with siRNA against survivin, and the intracellular
RNA levels were quantified using nano-flares and flow cytometry.
We observe a siRNA concentration-dependent shift in the fluores-
cence of the cell population as a function of the concentration of
siRNA added to the cell culture (decreasing gray, increasing black,
Figure 3a). To confirm that this shift was commensurate with a
decrease in the number of survivin transcripts, RT-PCR measure-
ments were conducted on samples treated with the same concentra-
tions of siRNA. The decrease in the fluorescence signal within the
population of cells is in agreement with the decrease in the number
of survivin RNA copies as determined by RT-PCR measurements
(Figure 3b). Differences in the magnitude of decrease between nano-
flares and RT-PCR measurements may be due to smaller pieces of
mRNA that are still present when siRNA leads to degradation of
long transcripts. Short mRNAs may be detected by nano-flares but
not amplified by RT-PCR. Taken together, however, these results
indicate that the nano-flares are sensitive to changes in the number
of intracellular transcripts.

In summary, we have described a new class of intracellular probe
termed nano-flares. Nano-flares are novel and potentially very useful
since they are the only probe that combines cellular transfection,
enzymatic protection, and RNA detection and quantification. In
addition to their demonstrated use in the context of siRNA
knockdown experiments, nano-flares will also be of utility in other
areas such as cell sorting, gene profiling, and real-time drug
validation studies. Finally, given the ability of these materials to
also act as gene regulation agents,6,15 these probes may be easily
adapted to simultaneously transfect, control, and visualize gene
expression in real time.
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Figure 3. Quantification of survivin knockdown using nano-flares. (a) Flow
cytometry data collected on siRNA treated SKBR3 cells. The siRNA
concentration is given in the graph to the left of the histogram. In the
untreated sample, half of the population exhibiting equal or greater
fluorescence than the mean is shaded gray. Treated samples show a smaller
fraction of the cell population exhibiting the mean fluorescence (declining
gray, increasing black). (b) Plot of mean fluorescence (black circles) and
survivin expression (gray bar-graph) as a function of siRNA concentration.
The RT-PCR reactions were conducted in triplicate, and the error bars shown
above are the standard deviations of those measurements.
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