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We report a novel spherical nucleic acid (SNA) gold nanoparticle
conjugate, termed the Sticky-flare, which enables facile quantifi-
cation of RNA expression in live cells and spatiotemporal analysis
of RNA transport and localization. The Sticky-flare is capable of
entering live cells without the need for transfection agents and
recognizing target RNA transcripts in a sequence-specific manner.
On recognition, the Sticky-flare transfers a fluorophore-conju-
gated reporter to the transcript, resulting in a turning on of fluo-
rescence in a quantifiable manner and the fluorescent labeling of
targeted transcripts. The latter allows the RNA to be tracked via
fluorescence microscopy as it is transported throughout the cell.
We use this novel nanoconjugate to analyze the expression level
and spatial distribution of β-actin mRNA in HeLa cells and to ob-
serve the real-time transport of β-actin mRNA in mouse embryonic
fibroblasts. Furthermore, we investigate the application of Sticky-
flares for tracking transcripts that undergo more extensive com-
partmentalization by fluorophore-labeling U1 small nuclear RNA
and observing its distribution in the nucleus of live cells.
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The study of RNA is a critical component of biological research
and in the diagnosis and treatment of disease. Recently, the

localization of mRNA has been identified as an essential process for
a number of cellular functions, including restricting the production
of certain proteins to specific compartments within cells (1). For
instance, synaptic potentiation, the basis of learning and memory,
relies on the local translation of specific mRNAs in pre- and post-
synaptic compartments (2). Likewise, the misregulation of RNA
distribution is associated with many disorders, including mental re-
tardation, autism, and cancer metastasis (3–5). However, despite the
significant role of mRNA transport and localization in cellular
function, the available methods to visualize these phenomena are
severely limited. For example, FISH, the most commonly used
technique to analyze spatial distribution of RNA, requires fixation
and permeabilization of cells before analysis (6). As a result, analysis
of dynamic RNA distribution is restricted to a single snapshot in
time (7, 8). With such a limitation, understanding the translocation
of RNA with respect to time, cell cycle, or external stimulus is dif-
ficult if not impossible. Furthermore, fixed cell analysis is a lengthy
and highly specialized procedure due to the number of steps nec-
essary to prepare a sample. Fixation, permeabilization, blocking, and
staining processes each require optimization and vary based on cell
type and treatment conditions, rendering FISH prohibitively com-
plicated in many cases. Likewise, live cell analysis platforms such as
molecular beacons require toxic transfection techniques, such as
microinjection or lipid transfection, and are rapidly sequestered to
the nucleus on cellular entry (9, 10). Recently more sophisticated
live cell analyses have been developed that use genetic engineering
to introduce exogenous hybrid genes via viral or plasmid trans-
fection. These hybrid transcripts include added aptamer motifs that
bind to subsequently introduced or coexpressed fluorescent re-
porters such as malachite green (11), GFP (12, 13), or GFP de-
rivatives (14–16). Such techniques offer dynamic visualization of

RNA; however, the reliance of genetic engineering and exoge-
nous hybrid RNA sequences makes such techniques highly in-
volved and does not allow for the quantification of endogenous
gene expression. Thus, to accurately study the dynamics of en-
dogenous RNA, a new type of analysis platform is required.
Ideally such a platform should be capable of both quantifying
transcript expression and tracking intracellular transcripts in
real time, without the need for transfection agents or specialized
techniques. Herein we present such a platform and use the
newly developed construct to perform RNA quantification and
real-time analysis of dynamic RNA translocation.
Previously our group introduced the concept of the Nanoflare, a

spherical nucleic acid (SNA) conjugate capable of quantifying
RNA concentration in live cells with single cell resolution (17–22).
The Nanoflare consists of a 13-nm gold nanoparticle core func-
tionalized with a densely packed, highly oriented shell of oligo-
nucleotides designed to be antisense to a target RNA transcript. A
fluorophore-conjugated reporter strand, termed the flare se-
quence, is subsequently hybridized to the antisense oligonucleo-
tides via complementary base pairing. Hybridization of the flare
sequence holds the fluorophore in close proximity to the gold core
of the SNA, effectively quenching fluorescence. However, upon
cellular entry the antisense capture sequences of the Nanoflare
bind to targeted transcripts, forming longer, more stable duplexes.
These binding events displace the flares from the gold surface,
resulting in a discrete “turning on” of fluorescence, the extent of
which is quantifiably related to the expression level of the target
RNA. Importantly, the Nanoflare enters live cells via receptor-
mediated endocytosis without the need for harmful transfection
techniques (19, 23–28) and with negligible cytotoxicity (29) and
immunogenicity (30). As a result, the Nanoflare has grown into a
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powerful and prolific tool in biology and medical diagnostics, with
∼1,600 unique forms commercially available today (sold under the
SmartFlare trade name).
Conventional Nanoflares do not allow one to determine the

spatial distribution of RNA within the cell. Indeed, Nanoflare-
transcript binding results in a displacement of the fluorophore-
labeled sequence from the nanoparticle construct, which spatially
separates the fluorescent reporter and transcript (Fig. 1, Upper).
However, with a simple design change where the flare sequence is
made longer and complementary to the target RNA transcript, a
new construct can be realized that can track and quantify RNA

within a cell (Fig. 1, Lower). Herein, we report the synthesis and
development of such a construct, termed the Sticky-flare, and
investigate its use as a platform for RNA quantification and real-
time tracking of transcripts as they are transported within live
HeLa and mouse embryonic fibroblast (MEF) cells. These con-
structs and their activity in cells represent the only way of mea-
suring both the quantity and location of mRNA in live cells.

Results and Discussion
Evaluation of Target Recognition by Sticky-Flares. Sticky-flares were
first evaluated in vitro for their utility in quantifying complementary

Fig. 2. Characterization of sequence-specific target recognition and quantification using the Sticky-flare. (A) In vitro assay quantifying the release of
fluorescent flares resulting from sequence-specific recognition of a complementary target over a range of concentrations in PBS buffer and the lack of
recognition when presented with a high concentration (2 μM) of a noncomplementary target (Sticky-flare concentration = 1 nM; sequence information given
in Methods). (B) (Upper) Representative confocal images of HeLa cells treated with β-actin Sticky-flares; (Upper Left) cells treated with RNAiMAX (Life
Technologies) but no siRNA and (Upper Right) cells treated with 50 nM siRNA designed to knockdown β-actin delivered via RNAiMAX. (Lower) Graph of
β-actin knockdown in HeLa cells measured using Sticky-flares combined with flow cytometry. Cells treated with control siRNA (incorrect sequence for
knocking down β-actin or any known gene) yields cells with the highest average fluorescence. When cells are treated with β-actin siRNA (50 nM), they exhibit
an ∼45% reduction in average fluorescence (P < 0.001). The bars on the far left are control experiments probing fluorescence from cells treated with Sticky-
flares that are not specific for β-actin mRNA or any known gene; they represent the background fluorescence from a Sticky-flare experiment.

Fig. 1. Schematic of RNA recognition by the Nanoflare (Upper) and Sticky-flare (Lower). On recognition, the Nanoflare binds to RNA targets and releases a
fluorophore-labeled oligonucleotide reporter (flare) to float freely in the cytoplasm. In contrast, flares from the Sticky-flare are longer and complementary to
RNA targets, which allows them to bind transcripts and act as fluorescent labels for intracellular tracking.
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nucleic acid targets in a sequence-specific manner. Solutions of
β-actin targeting Sticky-flares (1 nM) were evaluated before and
after the addition of fully-complementary targets, ranging from
5 nM to 2 μM in PBS. On addition of a complementary target,
a resulting increase in fluorescence was observed in a manner
proportional to the concentration of target added, showing the
Sticky-flares can be used to quantify the concentration of com-
plementary sequences in vitro. Importantly, the addition of non-
complementary target (2 μM) had no measurable effect (Fig. 2A).
Next, β-actin Sticky-flares were evaluated in a cell culture model

by flow cytometry. HeLa human cervical cancer cells were treated
with either control (nontargeting) siRNA (50 nM) delivered via
Lipofectamine RNAiMAX transfection agent, anti–β-actin siRNA
with RNAiMAX, or RNAiMAX alone for 24 h, after which the
media was replaced with media containing Sticky-flares targeting
either β-actin mRNA or U1 short nuclear RNA (negative con-
trol). After an additional 18-h incubation, the fluorescence of each
cell was quantified. With β-actin Sticky-flares, we detected sig-
nificant knockdown of RNA expression levels compared with cells
treated with control siRNA or transfection agent alone, whereas
the control Sticky-flares showed no significant difference with any
treatment (Fig. 2B and Fig. S1).

Intracellular RNA Tracking by Sticky-Flares. Our ability to track the
spatial distribution of RNA with Sticky-flares was evaluated us-
ing confocal microscopy. Two genes with disparate intracellular
function and localization patterns were chosen to analyze spatial
distribution within cells: β-actin mRNA and U1 small nuclear
RNA (snRNA). In previous reports, β-actin mRNA was found to
localize at the growth cones of lamellae in embryonic fibroblasts
(31). In contrast, U1 snRNA is imported into the nucleus, where
it acts as a key component of the spliceosome (32).
MEFs were cultured in glass-bottomed cell culture chambers

with Sticky-flares for 12 h, after which the cells were treated with a
nuclear stain (Hoechst) for 10 min and imaged in live form.
Fluorescence from cells treated with β-actin Sticky-flares exhibited
punctate fluorescence throughout the cell body and a demonstrable
preference for the growth cone region of lamellae extensions (Fig.
3). Additional highly fluorescent regions can be seen within the
lamellae extensions, marking β-actin RNA being actively trans-
ported to and from the growth cone. This active transport is
further analyzed below. Importantly, Sticky-flares are not limited
to use in live cells and can be used to verify RNA localization in
fixed cells as a convenient control. Therefore, fixed and per-
meabilized MEFs were treated with Sticky-flares, confirming the
growth cone specific localization observed in live cells (Fig. S2).
Contrastingly, MEFs treated with Sticky-flares targeting U1
snRNA distinctly showed internuclear fluorescence. Importantly,

SNA constructs are sequestered to the cytosol of live cells and
cannot enter the nucleus on their own (33). Thus, the internuclear
fluorescence of U1 Sticky-flares indicates specific release from the
nanoparticle surface and subsequent transport of the fluorescent-
labeled RNA target into the nucleus.
Beyond studying the final localization of mRNA strands, the

facile, noninvasive nature of the Sticky-flare allows for real-time
observation of dynamic RNA translocation in live cells. To dem-
onstrate this, MEFs treated with β-actin Sticky-flares were imaged
every 10 s with a confocal microscope for a total of 10 min. When
the plane of imaging was focused on lamellae, transport of β-actin
mRNA was observed primarily (but not exclusively) in the distal
direction toward the growth cone (Fig. 4 and Movie S1). Fur-
thermore, when focused directly at the body of the cell, RNA
dynamics become even more evident, with hundreds of fluo-
rophore-labeled β-actin sequences being transported throughout
the cell (Movie S2).
Similar analyses were performed in HeLa cells. In this case,

β-actin Sticky-flares exhibited a starkly different intracellular
distribution, showing a high degree of colocalization with mito-
chondria (Fig. 5). This colocalization of β-actin mRNA and mi-
tochondria in HeLa cells has not been demonstrated before, and
the reason behind such highly spatially restricted expression is
not known. However, this distribution closely parallels the mi-
tochondrial localization of K-RAS and GAPDH in HeLa cells,
which has been reported in prior work (34).
To observe dynamic RNA movement and to further probe the

β-actin/mitochondrial colocalization, fluorescence was moni-
tored in HeLa cells starved by culturing in Eagle’s balanced salt
solution. On starvation, the mitochondrial network collapses and
mitochondria and RNA both migrated toward the perinuclear
region, forming a more punctate expression pattern and main-
taining colocalization over the time observed (Movie S3).

Conclusion
We synthesized and introduced a novel nanoconjugate termed
the Sticky-flare, which is a result of redesigning the conventional
Nanoflare or SmartFlare to extend the capabilities of the unique
SNA platform. The Sticky-flare uses the same targeting strategy of
recognizing and quantifying RNA targets in live cells but has the
additional functionality of being able to bind to target transcripts,
enabling further analysis of RNA transport and localization. As
such, this is the first demonstration, to our knowledge, of a single
platform that enables a complete analysis of RNA function in
live cells and overcomes many limitations of previous analytical
techniques. Due to the similar nature of the Nanoflare and

Fig. 3. RNA localization in MEFs. β-Actin targeting Sticky-flares localize to
the growth cone of growing lamellae, where β-actin RNA is found. Con-
trastingly, Sticky-flares targeting the U1 nuclear RNA localize to the nucleus.
Red, Cy5 Sticky-flare; blue, nuclear stain (Hoechst).

Fig. 4. Observation of dynamic β-actin mRNA transport in MEF cells. En-
dogenously expressed β-actin mRNA is transported distally toward the
growth cone (red, Cy5-labeled Sticky-flare). Dashed boxes indicate the la-
beled RNA being tracked. Each panel indicates a 50-s advancement.
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Sticky-flare constructs, future studies will explore the development of
multiplexed Sticky-flare constructs that would be capable of tar-
geting multiple transcripts at once, to allow for an internal control in
RNA quantification and for simultaneous tracking of multiple
transcripts. We anticipate the Sticky-flare will be a valuable tool for
investigating proper RNA function and its misregulation in disease,
and will make such studies accessible to a broader community, given
the ease of its application in cell culture. Further, the Sticky-flare
may improve analyses in other model systems where asymmetric
RNA expression is an essential component, such as embryonic
development, tissue and organ regeneration, and neurobiology.

Methods
Sticky-Flare Synthesis. Oligonucleotides were synthesized using standard
solid-phase phosphoramidite chemistry (Expedite 8909 Nucleotide Synthesis
System; ABI). All reagents were purchased from Glen Research. Oligonucle-
otides were purified by reverse-phase HPLC. The oligonucleotide sequences
used in this study are as follows: nontargeting alkyl-thiol, CGT CTA CCT TCG
CGC AAA AAA A-alkane thiol; nontargeting flare, Cy5-GCG CGA AGG TAG
ACG GAG TCG GTC GA; β-actin alkyl-thiol, CCG GCA TGT GCA A AAA AAA
A-alkane thiol; β-actin flare, Cy5-TTG CAC ATG CCG GAG CCG TTG TCG ACG A;
β-actin target, TCG TCG ACA ACG GCT CCG GCA TGT GCA A; U1 alkyl-thiol,
TAT CCA TTG CAC TCC GG AAA AAA A-SH; U1 flare, Cy5-CCG GAG TGC AAT
GGA TAA GCC TCG CC; U1 target, GGC GAG GCT TAT CCA TTG CAC TCC GG.

To prepare the DNA-functionalized SNA conjugates, alkylthiol-terminated
oligonucleotides (3 μM) were combined with citrate-capped 13-nm gold
particles (13 nM) and 0.01% Tween-20 and incubated for 1 h at room
temperature. Next, phosphate buffer (pH = 7.4) and sodium chloride were
added to a final concentration of 5 and 150 mM, respectively, and incubated
overnight. Then, sodium chloride was added in 0.05-M increments over 3 h
to achieve a final NaCl concentration of 300 mM, and the particles were
shaken at room temperature for 4 h. Finally, the conjugates were purified by
centrifugation and redispersed in PBS.

Flares were hybridized on the purified DNA-gold nanoparticless by adding a
stoichiometric equivalent of 10 flares per nanoparticle. The solution was then

heated to 70 °C and slowly cooled to room temperature overnight to facilitate
hybridization. The resulting Sticky-flares were then sterilized using a 0.2-μm ace-
tate syringe filter (GE Healthcare) to prevent cell contamination and stored at 4 °C.

Ex Vivo Quantification of Sequence-Specific Target Recognition. Sticky-flares
were incubated in PBS (Gibco) at a concentration of 1 nM. Subsequently, fully
complementary oligonucleotide targets (DNA) were added to the solution at
the concentrations listed in the text above. This mixture was allowed to
incubate at room temperature for 5 min, after which the resulting fluores-
cence was quantified via a BioTek Synergy H4 fluorescence plate reader.

Cell Culture and Sticky-Flare Treatment. HeLa cells were cultured in DMEM
(Gibco) supplemented with 10% (vol/vol) FBS and 1% penicillin/streptomycin.
Gene knockdown was effected by treating with 50 nM anti–β-actin (Santa
Cruz Biotechnology) for 24 h with Lipofectamine RNAiMAX according to the
recommended protocol. Control siRNA experiments (Santa Cruz Bio-
technology) were conducted in a similar manner. Cells were then washed
once with PBS and further incubated with 400 pM Sticky-flares in OptiMEM
(Gibco) for an additional 24 h. Fluorescence of trypsinized cells was quantified
by using a Guava Easycyte HT flow cytometer (Millipore). Confocal microscopy
was performed with Zeiss 510 (Zeiss) and SP5 (Leica) confocal microscopes. Mi-
tochondria were stained using CellLight Mitochondria-GFP (Life Technologies).

Fixing and permeabilization ofMEFswas performedby treating cellswith 4%
(vol/vol) paraformaldehyde for 10min, followedby 0.1%Triton-X for 5min. Cells
were then rinsed three timeswith PBS and treatedwith either 1 nM Sticky-flares
or 100 nM antisense DNA strands for 1 h. Following this incubation, cells were
rinsed a further three timeswith PBS and imaged in the same fashion as live cells.
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