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O
ver the past decade, researchers
have investigated the conjuga-
tion of biomolecules to inorganic

nanomaterials, which has led to the devel-
opment of hybrid materials with new
activities.1�20 One important class of hybrid
nanomaterial is composed of a gold nano-
particle functionalized with a dense mono-
layer of oligonucleotides. These polyvalent
nanoconjugates have many interesting
properties, including distance-dependent
optical features,21,22 enhanced nucleic acid
binding,23 resistance to degradation,24 and
the ability to enter cells without use of
transfection agents.25 These remarkable
properties have enabled controlled assem-
bly of materials,26�28 molecular
diagnostics,29�32 and intracellular
studies.33�35

Materials with both regulation and de-
tection capabilities are of growing interest
for use in personalized medicine.36 These
“theranostic” materials have the potential
to both treat and diagnose disease and are
useful for investigating intracellular events
(i.e., target recognition and control of bio-
logical function). Traditionally, antisense oli-
gonucleotides and molecular beacons have
been used to regulate and detect intracellu-
lar mRNA, respectively. Antisense oligonu-
cleotides regulate gene expression by bind-
ing target mRNA and preventing
translation.37 Molecular beacons detect nu-
cleic acids by coupling a binding event with
a signal transduction mechanism, such as
the separation of a fluorophore-quencher
pair.38 Given that cell entry and mRNA bind-
ing are the first steps in both processes, it
should be possible to design a single ma-
terial for both regulation and detection. To
the best of our knowledge, however, a ma-
terial capable of both mRNA regulation and
detection has not been reported.39 Such

materials must be readily taken up by cells,
stable in intracellular environments, ca-
pable of binding nucleic acids, and possess
a switchable signal that can be conveniently
detected.

Previous work by our group has demon-
strated that oligonucleotide gold nanoparti-
cle conjugates readily enter cells and func-
tion as composite antisense
nanoconjugates that outperform molecular
antisense oligonucleotides in terms of sta-
bility and gene silencing ability.33 Addition-
ally, we have demonstrated that gold nano-
particles conjugated to short, fluorophore-
labeled oligonucleotide duplexes act as
intracellular nano-flares that provide a fluo-
rescence signal that correlates with the
presence and abundance of a specific intra-
cellular nucleic acid and outperforms the
uptake ability and stability of molecular
beacons.34 On the basis of these observa-
tions, we hypothesized that oligonucleotide
gold nanoconjugates would be ideal thera-
nostic agents, combining intracellular gene
regulation with detection. Herein, we char-
acterize the target binding ability of these
nanoconjugates, investigate their intracellu-
lar interaction with endogenous mRNA,
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ABSTRACT We build off the previously described concept of a nanoflare to develop an oligonucleotide gold

nanoparticle conjugate that is capable of both detecting and regulating intracellular levels of mRNA. We

characterize the binding rate and specificity of these materials using survivin, a gene associated with the diagnosis

and treatment of cancer, as a target. The nanoconjugate enters cells and binds mRNA, thereby decreasing the

relative abundance of mRNA in a dose- and sequence-dependent manner, resulting in a fluorescent response. This

represents the first demonstration of a single material capable of both mRNA regulation and detection. Further,

we investigate the intracellular biochemistry of the nanoconjugate, elucidating its mechanism of gene regulation.

This work is important to the study of biologically active nanomaterials such as the nanoflare and is a first step

toward the development of an mRNA responsive “theranostic”.
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and demonstrate, for the first time, a single material ca-

pable of both regulating and detecting mRNA.

RESULTS AND DISCUSSION
Nanoconjugates were designed with several fea-

tures that make them well suited for both mRNA regu-

lation and detection (Figure 1). The antisense oligonu-

cleotide portion of the nanoconjugate targets an mRNA

region selected to control expression of survivin,40 a

well-studied gene used in cancer diagnosis and treat-

ment.41 Additionally, the nanoconjugate recognition se-

quence is a DNA�LNA chimera, where the LNA bases

serve to increase mRNA binding affinity, thereby in-

creasing detection42 and regulation efficiency.43,44 Fi-

nally, the nanoconjugate contains fluorophore-labeled

“flare” oligonucleotides that are designed to dissociate

upon target binding. The bound flare is quenched by

the gold particle, so the dissociation can be detected as

an increase in fluorescence intensity.4 This approach

stands in contrast to previous studies where nanocon-

jugates were designed for either regulation or detection

but not both.34,45,46

To prepare the nanoconjugates, citrate-capped gold

nanoparticles were functionalized with thiol-terminated

antisense oligonucleotides following literature proce-

dures.47 A high surface coverage (90 � 10 oligonucle-

otides per nanoparticle) was achieved by slowly increas-

ing the sodium chloride concentration to 0.3 M. These

nanoconjugates were purified by centrifugation, and a

short, complementary, Cy5-labeled oligonucleotide was

added (Figure 1). A second nanoconjugate (86 � 4 oli-

gonucleotides per nanoparticle) that lacks the full anti-

sense sequence was also synthesized to serve as a

control.

To characterize this design, we first examined the re-

sponse of the nanoconjugates (survivin and control) to

synthetic DNA targets. This initial characterization is im-

portant when comparing cell populations that are

treated with different nanoconjugates (vide infra). The

nanoconjugate (1 nM) was added to a solution of phos-

phate buffered saline (pH 7.4), and the fluorescence of

the solution was measured (Figure 2). In the absence of

a target, both solutions of nanoconjugates exhibited a

low fluorescence signal. The addition of the survivin tar-

get resulted in a 3.7-fold increase in the fluorescence as-

sociated with the survivin nanoconjugate. In the case

of the control nanoconjugate, little response is ob-

served. The sequence specific increase in fluorescence

is consistent with flare release from the gold nanoparti-

cle surface.

To detect target mRNA it is critical for the nanocon-

jugates to respond to their target rapidly. To investi-

gate the rate of flare release we added an excess of tar-

get to a solution containing the nanoconjugates and

monitored the change in fluorescence over time. Fluo-

rescence increases rapidly, reaching completion in ap-

proximately 10 min (Figure 2), which compares favor-

ably to traditional nucleic acid probes such as molecular

beacons.42,48

We next designed experiments to characterize the

specificity of the nanoconjugates for their complemen-

tary target. Nanoconjugates of an analogous design but

containing a different oligonucleotide sequence (see

Methods section) were challenged with a series of tar-

Figure 1. mRNA depletion and detection using survivin
nanoconjugates (13 nm gold particle shown in orange).
DNA is shown in black, LNA in green. mRNA is shown in
purple, while the target region of the mRNA is shown in
red. Cy5 is shown in purple or pink when quenched or re-
leased, respectively.

Figure 2. Survivin nanoconjugates respond to synthetic tar-
get DNA. (Top) Fluorescence spectra of nanoconjugates be-
fore and after addition of target DNA. (Bottom) Time course
of fluorescence associated with flare release. Target DNA is
added at time zero. Complete release was determined by
saturating the nanoparticle with excess target DNA.
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gets containing four, three, two, or one base pair mis-

matches. Following incubation with these mismatch oli-

gonucleotides, fluorescence was measured to examine

nanoconjugate binding and subsequent flare release.

Nanoconjugates that were treated with targets that

contain four, three, or two mismatches show little in-

crease in fluorescence signal, similar to nanoconjugates

that were treated with buffer (Figure 3). Nanoconju-

gates that were treated with targets containing one

mismatch show a fluorescence response. However, this

signal is easily distinguished from that observed with

the fully complementary target because it is 48% less in-

tense. These results demonstrate that the nano-flares

can be used to distinguish targets with a single base

mismatch.

Having confirmed the specificity and selectivity of

the nanoconjugates in an extracellular environment,

we next studied their activity inside living cells. HeLa

cells (a human cervical cancer line expressing survivin)

were incubated with either survivin or control nanocon-

jugates (0.5 nM, see Methods section). The cells were

harvested and washed, and the cell-associated fluores-

cence was determined by flow cytometry. HeLa cells

treated with survivin nanoconjugates are 1.7 � 0.1

times more fluorescent than cells treated with control

nanoconjugates (Figure 4). Confocal fluorescence mi-

croscopy further confirmed that HeLa cells treated with

survivin nanoconjugates have greater associated fluo-

rescence than control nanoconjugates. When the ex-

periments were repeated with C166 cells (a mouse cell

line lacking human survivin), both survivin and control

nanoconjugates exhibited similar cell-associated fluo-

rescence. Taken together, this series of experiments

shows that the nanoconjugates can be used to distin-

guish different cell populations on the basis of mRNA

levels.

Next, we investigated the ability of these nanocon-

jugates to regulate intracellular mRNA levels. HeLa cells

were incubated with survivin and control nanoconju-

gates (50, 5, or 0.5 nM) for 4 days. Following treatment,

the cells were harvested, and the relative abundance

of survivin mRNA was measured using real-time quanti-

tative, reverse-transcription PCR (RT-PCR). Survivin lev-

els were normalized to actin mRNA, an off-target gene.

Survivin mRNA levels were depleted by 92% � 4 and

80% � 7 when cells were treated with 50 and 5 nM sur-

vivin nanoconjugates, respectively (Figure 5). Survivin

mRNA levels were not significantly changed when cells

were treated with either a low concentration of survivin

nanoconjugates (0.5 nM) or any concentration of con-

trol nanoconjugates. These data are consistent with a

dose- and sequence-dependent reduction of mRNA.

When compared to mRNA detection, gene regulation

appears to require relatively high concentrations of

nanoconjugate (5 rather than 0.5 nM) and relatively

long exposure times (4 days rather than 6 h). This agrees

well with previous studies and is likely due to several

factors including cellular feedback loops that compen-

sate for mRNA loss, efficient detection of mRNA when

only a small percentage of the total mRNA population

is bound, and rapid flare release followed by relatively

slow mRNA degradation.24,39,45,49,50

Figure 3. Nanoconjugates distinguish mismatched nucleic
acids. Fluorescence spectra of nanoconjugates challenged
with buffer (no target), complementary target, and those
containing 1, 2, 3, or 4 mismatches.

Figure 4. Survivin nanoconjugates respond to intracellular
mRNA. (Top) Confocal fluorescence microscopy of HeLa cells
treated with either survivin or control nanoconjugates: Cy5
fluorescence associated with flare (left, in red) and bright
field Cy5 fluorescence overlay (right) are shown (see Figure
1). (Bottom) Flow cytometry data for HeLa and C166 cells
treated with both nanoconjugates. The fluorescence was
normalized to the cell population treated with control
nanoparticles.
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The direct observation of reduced mRNA levels (Fig-
ure 5) can elucidate the mechanism of nanoconjugate
gene regulation, which previously has only been inves-
tigated for traditional antisense oligonucleotides. In the
case of molecular antisense, mRNA binding leads to en-
zyme activity which degrades the DNA/RNA hybrids. In
the case of the nanoconjugates, we were interested in
determining whether differences in target binding,23

enzyme activity,24 and steric bulk between the nano-
conjugate and traditional oligonucleotides would af-
fect the mechanism of gene regulation. In previous
work using similar nanoconjugates, we observed deple-

tion in protein levels,45 which can be caused by either
translation inhibition or mRNA depletion.37 Here, we
find that nanoconjugates deplete mRNA, a phenom-
enon that has been observed with traditional antisense
oligonucleotides. Our experiments indicate that this
mechanism is important, not only for traditional anti-
sense oligonucleotides, but also for nanoconjugates
that function in gene regulation pathways.

CONCLUSIONS
In summary, we have designed, synthesized, and

characterized a nanoconjugate that can both detect
and regulate intracellular mRNA levels. These nanocon-
jugates signal the presence of target mRNA with the re-
lease of a flare sequence, which results in an increase
in fluorescence. The target binding and response of the
nano-flare is rapid and capable of recognizing single
base-pair mismatches. The same nanoconjugates de-
plete mRNA levels by as much as 92% � 4 in a dose-
and sequence-dependent manner, consistent with en-
zymatic degradation of targeted mRNA. Although simi-
lar gene regulation and detection strategies have been
used in the past, this work represents the first combina-
tion of gene regulation and detection in a single ma-
terial. Moreover, we show for the first time that oligonu-
cleotide functionalized particles directly deplete mRNA
levels. These nanomaterials are a promising first step to-
ward the development of mRNA directed theranostics
and are expected to combine the advantages of gene
therapy with personalized medicine.

METHODS
Oligonucleotide Synthesis. Oligonucleotides were synthesized

with an Expedite 8909 Nucleotide Synthesis System (ABI) using
standard solid-phase phosphoramidite methodology. The bases
and reagents were purchased from Glen Research. All oligonu-
cleotides were purified by reverse-phase high performance liq-
uid chromatography (HPLC). The oligonucleotide sequences
used in this study are shown below. The underlined nucleotides
are LNA, all others are DNA. Target DNA, 5=-CAA GGA GCT GGA
AGG CTG GG-3=; survivin, 5=-CCC AGC CTT CCA GCT CCT TG-(A)10-
propylthiol-3=; control, 5=-TCT CCC CAG CCA GCT CCT TG-(A)10-
propylthiol-3=; flare, 5=-(Cy5)-TCA AGG AGC TGG-3=; particle used
in selectivity experiments, 5=-GCT TGC TTT GTG ATC ATA CC (A)10-
propylthiol-3=; full complement, 5=-GGT ATG ATC ACA AAG CAA
GC-3=; single mismatch, 5=-GGT ATC ATC ACA AAG CAA GC-3=;
two mismatch, GGT ATC ATC ACA AAG GAA GC-3=; three mis-
match, 5=-GGT ATC ATC AGA AAG GAA GC-3=; four mismatch, 5=-
GCT ATC ATC AGA AAG GAA GC-3=.

Oligonucleotide Gold Nanoparticle Conjugates. Alkyl-thiol-modified
oligonucleotides (final concentration � 2 �M) were added to a
10 nM solution of 13 � 1 nm gold nanoparticles. After 2 h, so-
dium dodecylsulphate (SDS), phosphate buffer (pH � 7.4), and
sodium chloride were added to achieve final concentrations of
0.1%, 10 mM, and 0.1 M, respectively. An additional aliquot of so-
dium chloride was added to achieve a final concentration of 0.3
M, and the mixture was shaken overnight. The functionalized
nanoparticles were purified from unreacted materials by three
successive rounds of centrifugation (16 000 rcf, 20 min), superna-
tant removal, and resuspension in phosphate buffered saline
(PBS) (137 mM NaCl, 10 mM phosphate, 2.7 mM KCl, pH 7.4, hy-
clone).

Oligonucleotide Loading. The concentrations of the purified
nanoconjugates were determined by UV/vis spectrophotometry
(� � 524, � � 2.7 � 108 L · mol�1 · cm�1). The nanoconjugates
were then treated with KCN solution (0.1 M) to oxidatively dis-
solve the gold particles and liberate the surface-coordinated oli-
gonucleotides. Oligonucleotide concentration was determined
using a commercially available kit (Oligreen; Invitrogen) follow-
ing the manufacturer’s recommendations. The average number
of oligonucleotides conjugated to a nanoparticle was calculated
by dividing the concentration of oligonucleotides by the concen-
tration of nanoparticles.

Flare Duplex Formation. Purified nanoconjugates (100 nM) and
Cy5-labeled flare DNA (1 mM) were combined in PBS. The mix-
ture was heated to 70 °C and slowly cooled to room tempera-
ture over 4 h to allow hybridization. The nanoconjugates were
sterilized using a 0.2 �m acetate syringe filter (GE Healthcare)
and stored at 4 °C.

Fluorescence Spectroscopy. Fluorescence measurements were re-
corded on a Jobin Yvon Fluorolog FL3-22 exciting at 633 nm
and measuring emission from 650 to 750 nm in 1 nm increments.
Static fluorescence was measured on samples containing nano-
conjugates (1 nM) in PBS with 0.1% Tween-20 (Sigma). The
complementary target (200 nM) was added, and the solutions
were remeasured. The time course experiment was carried out
by treating solutions of nanoconjugates with target and measur-
ing fluorescence (670 nm) in 20-s increments for 1 h.

Cell Culture. HeLa (human cervical cancer) and C166 (mouse
endothelial) cells were obtained from the American Tissue Cul-
ture Collection (ATCC) and were grown in Eagle’s miniumum es-
sential medium (EMEM) and Dulbecco’s modified Eagle’s me-
dium (DMEM), respectively. Both media contained 10% heat
inactivated fetal bovine serum, and the cells were maintained

Figure 5. The effect of nanoconjugates on survivin mRNA
levels in HeLa cells. The relative abundance of survivin
mRNA was determined by RT-PCR and normalized to expres-
sion levels in untreated cells.
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at 37 °C in 5% CO2. Cells were seeded 1 day prior to treatment
with the nanoconjugates.

Flow Cytometry. Cells were treated with media containing
nanoconjugates (0.5 nM) for 6 h; the media was replaced, and
the cells were incubated for an additional 18 h. The next day,
cells were washed with PBS, detached from the growth surface
using the enzyme trypsin, and collected. Flow cytometry was
performed using a DakoCytomation CyAn, exciting at 635 nm.
The data reported in Figure 3 represents the average cell associ-
ated fluorescence for a population of cells. The standard devia-
tion for this data was calculated by comparing the values among
three independent experiments. To normalize for cell-type, the
values were reported as a fraction of the control nanoconjugate-
treated cells.

Imaging. Cells were grown on glass bottom wells to 20% con-
fluence. Nanoconjugates (5 nM) were added, and the cells were
treated in the same manner as described in the flow cytometry
procedure. The cells were visualized with a Zeiss 510 LSM at 63�
magnification using a 633 nm HeNe laser excitation source.

RT-PCR. Cells were treated with nanoconjugates (0.5, 5, and 50
nM) for 4 days, as described above. The cells were harvested,
and total RNA was extracted using phenol, guanidine isothiocy-
anate, and chloroform (TRIzol reagent, Invitrogen) followed by
treatment with DNase according to the manufacturer’s protocol.
This procedure is commonly used in antisense experiments be-
cause it disrupts the antisense oligonucleotide�RNA duplex,51

allowing purification of mRNA and preventing interference by
the antisense oligonucleotides at later steps.40,52 RNA (5 �g) was
reverse transcribed using Superscript III (Invitrogen). PCR was
performed on cDNA with SYBR green dye on a Stratagene
Mx3000P System. The relative abundance of each mRNA tran-
script was normalized to actin expression and compared to un-
treated cells to determine the increased expression. The stan-
dard deviation for this data was calculated from three
independent experiments. The primers used in this experiment
were survivin forward, 5=-ATG GGT GCC CCG ACG TTG-3=; sur-
vivin reverse, 5=-AGA GGC CTC AAT CCA TGG-3=; actin forward,
5=-ATC ATT GCT CCA CCA GAA CG-3=; actin reverse, 5=-AAG GTA
GAT AGA GAA GCC AAG-3=.
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