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ABSTRACT
Near infrared-absorbing gold nanoplasmonic particles (GNPs) are used as optical switches of gene interference and are remotely controlled
using light. We have tuned optical switches to a wavelength where cellular photodamage is minimized. Optical switches are functionalized
with double-stranded oligonucleotides. At desired times and at specific intracellular locations, remote optical excitation is used to liberate
gene-interfering oligonucleotides. We demonstrate a novel gene-interfering technique offering spatial and temporal control, which is otherwise
impossible using conventional gene-interfering techniques.

Precise control of gene interference in living cells is in critical
demand1,2 for studying cellular signaling pathways,3 quantitative cell biology,4 systems biology,5 and molecular cell
biology.6 In order to advance these dynamic cellular studies,
nanoscale intracellular transmitter and receiver systems are
required for the remote manipulation of biological systems.
Remote electronic control of DNA hybridization by inductive
coupling of radio frequency,7 photouncaging of DNA by UV
light,8-10 and chromophore-based optical activation11,12 of
biomolecules have previously been demonstrated. Enzymes13
and thermo-responsive polymers14 have also been used to
release biomolecules from carriers. Additionally, thermal
ablation has previously been used to release large plasmids
from carriers using high energy15,16 or to destroy cells of
interest.17-19 However, gene interference with precise spatial
and temporal resolution, minimal photodamage, as well as
the selective coupling of the optical transmission frequency
to different nanoscale transmitters has not yet been accomplished.
Here, we present a new remote control switch of gene
interference in living cells by using oligonucleotides on a
nanoplasmonic carrier-based optical switch (ONCOS), short
interfering oligonucleotides, and a near-infrared (NIR) laser
transmitter. Gene interference by ONCOS occurs at the
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translational step. In the absence of gene interference, mRNA
is transcribed from DNA in the nucleus and exported out to
the cytoplasm (Figure 1b). The mRNA is then translated into
the corresponding amino acids. This primary sequence of
amino acids then folds into its final protein structure and is
transported to the proper location in the cell.
In the presence of ONCOS gene interference, optical
switches are internalized within living cells (Figure S1). The
material, geometry, and size of these optical switches are
specifically designed for use in ONCOS. GNPs are selected
because of their stable and nontoxic properties in biological
applications.20,21 Rod-shaped GNPs have an aspect ratio
(length/diameter) of 3.5, as shown in a scanning electron
microscopy image in Figure 2b. Such geometry allows highly
efficient photothermal conversion due to the matched resonant frequency, making it possible to activate gene release
with minimized optical exposure time and low optical power.
By carefully selecting the aspect ratio of these optical
switches, the plasmon resonant wavelength is tuned and a
corresponding light source is chosen to activate the optical
switches (Figure 2a,e). Here, the aspect ratio of GNPs is
selected such that the maximum light absorbance is at a
wavelength in the NIR range of interest (785 nm). Since cells
are essentially transparent in this wavelength regime of
800-1300 nm,17 cell damage can be minimized when the
cell is exposed to the light source. By selecting the size and
thus tuning the optical transmission frequency of the GNP,
it is also possible to remotely activate a variety of different

Figure 1. Concept of gene release by ONCOS activation. (a) Thiol-modified sense oligonucleotides (shown in blue) are attached to gold
nanoparticle (GNP) carriers. Antisense oligonucleotides (shown in red) are then hybridized to the sense oligonucleotides. NIR illumination
photothermally heats the gold carriers, causing the double-stranded oligonucleotides to denature at their melting temperature and the antisense
oligonucleotides to be released from the carriers. (b) ONCOS-activated gene interference: conjugated GNPs are internalized within cells.
Step 1 illustrates transcription of DNA into mRNA. Step 2a illustrates NIR activation to photothermally heat GNP carriers and release
antisense oligonucleotides within the cells. Step 2b illustrates the binding of the antisense oligonucleotides to mRNA. Step 3 illustrates the
digestion of the heteroduplex mRNA by RNase H enzyme, thus siliencing the gene of interest at the translational step. Protein translation
is halted in Step 4. Since old protein is continually degraded and no new protein is being synthesized, a decrease in the overall protein
expression occurs. (c) Concept of spatially confining temperature gradient to the surface of the nanorod due to photothermal heating.

optical switches in living cells using different corresponding
light sources. Finally, due to the GNPs’ large surface area,
each GNP is able to carry hundreds of oligonucleotides,
making it possible to interfere with gene expression from
the activation of a single GNP. Using the surface density of
single-stranded DNA22 of 9.0 × 1012 ssDNA molecules/cm2
and the dimensions of a GNP (radius ) 7.5 nm, height )
50 nm), we estimate that each GNP will release approximately 250 molecules of oligonucleotides upon activation.
When the remote light source is activated, this light is
absorbed by the optical switches and the resulting excess
energy is dissipated in the conversion of optical energy to
heat, otherwise known as the photothermal effect.23-28 The
heat transfer from the surface of GNP to the surrounding
cellular environment is highly localized and decays exponentially within a few nanometers (Figure 2c). When the
minimum temperature on the optical switches reaches the
melting temperature of the short duplex, the short doublestranded oligonucleotides denature. The antisense oligonucleotides are released and are allowed bind to a portion
of the corresponding mRNA (Figure 1b, part 2) while the
sense oligonucleotides remain attached to the GNPs through
thiol bonds. Once this mRNA/oligodeoxynucleotide heteroduplex is formed, it is recognized and degraded by RNase
Nano Lett., Vol. 9, No. 2, 2009

H enzymes within the cell, thereby inhibiting gene translation.
As an example of localized gene interference by ONCOS,
we demonstrate our method in BT474 breast carcinoma cells
by optically activating the localized release of antisense
oligonucleotides at a specific time and blocking the translation of the ERBB2 (also known as HER-2, neu, and EGFR2) mRNA. Our method accomplishes gene interference with
nanometer-scale spatial resolution (less than 100 nm resolution) and with temporal control. In addition, since the heat
transfer from the surface of GNP exponentially decays within
a few nanometers, as also previously shown using photothermal nanocrescents,29,30 nanoshells,17 and nanospheres,28,31
and nanorod-functionalized polyelectrolyte capsules,32 there
is also minimal temperature disturbance to the surrounding
cellular environment during gene interference of ERBB2 by
ONCOS. We show that it is possible to gain highly precise
spatial control and temporal tunability of translational events,
which are otherwise impossible using conventional RNA
interference techniques.
The first stage in demonstrating the efficacy of ONCOS
involved confirming the wavelength specificity for the remote
control of photothermal gene release. GNPs are prepared as
previously described33,34 and are conjugated with doublestranded oligonucleotides and immobilized onto a glass
563

Figure 2. Experimental characterization of ONCOS activation. (a) Tunable rod-shaped GNP carriers based on different aspect ratios. Each
GNP solution corresponds to a maximum absorbance (left to right): (i) 652, (ii) 676, (iii) 694, (iv) 715, and (v) 785 nm. (b) Scanning
electron microscopy image showing the GNPs’ aspect ratio (length/diameter) is 3.5. The aspect ratio is tuned so maximum light absorbance
is at a wavelength in the NIR range of interest (785 nm). (c) Axisymmetric Femlab simulation demonstrating localized heat distribution at
the GNP’s surface at steady-state. (d) For experimental characterization of temperature on the nanoparticle, melting profiles for three different
lengths of oligonucleotides (15, 25, and 50 bp) with known melting temperatures (50, 63, and 70 °C, respectively) are collected. Antisense
oligonucleotides are FAM-labeled. Temperature is correlated to input energy by analyzing their melting profiles. (e) Absorption spectrum
of tunable rod-shaped GNP carriers based on different aspect ratios (AR): (i) 2.3 AR, 652 nm, (ii) 2.6 A, 676 nm, (iii) 2.8 AR, 694 nm,
(iv) 3.0 AR, 715 nm, (v) 3.5 AR, 785 nm. (f) Normalized fluorescence versus time plots comparing photothermal release for a laser at the
peak optical absorption (785 nm) and a laser outside the peak optical absorption (658 nm). (g) Normalized fluorescence versus time plots
comparing photothermal release for various power densities.

surface (see Materials and Methods in the Supporting
Information). All the experiments are based on permanently
attached nanoparticles. The antisense oligonucleotides are
564

labeled with fluorescent dye to visually monitor their release
using fluorescence microscopy. To demonstrate wavelength
specificity, a laser at the peak optical absorption (785 nm)
Nano Lett., Vol. 9, No. 2, 2009

Figure 3. In vitro demonstration of gene release by ONCOS activation. Concept of localized activation of oligonucleotide release from
immobilized nanoparticles. Fluorescence is from the TAMRA-labeled antisense strand of the double-stranded oligonucleotides attached to
immobilized nanoparticles on glass. (a) Concept and fluorescent images before ONCOS activation. (b) Concept and fluorescence images
after localized oligonucleotide release.

is compared to a laser outside the peak optical absorption
(658 nm) for photothermal release. The entire viewing
window is illuminated using each laser, which is positioned
above the sample, and an inverted microscope operating in
epi-fluorescence mode is used to visualize ONCOS gene
release. Photothermal release is monitored by observing the
fluorescence intensity of an area away from the conjugated
GNPs. Initially, the normalized fluorescence intensity of this
area is set to 0. When the temperature on the nanoparticle
reaches the melting temperature of the double-stranded
oligonucleotides, the antisense oligonucleotides are released
and the fluorescence intensity in the observed area increases.
Figure 2f shows that the photothermal efficiency is two and
a half-times greater at the peak optical absorption wavelength.
To minimize laser exposure to cells, we characterized the
minimal power necessary to achieve photothermal release.
Conjugated GNPs, with fluorescently labeled antisense
strands, are immobilized onto a glass surface and a 785 nm
laser is used to illuminate the GNPs at various power
densities: 4, 6, and 9 mW/mm2 (see Methods in Supporting
Information). Figure 2g illustrates that the photothermal
efficiency rises with increasing power densities.
If ONCOS is to be used in living cells, it is important to
confirm that the photothermal heat generated by ONCOS
will not adversely affect them. Therefore, we characterized
the temperature on the surface of the GNPs. We reasoned
that if three different oligonucleotides of known length (15,
25, and 50 bp) with known melting temperatures (50, 63,
and 70 °C, respectively) are photothermally melted, we could
correlate the temperature on the GNPs as a function of input
energy by visualizing their melting profiles. When the
temperature on the GNPs reaches the melting temperature
Nano Lett., Vol. 9, No. 2, 2009

of the oligonucleotides for each length, the fluorescent
intensity decreases sharply, indicating that the antisense
oligonucleotides have been released into solution. Using each
profile, the energy required to reach each melting temperature
is approximated by E ) RPt, where E is the energy in J/cm2,
R is the absorptivity of gold, P is the power of the laser in
W/cm2, and t is the time in seconds (shown in inset of Figure
2d). Experimental characterization shows that melting temperatures as low as 50 °C requires 2 mJ/cm2 of energy and
temperatures as high as 70 °C requires 5 mJ/cm2 of energy.
This demonstrates that low temperature activation can be
achieved with ONCOS.
In addition to experimental analysis, FEMLab software is
used to simulate an axisymmetric model of the heat distribution of a single GNP at steady-state (Figure 2c). Figure 2c
shows the temperature distribution as a function of distance
from the surface of the GNP. From the surface of the GNP
outward, the temperature profile begins at the melting
temperature of the oligonucleotides and falls off exponentially to 37 °C within 100 nm from the surface of the GNP.
This demonstrates that the heat generated using ONCOS is
highly localized to the surface of the GNP and should not
propagate significantly intracellularly. Thus, we expect that
cell viability will remain uncompromised after ONCOS
activation.
As a qualitative test of ONCOS’ high spatial resolution,
optically controlled gene release was performed both outside
and inside of biological cells. Here, a NIR laser is focused
to a 5 µm diameter spot size using an objective lens located
above the sample. Using this focused NIR laser, certain
immobilized GNPs (with fluorescently labeled antisense
oligonucleotides) are illuminated while other neighboring
565

Figure 4. Visualization of intracellular ONCOS activation. Concept of localized activation of oligonucleotide release inside BT474 breast
carcinoma cells. Antisense oligonucleotides are FAM-labeled. (a) Concept and fluorescence images before ONCOS activation. Inset shows
surface plot of fluorescence intensity of a cell (located on the left-hand side) before ONCOS activation. (b) Concept and brightfield image
of localized NIR activation. (c) Concept and fluorescent images after localized release of oligonucleotides inside BT474 breast carcinoma
cells. Inset shows surface plot of fluorescence intensity of a cell (located on the left-hand side) after ONCOS activation. (d) Darkfield
scattering image of single GNPs is overlaid with a DAPI-stained nuclei image to demonstrate that single GNPs congregate in groups at the
nuclear membrane.

GNPs are not (Figure 3). When the temperature on the GNPs
reaches the melting temperature, the antisense oligonucleotides are released into solution and the fluorescence intensity
on the illuminated GNPs vanish (Figure 3b).
Having established that oligonucleotides can be released
in a highly localized manner, we investigated the localized
release of oligonucleotides within BT474 breast carcinoma
cells by using fluorescently labeled oligonucleotides. GNPs
functionalized with fluorescently labeled antisense strands,
form complexes with a commercially available lipid which
will undergo repulsive membrane acidolysis in a weakly
acidic environment.35-37 The complexes are then internalized
within a population of cells via endocytosis. Once inside
endosomes, the lipid complexes are destabilized due to
repulsive electrostatic forces generated in the weakly acidic
endosomal environment, and finally, due to osmotic disruption, the endosomal membrane is broken. At this point, the
functionalized GNPs are released into the cytosol and ready
for use in ONCOS. Alternatively, it is also possible that by
photothermally heating GNPs inside endosomes, the endosomal membrane can be disrupted and the contents can be
released from the endosomes.38 In Figure 4d, a darkfield
scattering image of single GNPs is overlaid with a DAPIstained nuclei image to demonstrate that single GNPs
congregate in groups at the nuclear membrane. Using a
highly sensitive monochromatic camera, Figure 4a shows
566

fluorescing functionalized GNPs internalized within cells.
Because of the diffraction limit, single, closely congregated
fluorescent GNPs cannot be distinguished and the GNP
groups therefore appear as fluorescent “patches” or spots
around the nuclei. A surface plot of the fluorescent intensity
is shown as an inset in Figure 4a to clearly visualize each of
the fluorescent “patches.” Control experiments were carried
out to verify that cells lacking the fluorescently labeled
antisense strands do not show similar fluorescence.
To show localized photothermal gene release, a focused
NIR laser is used to illuminate a specific fluorescent patch
within the cells, as shown in the brightfield image in Figure
4b. To ensure that oligonucleotides are well-dispersed in the
cells after ONCOS activation, the illumination time was
chosen such that it was longer than the estimated diffusion
time of the oligonucleotides. During illumination, no oligonucleotide back-binding of released oligonucleotides onto
the GNPs occurs due to the elevated temperature at the
surface of the GNPs. We expect the diffusion time to be
approximately 30 s, assuming that the diffusion length is
approximated by the diameter of the cell (10-5 m) and the
diffusion coefficient is 3 × 1012 m2/s for a 100 bp oligonucleotide.39 Therefore, the cells were illuminated for 2 min
at 9 mW/mm2 to allow enough time for oligonucleotides to
be well dispersed in the cytoplasm.
Nano Lett., Vol. 9, No. 2, 2009

Upon illumination, when the temperature reaches the
melting temperature, the double-stranded oligonucleotides
denature and the labeled antisense strands diffuse around the
cytosol as shown in Figure 4c. A surface plot of the
fluorescence intensity is shown as an inset in Figure 4c to
clearly demonstrate the decrease in intensity at the illuminated location while other surrounding fluorescent
patches remain remain unaffected. The surface plot in Figure
4c compared with the surface plot in Figure 4a shows that
at the activated patch, the maximum peak fluorescence
intensity decreases and broadens out as the released fluorescently labeled oligonucleotides slowly diffuse into the
surrounding cytosol. Control experiments were carried out
to confirm that change in fluorescence is not due to the
movement of the GNPs themselves during activation.
After validating steps essential in using ONCOS, we
carried out ONCOS in breast carcinoma cells to block the
mRNA translation of ERBB2, an oncoprotein commonly
overexpressed in 20-30% of breast cancers.40 General
transfection methods of bringing DNA into cells, such as
viral vectors or cationic liposome-mediated transfection, lack
the spatial and temporal control of gene interference.
Nevertheless, as a conventional measure of gene interference,
a multicomponent lipid-based transfection reagent was used
to initially determine the optimal modulation of ERBB2
expression in BT474 breast carcinoma cells by antisense
oligonucleotides. ERBB2 receptors are stained with fluorescently labeled antibodies against ERBB2. Flow cytometry
results show that there is no significant change in expression
24 h after transfection (Supporting Information Figure S3a).
However, for 9.0% of transfected cells, the ERBB2 levels
dropped below threshold after 48 h (Supporting Information
Figure S2b).
After characterizing the experimental parameters for
conventional gene interference of ERBB2, conjugated GNPs
are internalized within cultured BT474 breast carcinoma
cells. It has been suggested that there are between 168 and
336 ERBB2 molecules per cell.41 Since we estimate that each
GNP releases approximately 250 molecules of oligonucleotides, we expect to see a difference in expression since there
should be enough released oligonucleotides to bind with
ERBB2 mRNA. To initiate photothermal gene release, an
unfocused NIR laser is used to illuminate an entire population
of cells. The cells are then allowed to culture for 48 h. Three
control experiments are conducted to ensure that ONCOS
activation is the reason for gene interference: cells which
have internalized conjugated GNPs but have not been
exposed to NIR illumination (Figure 5a), cells which do not
contain GNPs but are exposed to NIR illumination (Figure
5b), and cells containing GNPS carriers of a scrambled
sequence and have been exposed to NIR light (Figure 5c).
If ONCOS is in fact inhibiting ERBB2 expression, control
samples should express ERBB2 (Figure 5a-c) while ONCOS-activated cells should not (Figure 5d). To quantitatively
analyze ERBB2 inhibition, ONCOS-activated cells and both
control samples are stained with PE-labeled antibodies
against ERBB2, and their fluorescence is analyzed by flow
cytometry. The flow cytometric results (mean µ, coefficient
Nano Lett., Vol. 9, No. 2, 2009

of variation CV, percent cells whose protein levels which
have dropped below threshold) for the ONCOS-activated
sample and both control samples are summarized in a table
in Figure 5e. Figure 5 shows that for 13.2% of the cells
treated with ONCOS, the protein levels dropped below
threshold. It is especially noteworthy to point out that the
average ERBB2 protein level of the entire cell population
decreased by 55% after ONCOS activation. In Figure 5, the
average fluorescence intensity of the control sample (contains
no GNPs but illuminated with light) is 178.6 au and the
average fluorescence intensity of the ONCOS-activated
sample is 79.5 au. The average fluorescence intensity of the
control sample which contains GNPs but is not illuminated
with light is 199.4 au. To qualitatively visualize ERBB2
inhibition, the cells are fixed and immunostained with
fluorescently labeled antibodies against the ERBB2 (Figure
5c,d). The decrease in fluorescence in the ONCOS-activated
cells versus the control sample indicates that ONCOS has
effectively interfered with ERBB2 gene expression.
Finally, in order for ONCOS to be used as a spatially and
temporally controlled gene interference method, viability
after ONCOS activation is crucial. Calcein AM, a dye which
converts from nonfluorescent cell-permeant calcein AM into
fluorescent calcein by intracellular esterase enzymes in living
cells, is used as a measure of cell viability. Flow cytometry
is used to analyze the samples 2 and 5 days after activation.
As a control for the Calcein AM dye, cells are intentionally
killed using sonication and stained with calcein AM. Two
days after activation, cell samples show between 96-99%
viability. Five days after activation, cell samples show
between 93-97% viability (Figure 6a). There is only 2-3%
variation in the viability between the control sample which
contains GNPs but has not been exposed to light, the control
sample which does not contain GNPs but has been exposed
to light, and the ONCOS-activated sample. A representative
DIC image and fluorescent image (live cells stained with
Calcein AM, dead cells stained with Ethidium homodimer)
of the ONCOS-activated sample is shown in Figure 6b,c and
confirms the efficacy of ONCOS.
As the flow cytometric results for conventional transfection
(Supporting Information Figure S2) and ONCOS-activated
gene interference (Figure 5) indicate, the delivery of oligonucleotides into the cell with high efficiency remains
challenging. It is however conceivable that this limitation
can be overcome. For example, magnetic field driving of
GNPs containing magnetic cores may be used to penetrate
cell membranes with high efficiency.42 Once inside the cells,
ONCOS can be activated with high efficiency. Future work
in more efficient delivery of ONCOS carriers is currently
underway. However, ONCOS still has several key advantages
over conventional methods to inhibit protein translation.
Whereas various methods can interfere with gene expression
within a population of cells, precise control of a single cell‘s
gene expression is not feasible. ONCOS can be activated to
release oligonucleotides within a single cell, enabling the
precise regulation of stochastic gene expression to better
understand and control cellular signaling pathways. Furthermore, ONCOS provides a temporally controlled optical
567

Figure 5. ERBB2 gene interference by ONCOS. (a) Concept, flow cytometric results, and representative image of indirect immunofluorescent
staining of ERBB2 after 48 h in control cells which have been treated with conjugated GNP carriers but have not been exposed to NIR
light. (b) Concept, flow cytometric results, and representative image of indirect immunofluorescent staining of ERBB2 after 48 h in control
cells which do not contain conjugated GNP carriers but have been exposed to light. (c) Concept, flow cytometric results, and representative
image of indirect immunofluorescent staining of ERBB2 in light-activated cells containing GNP carriers functionalized with scrambled
sequences. (d) Concept, flow cytometric results, and representative image of indirect immunofluorescent staining of ERBB2 in ONCOSactivated ERBB2 knockdown in BT474 breast carcinoma cells. (e) Table summarizing flow cytometric results by percent of cells whose
protein levels have dropped below threshold, average fluorescence intensity µ (au), and coefficient of variation CV (au).
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